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Recent years have seen a rapid increase in our knowledge of the molecular bio-
logy of bacteriocins produced by lactic acid bacteria. Strains of alI species of lactic
acid bacteria have been reported to produce antagonistic compounds. Clearly,
such observations should be folIowed by careful biochemical analyses to prove that
the substances are bacteriocins, that is, proteinaceous non-suicidal molecules [1 ]. It
is now welI established that lactic acid bacteria produce different bacteriocins inhi-
biting the growth of closely or even more distantly related micro-organisms. In a
recent extensive overview of the field, Klaenhammer [2] defined at least four dis-
tinct classes of bacteriocins produced by lactic acid bacteria: lantibiotics, large
(mol. wt. > 30,000) heat-Iabile proteins, complex(ed) bacteriocins, and smalI (mol.
wt. < 10,000) non-Ianthionine containing peptides. The lactococcins, produced by
certain strains of Lactococcus lactis, belong to the latter category of bacteriocins,
together with pediocin p A-I, sakacin A and P, leucocin A and lactacin F. AlI these
bacteriocins share a moderate to high heat stability and are proteolyticalIy proces-
sed to the active form by cleavage of a precursor molecule behind a welI conserved
glycine doublet.

In contrast to type A colicins, bacteriocins produced by strains of the enteric
bacterium Escherichia coli, lactococcins are not produced and secreted by a suici-
dal production pathway [3]. It appears that the lactococcins are secreted from the
producer celI by a dedicated secretion system, the genes of which can be geneti-
calIy linked to the lactococcin structural genes or, in some cases, may be encoded
by'non-Iinked chromosomal genes [4]. The producer celI protects itself from the
Iethal action of the bacteriocin by concomitant I y producing an immunity protein
from a gene immediately folIowing the lactococcin structural gene. The lactococcin
secretion machinery and the means by which the immunity protein LciA count-
eracts lactococcin A activity wilI be discussed here.



lACTOCOCCIN SECRETION

The lactococcin A structural gene is preceded by two additional genes that
were shown to be essentia1 for lactococcin production. No expression of the bacte-
riocin was observed if the structural and immunity genes were cloned in the plas-
mid-free L. lactis cloning host MG1363 [5,6]. For full expression, that is, wild type
halo formation around a colony overlaid with a bacteriocin-sensitive indicator
strain, both upstream genes, IcnC and IcnD are required. Inactivation of either
gene leads to loss of the halo-forming ability from a strain carrying intact lactococ-
cin structural and immunity genes [7]. Although it still needs to be proven, the loss
of lactococcin activity is not thought to be caused by the loss of bacteriocin produc-
tion, but by the inability of the strain to secrete the bacteriocin molecule. This spe-
culation is based on the fact that the IcnC and lcnD translation products show simi-
larities to proteins of the E. coli haemolysin secretion machinery [8, 9]. This is one
of a number of systems identified in Gram-negative bacteria that facilitate secre-
tion of certain extracellular proteins independent of the general so-called sec-
dependent pathway. Recently, similar secretion systems have also been identified
in Gram-positive bacteria [10, 11, 12, 13]. bne of the proteins invariably present in
these systems is an A TP-dependent membrane translocator of the haemolysin B
(HlyB) subfamily [14]. It is with this protein family that LcnC shows considerable
similarity. In the N-terminus of LcnC six putative membrane spanning segments
are present. The topology of LcnC is currently being investigated by making
fusions with the E. coli LacZ and PhoA proteins. Recently, topological studies of
HlyB have shown that this protein is attached to the E. coli cytoplasmic membrane
by six transmembrane sequences [15]. The C-terminus of HlyB is located intracel-
lulary and contains a conserved A TP binding domain. LcnC and HlyB show 29%
identity and 19% similarity in their C-termini. A second protein, HlyD, has one
transmembrane sequence which places the N-and C-termini on the inside and the
outside of the inner membrane, respectively [16]. LcnD resembles HlyD in that it
is largely hydrophilic with the exception of the N-terminus. This region does not
contain a typical signal peptide. By making lacZ and phoA fusion we have shown
that the N-terminus of LcnD is located on the cytoplasmic face of the membrane,
whereas the C-terminus is on the outside. The hydrophobic stretch of amino acid
residues in the N-terminus functions as a membrane anchor [K. Venema et al,
unpublished]. Proof that LcnC and LcnD form a dedicated secretion system for
the lactococcins has not yet been obtained. This is largely caused by the inability to
produce a good anti-lactococcin antibody. With such antibodies the localization of
lactococcin produced in the absence of either LcnC and/or LcnD could be exami-
ned as well as the question of whether processing of prelactococcin is a prerequi-
site for secretion.

lACTOCOCCIN IMMUNITY VERSUS RESISTANCE

The L. lactis subsp. cremoris plasmid p9B4-6 carries the structural genes for the
lactococcins A, B, and M/N [5, 17]. The latter bacteriocin is one of the examples of
a two peptide bacteriocin [K. Venerna, unpublished]. The structural genes for the
lactococcins A, B, and M/N are immediately folIowed by genes that encode small
proteins conferring immunity to the corresponding bacteriocin. This has been



