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Lacticin Q is a pore-forming bacteriocin produced by Lactococcus lactis QU 5, and its antimicrobial activity
is in the nanomolar range. Lacticin Q induced calcein leakage from negatively charged liposomes. However, no
morphological changes in the liposomes were observed by light scattering. Concomitantly with the calcein
leakage, lacticin Q was found to translocate from the outer to the inner leaflet of the liposomes, after it initially
bound to the membrane within 2 s. Lacticin Q also induced lipid flip-flop. These results reveal that the
antimicrobial mechanism of lacticin Q can be described by the toroidal pore model. This is the first report of
a bacteriocin of gram-positive bacteria that forms a toroidal pore. From liposomes, lacticin Q leaked fluores-
cence-labeled dextran with a diameter of 4.6 nm. In addition, lacticin Q caused the leakage of small proteins,
such as the green fluorescent protein, from live bacterial cells. There are no other reports of antimicrobial
peptides that exhibit protein leakage properties. The proposed pore formation model of lacticin Q is as follows:
(i) quick binding to outer membrane leaflets; (ii) the formation of at least 4.6-nm pores, causing protein
leakage with lipid flip-flop; and (iii) the migration of lacticin Q molecules from the outer to the inner
membrane leaflets. Consequently, we termed the novel pore model in the antimicrobial mechanism of lacticin
Q a “huge toroidal pore.”

Bacteriocins are antimicrobial peptides or proteins pro-
duced by bacterial strains (7). Small bacteriocins (�10 kDa)
produced by lactic acid bacteria (LAB) are potential food
preservatives and alternatives to antibiotics (5, 7, 13). The
antimicrobial mechanisms of the LAB bacteriocins nisin,
pediocin PA-1, and lacticin 3147 are well characterized (3, 5, 9,
11, 13, 34). These LAB bacteriocins show strong activity
against specific gram-positive bacteria in nanomolar concen-
tration ranges. These bacteriocins cause ion efflux via pore
formation with the aid of initial receptors, the so-called dock-
ing molecules (15). A peptidoglycan precursor, lipid II, is used
as the docking molecule for nisin and lacticin 3147. These
bacteriocins do not exhibit pore-forming activities against li-
posomes without the docking molecule (34, 35). In addition,
other killing mechanisms that use lipid II are known to involve
the inhibition of peptidoglycan biosynthesis (34, 35). Similarly,
a membrane protein, MptD, is the docking molecule for pedi-
ocin PA-1 and its homologs, and a region inserted in MptD
observed only in sensitive species such as Listeria and Entero-
coccus is the specific recognition site (11, 14). These types of
bacteriocins do not demonstrate pore-forming activity against
liposomes in the absence of MptD or against bacteria contain-
ing no specific region in MptD (8, 26). In conclusion, docking

molecules play essential roles in the antimicrobial activities of
these LAB bacteriocins.

Multicellular eukaryotes also produce pore-forming antimi-
crobial peptides to prevent microbial invasion (6, 38). Some
antimicrobial peptides inhibit both gram-positive and gram-
negative bacteria in the micromolar range through a mem-
brane permeation mechanism such as mechanisms involving
the barrel stave, carpet, and toroidal pore. One of the most-
characterized peptides involved in antimicrobial activities is
magainin 2, produced by Xenopus laevis (18). Initially, the
cationic peptide magainin 2 binds to negatively charged bac-
terial membranes and forms an amphiphilic �-helical struc-
ture. Magainin 2 then forms a pore, which is accompanied by
rapid lipid transbilayer movement, the so-called lipid flip-flop.
The peptide-lipid supramolecular complex pore is called the
toroidal pore. The diameter of the magainin 2 toroidal pore,
which can leak water-soluble substances, is estimated to be 2 to
3 nm. The pore causes the leakage of calcein (molecular
weight, 622) but not that of dextran, which has an average
molecular weight of about 4,400 (19). Some magainin 2 mole-
cules are translocated from the outer membrane leaflets to the
inner membrane leaflets when the pore closes. While the peptide-
lipid supramolecular complex pores caused by peptides from
some multicellular eukaryotes have been well characterized,
those created by LAB bacteriocins are poorly understood.

