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Lacticin Q, a lactococcal pore-forming bacteriocin, shows activity toward Gram-positive bacteria but not
Gram-negative bacteria. Lacticin Q did not induce permeability of the outer membrane of Gram-negative
bacteria. Experiments using model membranes containing outer membrane components suggested that lacticin
Q binds to the outer membrane of Gram-negative bacteria but is unable to penetrate it. The lack of activity of
lacticin Q was attributed to physicochemical features of the outer membrane components.

Cationic and membrane-permeabilizing antimicrobial pep-
tides have been well characterized (30). While the antimicro-
bial spectra of individual peptides are varied, many peptides
from multicellular eukaryotes uniformly kill Gram-positive and
-negative bacteria and fungi in the micromolar concentration
range (6). Cationic antimicrobial peptides recognize the neg-
atively charged membrane of the target cells. Conversely, a
higher peptide concentration is required for the inhibition of
nontarget cells with electroneutral membranes. The selectivity
of the killing activity is determined by the physicochemical
features of the peptides and cell membranes (30).

Bacteria produce ribosomally synthesized antimicrobial pep-
tides or proteins called bacteriocins (9), and the mode of action
of small-peptide bacteriocins produced by lactic acid bacteria
(LAB) has been studied (15). Nisin and pediocin PA-1 are the
best characterized cationic and membrane-permeabilizing pep-
tides (8, 11). Many LAB bacteriocins, including nisin and pedi-
ocin PA-1, exert their activity against Gram-positive bacteria
but not against Gram-negative bacteria. Nisin and some bac-
teriocins require a bacterial peptidoglycan precursor, lipid II,
for their pore-forming activity (2-5, 18, 25, 26); however, only
Gram-positive bacteria display lipid II on the cell surface (24).
In the case of Gram-negative bacteria, the lipid II-containing
cytoplasmic membrane is covered by the outer membrane.
Since increasing the outer membrane permeability leads the
antimicrobial activity of nisin against Gram-negative bacteria
(7), the selective toxicity of nisin is easily explained by the
presence of receptor lipid II. The selective toxicity of nisin and
other lipid II-targeting bacteriocins is probably determined by
biochemical interactions between lipid IT and the peptides (2).
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The selective toxicity of pediocin PA-1 and its homologs (pedi-
ocin-like bacteriocins) is also considered to occur through a
similar mechanism. Some pediocin-like bacteriocins utilize a
bacterial cytoplasmic membrane protein as a receptor (10,
13-15).

Recently, we discovered a new LAB bacteriocin, lacticin
Q, produced by Lactococcus lactis QU 5 (12). Lacticin Q, a
53-amino-acid peptide containing abundant cationic resi-
dues (Fig. 1A), has strong antimicrobial activity in the nano-
molar concentration range and high stability in various envi-
ronments. We previously proposed a new model, named the
huge toroidal pore (HTP), to account for the antimicrobial
action of lacticin Q (Fig. 1B) (29). Lacticin Q-mediated HTP
occurs in the absence of a specific receptor (28); meanwhile,
lacticin Q does not show activity against Gram-negative bac-
teria (12). This study was designed to identify the factors nec-
essary for the selective bactericidal activity of lacticin Q. Pre-
vious studies indicated that toroidal pore formation by some
antimicrobial peptides, such as magainin 2, was inhibited by
phosphatidylethanolamine (PE), a major component of the
outer membrane, because the small, hydrophilic head of PE
was not adaptive to form the positive curvature (19). We also
focused on the outer membrane components of Gram-negative
bacteria that affect the pore-forming activity of lacticin Q.

Using a turbidimetric assay as previously described (27),
purified lacticin Q showed antimicrobial activities in the range
of 75 to 1,000 nM against Gram-positive bacteria (Table 1).
Conversely, we did not identify any inhibitory activity of lacti-
cin Q against Gram-negative bacteria under this experimental
condition, as observed for many LAB bacteriocins (9).

