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SUMMARY cherichia coli and Bacillus subtilis. This feature
allowed the expression of a number of L. lactis-
derived genes in the latter bacterial species. Sev-
eral studies have indicated, however, that in spite
of the similarities, the expression signals from E.
coli, B. subtilis and L. lactis are not equally
efficient in these three organisms.

Lactic acid bacteria are of major economic
importance, as they occupy a key position in the
manufacture of fermented foods. A considerable
body of research is currently being devoted to the
deveIopment of lactic acid bacterial strains with
improved characteristics, that may be used to
m'ke fermentations pass of more efficiently, or to
muke new applications possible. Therefore, and
because the lactococci are designated 'GRAS'
organisms ('generally recognized as safe') which
may be used for safe production of foreign pro-
teins, detailed knowledge of homologous and het-
erologous gene expression in these organisms is
desired. An overview is given of our current
kIJwledge concerning gene expression in Lacto-
coccus lactis. A general picture of gene expres-
sion signals in L. lactis emerges that shows con-
siderable similarity to those observed in Es-
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Lactic acid bacteria, including members of the

genera Lactobacillus, Lactococcus, Leuconostoc,
Pediococcus, and Streptococcus, have long been
known for their use in the manufacture of fer-
mented foods. These include a broad range of
products derived from a variety of raw materials
such as vegetables, cereals, me at and milk [1].
The fermentations not only serve the preserva-
tion of the food [2], they also add to the develop-
ment of flavour and texture of the products [3].
Moreover, some cultured milk products are dis-
cussed to have certain health and additional nu-
tritional benefits [4].

These features explain the major economic
imoortance of the lactic acid bacteria for the food



industry, and the dairy industry in particular.
Therefore, considerable efforts are made to un-
derstand and improve the important characteris-
tics of lactococcal starter strains. Increasing our
knowledge of genetics and physiology of these
organisms will almost certainly lead to the devel-
opment of starter strains with improved proper-
ties, whereas the acquisition of more specific
knowledge of the rules governing (heterologous)
gene expression may be used to add desirable
new traits. In addition, since the lactococci are
designated 'GRAS' organisms ('generally recog-
nized as safe') [5], they may be used in new
applications for the production of commercially
important heterologous proteins in a safe way.
Depending on the nature and application of newly
synthesized proteins, several expression strategies
are conceivable. One option is to (over)produce
the new protein intracellularly, af ter which the
cells can be easily pelleted in order to harvest the
protein. The second option is to make the lactic
acid bacteria secrete the new protein into the
culture medium. For special applications, e.g. in
cheese making, a combined strategy may be pre-
ferred, in which the protein is produced intracel-
Iularly, and subsequently released by a delivery
system based on autolysis or induced lysis of the
host [I].

In prokaryotes, transcription is immediately
folIowed by the translation of the nascent RNA
messenger [8,9]. Translation is initiated at the
ribosome binding site, which comprises the fol-
lowing conserved elements: the Shine Dalgamo
(SD) sequence that is complementary to the 3'-
end of the 16S-rRNA (E. coli 16S-rRNA has the
3'-end sequence: 3' AUUCCUCCA-5' [10]), and
the translation al start codon. These two elements
are usually separated by a window of approxi-
mately 10 bases (from the central AGGA string
of the SD sequence to the start codon). In the
window, and also immediately upstream of the
SD sequence, A and U are preferred nucleotides
[11]. In general, Gram-positive translation initia-
tion sites have SD sequences that show a higher
complementarity to the 16S-rRNA sequence than
Grani-negative SD sequences [12].

3. GENE EXPRESSION IN PROKARYOTES

As in eukaryotes, gene expression in prokary-
otes is governed by the processes of transcription
and translation. In the cascade of events that
results in the production of a protein, a promoter
sequence in the DNA mediates the interaction
between the RNA-polymerase and the DNA to
initiate transcription. In Escherichia coli two
hexameric sequences in the promoter area are
well-conserved: the so-calIed -35 region
(TTGACA), and the -10 region (TATAAT) [6].
Usually, these hexamers are separated by a se-
quence of 17 :tl nucleotides, while the starting
point of transcription is usually situated 7 :tl
nucleotides downstream of the -10 hexamer.
The same features are conserved in promoters

.active in vegetative cells of the Gram-positive
bacterium Bacil/us subtilis m.

4. GENE EXPRESSION IN LACTOCOCCUS
LACT1S

The first successful transformation of Lacto-
coccus lactis ssp. lactis protoplasts with plasmid
DNA was reported in 1982 [13]. Since that time,
several modified transformation protocols have
been described [14-18], including the now gener-
ally preferred method of electrotransformation
[19-22]. Plasmid-free host strains became avail-
able such as the widely used L. lactis ssp. lactis
strains MGI363 [23] and ILI403 [24], allowing the
rapid analysis of transformation and gene cloning

experiments.
General purpose gene cloning vectors were

developed, either based on cryptic L. lactis ssp.
cremoris plasmids [25,26], or on non-lactococcal
plasmids of Gram-positive origin [14,27]. The for-
mer class of vectors offered the advantage of
being able to replicate in several hosts, including
E. coli and B. subtilis, thereby facilitating DNA
manipulation and selection procedures. From
these vectors, special purpose vectors were de-
rived to studyspecific problems. Among these are
promoter-probe vectors [28-32], terminator-probe
vectors [32], vectors for the isolation of secretion
signals [33,34], expression vectors [35], secretion
vectors [36], and vectors for integration into the

chromosome [37].



Owing to these developments, the species L.
/,cris became accessible to sophisticated genetic
research techniques, and the cloning and analysis
of a gradually increasing number of homologous
genes and expression signals became possible.
The accumulating information on lactococcal
genes and their expression signals is currently
being used to establish the expression of heterol-
()gous genes of interest in L. /acris. In this paper,
l lta available on homologous and heterologous
gene expression in L. /acris wil! be reviewed.