Previously, we discovered a novel LAB bacteriocin, lacticin
Q, produced by Lactococcus lactis QU 5 (10). Lacticin Q,
composed of 53 amino acids without intramolecular bridges, is
a cationic membrane-permeating peptide that has a wide bac-
tericidal activity against a wide variety of gram-positive bacte-
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ria in the nanomolar range. The antimicrobial activity, pH
stability, and heat tolerance of lacticin Q are comparable to
those of nisin, which shows a higher degree of stability than
other LAB bacteriocins. Unlike typical LAB bacteriocins, such
as nisin, the pore-forming activity of lacticin Q does not re-
quire a docking molecule, as confirmed by its high level of
activity against negatively charged liposomes (37). Lacticin Q
forms an amphiphilic �-helix, which is frequently observed in
antimicrobial peptides (37, 38).

In the present study, we characterized the features of the an-
timicrobial mechanism of lacticin Q. These features were found
to be more similar to those of magainin 2 than to those of typical
LAB bacteriocins. On the other hand, lacticin Q exerted strong
antimicrobial activity in the nanomolar range, and the activity of
magainin 2 was in the micromolar range. We hypothesized that
lacticin Q possesses unique features in its antimicrobial mecha-
nism. Here, we report on a new lacticin Q-mediated antimicrobial
mechanism termed the “huge toroidal pore” (HTP).

MATERIALS AND METHODS

Antimicrobial peptides. Lacticin Q and nisin were purified from an L. lactis
QU 5 culture supernatant and a commercial preparation (Sigma, St. Louis, MO),
respectively, as described previously (10). Magainin 2 was chemically synthesized
by standard solid-phase peptide synthesis (27). The purities of the peptides were
checked by electrospray ionization–time-of-flight mass spectrometry on a JMS-
T100LC instrument (Jeol, Tokyo, Japan).

Liposome preparation. A zwitterionic phospholipid, egg yolk L-�-phosphati-
dylcoline (PC), and an anionic phospholipid, L-�-phosphatidyl-DL-glycerol (PG),
were purchased as the highest grade from Sigma. Liposomes, large unilamellar
vesicles (LUVs), were prepared as follows. A lipid film (PC-PG at a 1:1 molar
ratio) was hydrated with buffer A (10 mM Tris-HCl, 75 mM NaCl, 1 mM EDTA,
pH 7.4). For the leakage experiments, 70 mM calcein (Dojindo Laboratories,
Kumamoto, Japan) was added to buffer A when the lipid film was hydrated. The
suspension underwent 10 freeze-thaw cycles and was subsequently extruded
through a 0.1-�m-pore-size polycarbonate filter. For the calcein-entrapping
LUVs, untrapped calcein was removed by gel filtration chromatography with a
4% plain agarose bead column (Agarose Bead Technologies, Madrid, Spain).
The phosphorus-based lipid concentration (of the lipid stocks and LUVs) was
determined by the method of Bartlett (2). All other LUVs used in this study
contained a negatively charged lipid (PG) at a molar ratio of 50%.

Calcein leakage. Calcein leakage from LUVs was examined at an excitation
wavelength (EX) of 490 nm and emission wavelength (EM) of 520 nm on an
F-7000 spectrofluorometer (Hitachi High-Technologies, Tokyo, Japan). The
peptides were maintained in buffer A at 30°C with agitation, prior to the addition
of LUVs to the solution. Leakage of 100% was determined by the addition of
0.1% (vol/vol) Triton X-100 (Wako Pure Chemical Industries, Osaka, Japan).

Light scattering. Peptide-induced morphological changes in the LUVs with
PC-PG at a ratio of 1:1 were monitored in buffer A by using 90° light scattering
on the F-7000 spectrofluorometer at 30°C. Both EX and EM were set at 400 nm.