Peptide-inducing disruption of the membrane potential was
measured using previously reported methods (5, 28), and a
fluorescent probe, DiSC5(5) (Invitrogen, Carlsbad, CA), and
an F-7000 spectrofluorometer (Hitachi High-Technologies,
Tokyo, Japan) were used. Against Gram-positive Bacillus co-
agulans cells, 100 nM lacticin Q disrupted the membrane po-
tential (Fig. 2A). A lower concentration of lacticin Q (5 nM)
slightly disrupted the membrane potential. Conversely, 2,000
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FIG. 1. (A) Structure of lacticin Q. fMet, formylmethionine. (B) The action mechanism of lacticin Q was determined previously and termed
the huge toroidal pore model. Lacticin Q rapidly binds to the outer leaflet of the cell membrane and forms huge toroidal pores (pore diameter,
4.6 to 6.6 nm) accompanied by lipid flip-flop. Some lacticin Q molecules migrate from the outer to the inner leaflet of the membrane.

nM lacticin Q disrupted the membrane potential of Gram-
negative Escherichia coli cells (Fig. 2B), but the disruption level
was similar to that observed for 5 nM lacticin Q against B. co-
agulans. In addition, there was no significant difference in the
membrane disruption of E. coli cells by treatment with 2,000 or
10,000 nM lacticin Q. We hypothesized that the outer mem-
brane of Gram-negative bacteria prevented the membrane-
permeabilizing activity of lacticin Q. To confirm this, the
N-phenyl-1-naphthylamine (NPN; Sigma, St. Louis, MO) up-
take assay was performed as previously described (17, 31). As
shown in Fig. 2C, lacticin Q did not induce fluorescence in the
indicator E. coli cells that would indicate outer membrane
permeabilization. Conversely, polymyxin B, a peptide antibi-
otic used as a positive control, induced fluorescence. Although
we previously reported that lacticin Q-mediated huge pores
caused the leakage of macromolecules from the membrane of

TABLE 1. MICs of lacticin Q against Gram-positive and
-negative bacteria

Indicator strain® MIC (nM)

Bacillus coagulans JCM 2257  .......ovooveeeeeeeeeeeeeeeeereeresnenn
Lactococcus lactis 1L1403 ...................
Pediococcus pentosaceus JCM 58907,
Escherichia coli IM109..........ccccveunen.
Pseudomonas putida ATCC 12633 .....coovevvvevrereerreerireerieeene

Pseudomonas oleovorans ATCC 29347 ......oueeeeveeveeveceereenenne >10,000
Ralstonia eutropha ATCC 176877 ... >10,000

“ Abbreviations: JCM, Japan Collection of Microorganisms, Wako, Japan;
ATCC, American Type Culture Collection, Rockville, MD. Bacillus coagulans
JCM 22577 and all the Gram-negative indicator strains were grown in tryptic soy
broth (Difco Laboratories, Detroit, MI) supplemented with 0.6% yeast extract
(Difco Laboratories). Lactococcus lactis 1L1403 and Pediococcus pentosaceus
JCM 5890 were grown in MRS broth (Oxoid, Basingstoke, United Kingdom).
The indicator strains were grown under the recommended conditions.

Gram-positive cells (29), even small molecules, such as NPN,
could not pass through the outer membrane of Gram-negative
bacteria.

