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To characterize the mode of action of lacticin Q (LnqQ), its membrane-permeabilizing activity was compared
with that of nisin A because of the similar antimicrobial features of these compounds. Lipid II, the receptor for
nisin A, was not required for LnqQ activity. LnqQ induced high-level membrane permeability in the absence
of specific receptors.

Membrane-permeabilizing antimicrobial peptides are prom- of ATP from cells, indicating that its bactericidal activity is due
ising candidates for new antibiotics for various applications to membrane permeabilization (7). Pediocin PA-1 is a well-
(16). Small cationic peptides (20 to 40 residues) from multi- known nonlantibiotic that has activity at concentrations in the
cellular organisms have been studied, and in most cases their nanomolar range, but strong activity has been observed only
antimicrobial mechanism is thought to be membrane perme- with Listeria and limited species; pediocin AP-1 forms small
abilization (3). Cationic peptides first recognize anionic bacte- pores that cannot cause leakage of ATP from cells (4). Here,

rial membranes without specific receptors and then cause we characterized the membrane-permeabilizing activity of
membrane permeabilization. Magainin 2, a well-characterized LnqQ using live cells and artificial membranes and compared

cationic antimicrobial peptide, forms a toroidal pore that re- this activity with that of nisin A.

sults in leakage of cellular components via its a-helical struc- Initially, the secondary structure of LnqQ was examined,

ture on the bacterial membrane (12). Magainin 2 inhibits the because amphiphilic secondary structures have been reported

growth of bacteria at concentrations in the micromolar range for antimicrobial peptides but not for nisin A (3, 6). The LnqQ

(1 to 20 wM), whereas no lysis of blood cells occurs at concen- and nisin A used in this study were purified by a method

trations in this range (14). described previously (7). Using PSIPRED (http://bioinf.cs.ucl
Many lactic acid bacteria (LAB) secrete ribosomally synthe- .ac.uk/psipred/), LnqQ was predicted to contain two a-helixes

sized antimicrobial peptides termed bacteriocins. The antimi- with high reliability at positions 4 to 13 and 38 to 49 (Fig. 2A).
crobial mechanisms of many LAB bacteriocins, including nisin Amphiphilic a-helices in these regions were revealed by helical
A and pediocin PA-1, require specific receptors (so-called wheel analysis (Fig. 2B). Circular dichroism (CD) spectra of
docking molecules) for activity, in addition to the peptide itself LnqQ were recorded in the presence and absence of negatively
and the phospholipid bilayer (7, 9, 10, 15). Docking molecules charged small unilamella vesicles (SUVs) using previously de-
enhance LAB bacteriocin activity and provide target cell scribed methods (13) (Fig. 2C). Negative peaks at wavelengths
specificity. Thus, docking molecules not only increase the around 207 and 222 nm, indicating o-helical structures, were
antimicrobial activity of bacteriocins but also result in se- observed in the presence of SUVs. The helix contents calcu-
lective toxicity of bacteriocins. lated from the CD spectrum ellipticities at 222 nm were similar
We previously reported that Lactococcus lactis QU 5 pro- under the two conditions (31.4% for buffer and 35.1% for
duces a bacteriocin termed lacticin Q (LnqQ) (8). Both LnqQ SUVs). However, the spectrum in buffer at wavelengths
and nisin A have been reported to have widespread antimicro- around 207 nm was different from the spectrum obtained with
bial activity against gram-positive bacteria at concentrations in SUVs. We concluded that LnqQ forms an amphiphilic a-heli-
the nanomolar range. Figure 1 shows that the structures of cal structure in the presence of SUVs.
LnqQ, which consists of 53 unmodified amino acids, and nisin The MICs of LnqQ and nisin A for gram-positive bacteria
A, which consists of 34 amino acids with posttranslational were determined by using a turbidimetric assay (11). Both of
modifications, are clearly different (7, 14). LnqQ causes efflux these bacteriocins exhibited antimicrobial activity at concen-
trations in the nanomolar range (Table 1). However, the pat-
terns were different, as were the structural features mentioned
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Lacticin Q (LngQ)

FIG. 1. Primary structures of LnqQ and nisin A. fMet, formylmethionine; Dha, dehydroalanine; Dhb, dehydrobutyrine; Ala-S-Ala lanthionine;
Abu-S-Ala, 3-methyllanthionine; S, sulfur atom of the thioether bridge.

caused disruption of the membrane potential when the cells vancomycin-treated cells equally (Fig. 3A). As previously re-
were treated with vancomycin (Fig. 3). The fluorescence of ported (2), the membrane-permeabilizing activity of nisin A
3,3'-dipropylthiadicarbocyanine iodide [DiSC5(5)] (Invitrogen, was blocked by vancomycin (Fig. 3B). Thus, the modes of