4.1. HomologolIS gene expression

4.1.1. Cloning and characterization of lactococcal
e.tpression signals using promoter and terminator
r ?be vectors

A straightforward approach to obtain more
insight in the organization of gene expression
signals emp!oys promoter probe vectors. The first
vector of this kind for use in L. lactis was de-
scribed by Van der Vossen et al. [32,38]. This
vector, pGKV210, contained the promoterless
ch!oramphenico! acetyltransferase (cat-86) gene
f lm B. pumilus, preceded by a multiple cloning
site. In this multiple cloning site, chromosoma!
DNA fragments obtained from L. lactis ssp. cre-
moris Wg2 were inserted. The ligation mixtures
were used to transform L. lactis ssp. lactis
MG1363, either direct I y or via precloning in B.
subtilis. Subsequently, the chloramphenicol
ccetyltransferase activity in the transformants was
d.;termined. Some of the chromosomal DNA in-
serts that acted as a promotel' for the expression
of the cat-86 gene were further characterized by
nieans of DNA sequencing, and determination of
the starting points of transcription. The main
conclusion that could be drawn from this work
was that the lactococcal promoter sequences
cosely Iesembled the consensus E. coli and B.
subtilis U43 promoter sequences. Because of the
broad host range nature of the plasmids used in
this study, it was possible to make a comparison
of chloramphenicol acetyltransferase activity lev-
els in L. lactis and in B. subtilis. The activity
levels observed in B. subtilis were, on the aver-
a~e, about 10 to 20 times higher than those in L.
( 1is. However, since the overall expression level

was measured in this system, in addition to differ-
ences in promoter activity also differences in
plasmid copy number, mRNA stability, transla-
tion (initiation) efficiency, or product stability may
be involved. Some of these considerations also
apply to the comparison of different promoters
within one strain of L. /actis using this system, as
is evident from the results obtained by Koivula et
ai. [30], who isolated DNA fragments with pro-
moter activity from the chromosome of L. /actis
ssp. /actis, in an approach similar to that used by
Van der Vossen et al. Several promoters were
characterized by DNA sequencing, mapping of
the transcriptional starting points, measurement
of CA T activities, and measurement of the rela'
tive amounts of cat gene-specific mRNAs. The
results showed a discrepancy between the relative
promoter strenghts in L. /actis as determined by
the measurement of CAT activities, and those
determined by means of mRNA measurements,
indicating that CAT activity can only be used to
obtain a rough initial estimate of promoter
strength. Furthermore, CA T activities obtained in
L. /actis were substantially (about SOO-fold on the
average) lower than in B. subti/is, while the
mRNA levels in both species were roughly the
same, indicating host-specific differences in trans-
lation (initiation) efficiency, or product stability.

Several other promoter probe vectors compa-
rable to pGKV210 have been described [28,29],
that either employed the promoterless cat-86
gene of B. pumi/is, or the cat-/94 gene of Staphy-
/ococcus aureus. Recently, Simons et al. [31] de-
scribed the vector pNZ336, that utilizes the ho-
mologous phospho-/3-galactosidase (la cG) gene
of L. /actis ssp. /actis.

Once a suitable promoter has been cloned in
vectors of the type described above, they can be
conveniently used as terminator probe vectors, by
inserting DNA fragments in between the pro-
moter and the reporter gene. Van der Vossen
[39] used this approach to show that the pre-
sumed transcription terminator downstream of
the L. /actis ssp. cremoris Wg2 protease gene [40]
was functional in L. /actis ssp. /actis. Again, data
obtained from this kind of experiments should be
interpreted with care, because of the indirect
mode of rneasurement of transcript formation:



Table 1

Lactococcus /actis-derived transcription initiation sites

TTTTTT~GAAGAAGGCGAAAAATGG~ATTTAGGT~CTGTT

CCTAAGACTG~AAAAGAGCAAATTTTGA~AGTATT~AATT

GTGAGCT~AGAAAAAAACTTCACAAAATGC~AGGT~GTAA

AGCTAAACTC~TACTTGATTTTATGT~AATTAATG~TGTA

ACATTAAATTC~GGGAGAGATAGGTTTGA~ATAAT~TTGT

AAAGAAAGAC~TTGTTGTTGAAAAATGC~ACATAA~TCCGA

TGACTACGAATCAGGCGGTTGTAGGTTCGAATCCTACCGCTTGCAIAAATA

AGTTGACC~AAAAACTGAAAATCTGT~AAATAATG~TT

TACTA~CAAAATTCTGTCAAATTTGA~AAGGTACG~GTAAG

TGTCATCAAGCGACCT~GGGCATTATGT~TAAGCT~TGAAG

ATTTTCG~TTGTTCTTCAATAGTATATAA~AGTAT~TAATA

ACCCTACGC~TAGTTAAGATTATATTA~ATTATAT~TATT

TAAACGGCT~AAATTCTGAAGTTTGTTAGA~GATT~C

TAACATTTG~CGAGTTTTATTTTTATATAATC~AGATITATAA

ACATTTG~AGTTTTATTTTTATATAATC~AGATTT~TAAAA

TCATA~TA~TGGGGTAGGAATAG~ATGTTT~TTCAA

TAATTTT~TTTTTTATTTGTTTTTTTA~AGATAAC~CCGTT

TCGAATTTTT~TATTTTCAAAGAATCCGT~CTAAC~ATC

TATGAAAAA~GATGTAACTCCGTTGAC~GGATGCA~AAGAT

TTCATTATT~ATCCTCACTAGTTATACA~ATTTGG~TTTTT

TATGGAAAAATA~AGCAAACTAAGGAGGG~GAATG~CCGAC

AAAATGTAAGA~TTACTAAAACAGTAACT~AACTG~AGGTA

1323222527134472445365553142451443001123426355

778598857573955X6646476779887796869FYY966X773Z

Y4689868X6996656997Y7647877898974X9657888866X2

1644024212351532114032512312001341203113201420

T TG T A T T AAA A T~

~ 17 TATAAT---7---fu

4

815

5

17

20

II

211

17

20

231

231

221

19

18

17

18

16

17

Putative -35 and -10 hexanucleotides are doubly underlined. Starting points of transcri;;ti;;n are singly underlined. (a), spacing
between putative -35 and -10 hexanucleotides; (b). spacing between putative -10 hexanucleotide and the starting point of
transcription; (1-5), P21, P23, P32, P44. P59 [38]; (6-10). PI. P1O, P21. ss45, ss80 [30]; (11, 12), pWV05 prlP, prlM [39.40.97]; (13).
nisin precursor [98]; (14. 14a). p9B4-6 ORFA1-lcnMa, ORFB1-lcnA ([42]. M. van Belkum personal communication); (15). usp45
[43]; (16). lacR [99]; (17-21), Pal, Pf2. Pa3. Pg2, Pfl [41]. Promoters (17-21) are lactococcal phage promoters. The proposed -35
and -10 hexanucleotides in entry (7) are situated upstream of the sequence shown [30]. GA TC, number of G. A, T and C residues
at each position totalled over entries (1-7). (9-12) and (14-21). Entries (8) and (13) were left out because of the inaccuracy in the
determination of the transcription starting point. X- 10, y- II. Z = 13. F -14. Figures printed in bold face indicate that the
residue indicated occurred at least 10 times. or at least 5 times more than the corresponding complementary residue (i.e. G versus
C. and A versus T). ., seemingly preferred nucleotides in L. laclis (as derived from this table); .., consensus E. colj and B.

sublilis 1743 promoter [6,7]; Pu, Purine residue.

insertion of possible terminator sequences, or
other sequences, in front of the coding sequence
may interfere with translation initiation, rather
than terminate transcription.

4.1.2. Transcription initiation signals of Lactococ-
cus lactis-derived genes

Now that several lactococcal genes have been
cloned and sequenced, their expression signals

15

20

20

14



can be compared with those obtained using the
promoter-probe strategy described in the preced-
i:; paragraph. In Table 1 a compilation of lacto-
coccal promoter seQuences is shown. Entries 1 to
10 were isolated using promoter probe vectors
[30,38], whereas entries 11 to 16 were isolated
together with specific L. lactis genes. Entries 17
to 21 are lactococcal bacteriophage promoters
that were isolated using a promoter probe vector
r41]. Only promoters of which the functionality
;as confirmed by mapping of the starting points

of transcription are included in the Table. Be-
cause all known lactococcal promoters also func-
tion in B. subtilis and E. coli, an obvious way to
analyse these seQuences is to look for the pres-
ence of the weIl conserved seQuences constituting
a consensus promoter in these organisms [6,7].
SeQuences resembling these so-called -35
\TTGACA) and -10 (TATAAT) boxes can in-
deed be recognized in the L. lactis promoters
and are doubly underlined in Table 1. It is often
not possible, however, to unambiguously identify
one particular hexanucleotide as the only possible
-35 or -10 analog in the lactococcal seQuences.
Therefore, the seQuences in Table 1 were aligned
with respect to the starting points of transcrip-
tion, and the numbers of G, A, T, and C residues
at each position were totalled (Table I, bottorn).
This procedure indicated a strong prevalence of
A residues at the starting point of transcription
(underlined in Table I), and of T residues at the
.-1 position. while A residues are present
throughout the transcription initiation sites ~tud-
ied, very few A residues were observed at the -I
position and at the position immediately down-
stream of the starting point of transcription. A
-35 TTG seQuence can be recognized, as weIl as
a region which is rich in A residues, and there-
fore resembles a consensus -10 seQuence. The
distance separating these -35 and -10 se-
Quences seems to comprise a few nucleotides
more than the 17 to 18 usua:lly found in B. subtilis
and E. coli. It is important, however, to realize
that only a small set of promoters has been anal-
ysed. The whole promoter area contains very few
C or G residues. Inspection ofTable 1 reveals the
presence of a TGN seQuence directly preceding
the -10 hexanucleotide in seQuences 1 to 6 and

8 to 10, but not in sequences II to 21. S.:v~ral of
the former promoters had been selected f"r their
activity in B. subtilis, however, in which this TG
sequence is strongly conserved [7,38]. Th..,r.:lore,
an inadvertent selection of promoters conlaining
this sequence may have occurred.

Promoters 14 and 14a contain exact I y th.., same
sequence. Also the sequences upstream of the
promoters, which contain an open readin~ frame
the function of which is yet unknown, ar.: iu.:nti-
cal for at least 1 kbp (M. van Belkum, P...rsonal
communication). The sequences downstr..'am of
the promoters are identical up to the 7th ...odon
of the coding regions [42]. In spite of this high
degree of similarity, a 2-bp differenc.: in the
starting points of transcription was obser\.:u [42].

It is generally believed that high levels of gene
expression result from promoters that clos.:ly re-
sembIe the consensus sequence. This uo.:s not
seem to be an absolute requirement, how..'v.:r, as
is apparent from sequence nr. 15 in Tahl..' I. No
clear -35 sequence is present in this pr, Imoter
belonging to the gene usp45, which was s..'I.:.:ted
because of the high level production (s.:..'r.:tion)
of its gene product [43].

4.1.3. Translation initiation signals of La(.t()(.()CCI/S
lactis-deriued genes

Table 2 gives a compilation of L. lactix-ll~rived
translation initiation sequences. In all th~1i~ se-
quences, the translational start codon i1i I\UG,
although it is known ~ha~ UUG and GU(i .ICt as
start codons in L. lactis in the expreSSi()11 ()f the
B. pumilis cat-86 gene [38], and of the 11. xllhtilis
nprE gene [44], respectively. As far as av.lilable,
the 30 nucleotides preceding the tran1ilational
start codon, and the 27 nucleotides followillg this
codon are shown in Table 2. In the regillll pre-
ceding the start codon, the putative SD se-
quences are underlined. These sequel1~~1i are
complementary to the 3'-end of L. lactix 16S-
rRNA (3'-tJCUUUCCUCCA-5' [45]). l'Ilc fre~
el1ergies of comp'ementa(ity of the putalivc SD
sequences and the 16S-rRNA (~G), and Ihc 1iizes
of the windows are also given in Tablc 2. The
latter range from 4 to 15 bases, the most l.lIl11l11on
value being 9. These sizes correspond III those
usuaIly observed in E. coli and B. subtilix [ 12,46].



