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INTRODUCTION

Lactococci are fastidious organisms which form part of various starter strain
mixtures for dairying purposes. During growth in milk, they convert lactose to lac-
tate which, by decreasing the pH, is essential for the preservation of dairy pro-
ducts.

The fastidiousness of these organisms, Lactococcus lactis subsp. lactis and L.
lactis subsp. cremoris, refers to their inability to synthesize a number of amino
acids, which must be added to chemically defined media to obtain proper growth
[for review, see reference 1]. Until about a decade ago, considerable physiological
and biochemical knowledge on dairying-related processes was available, but gene-
tic data were extremely scarce, even though at that time it had already been weIl
established that transduction and conjugation operated in lactococci [for review,
see reference 2]. Owing to the developments to be described, it is no exaggeration
to state that the means of studying lactococcal genetics have reached a degree of
sophistication which is approaching those used in Escherichia coli and Bacillus
subtilis. In the foIlowing sections these developments are outlined briefly, inclu-
ding our current view on the genetics and operation of the proteolytic system of
lactococci and the very recent development of an effective bacteriophage-based
inducible gene expression system in these organisms.

DEVELOPMENT OF GENE CLONING

AND SPECIAL PURPOSE VECTORS

Gene cloning vectors

More than 10 years ago we investigated whether lactococcal plasmids could
replicate in B. subtilis and studied the smallest of the plasmids of L. lactis subsp.



cremoris strain Wg2, pWV01. To introduce this plasmid in B. subtilis, the extre-
mely efficient protoplast transformation system was used in which transformation
frequencies as high as 80% can be obtained [3]. Because of this high efficiency, it is
feasible to demonstrate the transformation of cryptic plasmids. The plasmid
appeared to be present within a few random colonies that arose from the proto-
plast suspension which had been exposed to the plasmid DNA [4]. Apparently,
pWV01 was capable of replication in B. subtilis. Because at that time refined gene
technology methods were already available for B. subtilis, genetically marking
p WV01 with an antibiotic resistance gene was relatively easy. The genetically mar-
ked plasmid also tranformed E. coli [5] and thus belongs to a promiscuous class of
plasmids which can be easily shuttled between and within a variet y of Gram-posi-
tive and Gram-negative hosts. The p WV01 replicon has now been shown to be
active in at least ten bacterial species (I. Kok, unpublished). The gene cloning vec-
tor based on p WV01 containing two antibiotic resistance markers, one conferring
resistance to chloramphenicol, the other resistance to erythromicyn to the host,
was labelled pGK12. From this prototype vector and similar ones based on small
cryptic lactococcal replicons, several improved versions we re constructed, allowing
the insertion of a large variet y of restriction enzyme fragments [reviewed in 6].

Special purpose vectors

Before constructing gene expression vectors suitable for lactococci which
should contain proper transcription and translation signals, two vectors, pGKV110
and pGKV210 containing the promoterless cat-86 gene, we re constructed from a
pGK12 derivative [7]. With the aid of these vectors, several DNA fragments were
obtained which restored resistance to chloramphenicol and sequencing of these
fragments identified a number of promoters of various strengths. These resembIed
the consensus E. coli and vegetative B. subtilis promoters. The stronger of these
promoters all contained a TG sequence at the penultimate position preceding the
-10 canonical sequence [8].

By slightly modifying the promoter-selection vectors, terminator screening vec-
tors were constructed. One such vector is pGKV259, in which cat-86 expression is
driven by the strong promoter p59. ff sequences are suspected to be transcription-
terminators, they can be inserted between p59 and the truncated cat-86 gene. ff
subsequently the resistance to chloramphenicol is reduced or eliminated, it is likely
that the tested sequence acts as a transcription terminator. We used this system to
ascertain that a particular sequence at the 3'-end of the proteinase gene of Lacto-
coccus acts as a transcription terminator [8].