Peptide translocation. A dansyl-labeled lipid, N-(5-dimethylaminonaphtha-
lene-1-sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DNS-
DHPE), was purchased from Invitrogen (Carlsbad, CA). Dansyl-labeled LUVs
(PC–PG–DNS-DHPE, 4:5:1) and unlabeled LUVs (PC-PG, 1:1) were prepared
by the aforementioned procedures. Peptide migration from the outer to the inner
membrane leaflets (translocation) was detected by fluorescence resonance en-
ergy transfer (FRET) from the tryptophan residues of lacticin Q to dansyl-
labeled LUVs, as reported previously (21). Dansyl-labeled LUVs were added to
the peptides in buffer A on the F-7000 spectrofluorometer at an EX of 280 nm
and an EM of 336 nm at 30°C. After incubation, excess unlabeled LUVs were
added for the desorption of untranslocated peptides from the dansyl-labeled
LUVs. On the basis of the fluorescence intensities before and after the addition
of unlabeled LUVs, the ratios of peptide translocation were calculated, as re-
ported previously (21).

Calcein leakage from the dansyl-labeled LUVs (PC–PG–DNS-DHPE, 4:5:1)
was monitored by the method described above.

Flip-flop. A pyrene-labeled lipid, 1-lauroyl-2-(1�-pyrenebutyroyl)-sn-glycero-3-
phosphocholine (pyPC), was purchased from Invitrogen. The fluorescence of
pyPC depends on the distance between the molecules (17, 32). Symmetrically

pyrene-labeled LUVs show monomer fluorescence (Im) at 397 nm (exited at 341
nm). In the case of the asymmetrically pyrene-labeled LUVs, excimer fluores-
cence (Ie) at 479 nm is observed, whereas Im is lower than that of the symmetrical
LUV. The Ie/Im ratio is the indicator of transbilayer lipid movement.

Asymmetrically and symmetrically pyrene-labeled LUVs (PC-PG-pyPC, 47:
50:3) were prepared as described previously (25). Briefly, to prepare asymmetri-
cally pyrene-labeled LUVs, dried pyPC was dissolved in 50 �l of ethanol, and 1
ml of buffer A was added to form a pyPC micelle. The pyPC micelle (3% of the
final product) and unlabeled LUVs (PC-PG, 47:50) were mixed at 37°C with
agitation for a few minutes, and the mixture was kept overnight at room tem-
perature. Peptide-mediated lipid flip-flop in buffer A was detected on the F-7000
spectrofluorometer at an EX of 341 nm and an EM of 350 to 500 nm. The
fluorescence spectra of symmetrically and asymmetrically pyrene-labeled LUVs
served as positive and negative controls, respectively. The extent of flip-flop was
calculated from the spectrum Ie/Im ratio, as reported previously (25).

Calcein leakage from the pyrene-labeled LUVs (PC-PG-pyPC, 47:50:3) was
monitored by the method described above.

Dextran leakage. Fluorescein isothiocyanate-labeled dextrans (FITC-dex) with
average molecular weights of about 10,000, 20,000, and 40,000 (FD-10K, FD-
20K, and FD-40K, respectively) were purchased from Sigma. FITC-dex-entrap-
ping dansyl-labeled LUVs (PC–PG–DNS-DHPE, 45:50:5) were prepared by the
method described above. FITC-dex (2.5 mM) was added to buffer A when the
lipid film was hydrated. Untrapped FITC-dex was removed by gel filtration
chromatography, as described above.

FITC-dex leakage was monitored as described previously (21). Briefly, dansyl-
labeled LUVs (50 �M lipids) harboring FITC-dex were incubated with peptides
in buffer A at 30°C. After 10 min, an excess of unlabeled LUVs (500 �M lipids;
PC-PG, 1:1) was added to stop the leakage. Leaked FITC-dex was eliminated by
gel filtration chromatography, and the LUV fraction was collected. After addi-
tion of 0.1% Triton X-100, the excitation spectrum of the fraction was measured
on the F-7000 spectrofluorometer at an EX of 300 to 500 nm and an EM of 520
nm. The spectrum was normalized at 490 nm. The extent of FITC-dex leakage
was determined by measurement of the fluorescence intensity at 340 nm (21).