TabJe 2

Laclococcus laclis.derived Iranslation initiation sites

UAUGUUAAAAUAGCUUCU~UAUAGCCAUGAGUUUAAAUUUAAGAGAUCUUGAAUAU

8--"etSe'.LeuAsnLeuA'.gA.pLeuGluTy'.

AAUUAAAAAAGAU~AAAUUUCAUGACUUACGCAGAUCAAGUUUUUAAACAA

7--"etTh,.Ty'.AlaAspGlnValPheLysGln

UAUUACGGAGGAUUUAAAAUGCGCUUUAACCAUUUUUCAAUUGUUGAC

9--"etA'.gPheAsnH;sPheSe'.lleValAsp

CAAAUGCUUUUUUUGAAAGGACUUACACUUAUGACUAAAACACUUCCUAAAGAUUUUAUU

9--"etTh'.LysTh'.LeuP'.oLysAspPhelle

AAAUAGAUUUUUAGAACAG~UAGGUAAAUGAUAACUUUGCAACACCAAGAUUGGGAA

8--"etlleTh,.LeuGlnH;.GlnAspT,.pGlu

GCUACUUGUUUUUGAUAAGGUAAUUAUAUCAUGGCUAUUAAAAAUACUAAAGCUAGAAAU

9--"etAlalleLysAsnTh'.LysAlaA'.gAsn

UUGAUUGGAGUUUUUUAAAUGGUGAUUUCAGAAUCGAAAAAAAGAGUU

9--"etVallleSe'.GluSe'.LysLysA'.gVal

UUAUAAAAAU~AUUAUUAUGAAAAAUCAAUUAAAUUUCGAAAUCCUA

~---7--"etLysAsnGlnLeuASnPheGlulleLeu

UAUAAAAAUUGAAAGGAUUCAGGUACUAAAAUGAAAAAAGAUGAAGCAAAUACAUUUAAA
--
--

---3--===6=="etLysLysAspGluAlaAsnTh'.PheLys

CCAGUACACUAA~CUUACAAAUUAAUGAAAAAUGAUAAUUUUUUAAUAAAUAGA

10--"etLysAsnAspAsnPheLeulleAsnA,.g

CGGGUUGCACCAUU6AGGAUUAGUUAAGAUAUGAAAAAAAAACAAAUAGAAUUUGAAAAC

-14=======11=="etLysLyslysGlnlleGluPheGluAsn

CUAAUAAAAAAGAACUGAGGUUUAGAGUUAAUGAAAAAAAAAGUUGAUACAGAAAAACAA

12--"etLysLysLysValAspTh'.GluLysGln

ACCGUGGGAACAAAUGUACACUAUCGGUUGGGGUCAUUAUGGA

-4--"etTy'.Th,.lleGlyT,.pGlyH;sTy'.Gly

AUGAAUAAAAAUGACAGCGAGGAUAUAUCAAUGAACUAUUUUAAAGGUAAACAAUUUCAA

-10====7=="etAsnTy'.PheLysGlyLysGlnPheGln

AAGGUUUCUCGCUCAGGUUUCUAUGAAUACAUGCAUCGUCGUCCUUCAAAACAACAAGUG

15--"etH;sA'.gA'.gP'.oSe'.LysGlnGlnVal

AUGAAACUUUUGGAAAGUGGAGGAUAUUGGAUGCAAAGGAAAAAGAAAGGGCUAUCGAUC

9--"etGlnA'.gLysLysLysGlyLeuSe'.lle

ACUGUAAGCAUUUCAGAGGAGACCGAAUCGAUGAAGAAAAAAAUGCGCCUUAAAGUAUUA

10--"etLysLysLys"etA,.gLeuLysValLeu

AAUGGGAGGAAAAAUUAAAAAAGAACAGUUAUGAAAAAAAAGAUUAUCUCAGCUAUUUUA

--5--"etLysLysLysllelleSe'.AlalleLeu

UACAAAAUAAAUUAUAAGGAGGCACUCAAAAUGAGUACAAAAGAUUUUAACUUGGAUUUG

10--"etSe'.Th'.LysAspPheAsnLeuAspLeu

GGUAAAAAAAUAUUCGGAGGAAUUUUGAAAUGGCAAUCGUUUCAGCAGAAAAAUUCGUA

11--"etAlalleValSe'.AlaGluLysPheVal

CGUGAUGUGUGAGGGAAAGGAGUCGCUUUUAUGGCCAAAAGUGGACUUUAUACAGGCGUA

9--"etAlaLysSe'.GlyLeuTy'.Th'.GlyVal

UAUAAGACAGAUAUAAAUGGAGAUAGAAUUAUGAUGAAUCACCCGCAUUCAAGUCAUAGG

9--"et"etAsnH;sP'.oH;sSe'.Se'.H;slle

-9.4(2)

-14.4(3)

-14.0(4)

-9.4(5)

-8.4(6)

-9.4(7)

-12.8(8)

-14.0

/-1.4
-14.0

(9)

(10)

(II) -9.4

/-9.4
-9.4(12)

(13)

-9.4

1-9.4
-7.5

(14)

(15)

-14.(16)

-11.6(17)

(18) -4.6

(19) -17.8

(20) -14.4

(21) -16.2

(22)
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4
1

4
5
6

7
8
9

10
II
12

13
14
15

3
6

4
5

10

3
4
7

3
6

10

6
6

10

6
4
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3
7

10

7
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9

4
II
4

O
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O
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1

O

7

2

1
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3

3

3
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3
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3

15

4

4

14

8

3

15

4

2

2

7

2

3

4

4

2

6

2

1

6

1

1

6

4

2

7

2

2

4
O

O
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O

4
6
O

2
4
O

2
7
O

6
8
O

6
3

6
19

4

1

6

2

O

6

O

18

19

20
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23

4
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3
4
O

2
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O

3
O
O

5
15

4

O15

6

5

12

1

2

15

25

26

27

28

29

30

6

4

1

7

16

O
3

O

17

II
O0

Nucleotide frequencies in Ihe 5'-parts of the 22 coding sequences presenled in Table 2. The AUG Iranslational start codon covers

positions + 1- + 3. Pos, position nr .; Obs, observed frequency; Min and Max, minimal and maximal frequencies possible without

changing Ihe amino acid sequence, respeclively.