Next, we examined the outer membrane components re-
sponsible for calcein leakage induced by lacticin Q. Liposomes,
large unilamellar vesicles (LUVs), entrapping calcein (Do-
jindo, Kumamoto, Japan) were prepared as previously de-
scribed (28, 29). The lipids (Sigma) and the composition of
liposomes used in this study are listed in Table 2. The lipid
concentration of LUVs was determined using a phospho-
rous assay (1). The main components of the outer mem-
brane, PE and lipopolysaccharide (LPS), were added to the
basal L-a-phosphatidylcholine-L-a-phosphatidyl-prL-glycerol
(PC-PG) LUVs, and lacticin Q-mediated calcein leakage was
monitored (Fig. 3A and B). Following treatment with 500 nM
peptide for 5 min (Fig. 3A), lacticin Q induced high (90.0%)
and rapid calcein leakage from PC-PG LUVs, as we previously
observed (28, 29). Against PE-PG and PC-PG-LPS LUVs,
lacticin Q induced 69.4% and 60.8% leakage, respectively.
PE-PG-LPS LUVs, containing PE and LPS, clearly inhibited
the lacticin Q-mediated calcein leakage, and the leakage
reached only 13.3%. Following treatment with 250 nM peptide
for 5 min (Fig. 3B), the leakage from LUVs was at a level
similar to that observed for 500 nM peptide (Fig. 3A). Al-
though 250 nM lacticin Q induced 70.6% calcein leakage from
PC-PG LUVs, only 3.6% leakage was observed from PE-PG-
LPS LUVs. The effect of PE on toroidal pore formation has
been previously investigated (19). We examined the inhibitory
effect of lipid A, LPS without the hydrophilic sugar composi-
tion and the O-antigen (Fig. 3C and D). Lacticin Q (500 nM)
induced 10.3% leakage from PE-PG-lipid A LUVs (Fig. 3C),
and this was very similar to the levels from PE-PG-LPS LUVs
(Fig. 3A). This result indicated that the hydrophilic sugar com-
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FIG. 2. Disruption of membrane potential and outer membrane permeabilization by lacticin Q. (A and B) Washed cells of B. coagulans (A) or
E. coli (B) and DiSC;(5) were diluted using buffer M (250 mM sucrose, 5 mM MgSO,, 10 mM potassium phosphate, pH 7.0) in a 2-ml quartz
cuvette incubated at 30°C [optical density of cells at 600 nm (ODy,) = 0.05, 1 uM DiSC5(5)]. The excitation (EX) and emission (EM) wavelengths
were set at 622 and 675 nm, respectively. At the beginning of the measurement, lacticin Q was added at the indicated concentrations. As controls,
0% leakage and 100% leakage were obtained by the addition of buffer and 0.1% Triton X-100, respectively. (C) The peptide-induced E. coli outer
membrane permeabilization was determined with the NPN uptake assay. Washed cells of E. coli and NPN were diluted using buffer N (5 mM
HEPES-NaOH, 5 mM glucose, 100 mM NaCl, 5 wM carbonyl cyanide m-chlorophenylhydrazone, pH 7.4) in a 2-ml quartz cuvette (ODg(, = 0.5,
10 wuM NPN). The EX and EM wavelengths were set at 350 and 420 nm, respectively. At the beginning of the measurement, 10 uM lacticin Q was
added. The outer membrane-permeabilizing antibiotic polymyxin B (1 mg/ml) and the buffer N were applied for the positive and negative controls,

respectively. a.u., arbitrary units.

position and O-antigen of LPS were not essential for the inhi-
bition. We then assessed LUVs containing diphosphatidylglyc-
erol (DPG), consisting of two PG molecules connected by a
condensation reaction, which contains a high density of acyl
chains, such as LPS and lipid A. Lacticin Q (500 nM) induced
8.3% leakage from PE-PG-DPG LUVs, similar to the levels
observed from PE-PG-LPS LUVs; furthermore, lacticin Q
(500 nM) induced a higher rate of leakage (41.3%) from PC-
PG-DPG LUVs. These results indicated that a combination
including PE was necessary for the DPG-mediated strong in-
hibition, as was observed for LPS (Fig. 3A and B). Although
lacticin Q (250 nM) induced 19.1% calcein leakage from PC-
PG-DPG LUVs, no leakage was observed from PE-PG-DPG
LUVs (Fig. 3D). Conversely, it was reported that LPS en-
hanced the membrane-binding and pore formation of several
toroidal pore-type antimicrobial peptides from multicellular
eukaryotes, such as tachyplesin I (16, 30). Unlike lacticin Q,
the strong interaction between peptides and LPS is considered

to be important for animals to recognize bacterial invasion
because LPS is a well-known endotoxin (23, 30).

We analyzed binding between lacticin Q and LUVs by
changes in the fluorescence peak of tryptophan residues. Tryp-
tophan residues in hydrophobic environments shift their max-
imum fluorescent wavelength to a lower level than observed
under hydrophilic conditions (blue shift). As shown in Table 3,
lacticin Q did not demonstrate any time-dependent changes in
the fluorescence peaks of tryptophan in the absence of LUVs
(342.3 to 342.9 nm). PC-PG LUVs resulted in the blue shift of
the fluorescence peak of lacticin Q, and the fluorescence peaks
in the presence of PC-PG LUVs were 6 to 7 nm lower than in
the absence of LUVs. Furthermore, PE-PG-LPS LUVs caused
a blue shift similar to that observed for PC-PG LUVs. The blue
shifts mediated by both LUVs were observed in the first min-
ute of the reaction. These results indicated that the interaction
of lacticin Q with PC-PG and PE-PG-LPS LUVs occurred
similarly.