Using well-characterized gene expression signals, efficient expression vectors
were constructed. One such vector, pMG36e [9], has been used for the expression
of a number of foreign genes, including the one encoding hen egg white Iysozyme
[produced in an inactive form because of improper folding of the protein [9]],
those encoding the Iysozymes specified by bacteriophages T4 and A., both in active
form [10], the gene encoding the B. subtilis neutral protease [11] and, more
recently, the gene encoding pediocin PA-l from Pediococcus acidilactici PACl.0
which, under the control of its native promoter, is not expressed in Lactococcus
[M. Chikindas, personal communication], the Serratia marcescens chitinase gene
[12] and the proline iminopeptidase gene from Propionibacterium shermanii



[K. Leenhouts, unpublished results]. By using the E. coli lacZ gene as a reportér,
we have shown that translation al coupling also operates in Lactococcus [13]; in fact
this phenomenon has been used to increase the production of T4-lysozyme by 2 to
3-fold. The extent of increased expression of a foreign gene by translationa! cou-
pling not only depends on the proper positioning of the stop codon of an open rea-
ding frame relative to the start codon of the gene to be maximally translated, but
possibly also on the nature of the open reading frame used to boost translation of
the gene of interest. We envisage this possibility on the basis of a recent observa-
tion that production of E. coli r3-galactosidase in a translational coupling configura-
tion with part of the superoxide dismutase gene could be raised several hundred-
fold [J.W. Sanders, personal communication].

In the development of secretion vectors, sequences of two proteins which are
known to traverse the cytoplasmic membrane of lactococci have been used: the
cell envelope-associated proteinase and an unidentified secreted protein, Usp45.
Both of these proteins are synthesized as precursors, containing a typical Gram-
positive signal sequence which has been used for the secretion ofproteins into the
medium extemal to the cells [14, 15]. Rather than using known signa! sequences,
we have used an altemative strategy, based on previous work in B. subtilis, to
effect secretion of proteins. Two plasmids we re used, one containing the a.-amylase
gene from B. licheniformis, devoid of its signal sequence, the other carrying the E.
coli r3-lactamase gene from which the signal sequence had also been removed. In
both cases the truncated genes were preceded by a multiple cloning site into which
random lactococcal chromosomal restriction fragments were cloned. In this way, a
large collection of fragments was obtained which directed the secretion of the
reporter proteins. In fact, one such signal permitted the growth of Lactococcus on
starch as the sole carbon source [16].

Description of special-purpose vectors would not be complete without addres-
sing integration vectors and vectors in which gene expression can be regulated. The
former class of vectors, and sophisticated developments to use such vectors, even to
the extent that they allow the amplification of a recombinant vector carrying a defi-
ned DNA fragment, is dealt with by Leenhouts [this volume pp 523-530]. The need
to develop vectors in which gene expression can be regulated is manyfold. Prime
among these is that expression of some genes is detrimental to the host, therefore
resisting cloning in regular vectors. Secondly, for high production aims, inducible
system offer the advantage that the gene can be switched on when the culture has
reached a satisfactory density, which is often not possible if the gene is incorpora-
ted in high or even low copy number plasmids, because of considerable interfe-
rence with optimal growth. On the basis of these considerations, inducible gene
expression systems have recent I y been developed. One such system uses the pro-
mo~er and the lacR gene of the lactose operon of Lactococcus lactis, which is
repressed in the presence of glucose but transcribed in the presence of lactose. By
transcriptionally fusing the promoter fragment to the cat-86 gene devoid of its own
promoter, it was shown that the chloramphenicol acetyl transferase activity was
approximately 5-fold higher in lactose than in glucose-grown cells [17]. The system
developed by Wells et al [18] consists of three plasmids: one carries the gene to be
expressed under the control of a bacteriophage T7-specific promoter, the second
contains the gene encoding the T7 RNA polymerase, the synthesis of which is
repressed by the LacR repressor specified by the same plasmid and the third
contains the lac operon which, among others, directs the synthesis of tagatose-6-



phosphate, which prevents the repressor from binding to the operator site of the
lac promoter. The system is induced by lactose which activates the lac operon. The
subsequent synthesis of tagatose-6-phosphate de-represses the synthesis of 17
polymerase and the target gene product is synthesized.