Notes to Table 2.
The functionality of the translation initiation sites has been inferred from expression studies (entries (1-13,16-19,22», lacZ
translational fusions (entries (I, 20, 21)), or homology to known DNA or protein sequences (entries (14, 15». L1G, free energy
(kcal/mol) of complementarity between the SD sequence (doubly underlined) and the 3'-end of L. lactir 16S-rRNA (3'
UCUUUCCUCCA-5' [45]) [100]. Figures preceding the deduced amino acid sequences indicate the size of the window between the
SD sequence and the translational start codon. (I), mieR [lol]; (2), thyA [102]; (3), X-PDAP [103,104]; (4), pbg (lacG) [29,105,106];
(5), pTR2030 hsp [107]; (6), pWV01 repA [108], nearly identical to pSH71 repA [29]; (7), pWV01 ORFC [108], and pSH71 ORFC
[29]; (8-12), p9B4-6 ORFAI = IcnMa, ORFA2 = IcnMb, ORFA3 = lciM, ORFB2 = IciA, ORFC2 -lcjB ([42]; M. van Belkum

personal communication); (13), ~vML3 lysin [109]; (14), ISSI putative transposase [110] and IS946 putative transposase [III],
nearly identical to: ISSIN and ISSIW putative transposases [112]; (15), IS904 putative transposase [113,114]; (16,17), pWV05 prtP,
prtM [40,97]; (18), usp45 [43]; (19), nisin precursor [98,113,115]; (20,21), ORF32, ORF44 [38]; (22), citP [116]. Sequences
downstream of the (putative) starting points of transcription are given for entries (2, 3, 7, 8, 13) and (20). Entries (9, 10, II) and (12)
show sequences that are part of an operon. The translational stop codons of the upstream open reading frames are printed in bold
face.
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codons covering these positions, j.e. the observed ';

nucleotide frequencies more or less equal the !
mjnimal frequencies. Of the positions mentioned, ,

only at positjons + 21 and + 30 there is no strong
need for an A jn the coding sequence (the minj-
mal frequency is 0), and yet this residue prevajls.
Concerning the positions +4, +5, +7, +8, + 10,
+ 11 and + 20, the questjon arises as to whether
a certain nucleotide is preferred in the mRNA, or
whether the preference applies to a certain (set
of) amino acid(s) in the gene product. Table 2
shows that there is no clear preference of one
particular amino acid in the deduced protejn
sequence at either of the positions mentioned.
Analysis of an extended number of translation
jnitiation sequences is requjred to reveal whether
the seemjng nucleotide preferences are real pref-
erences. Although at some positions G, A, U and
C residues are present in more or less equal
numbers (e.g. positions + 13, + 16, + 17), at many
other positions there seems to be a bias towards
A and U residues. This may ret1ect the generally
high (A + T) content of L. lactis (see also Section
4.1.4 on codon usage).

Most 4G values range from -8 to -14 kcal/mol,
with a mean value of -11 kcal/mol. In this
respect the SD sequences of L. lactis resembie
those of E. coli, where 4G values ranging from
-9 to -12 kcal/mol are common, with a mean
of -11 to -12 kcal/mol [12]. In B. subtilis, on
the other hand, 4G values ranging from -14 to
-19 kcal/mol are common, with a mean value of
-16 to -17 kcal/mol [12]. In the area preceding
the SD sequence often long stretches of A or U
residues are present.

The SD sequence, the start codon, and the
window between the two, are generally consid-
ered to be the main determinants of translation
initiation efficiency. Additional sequences, 10-
cated outside of this region, may have an effect
on the efficiency of translation initiation, how-
ever. The nucleotide sequence of the mRNA per
se may influence the interaction between the
mRNA and the ribosome [8,12,47,48]. AIterna-
tively, secondary structures may be formed in the
mRNA that influence the efficiency of translation
initiation [47,49].

In order to examine whether certain nu-
cleotides are preferred at certain positions within
the coding sequence, the frequencies of occur-
rence of the nucleotides present in the coding
sequences from Table 2 were listed in Table 3.
Together with the observed frequency of a given
nucleotide at a given position, the minimal and
maximal frequencies of that nucleotide at that
position are given. The maximal frequency was
obtained by introducing that nucleotide at that
position in all coding sequences where it was
possible to do this without affecting the amino
acid sequence of the gene product, i.e. by using
synonymous codons. Similarly, the minimal fre-
quency was obtained by avoiding the use of the
nucleotide of interest at a given position as much
as possible. When the AUG start codon is set to
cover positions + 1 to + 3, a strong prevalence of
A residues can be seen at positions +4, +5, +7,
+8, +10, +11, +20, +21 and +30. A similar
high preference of A residues in this region was
observed in B. subtilis [12]. From Table 3 it is
clear, however, that the high incidence of A
residues at the majority of these positions is di-
:ectly linked to the amino acids encoded by the

4.1.4. Codon usage in Lactococcus lactis
Little is known about codon usage in L. lactis.

Kok et al. [40] made an analysis of the codon
usage in the L. lactis ssp. cremoris protease gene,
and Porter et al. [50] analysed the L. lactis ssp.
lactis pbg gene. Table 4 includes these data and
those of a number of other lactococcal genes. The
Table shows that the codon usage can vary
markedly between genes. Although in many cases
this variation may be a consequence of chance
because of the small numbers of the various
codons involved per gene, some differences are
striking, as, for example, the noticeable underre-
presentation of the CAG codon for glutamine in
usp45. Another example concerns isoleucine
which is encoded predominantly by the AUU
codon in most genes. In addition to this codon, a
large number of AUA codons is present in the
hsp gene, whereas in the prtP gene a large num-
ber of AUC codons is found. Furthermore, in the
prtP gene the AAG and AAA codons for lysine
are equally represented, whereas the overall fig-
ures (column: %) show a marked preference for