GFP leakage. A green fluorescent protein (GFP)-encoding plasmid, pGreen
(23), was a kind gift from the National Institute of Genetics (Mishima, Japan).
The gfp gene and two PstI sites located immediately upstream and downstream
of gfp were amplified by PCR with the DNA polymerase KOD plus (Toyobo,
Osaka, Japan) and oligonucleotide primers pGreen-F (5�-CAGCTATGGTAC
CGGTAGA-3�) and pGreen-R (5�-CAGGTCGACTCTAGAGGAT-3�). The
PCR product and a lactococcal expression vector, pNZ8048 (22), were treated
with PstI (Nippon Gene, Toyama, Japan) and were ligated by the use of Ligation
high (Toyobo). The plasmid that was constructed, pNZgfp, was introduced into
L. lactis NZ9000 by electroporation by standard procedures (1). The transfor-
mant, L. lactis NZgfp, was grown in M17 medium (Merck, Whitehouse Station,
NJ) supplemented with 0.5% (wt/vol) glucose (GM17) and 50 �g/ml chloram-
phenicol at 30°C.

For the induction of GFP in L. lactis NZgfp, 10 ng/ml nisin was added 2 h after
the beginning of culture, and the cells were grown for an additional 2.5 h. The
cells were harvested by centrifugation (6,000 � g, 10 min, 4°C) and washed twice
with cold buffer A. The cells were added to the peptide solution in buffer A (1
ml) to adjust the absorbance at 600 nm (A600) to 0.25 and were incubated for 10
min at 30°C with agitation. The cells were then harvested by centrifugation
(6000 � g, 10 min, 4°C) and resuspended in 20 �l of buffer A. The remaining
GFP was monitored by fluorescence microscopy (Eclipse 80i/D-FL microscope
with a GFP-B filter; Nikon, Tokyo, Japan). The fluorescent image was contrasted
with the bright-field view.

The amount of GFP that leaked into the supernatant was measured on the
F-7000 spectrofluorometer. GFP expression in the L. lactis NZgfp cells and
peptide treatment were performed by the procedures described above. The
peptide-treated cells were eliminated by centrifugation. The supernatant (800
�l), 1 �M (glycine-treated) Alexa Fluor 430 (Invitrogen; 10 �l), and buffer A
(1190 �l) were mixed together. The excitation spectrum of the mixture was
recorded at 30°C. From the fluorescence intensities of 520 nm excited at 440 nm
(FAF; Alexa Fluor 430) and 490 nm (FGFP; GFP), the ratio FGFP/FAF was
calculated to determine the amount of GFP that leaked into the supernatant. As
a positive control, the FGFP/FAF of whole cells was recorded. Fluorescence was
seldom confirmed in cells in which GFP was not expressed.

Protein leakage. L. lactis NZgfp and L. lactis IL1403, bacterial strains sensitive
to lacticin Q, were cultured overnight in GM17 supplemented with and without
50 �g/ml chloramphenicol, respectively. Listeria innocua ATCC 33090T, a strain
that is also sensitive to lacticin Q, was cultured in tryptic soy broth (Difco
Laboratories, Detroit, MI) supplemented with 0.6% (wt/vol) yeast extract (Na-
calai Tesque, Kyoto, Japan). Subsequently, the strains were inoculated onto their
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respective fresh media and grown to the logarithmic phase (A600 � 1.0) at 30°C.
The cells were washed two times with cold buffer A and resuspended. The cells
(1 ml, A600 � 0.5) were treated with the peptide at the indicated concentration
for 10 min at 30°C with agitation. The cells were removed by two centrifugations
(6,000 � g, 10 min, 4°C), and 900 �l of the supernatant was desalted and
concentrated by use of a PAGEprep Advance kit (Pierce Biotechnology, Rock-
ford, IL), and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and silver staining with 2D-silver stain II (Cosmo Bio, Tokyo, Japan)
were performed.

RESULTS

Membrane permeation of lacticin Q. Lacticin Q-inducing
calcein leakage from PC-PG LUVs was monitored (Fig.
1A). The calcein leakage started at a very low concentration
of 31.3 nM.

Next, we analyzed the LUVs for morphological changes by
light scattering when lacticin Q was exhibiting membrane per-
meation of the LUVs. The absence of morphological changes
in the LUVs was confirmed by treatment with 250 nM lacticin
Q (Fig. 1B). In addition, a higher concentration of lacticin Q (2
�M) did not cause any morphological changes in the LUVs
(data not shown). These results revealed that lacticin Q does
not affect the size of the LUVs.