Both these systems are extremely valuable extensions to the arsenal of special
purpose vectors for lactococci. However, in both instances an inducing substance is
required for gene expression to occur. We and others have entertained the possibi-
lity of constructing a system in which the expression of genes could be induced by
physical means. We used a temperate lactococcal bacteriophage, rIt [19], hoping
that it might contain a genetic switch similar to that of bacteriophage A., consisting
of a repressor gene and a cognate promoter-operator region on which the repres-
sor might act. To identify such elements for the construction of an inducible sys-
tem, the entire phage chromosome was sequenced and a potentially interesting
region was identified that consisted of two divergently transcribed open reading
frames. Homology searches for these ORFs indicated that one probably represen-
ted the repressor gene of RI-t. No homology with other known proteins could be
detected for the putative protein specified by the other ORF , but because of its
position with respect to the repressor gene and the presence of a DNA-binding
motive in its deduced amino acid sequence, it was labelled topological equivalent
ofcro (tec). To examine whether the region described could act as a genetic switch,
we fused one of the ORFs downstream of tec with E. coli lacZ as represented in

Fig. 1: Structure of pIRl2, a plasmid for inducible gene expression in Lactococcus. rro, specifying
the repressor gene, the divergent promoters Pl and P2, and ORF29, the topological equiva-
lent of cro (tec), were obtained from the temperate lactococcal bacteriophage rlt.
A transcriptional fusion between the ORF downstream of tec, ORF29, was made with
E. coli lacZ. Upon induction with mitomycin C (lmg/ml) a 70-fold increased production of
~-galactosidase was observed. T, transcriptional terminator of the proteinase gene, PrtP .



Figure I, transferred pIRI2 to Lactococcus and examined 13-galactosidase produc-
tion upon induction with the DNA-damaging substance mitomycin C. Upon induc-
tion, a 70-fold increase in the activity of 13-galactosidase was observed, whereas in a
strain carrying the repressor gene containing a frameshift mutation, 13-galactosi-
dase activity was produced in an almost constitutive way [Nauta et al, submitted].
This indicates that the region concerned in pIRI2 can indeed act as a genetic
switch which is most probably involved in the maintenance of the prophage state
and transition to the vegetative state of bacteriophage rIt. Although the precise
operation of this switch requires further examination, plasmid constructions have
been made in which both the bacteriophage-encoded lysozyme as weIl as the major
autolysin gene of Lactococcus have been placed under the control of the switch
element. In the presence of DNA-damaging agents, Lactococcus quickly lysed [A.
Nauta and G. Buist, personal communications]. Currently, work is in progress to
create a temperature-sensitive mutation in the repressor gene, so that cel 1 lysis can
be induced or controlled by raising or decreasing the temperature of the culture.

THE PROTEOLYTIC SVSTEM OF lACTOCOCCI

As noted before, lactococci are unable to synthesize a number of essential
amino acids. Nevertheless, they grow in milk in which the free amino acid concen-
tration is too low to sustain optimal growth. For continued growth in milk, lacto-
cocci degrade the milk protein casein by a powerful proteolytic system which
hydrolyses the milk casein to peptides and amino acids. Owing to the development
of the gene cloning systems discussed above, we were able to clone and characte-
rize the gene specifying the cell envelope-associated proteinase of L. lactis subsp.
cremoris W g2, which, on the basis of homology comparisons and complementary
experiments, is classified as a serine protease [20]. The enzyme is synthesized as a
pre-pro enzyme and, after maturation, remains attached to the cell envelope by
means of a membrane anchor [21,22]. The proteinase gene (prtP) in strain Wg2 is
carried on the plasmid pwv05 and subsequent work by others indicated that in
other lactococcal strains the proteolytic activity was plasmid-associated. Restric-
tion analysis of these various plasmids showed that not only were the restriction
maps of the proteinase genes very similar, but that this similarity also extended to
an ORF that was divergently transcribed compared to that of prtP [for review, see
reference 23]. This led to the supposition that this ORF, denoted laterprtM, might
be involved in the proteolytic activity of lactococci. This hypothesis proved correct,
since deleting or mutating prtM resulted in cells which produced an inactive protei-
nase [24]. Subsequent work established that PrtM is an exported protein, which
remáins attached to the cell envelope by means of a lipomodification of the N-ter-
minal cysteine residue [25]. Presumably, PrtM acts as an extracellular chaperone,
which folds the pro-proteinase in active form such that it can cleave off its pro-
moiety [for review, see reference 23].