!
proved by detailed mutation analyses [5, 17]. These studies also proved that the
immunity proteins are specific for their particular bacteriocin as cells expressing the
immunity protein for one of the three bacteriocins are still sensitive to the other
two. Surprising1y, clones expressing and secreting active bacteriocin ( as evidenced
by halo formation on an indicator lawn) could be obtained even in the absence of a
functional matching immunity gene. After poor growth initially, these cells started
growing norma11y and produced normal amounts of bacteriocin. Apparently, the
initial concentration of bacteriocin produced by the cells was insufficient to prevent
their growth, allowing for the selection of cells with chromosomal mutations rende-
ring them insensitive to the bacteriocin. As the mechanism by which these muta-
tions work is completely unknown the general term «resistance» was adopted [4].
Such resistance to bacteriocins could vary from a mutation in the bacteriocin recep-
tor (see below) to changes in membrane fluidity and is not dealt with in this com-
munication. The term «immunity» is reserved for the insensitivity caused by the
above mentioned small proteins that are expressed together with their correspon-
ding bacteriocin.

The immunity protein genes lciA, lciB, and lciM contain 98, 91 and 154 codons,
respectively, and the deduced peptides do not share any similarities. The immunity
protein LciA, conferring resistance to lactococcin A, has been the subject of inves-
tigation for the last two years. Nissen-Meyer et al [18] purified the protein by
employing its physicochemical properties in three successive chromatographic
steps. A protein present in cell-free extracts of strains containing lciA but not in
extracts of cells devoid of this gene was purified to homogeneity and by N-terminal
amino acid sequencing proved to be LciA. As the N- and C-termini of purified
LciA were the same as those of the deduced protein, this indicated that LciA is
neither N-nor C-terminally processed. Using a genetic approach, we purified LciA
as a fusion with the Escherichia coli maltose-binding protein. The fusion protein
was used to isolate anti-LciA monoclonal antibodies. One of seven monoclonal
antibodies obtained in this way was used to study the location of the immunity pro-
tein in L. lactis, its topology and the way it protects the producer cell from the
detrimental action of the corresponding bacteriocin lactococcin A.

THE (-TERMINUS OF LclA IS LOCATED ON THE OUTSIDE

OF THE (VTOPLASMIC MEMBRANE

The anti-LciA monoclonal antibody was used to assess the presence of LciA in
various fractions of LciA-producing lactococcal cells. One third of the protein was
present in the cytoplasmic fraction, the other two-thirds were located in or at the
membrane. No LciA was observed in the cell wallor the culture supernatant.
Using a polyclonal antiserum raised against purified LciA, Nissen-Meyer et al [18]
reached the same conclusion: in their experiments half the protein was localized in
the soluble cytoplasmic fraction while the rest fractionated with the membranes.

The epitope in LciA reacting with the anti-LciA monoclonal antibody was
identified by analysing C-terminally truncated maltose-binding-protein-LciA
fusion proteins, in which successively more residues from the C-terminus of LciA
had been removed. The various deletion derivatives were expressed in and isolated
from E. coli, and subjected to Western immuno-analysis. The fusion proteins were
produced in roughly similar amounts and all reacted with an anti-maltose-binding-



protein antibody. In contrast, only the fusions carrying full length LciA (LciA[l-
98]) or LciA[1-80] reacted with the anti-LciA monoclonal antibody. As the next
smaller fusion protein carried LciA[1-60], the epitope is located between amino
acid residues 60 and 80 of LciA or, in other words, in the C-terminus of the protein.

Right-side-out and inside-out cytoplasmic membrane vesicles of lactococcal
cells producing LciA were prepared, subjected to proteinase K treatment aIid ana-
lysed by ELISA using the anti-LciA monoclonal antibody. Whereas inside-out
vesicles did not react with the monoclonal antibody, right-side-out vesicles did,
proving that the epitope and thus the C-terminus of LciA is located on the outside
of the cytoplasmic membrane. In this location, the epitope is accessible to protei-
nase K and removed by treatment of the right-side-out vesicles with the enzyme.
Surprisingly, right-side-out vesicles prepared from cel1s producing LciA and lacto-
coccin A at the same time did not react with themonoclonal antibody. When puri-
fied lactococcin A was added to LciA-containing right-side-out vesicles, antibody
recognition of the epitope was poor as only a weak ELISA response was obtained.
Apparently, the bacteriocin and the epitope in LciA are in close proximity.

Computer predictions show that LciA .may span the membrane once by virtue
of an <x-amphiphilic helix (hydrophobic moment of 0.52) between amino acid resu-
dues 29 and 47 (Fig. 1). It may do so by binding to sequences in the lactococcin A

receptor protein (see below).