Characterization of lacticin Q pore. We investigated peptide
translocation by the detection of FRET. As shown in Fig. 2A,
the tryptophan fluorescence energy of lacticin Q was trans-
ferred to DNS-DHPE when dansyl-labeled LUVs were added,
resulting in a rapid reduction in the fluorescence intensity.
After incubation, excess unlabeled LUVs were added. Lacticin
Q molecules locating on the outer leaflet of the dansyl-labeled
LUVs redistributed to the unlabeled LUVs, and an increase in
the fluorescence intensity was observed. However, depending
on the time of incubation with the dansyl-labeled LUVs, the
fluorescence intensity recovered was lower than that for the
control, to which both dansyl-labeled and excess unlabeled
LUVs were added simultaneously. These results indicate that
lacticin Q molecules translocated from the outer to the inner
leaflets of LUVs. In addition, fast FRET showed quick bind-
ing. The ratio of translocated lacticin Q was calculated from
the results shown in Fig. 2A, and the data are shown with the
results of the calcein leakage experiment (Fig. 2B). This indi-

FIG. 1. Effects of lacticin Q on LUVs, calcein leakage, and mor-
phological change. (A) Lacticin Q-induced leakage of calcein en-
trapped in PC-PG (1:1) LUVs. From the top, the traces show the
leakage when lacticin Q was added at concentrations of 250, 125, 62.5,
and 31.3 nM. The lipid concentration of the PC-PG LUVs was 50 �M.
As controls, 0% leakage and 100% leakage were obtained by the
addition of buffer and 0.1% Triton X-100, respectively. (B) Light
scattering of PC-PG LUVs treated with lacticin Q. The arrow indicates
the time of addition of PC-PG LUVs (50 �M lipids) to 250 nM lacticin
Q (black line) and buffer (gray line). a.u., arbitrary units.

FIG. 2. Transbilayer movement (translocation) of lacticin Q.
(A) Detection of lacticin Q translocation by using FRET. The trypto-
phan fluorescence of 125 nM lacticin Q was monitored at an EM of 336
nm and an EX of 280 nm. Solid and dotted arrows show the times of
addition of dansyl-labeled LUVs (PC–PG–DNS-DHPE, 4:5:1) and
excess unlabeled LUVs (PC-PG, 1:1), respectively. As a control (gray
line), the dansyl-labeled and unlabeled LUVs were added together.
Lipid concentrations of dansyl-labeled and unlabeled LUVs at a large
excess were adjusted to 50 �M and 350 �M, respectively. a.u., arbitrary
units. (B) Co-occurrence of translocation of lacticin Q and calcein
leakage. Open circles, translocated lacticin Q molecules (in percent)
calculated from the data presented in panel A (see Materials and
Methods). The line indicates the leakage of calcein entrapped in the
dansyl-labeled LUVs (PC–PG–DNS-DHPE, 4:5:1). The leakage ex-
periment was performed under the same conditions used for the de-
tection of translocation (125 nM lacticin Q and 50 �M lipids).
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cates that changes in the ratios of translocated lacticin Q were
closely related to pore formation.

Next, lipid flip-flop was detected by using symmetrically and
asymmetrically pyrene-labeled LUVs. In the case of symmet-
rically pyrene-labeled LUVs, a high Im (397 nm) was observed,
and a peak corresponding to Ie (479 nm) was hardly detected
(Fig. 3A, trace 1). On the other hand, lower Im and higher Ie

values were observed in the spectrum of the asymmetrically
pyrene-labeled LUVs (Fig. 3A, trace 2). Treatment with lacti-
cin Q led to the enhancement of Im and a reduction of Ie in the
asymmetrically pyrene-labeled LUVs (Fig. 3A, trace 3). The
changes in pyrene fluorescence indicate that lipid flip-flop was
induced by lacticin Q. Time-dependent lipid flip-flop was an-
alyzed from the ratio of Ie/Im, and these data are plotted along
with the results of the calcein leakage experiments (Fig. 3B).
The ratio of lipid flip-flop induced by lacticin Q was closely
related to pore formation, as was observed in the case of
peptide translocation. These features of the lacticin Q pore
(calcein leakage, peptide translocation, and lipid flip-flop) cor-
responded to those observed in toroidal pores created by an-
timicrobial peptides from multicellular eukaryotes.