Table 5

G Jon usage in L. lactis, B. subtils and E. coli

LI Bs Ec AA cod LI 85 EcAA cod LI Bs Ec AA cod LI Bs Ec AA cod

Ala GCG 13 22 31 Gin CAG 24 48 76 Li.;- UUG 24 14 9 Ser AGU 24 11 6
GCA 29 29 22 CAA 76 52 24 UUA 30 24 7 AGC 13 26 26
GCU 40 27 26 Glu GAG 19 30 27 CUG 8 21 68 UCG 6 11 11
GCC 18 22 21 GAA 81 70 73 CUA 1I 6 2 UCA 27 20 7

Arg AGG 5 III Gly GGG 1I 13 8 CUU 20 25 7 UCU 24 23 23
AGA 24 22 I GGA 26 32 5 CUC 8 10 7 UCC 6 9 27
CGG 4 14 3 GGU 43 24 48 Lys AAG 30 27 24 Thr ACG 19 24 18
CGA 19 12 3 GGC 21 31 39 AAA 70 73 76 ACA 32 45 7
CGU 36 22 56 His CAU 71 67 54 Phe UUU 68 57 37 ACU 30 15 25
CGC 1I 19 36 CAC 29 33 46 UUC 32 43 63 ACC 18 16 50

Asn AAU 70 56 26 lIe AUA 18 13 3 Pro CCG 15 40 65 Tyr UAU 70 65 40
AAC 30 44 74 AUU 58 50 36 CCA 47 21 16 UAC 30 35 60

Asp GAU 68 61 46 AUC 23 37 61 CCU 30 30 12 Val GUG 14 24 27
GAC 32 39 54 End UGA 9 21 17 CCC 7 9 7 GUA 19 21 22

Cys UGU 74 68 43 UAG 17 8 8 MeI AUG GUU 50 31 36
UGC 26 32 57 UAA 74 71 75 Trp UGG GUC 17 24 15

,he figures represenl Ih~ codon usage in L. lactis (LI) (Table 4). B. subtilis (Bs) [117] and E. coli (Ec) [117J. expressed in
percenlage per amino acid. AA. amino acid; cod. codon; ...100%.

For some amino acids L. lactis and E. coli show
opposite codon preferences, while B. subtilis takes
an intermediate position, as for instance with
respect to the asparagine and glutamine codons.
For some amino acids, the codon choice of L.
lactis resembles that of B. subtilis, whereas for
others it resembles that of E. coli. However,
neither L. lactis nor B. subtilis show the clear
preference of E. coli for one or two codons in
those cases where 6 codons are available, i.e. for
arginine and leucine.

In the preceding paragraphs an overview has
been given of some features that are, or are likely
to be, important in gene expression. It was shown
that also in L. lactis considerable variation exists
in promoter sequences, translation initiation se-
quences, and codon usage. Unfortunately, little is
known about the optimal characteristics of each
of these features, and their possible interactions,
necessary to achieve high level gene expression.
Whereas it is common belief that high level ex-
pression is obtained using promoters and ribo-
some binding sites with high similarity to the
consensus sequences, it is intriguing that the
usp45 gene [43], selected for its high level expres-
sion, lacks both.

!he AAA codon. In !he same gene, all four codons
for threonine are equally represented, whereas
he overall figures seem to favour !he ACA and

ACU codons. In usp45 these two codons are !he
only ones present for threonine. At this time we
can only guess about !he meaning of these differ-
ences. A\so in other bacterial species, and higher
organisms, a considerable within-species diversity
in codon usage has been observcd [51]. Especially
in E. coli this diversity has been associated with
gene expression, with a strong bias towards a
particular subset of codons in highly expressed
genes, and a more even codon usage in moder-
ately expressed genes [51]. In contrast, a markedly
unbiased codon usage has been reported for B.
subtilis [52].

In Table 5, !he overall codon usage in L. lactis
as given in Table 4 is compared with !ha! of E.
coli and B. subtilis. In general, L. lactis shows a
preference for codons with an A or a U at !he
wobble position, which is reflected in the high
(A + T) content of !he organism (approx. 62%
[53], Table 4). L. /actis, E. coli and B. subtilis
resembie each other in !he preference for fiome
codons, e.g. GAA for glutamic acid, AM for
lysine, and UAA as !he translational stop codon.



4.2. Heterologous gene expression

Relatively few studies have dealt with the ex-
pression of heterologous genes in L. lactis. In the
following paragraphs an overview of heterologous
gene expression in L. lactis is presented.

4.2.1. Antibiotic resistance markers
The first class of heterologous genes expressed

in L. lactis is composed of genes specifying an-
tibiotic resistances. Plasmids from non-Iactococ-
cal Gram-positive bacteria, or derivatives thereof,
carrying these antibiotic resistance markers were
used in conjugation experiments, or as gene
cloning vectors [14,27,54]. A1ternatively, the genes
specifying antibiotic resistance were used to label
cryptic lactococcal plasmids in order to use these
as selectable gene cloning vectors [25,26]. The
fact that lactococcal expression signals closely
resembIe those generally present in Gram-posi-
tives, al1owed the expression of these heterolo-
gous genes to sufficient levels without the need
for further adjustments. This noticeable feature
subsequently permitted the rapid development of
the genetic analysis of L. lactis. Arnong the an-
tibiotic resistance-conferring genes most com-
monly used are the chloramphenicol transferase
(cat) gene of the S. aureus plasmid pC194 [55],
and the MLS resistance genes of the S. aureus
plasmid pE194 [56] and the Enterococcus faecalis
plasmid pAMfJ1 [57]. In addition, the B. pumilis
cat-86 gene [30,38], and the E. coli TEM-fJ-
lactamase gene [33,34] have been used to isolate
and study lactococcal expression and secretion

signals, respectively.

to be a useful tool in the study of translation
[59,60]. Recently, Haandrikrnan et al. [61] used
the lacZ gene in combination with the Cyamopsis
tetragonoloba (Guar) cDNA gene encoding a-
galactosidase, to study divergent expression sig-
nals. The a-gal gene was fused to the signal
sequence of the B. subtilis a-amylase gene [62],
and both galactosidases were provided with L.
lactis-derived transcription and translation initia-
tion signals. The B. stearothermophilus and B.
licheniformis a-amylase genes, deprived of their
signal sequences, have been used to isolate and
study lactococcal secretion signals [33,36].