TABLE 2. Lipids and LUVs used in this study

Egg yolk L-a-phosphatidylethanolamine (PE)

A main component of the inner leaflet of the outer membrane

Membrane and LUV component(s)” Charge Remarks
Lipids (abbreviation/source)
Egg yolk L-a-phosphatidylcholine (PC) * A basal lipid
Egg yolk L-a-phosphatidyl-pL-glycerol (PG) - A main component of the bacterial membrane
*

Lipopolysaccharide (LPS; from Salmonella
enterica serotype Minnesota Re 595)

Lipid A (from Salmonella enterica serotype
Minnesota Re 595)

Diphosphatidylglycerol (DPG; from bovine heart) -

LUVs (molar ratio)
PC-PG (5:5) -
PE-PG (5:5) -
PC-PG-LPS (5:3:2) -
PE-PG-LPS (5:3:2) -
PE-PG-lipid A (5:3:1) -
PC-PG-DPG (5:3:2) -
PE-PG-DPG (5:3:2) -

A main component of the outer leaflet of the outer membrane
A hydrophobic part of LPS

A component of the bacterial membrane

Basal LUVs

PE-containing LUVs

LPS-containing LUVs

PE- and LPS-containing LUVs, similar to the outer membrane
PE- and lipid A-containing LUVs

DPG-containing LUVs

PE- and DPG-containing LUVs

“ LUVs, large unilamellar vesicles.
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FIG. 3. Calcein leakage from LUVs containing outer membrane components induced by 500 nM (A) and 250 nM (B) lacticin Q and containing
lipid A or DPG induced by 500 nM (C) and 250 nM (D). Lacticin Q in buffer A (10 mM Tris, 75 mM NaCl, 1 mM EDTA, pH 7.0) was incubated
at 30°C. EX and EM wavelengths were set at 490 and 520 nm, respectively. As controls, 0% leakage and 100% leakage were obtained by the
addition of buffer and 0.1% Triton X-100, respectively. The final lipid concentration was 50 wM. The data are the average results from at least
two experiments. It was possible to add 20% LPS or 10% lipid A to LUVs as a maximum ratio.

Large numbers of peptide bacteriocins from Gram-positive
bacteria have been discovered, and many of them are only
active against Gram-positive bacteria (9, 22). To the best of our
knowledge, this is the first report of a mechanism underlying
the selective toxicity of LAB bacteriocins. We demonstrated
here that lacticin Q could bind to PE- and LPS-containing
membranes (Table 3) but not penetrate them (Fig. 2 and 3). It
was previously proposed that toroidal pore formation de-
pended on the physicochemical features of membrane lipids
(20, 21). The most important characteristic of the toroidal pore
is the rapid transbilayer movement of lipids, the so-called lipid
flip-flop (19, 30). To induce lipid flip-flop, it was considered

TABLE 3. LUV-lacticin Q interaction evaluated by blue shift of
tryptophan fluorescence”

Mean * SD of fluorescence peak of lacticin Q (nm) at
indicated time point (min)

Condition
1 3 10
Buffer 3423 0.3 3429 +0.3 3429 0.5
PC-PG 335703 336.1 = 0.3 336.0 = 0.2
PE-PG-LPS 3374 1.2 336.3 = 0.7 336.2 = 0.4

¢ Lacticin Q and LUVs were mixed in buffer A (as described in the legend to
Fig. 3) at 30°C. Excitation and emission wavelengths were set at 290 and 300 to
400 nm, respectively. The fluorescence spectrum of the LUVs was subtracted
from that of the LUV-lacticin Q mixture.

that the inner and outer leaflets of the outer membrane
were temporarily connected through the peptide molecules
(Fig. 1B). Since lipid flip-flop resulting from pore formation
requires the extremely positive curvature of the membrane, the
lipid PE, which has a small, hydrophilic head group and, thus,
a tendency for negative curvature formation, inhibits the for-
mation of the toroidal pore (19, 21). The previous findings
could explain the results presented in Fig. 3A and B for the
inhibition of the pore-forming activity of lacticin Q in PE-
containing LUVs. In addition, other lipids (lipid A and DPG)
that are physicochemically similar to LPS also prevented lac-
ticin Q activity (Fig. 3C and D). A high number of acyl chains
may be one of the factors that inhibits the formation of the
positive curvature of the toroidal pore. Our findings in this
study indicate that the physicochemical features of the outer
membrane components are an important factor in the selective
toxicity of lacticin Q in eubacteria.

This work was partially supported by the Research Project for Uti-
lizing Advanced Technologies in Agriculture, Forestry and Fisheries of
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