Sizing of lacticin Q pore on LUVs. We focused on the lac-
ticin Q pore size, because lacticin Q exerts a high level of
antimicrobial activity in the nanomolar range. Other antimi-
crobial peptides forming toroidal pores show activity in the
micromolar range. Dansyl-labeled LUVs containing FITC-dex
of various molecular weights were applied to determine the
size of the lacticin Q pore. In the case of FD-10K, the concen-
tration dependence of the leakage was similar to that of calcein
(Fig. 4). However, the levels of FD-20K and FD-40K leakage
were clearly lower than the level of FD-10K leakage, indicating
that the average lacticin Q pore diameter is between the di-
ameters of FD-10K and FD-20K.

Intracellular protein leakage by lacticin Q. Next, we inves-
tigated whether lacticin Q could leak a small protein, GFP (27
kDa), from L. lactis NZgfp cells (Fig. 5). GFP-overexpressing
L. lactis NZgfp cells were treated with lacticin Q. Nisin and
magainin 2 were also applied as controls. To visualize a suffi-
cient number of cells, the cell density used in this experiment
(see Materials and Methods) was fivefold higher than that used
for the MIC determinations described previously (36, 37). Only
the lacticin Q treatment (5 �M) led to the loss of GFP fluo-
rescence in the cells, while almost all cells used as negative
controls (no peptide added) or treated with nisin or magainin
2 retained GFP (Fig. 5A). Conversely, the GFP released by the
peptides into the supernatant was monitored with a standard
fluorescence substance, Alexa Fluor 430 (Fig. 5B). Only lacti-
cin Q caused an increase in the fluorescence of GFP, in agree-
ment with the microscopic observations shown in Fig. 5A.

We also attempted to detect intracellular proteins that
leaked into the supernatant from the peptide-treated cells,
because no antimicrobial peptide causing protein leakage had
previously been reported. As shown in Fig. 6, lacticin Q caused
the leakage of intracellular proteins from two L. lactis strains
and from L. innocua cells. In the case of L. lactis NZgfp, 1 �M
lacticin Q caused protein leakage, while 5 �M lacticin Q
caused further leakage. To detect a sufficient amount of pro-
tein by SDS-PAGE, the cell concentrations used in this exper-
iment were 10-fold higher than those used for the MIC deter-
minations described previously (36, 37). It made the
concentrations of lacticin Q for protein leakage higher than the

FIG. 4. FITC-dex leakage by lacticin Q. Dansyl-labeled LUVs
(PC–PG–DNS-DHPE, 45:50:5) entrapping FITC-dex were treated
with various concentrations of lacticin Q for 10 min. Open circles,
triangles, and squares, leakage (in percent) of FD-10K, FD-20K, and
FD-40K, respectively; gray circles, leakage (in percent) of calcein (mo-
lecular weight, 622) determined by the method described in the legend
to Fig. 1. The concentration of lipids was 50 �M.

FIG. 3. Lipid flip-flop induced by lacticin Q. (A) Fluorescence
spectra of pyrene-labeled LUVs (PC-PG-pyPC, 47:50:3). Trace 1, the
fluorescence spectra of the symmetrically labeled LUVs; traces 2 and
3, asymmetrically labeled LUVs and 250 nM lacticin Q-treated LUVs,
respectively. (Inset) Enlarged view of the same spectra at 450 to 500
nm. The lipid concentration of the pyrene-labeled LUVs was 50 �M.
a.u., arbitrary units. (B) Co-occurrence of lipid flip-flop and calcein
leakage caused by lacticin Q. Open circles, lipid flip-flop (in percent)
calculated from the ratio of Ie/Im (see Materials and Methods). The
line indicates the leakage of calcein entrapped in the pyrene-labeled
LUVs (PC-PG-pyPC, 47:50:3). The leakage experiment was per-
formed under the same conditions used for lipid flip-flop (250 nM
lacticin Q and 50 �M lipids).
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MIC (0.07 �M for L. lactis NZ9000), and 0.1 �M lacticin Q did
not cause protein leakage. The sizes of the protein bands were
confirmed to be in the range of 10 to 50 kDa. A band at about
30 kDa was observed when GFP was overexpressed, but that
band was not detected without GFP expression (data not
shown). These findings support the GFP leakage following the
lacticin Q treatment described in Fig. 5. Similar results were
obtained with other strains, L. lactis IL1403 and L. innocua
ATCC 33090T. In all cases, we detected many protein bands,
and the band patterns were manifold, depending on the indi-

cator strains. The results reveal that lacticin Q is an antimicro-
bial peptide that causes random protein leakage.