Carlsbad, CA) was used as an indicator of membrane poten- action of LnqQ and nisin A were different, especially with
tial. LnqQ disrupted the membrane potentials of intact and respect to use of lipid IT as a docking module.
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FIG. 2. Analysis of the secondary structure of LnqQ. (A) The LnqQ line shows the amino acid sequence of LnqQ. The 2D-pre and Reliability
lines show the predicted secondary structure (C, random coil; H, helix) and the reliability (9, highest; 0, lowest), respectively. (B) Helical wheel
analysis for positions 4 to 13 and 38 to 49 of LnqQ (underlined regions in panel A). The underlined amino acids are hydrophobic residues. (C) CD
spectra of LnqQ. The solid and dotted lines show data for LnqQ in buffer A (10 mM Tris-HCl, 75 mM NaCl, 1 mM EDTA; pH 7.4) and in the
presence of SUVs (PC/PG, 1:1), respectively. The final peptide and lipid concentrations were 4 and 400 wM, respectively.
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TABLE 1. Antimicrobial spectra of LnqQ and nisin A

MIC (nM)
Organism*
LnqQ Nisin A
Bacillus coagulans JCM 2257F 75 250
Lactococcus lactis subsp. lactis 5 500
ATCC 194357
Listeria innocua ATCC 750 1,000
33090"
Pediococcus pentosaceus JCM 500 100
5890

“ Abbreviations: ATCC, American Type Culture Collection, Manassas, VA;
JCM, Japan Collection of Microorganisms, Wako, Japan.

We then investigated whether LnqQ requires a docking mol-
ecule for its membrane-permeabilizing activity. We used lipo-
somes, which are large unilamellar vesicles (LUVs), because it
was reported previously that high concentrations of nisin A or
pediocin PA-1 were required for membrane-permeabilizing
activity against membranes lacking docking molecules (lipid/
peptide [L/P] molar ratio, 2 to 10) (1, 5). We constructed
negatively charged LUVs entrapping the fluorescent dye cal-
cein (Dojindo, Kumamoto, Japan) using egg yolk L-a-phos-
phatidylcholine (PC) (Sigma, St. Louis, MO) and L-a-phos-
phatidyl-pL-glycerol (PG) (Sigma), as described previously
(13). Without a docking molecule, treatment with LnqQ in-
duced rapid and significantly high levels (75.7%) of leakage of
calcein at an L/P ratio of 200 (Fig. 4A). The amount and rate
of calcein leakage depended on the LnqQ concentration, and

Y
[=]
(=}

150

100

(o))
[}

o

DiSC4(5) fluorescence (a. u.) >

o
(=]

1 2 3
Time {min)

200
Nisin A

150

100

DiSC4(5) fluorescence (a. u.) ©

Time {min)

FIG. 3. Effects of vancomycin on disruption of the membrane po-
tential of Bacillus coagulans JCM 2257" caused by LnqQ (A) and nisin
A (B). The solid and dotted lines show the bacteriocin-caused disrup-
tion of the membrane potential of intact and vancomycin-treated cells,
respectively. The arrows indicate when bacteriocins (20 nM) were
added. All experiments were performed in a buffer (250 mM sucrose,
5 mM MgSO,, 10 mM potassium phosphate; pH 7.0) containing 1 pM
DiSC;(5) at 30°C. a.u., arbitrary units.
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FIG. 4. Leakage of calcein entrapped in LUVs (PC/PG, 1:1)
caused by LnqQ (A) and nisin A (B). The lines show the peptide-
induced calcein leakage for different L/P ratios (mol/mol). The final
lipid concentration was 50 pM. All experiments were performed in
buffer A at 30°C.

treatment with LnqQ caused leakage of 8.4% of the calcein at
a low peptide concentration (31 nM) at an L/P ratio of 1,600.
On the other hand, treatment with nisin A induced leakage of
only 14.2% of the calcein, even at a high concentration (250
nM) with an L/P ratio of 200 (Fig. 4B). The calcein leakage
results obtained with LnqQ and nisin A shown in Fig. 4 were
similar to the results obtained for vancomycin-treated cells
(Fig. 3). In addition, the high membrane-permeabilizing activ-
ity of LnqQ with LUVs was similar to the activity reported for
nisin Z (a natural nisin variant) with lipid II-containing LUVs
(~60% leakage at an L/P ratio of 500) (15). These results
suggest that LnqQ does not require a docking molecule for
membrane-permeabilizing activity, in contrast to other LAB
bacteriocins, including nisin A and pediocin PA-1.

In conclusion, we propose the following LnqQ killing mech-
anism: (i) binding to a negatively charged bacterial membrane
with a cationic a-helical structure, (ii) membrane permeation
without the aid of docking molecules, and (iii) cell death due to
the loss of intracellular components. The features of LnqQ
reported in this study are more similar to the features of
antimicrobial peptides from multicellular eukaryotes than to
the features of nisin A. However, many antimicrobial peptides
from multicellular eukaryotes have antimicrobial activity at
concentrations in the micromolar range. Further research is
required to determine how LnqQ exerts antimicrobial activity
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at concentrations in the nanomolar range and to characterize
the mode of action of LnqQ on bacterial membranes in detail.
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