Other heterologous gene products produced
by L. lactis have potential applications in dairy
industries, such as the bovine prochymosin (Sec-
tion 6; [63,64]), the B. subtilis neutral protease
(Section 6; [44]), and severallysozymes ([35]; Van
de Guchte et al., unpublished results).

Lysozymes (EC 3.2.1.17), defined as 1,4-{3-N-
acetylmuramidases cleaving the glycosidic bond
between the Cl of N-acetylmuramic acid and the
C4 of N-acetylglucosamine in the bacterial pepti-
doglycan [67,68], may find an application because
of their antimicrobial activity against several bac-
teria involved in food spoilage and food-borne
disease [69- 71]. L. lactis was transformed to pro-
duce these enzymes using a lactococcal expres-
sion vector that contained gene expression signals
and a short 3'-truncated open reading frame of
lactococcal origin [35]. Copy DNA encoding the
mature hen egg white Iysozyme was fused in-frame
to the lactococcal open reading frame, which
resulted in the production of a hen egg white
Iysozyme fusion protein in L. lactis [35]. Also, the
unfused mature hen egg white Iysozyme coding
cDNA was expressed in L. lactis, albeit with
reduced efficiency [65]. The differences in the
expression levels of the fused and unfused gene
are probably (partly) due to differences in the
efficiency of translation initiation [59,60].

An enzyme closely resembling the hen egg
white Iysozyme, is encoded by the E. coli bacte-
riophage T4 e gene. In order to express this gene
in L. lactis, it was provided with L. lactis-specific
expression signals that were positioned immedi-
ately upstream of the coding sequence [65]. Alter-
natively, the gene was expressed by means of

4.2.2. Other heterologous genes
Heterologous genes other than antibiotic resis-

tance markers have been expressed in L. lactis by
transcriptional or translational fusion to L.
lactis-derived expression signals. Among these is
the E. coli lacZ gene, encoding {3-galactosidase.
De Vos and Simons [58] fused this gene to the
ninth codon of the L. lactis ssp. cremoris SKll
prtP gene, and showed that the hybrid gene could
provide the lactose-deficient L. lactis ssp. lactis
strain MG1363 with the ability to grow on lac-
tose. The lacZ gene has, also in L. lactis, proven



trmslationaJ coupIing to a short 3'-truncated L.
{,c/is derived open reading frame [65].

The E. co/i bacteriophage À Iysozyme, the ÀR
gene product, was produced in L. /ac/is af ter the
lysozyme coding sequence and translation initia-
tion signals were transcriptionally fused to a 3'-
truncated lactococcal open reading frame [66]. In
this configuration, efficient expression of the ÀR
,'ene was shown to be dependent on the transla-
;on of the preceding lactococcal open reading

frame.

5. IMPROVEMENT OF GENE EXPRESSION
IN LACTOCOCCUS LACTIS

gene dosage. One reason for this is, that in food-
grade applications it may be preferabie to insert a
heterologous gene at a specific site in the chro-
mosome of the host. In a fixed copy number
situation, gene expression may be enhanced by
improvement of the efficiency of transcription
initiation. Since, as described in paragraph 4.1.2.,
it is as yet not clear what exact I y constitutes an
optimal transcription initiation region, the most
obvious strategy to enhance transcription is to
replace the promoter present upstream of a gene
of interest with another, more efficient, pro-
moter. This strategy was applied by Van der
Vossen ([39]; unpublished results), who isolated a
number of promoter sequences from the chromo-
some of L. lactis ssp. cremoris Wg2, and used
these to improve the transcription of the L. lactis
ssp. cremoris prtP and prtM genes in L. lactis
ssp. lactis, resulting in elevated mRNA levels. A
concomitant increase in protease activity was ob-
served.

A second important determinant of gene ex-
pression is the efficiency of translation initiation.
The characteristics of a translation initiation re-
gion that are considered to be of prime impor-
tance in determining translation initiation effi-
ciency are: the extent of complementarity be-
tween the SD sequence and the 3'-end of 16S-
rRNA, the start codon, and the window between
these two sequences [12,46]. Furthermore, natu-
ral ribosome binding sites tend to have a low
potential for secondary structure formation
[49,74], which is in part a consequence of the
generally low (G + C) content of these sites. The
nucleotide sequence in the region surrounding
the start codon might also be important in estab-
lishing additional contacts between the ribosome
and the mRNA [8,12,47,75]. Changes introduced
in a ribosome binding site to increase the comple-
mentarity to the 16S-rRNA, and to convert the
window to a size that is frequent I y observed, can
in some cases increase gene expression [59]. How-
ever, this method, or that of precisely fusing a
coding sequence to an existing ribosome binding
site, may not be generally preferabie, because the
exchange of coding sequences and the introduc-
tion of changes in ribosome binding sites can
easily affect mRNA secondary structure forma-

In the preceding paragraphs, it was shown that
"everal heterologous genes could be expressed in
L. lactis employing L. lactis-specific expression
signals. Depending on the nature of the heterolo-
gous gene product and its application, however,
improved gene expression may be desired. Simi-
larly, enhancement of the expression of homolo-
gous genes may be advantageous for certain ap-
11ications. Several strategies can be envisaged to
accomplish enhanced gene expression. One way
is to increase the gene dosage, for example by
incorporating the gene in a high copy number
plasmid, or by multiple insertions of the gene into
the chromosome. Several high copy number plas-
mids for use in L. lactis have been described, for

example pCK2I [72], pIL253 [27], pNZ12 [25],
and derivatives thereof. De Vos et al. [63] re-
ported an increased production of the L. lactis
ssp. cremoris SKll protease af ter cloning of the
genes involved in its production, prtP and prtM ,
on a plasmid with a copy number higher than that
of the plasmid that originally carried these genes.
Recently, Leenhouts et al. [73] realized the inte-
gration of the L. lactis ssp. cremoris Wg2 prtP
and prtM genes into the chromosome of L. lactis
in a Campbell-like way. The protease activity
displayed by the transformants was shown to be
dependent on the number of copies of the genes
present, although no linear relationship was ob-

served. I
In the following we will focus on methods of

increasing gene expression without affecting the



tion in the translation initiation region, and thus
affect gene expression [60]. In fact, results of
many changes introduced in ribosome binding
sites with the aim to improve the interaction
between the ribosome and the mRNA, may to a
considerable extent reflect changes in mRNA
secondary structure [46]. Therefore, a configura-
tion may be preferred in which translation of a
gene of interest is coupled to that of a preceding
efficiently expressed open reading frame [59].