DISCUSSION

In the study described in this paper, we show that lacticin Q
is the first LAB bacteriocin reported to exert membrane per-
meation via the toroidal pore. In addition, the pore allows the
leakage of macromolecules from both liposomes and cells. We
name this novel antimicrobial mechanism of lacticin Q an
HTP, and an HTP model is illustrated in Fig. 7.

First, lacticin Q rapidly binds to negatively charged mem-
branes, forming an amphiphilic �-helical structure (Fig. 7A).
Previously, we reported that lacticin Q forms an amphiphilic
�-helical structure under aqueous conditions and in the pres-
ence of small unilamellar vesicles (37). As shown in Fig. 2A,
the fluorescent energy from tryptophan residues in lacticin Q
was transferred to the DNS-DHPE on the LUVs within 2 s,
and an increase in fluorescence also occurred rapidly upon the
redistribution to unlabeled LUVs. The observed FRET and its
cancellation by excess unlabeled LUVs can be explained by the
quick binding between lacticin Q and the LUVs. In addition,
the rapid calcein leakage shown in Fig. 1A supports the exis-
tence of rapid binding.

The membrane permeation by lacticin Q is due to pore
formation and is not the result of micellization or the fusion of
bilayers (Fig. 7B), because no morphological change in the
LUVs or the cells caused by lacticin Q were observed (Fig. 1B
and 5A). Changes in light scattering derived from peptide-
induced micellization or the fusion of liposomes have been
reported (39); however, pore-forming peptides do not affect
the scattering intensity (31).

As shown in Fig. 3, lacticin Q forms pores coupled with
lipid flip-flop (Fig. 7B). Lipid flip-flop, a main feature of the
toroidal pore, has been characterized in several antimicro-
bial peptides from multicellular eukaryotes, and the behav-
ior of lacticin Q was similar to that reported for magainin 2
(16). The pore created by lacticin Q corresponds to the
toroidal pore model, but to our knowledge, lacticin Q is the
first bacteriocin causing lipid flip-flop in gram-positive bac-
teria. Colicin E1, produced by Escherichia coli, is the sole
bacteriocin reported to form a toroidal pore (30). However,
colicin E1 is a protein-type bacteriocin composed of 522
amino acids. As described above, lacticin Q, which forms a
toroidal pore, exerts its antimicrobial activity in the nanomolar
concentration range (MICs, 5 to 750 nM), but other toroidal
pore-type antimicrobial peptides exert their antimicrobial activi-
ties in the micromolar range (MICs, 1 to 20 �M) (37, 38). The
strong activity of lacticin Q is probably due to the extraordinarily
large size of the pores that it forms.

The diameter of the pore created by lacticin Q was deter-
mined by the leakage of FITC-dex of various sizes (Fig. 7B).
On the basis of the supplier’s information and a previous
report (29), the average diameters of FD-10K and FD-20K
were determined to be approximately 4.6 and 6.6 nm, respec-
tively. Since the pore created by lacticin Q could similarly leak
calcein and FD-10K (Fig. 4), the average size of the pores
created by lacticin Q should be more than 4.6 nm. Further-
more, since that amount of FD-20K that leaked was less than
the amount of FD-10K that leaked, the average size of the pore

FIG. 5. GFP leakage from L. lactis NZgfp. (A) Microscopic obser-
vation of GFP-overexpressed and peptide-treated cells. (B) Detection
of GFP leaked into supernatant. The ordinate axis shows the ratio of
the fluorescence intensity of 520 nm excited by 490 nm (GFP) and 440
nm (Alexa Fluor 430).
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created by lacticin Q should be less than 6.6 nm. This is the
largest among the pores created by antimicrobial peptides that
have been reported. For example, the diameter of the pores
created by magainin 2 was determined to be 2 to 3 nm (18).
Among the lactococcal bacteriocins, the sizes of the pores
created by nisin and lacticin 3147 were 2 to 2.5 and 0.6 nm,
respectively (33, 34), while their antimicrobial activities were in
the nanomolar range, as is the case for lacticin Q (4, 24).
Although magainin 2 analogues, the magainin 2-peptidyl-gly-
cylleucine-carboxyamide mixture, and melittin allow the leak-
age of FITC-dex with molecular weights of about 4,400 or
lower, the peptide concentrations needed were higher than
those needed for calcein leakage (12, 19, 21).

