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Introduction. Resistance of pathogenic bacteria to
conventional antibiotics has encouraged the search for
new antimicrobial agents that have alternative targets.
Cationic peptides are produced by a large variety of
organisms including mammals (e.g. human defensins),
amphibians (e.g. magainins), insects (e.g. cecropins,
mellitin), plants (e.g. thionins), and bacteria (bacterio-
cins) and may constitute a key primary defense system
against bacterial infection.? It has been generally ac-
cepted that most such peptides function by insertion into
cell membranes of target bacteria with consequent
formation of pores or channels that lead to cell leakage
and death.? On this basis, enantiomeric all-p-amino acid
peptides (e.g. cecropin A, magainin, mellitin) with full
antimicrobial activity have been synthesized.* However,
recent work demonstrates that certain naturally occur-
ring peptides require relatively high concentrations to
cause leakage in membranes, thereby indicating that
at lower, physiologically relevant, concentrations inter-
action with other cellular targets may be the dominant
mechanism of action.® In this regard, two lantibiotic
bacteriocins,® mersacidin and nisin A, have been shown
to bind strongly to lipid Il, the precursor for peptido-
glycan synthesis during bacterial cell wall formation.”8
It is likely that in certain cases binding of a chiral cell
wall precursor or protein receptor by an antimicrobial
peptide may initiate membrane disruption as well as
directly inactivate the function of the target.

Type lla bacteriocins from lactic acid bacteria (LAB),
such as leucocin A (LeuA) and carnobacteriocin B2
(CbnB2) (Figure 1), possess considerable potential as
nontoxic agents for food preservation. LAB may also act
as probiotics for treatment of gastrointestinal infections
in humans and animals.%1% Although such bacteriocins
disrupt membrane function in model systems and are
claimed to form pores by self-association,® substantial
differences in their spectra of antimicrobial activity (i.e.
susceptible organisms) hint at recognition of a chiral
target as a key element of their mechanism of action.
Our NMR studies on the solution structures of LeuA
and CbnB2 in trifluoroethanol indicate that high se-
qguence homology (67%) in the N-terminal half does not
lead to substantial similarity in three-dimensional
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Trp18 Phe22

CbnB2 VNYGNGVSCSKTKCSVNWGQAFQERYTAGINSFVSGVASGAGSIGRRP

—
LeuA KYYGNGVHCTKSGCSVNWGEAF SAGVHRLANGGNGFW

[ 1
Ped PA1 KYYGNGVTCGKHSCSVDWGKATTCIINNGAMAWATGGHQGNHKC

Ped PA1 20-34 Ac-KATTCIINNGAMAWA-NHy

LeuA 18-37 WGEAFSAGVHRLANGGNGFW

N-Ac-LeuA 18-37 Ac-WGEAFSAGVHRLANGGNGEW

LeuA 18-32 WGEAFSAGVHRLANG

[
CbnB2 1-22 VNYGNGVSCSKTKCSVNWGQAF

Figure 1. Superimposition of three-dimensional solution
structures of LeuA and CbnB2 based on the alignment of
backbone atoms from Trp18 to Phe22 (see ref 11) with single-
letter amino acid sequences and homology (gray shading)
shown below. Sequences of pediocin PAl (Ped PAl), its
inhibitory fragment Ped PA1(20—34),'° and peptide fragments
synthesized in the present study (except for ent-LeuA) are also
provided.

structures in this section.!l However, the C-terminal
portions, which have much greater variation in amino
acid sequence, show highly conserved amphipathic
o-helix structures that superimpose readily. Work by
others on chimeric type lla bacteriocins, in which
N-terminal and C-terminal portions are interchanged,
suggests that the C-terminal section determines anti-
microbial specificity.12 In this study we examine anti-
microbial activity and antagonistic interactions of LeuA
with peptide analogues, including CbnB2 and ent-LeuA
(the enantiomer of LeuA), to determine whether chiral
recognition of type Ila bacteriocins is a required feature
of their mechanism of action.