Until recently it was not clear whether, in addition to mature PrtP, additional
extra-cellularly acting enzymes were required for further degradation of the pep-
tides generated from casein by PrtP and for a relatively long period it has been sur-
mised that extracellular peptidases existed which could further degrade the oligo-
peptides generated from casein, thus satisfying the amino acid requirements of
lactococci. Several recent findings and observations appear to refute the necessity~



for postulating extracellular peptidases as components of the proteolytic system of
lactococci. First, none of the genes of a variety of lactococcal peptidases [for
review, see reference 26] encode typical Gram-positive signal peptides common to
secreted proteins, including pepO, specifying an endopeptidase, once considered
an attractive candidate for breaking down larger oligopeptides generated from
casein [27]. Since the compilation of Table 1 in reference 26, the nucleotide
sequences of three additionallactococcal peptidase genes have been determined,
those ofpepT [28],pcp [A. Haandrikman, unpublished] and ofpepA [29], and nei-
ther encodes a signal peptide containing enzyme. Second PepO-deficient mutants
do not show impeded growth in milk [27]. Third, in 1987 a lactococcal mutant was
described which, despite the presence of a functional proteinase gene, was unable
to grow on milk [30,31]. It might be conjonctured that this mutant lacked an essen-
tial extracellularpeptidase. However, it was established that the growth defect of
the mutant was caused by a non-functional oligopeptide uptake system and
convincingly demonstrated that this system allows the uptake of oligopeptides as
large as eight amino acids [32]. From th.ese findings, together with the previous
demonstrations that lactococci are equipped with a di-and tri-peptide uptake sys-
tem [33], the picture emerges that PrtP is the sole extracellular enzyme responsible
for the degradation of casein and that the peptide uptake system effects the uptake
of these breakdown products. Subsequently, these products are further degraded
intracel1ularly into the constituent amino acids by any of the intracel1ular pepti-
dases identified so far. Which of these, or their combinations, is essential, remains
to be established by inactivating the genes specifying these enzymes, combining
several mutant genes in one strain, and examining their effects on growth on casein
as the source of amino acids.

CONCLUDING REMARKS

The last decade has seen a tremendous increase in the number of effective
genetic tools with which a host of fundamental questions relating to gene regula-
tion, bacteriocin production and immunity to bacteriocins, bacteriophage insensiti-
vit y, plasmid biology, the proteolytic system and protein secretion, can be approa-
ched in a rational and effective way. The means which are now available will
certainly lead and have, to some extent, already led to genetically modified lacto-
coccal strains which hold great promise for industrial applications. In this respect it
is worthwhile mentioning the construction of lactococcal strains which can express
a tetanus-toxin fragment and that following subcutaneous injection with these bac-
teria, mice were protected against lethal doses of the toxin [18]. AIso, strains are
now available with highly increased proteolytic activity by having incorporated the
gene encoding the B. subtilis neutral protease [11], which very significantly accele-
rates cheese ripening [G. Fitzgerald, personal communication]. Lactococci have
also been constructed that produce high amounts of pediocin, a potent inhibitor of
food spoiling Gram-positive bacteria [M. Chikindas, personal communication].
Undoubtedly, this list is not complete and many more applications can be anticipa-
ted. It is reassuring that all these modifications can now be made in these GRAS
organisms in such a way that they are not only stably maintained, but also provide
the means of maximizing safety in exploitation and application.
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