The huge pore created by lacticin Q was also demonstrated
on the bacterial membrane (Fig. 5 and 6). We observed de-
creases in the level of GFP fluorescence in the bacterial cells
and increases in the supernatant (Fig. 5). Since the size of GFP
was determined to be approximately 3 by 4 nm by X-ray crys-
tallography (28), the diameter of the lacticin Q pore on the
biological membrane would be larger than the size of GFP. In
addition, lacticin Q caused random proteins from the indicator
strains to be leaked, which was rarely the case for nisin and
magainin 2. Since the cell densities in the protein leakage exper-
iments were 10-fold higher (in the GFP leakage experiment,
5-fold higher) than those in the MIC determinations, the protein
leakage caused by lacticin Q in indicator strains at lower densities
is expected even in the nanomolar range. Lacticin Q leaked pro-
teins with higher molecular weights than FITC-dex (Fig. 4 and 6),
which we speculate was due to the compact tertiary structures of
some intracellular proteins. Regardless, there are no other re-
ports of antimicrobial peptides that cause protein leakage. This
type of protein leakage needs a huge pore; therefore, the pore
created by lacticin Q was termed HTP.

Finally, some lacticin Q molecules migrate from the outer to
the inner leaflet of the membrane (peptide translocation; Fig.
7C). The ratio of the translocation of lacticin Q was related to
calcein leakage (Fig. 2B), and as shown in Fig. 1A, the rate of
calcein leakage was initially fast and subsequently slowed.
These results indicate that a large amount of lacticin Q molecules
accumulated quickly on the outer leaflet of the membrane. After

FIG. 6. SDS-PAGE of proteins leaked by peptide treatment. Indicator strains L. lactis NZgfp, L. lactis IL1403, and L. innocua ATCC 33090T

were treated with lacticin Q, nisin, and magainin 2 in buffer A; and the proteins that leaked into the supernatant were detected by SDS-PAGE
with a 12% polyacrylamide gel and silver staining.

FIG. 7. Model of HTP mediated by lacticin Q. (A) Lacticin Q
rapidly binds to the negatively charged phospholipid bilayer. (B) Lac-
ticin Q forms an HTP accompanied by lipid flip-flop. The average
diameter of the peptide-lipid supramolecular complex pore is 4.6 to 6.6
nm, resulting in protein leakage. (C) Some lacticin Q molecules show
transbilayer movement from the outer to the inner leaflet of the bilayer
(translocation) when the pore closes.
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a toroidal pore was formed, which took a short time, the pore was
closed concomitantly with peptide translocation. As a conse-
quence, the lacticin Q molecules which had accumulated on the
outer membrane leaflet were distributed to both leaflets, and the
rate of pore formation was reduced in a time-dependent manner.
Short-duration pores have been observed for various antimicro-
bial peptides (21, 33). Whereas peptide translocation has previ-
ously been reported in antimicrobial peptides from multicellular
eukaryotes, such as magainin 2, melittin, and tachyplesin I (17, 20,
21), this is the first study of peptide translocation in a bacteriocin.

The pores created by nisin and lacticin 3147 are smaller than
those created by lacticin Q, as described above. However, the
former bacteriocins show strong antimicrobial activities in the
nanomolar range. It has been reported that nisin and lacticin 3147
utilize lipid II as the docking molecule for their antimicrobial
mechanisms, such as pore formation, inhibition of peptidoglycan
biosynthesis, and lipid II segregation (13, 34, 35). On the other
hand, lacticin Q forms an HTP without the presence of a docking
molecule. The HTP of lacticin Q might be an important factor in
achieving high levels of antimicrobial activity in the nanomolar
range.
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