LCIA BLOCKS THE lAaococCIN A RECEPTOR PROTEIN

Lactococcin A was shown to increase the permeability of the cytoplasmic mem-
brane of lactococcal cells [20]: right-side-out vesicles of a sensitive strain preloaded
with 2-a-amino-isobutyric acid rapidly lost this alanine analogue when lactococcin
A was added. Glutamic acid, which is taken up by a phosphate bond-linked unidi-
rectional process, leaked out of vesicles when lactococcin A was added. Leakage
occurred even after the proton motive force had been dissipated, indicating that
lactococcin A acts voltage-independently. As the bacteriocin does not affect lipo-
somes prepared from lactococcal phospholipids it apparently needs a membrane-
associated protein for action. Van Belkum et al [20] proposed that lactococcin A

Fig.1: Linear presentation of the lactococcin A imrnunity protein LciA with the a-amphiphilic
helix shown as a helical wheel. Charged and polar residues are shaded. The lower case let-
ters represent the approximate position of the epitope recognized by the anti-LciA mono-
clonal antibody. Amino acid numbering of residues mentioned in the text is given above the

sequence.



recognizes an L. lactis-specific receptor protein. It is generally believed, but nevér
proved, that lactococcin A makes pores in the cytoplasmic membrane of lactococ-
cal cells, leading to efflux of essentialcompounds and ultimately to cell death. This
can then be counteracted by LciA since cytoplasmic membrane vesicles isolated
from immune cells are not affected by lactococcin A in a concentration that does
affect sensitive vesicles [20]. This observation also showed for the first time that
the immunity protein LciA is located and effective in the cell membrane. It could
be effective by a number of different mechanisms including: 1) direct interaction
with the bacteriocin, thus neutralizing it or blocking the pores, or 2) preventing
access of the bacteriocin to the membrane by blocking its receptor. To obtain more
insight in the mode of action of LciA, we performed leucine uptake experiments in
fused lactococcal cytoplasmic membrane vesicles [19]. By fusing immune vesicles
mutually, we showed that this procedure (which involves two freeze-thawing steps)
does not impair immunity. Upon fusion of immune vesicles with vesicles prepared
from sensitive cells in a ratio of 1: 3 (fusion efficiency > 93% ), the resulting fused
vesicles were sensitive to a concentration of lactococcin A that was one third of
that used in the control experiment. The amount of bacteriocin in the latter case
was lowered to compensate for the dilution of immunity protein contributed by the
immune vesicles by the membranes of the sensitive vesicles. The outcome of the
fusion experiment strongly argues for a mechanism of immunity in which LciA
blocks the lactococcin A receptor .

LciA-containing vesicles, when pretreated with proteinase K, resist the action of
lactococcin A: leucine uptake in these vesicles is not affected by the bacteriocin. This
is surprising in view of the fact shown above that at least the C-terminal epitope of
LciA is removed by the proteinase. It is possible that remaining part of LciA is still
functional but the main consequence of the proteinase treatment appears to be
removal of the bacteriocin receptor, as sensitive vesicles also become insensitive to
lactococcin A. This is again strong indirect evidence for the presence of a protein in
lactococcal cytoplasmic membranes that acts as a receptor for lactococcin A.

CONCLUSION

The pore-forming lactococcal bacteriocin lactococcin A is most probably secre-
ted from producer cells by a dedicated sec-independent secretion mechanism
encompassing at least two essential proteins: LcnC and LcnD. On the basis of com-
puter predictions, LcnC is most probably an integral membrane protein. LcnD was
shown to be located in the membrane by lacZ and phoA fusion studies. LcnC pro-
bably couples A TP hydrolysis to bacteriocin transport and/or maturation. During
or after secretion, prelactococcin A is proteolytically processed to the mature form
by'the removal of the N-termina121 amino acids. Many questions need to be resol-
ved including whether or not prelactococcin A has activity, whether the N-terminal
extension is needed to keep the bacteriocin in an inactive conformation or whether
it is a recognition signal for the secretion machinery and whether LcnC and/or
LcnD are directly involved in the maturation process. Elucidation of the specificity
of the secretion pathway of the lactococcins is a major issue since the system could
be used an an alternative to the sec-dependent pathway of protein secretion to use
L. lactis for the secretion of important (immuno-active) peptides. Immunity to lac-
tococcin A works by blockage of the cytoplasmic membrane-located bacteriocin



receptor protein. LciA probably binds to the receptor, thus preventing lactococcin
A from forming pores in the membrane. It seems that LciA does not block the
actuallactococcin A binding site. Rather, it may bind closely to it, thereby hinde-
ring functional insertion of the bacteriocin in the membrane.
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Note added in proof:

Recently, two groups have shown that the N-terminals of the ABC transporter
homologues PedD and LagD, involved in ~he production ofpediocin PA-l and lac-
tococcin G, respectively, contain a proteolytic domain that is involved in precursor
processing (HAvarstein LS, Diep DB, Nes IF: A family of bacteriocin ABC trans-
porters carry out proteolytic processing of their substrates concomitant with
export. Mol MicrobioI1995;16:229-240. Venerna K, Kok J, Marugg JD, Toonen
MY, Ledeboer AM, Venerna G, Chikindas ML: Functional analysis of the pedio-
cin operon of Pediococcus acidilactici P AC1.0: PedB is the irnmunity protein and
PedD is the precursor processing enzyme. Mol Microbiol1995, in press).
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