Results and Discussion. ent-LeuA was synthesized
by sequential coupling (DCC, HBTU) of Fmoc-protected
D-amino acids using Wang resin as a solid support.13.14
The following side chain protection was used: Arg
(Pmc); Asn (Trt); Cys (Trt); Glu (tBu); His (Trt); Lys
(Boc); Ser (tBu); Thr (tBu); Trp (Boc); Tyr (tBu). Cleav-
age with trifluoroacetic acid from the resin followed by
HPLC purification gave the reduced peptide (cysteines
as thiols, m/z 3932.11 + 0.35, calcd 3932.33), which was
guantitatively oxidized with oxygen to the corresponding
disulfide, ent-LeuA, with an overall synthesis yield of
6% and =95% purity. HPLC comparison, electrospray
mass spectrometry (m/z 3929.95 + 0.59), N-terminal
Edman amino acid sequencing, and CD spectra (mirror
image in trifluoroethanol/water (90%) and 4 mM dodec-
ylphosphocholine (DPC) micelles) confirmed the purity
and structural identity of the enantiomeric peptide. This
represents the first synthesis of an enantiomeric type
lla bacteriocin.
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ent-LeuA was tested for antimicrobial activity as well
as possible agonist/antagonist effects with LeuA utiliz-
ing 10 strains of bacteria susceptible to the natural
peptide.1*15 Using comparable concentrations, pure ent-
LeuA showed no antibacterial activity against any
strain tested, thereby demonstrating that interaction
with a chiral receptor molecule is a critical feature of
the mechanism of action of type lla bacteriocins. At very
high concentrations (10° above minimum inhibitory
concentration (MIC) of LeuA),'® ent-LeuA displayed
weak activity toward Carnobacterium divergens LV13,
suggesting that nonspecific membrane disruption of the
target organism could occur under these conditions. ent-
LeuA was not able to antagonize the antimicrobial effect
of natural LeuA at any concentration tested. A 10-fold
excess with respect to the natural peptide did cause
small decreases in MIC values of natural LeuA with
about one-half of the strains examined. This may also
be due to nonspecific effects on the membrane. These
results contrast a report on the action of another class
of less-active LAB bacteriocin, plantaricin A (26 amino
acids, from Lactobacillus plantarum), which also as-
sumes an amphiphilic a-helical conformation in TFE or
DPC micelles.'” Synthetic L- and p-enantiomers (PInA-
221 and PInA-22p) missing the four N-terminal residues
of plantaricin A both display full antimicrobial activity.
Interestingly, PInA-22Db does not show the pheromone
activity (induction of bacteriocin production) of planta-
ricin A or PInA-22L, but it is able to inhibit the
pheromone induction caused by the L-enantiomers at
high concentration, thereby demonstrating that this is
a receptor-mediated function. However, it should be
noted that some all-p-amino acid peptides are biologi-
cally active and bind to receptor proteins normally
targeted by natural L-peptides.®

It was recently reported that a 15-mer analogue
(residues 20—34 with N-terminal acetyl and C-terminal
primary amide) of pediocin PA1, a bacteriocin with
considerable sequence homology to LeuA and CbnB2,
was not antimicrobially active but significantly inhibited
the activity of pediocin PA1l (ca. 20-fold increase in
MIC).1® This result also suggests that the 15-mer binds
to a chiral receptor molecule which recognizes the
corresponding portion of the parent bacteriocin. Hence,
we employed L-amino acids to synthesize the corre-
sponding C-terminal fragments of LeuA, namely LeuA-
(18—32), LeuA(18—37), and N-Ac-LeuA(18—37), by meth-
ods similar to those for ent-LeuA. An N-terminal
fragment of CbnB2, CbnB2(1—22), was also prepared.
None of these fragments displayed antimicrobial activity
by themselves. When mixed in equal amounts with
natural LeuA, the LeuA fragments weakly inhibited the
activity of LeuA (2-fold increase in MIC), but less than
was seen in the pediocin PA1 work.1® The N-terminal
fragment CbnB2(1—22) did not inhibit the activity of
the parent CbnB2 even when present in 1000-fold
excess. Since LeuA and CbnB2 have different but
overlapping antimicrobial spectra,’* interactions be-
tween the parent bacteriocins were examined. Only
weak effects were seen in certain cases. Addition of a
10-fold molar excess of CbnB2 to LeuA increased the
specific activity of the latter 2—4-fold against Leuconos-
toc mesenteroides 23386 and Lactobacillus sakei 20017,
which are insensitive to CbnB2 alone. In contrast, with
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Carnobacterium piscicola UAL26/8B addition of a 1000-
fold molar excess of CbnB2 reduced the specific activity
of LeuA 16-fold. The results show that there is a
requirement for a chiral receptor molecule for type lla
bacteriocins that probably recognizes the a-helical C-
terminal half of the peptide and that this specific
interaction accounts for the very potent but relatively
narrow antimicrobial spectrum.

Antimicrobial peptides and the organisms that pro-
duce them are being investigated as possible therapeutic
agents, especially for the treatment of gastrointestinal
infections and organisms resistant to current anti-
biotics.6~9 Even though the antimicrobial spectra of LAB
bacteriocins is limited, they show considerable promise
because they are nontoxic to mammals (many occur
naturally on food) and are much more potent than
conventional antibiotics. The present work confirms
earlier studies that show that for type lla bacteriocins,
the entire peptide is necessary for significant activity.
More importantly, the demonstration of a requirement
for interaction with a chiral receptor molecule affords
a novel possibility for future antibiotic development.
Very recent genetic experiments on resistance to bac-
teriocins provide circumstantial evidence that the pro-
tein components of the sugar phosphotransferase sys-
tems (PTS) may be the target of these peptides.?
Additional studies to confirm this hypothesis are cur-
rently underway.
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