The principle of translational coupling was first
recognized by Oppenheim and Yanofsky [76], and
has since been described for many naturally oc-
curring and artificial systems [77-83]. It ensures
the efficient translation of a gene by making it
dependent on the translation of a gene immedi-
ately preceding it. Translation of the upstream
gene may serve to resolve secondary structures
that would otherwise occlude the ribosome bind-
ing site of the downstream gene, thereby render-
ing this ribosome binding site accessible to free
ribosomes [76]. Alternatively, ribosomes that have
translated the first gene may proceed to translate
the second gene af ter a translational restart [76].
Especially in the latter situation, translation of
the downstream gene would profit from an effi-
cient initiation of translation of the upstream
gene. Therefore, if an efficient translation al cou-
pling could be realized, it would be possible to
make use of efficient expression signals of an
upstream gene, without disturbing the delicate
interplay that may exist between transcription
and translation signals and the (5'-end of the)
coding sequence. In reference [59] a model sys-
tem is described in which the juxtaposition of the
stop and start codons of two tandemly arranged
open reading frames, the lactococcal ORF32 and
the E. coli lacZ, was varied, in order to optimize
the translational coupling betWeen the twoopen
reading frames in L. lactis. This study showed the
result of translational coupling, which in this case
most likely occurred via a translational restart
mechanism, to be critically dependent on the
configuration in which the two open reading
frames were juxtaposed. Only configurations in
which the stop codon of the upstream ORF32
and the start codon of the downstream lacZ were
I;ontiguous or partially overlapping, resulted in

translational coupling. The best result was ob-
tained with an AUGA configuration, in which
UGA represents t:i1eStop codon of the upstream
ORF32, and AUG the start codon of lacZ. It was
shown that tï=ansrational coupling could be used
to enhance the expression of lacZ as compared
to the expression of this gene in the absence of
ORF32.

Other processes that may affect gene expres-
sion, but are difficult to optimize, if at all, are the
rates of transcription and translation. The latter
variabie may be correlated to codon usage, al-
though opinions are divided on this issue
[8,51,84-86]. In E. coli, a strong correlation is
observed between high levels of gene expression,
the use of a particular subset of codons, and the
high abundance of specific tRNAs [51,85], sug-
gesting a causal connection between these fac-
tors. Bonekamp et al. [84], however, have pre-
sented evidence suggesting that translation rates
of individual codons do not reflect the concentra-
tions of the corresponding tRNAs or the frequen-
cies with which the codons are used in E. coli.
Furthermore, several authors state that initiation,
and not elongation, is usually the rate-controlling
step in translation [8,87]. For L. lactis, there is
insufficient inforrnation to answer the question
whether a particular codon usage might raise
translation efficiency (paragraph 4.1.4.).

No inforrnation is available on the possibility
to increase the abundance of specific mRNAs by
improving the rate of transcription. As in transla-
tion, elongation in transcription usually seems not
to be rate-Iimiting [8]. mRNA stability, however,
may be improved by the addition of a 3'-exten-
sion that is capable of secondary structure forrna-
tion, such as a rho-independent transcription ter-
minator, thus protecting the transcript from
degradation by exonuclease activity [88,89].

In conclusion, strategies to improve gene ex-
pression heavily depend on improvement of initi-
ation of transcription and translation. Although
transcription initiation signals, translation initia-
tion signals and coding sequences are often
thought of as distinct box es that can easily be
exchanged to improve gene expression, there are
strong indications that this is an oversimplifica-
tion of reality. Therefore, it may be preferabIe to



use an undivided set of expression signals, i.e. the
r omoter, the ribosome binding site, and (the
5'-part of) the coding sequence of a highly ex-
pressed gene, to express a heterologous gene,
provided that translation of the latter can be
efficiently coupled to translation of the former.
The feasibility of this approach has been demon-
strated in references [59] and [65], describing the
expression of the E. coli lacZ, and the E. coli

Jcteriophage T4 e gene in L. lactis, respectively.

6. SECRETION OF HETEROLOGOUS PRO-
TEINS

Various approaches have been used in order
) make L. lactis secrete hetero!ogous gene prod-

Jcts. Van Asseldonk et al. [43] screened several
L. lactis strains for secreted proteins by SDS-
polyacrylamide gel electrophoresis of culture su-
pernatants, and showed !ha! alf strains produced
extracelfular proteins, one of which, banding at
50-60 kDa, was particularly abundant. The chro-
mosomalfy located gene usp45, encoding this pro-
cin in L. lactis ssp. lactis MG1363, was iso!ated.

DNA and protein sequence analyses revealed !ha!
thc gene most probably contained a signa! se-
quence of 27 codons. This signal sequence was
used to direct !he secretion of !he B. stearother-
mophilus a-amylase [36]. Similarly, !he signa! se-
quence of !he L. lactis ssp. cremoris SKll celf
cnvelope-associated protease gene, which most
likely has a length of 33 codons, could be used to
effect secretion of !he bovine prochymosin [63], a
protein of major importance in !he dairy industry.
Bath signal peptides conform to !he structura!
characteristics of sigrial peptides sensitive to sig-
nal peptidase I cleavage, as described by Von
Heijne and Abrahmsen [90].

In !he strategy described above, secreted ho-
mologous gene products were identified, after
which !he corresponding genes were cloned and
ana!ysed. The putative signa! sequences were
subsequently used to direct !he secretion of het- .

erologous gene products. Another approach was
used by Pérez-Martinez et al. [33] and Sibakov et
al. [34]. In both studies !he 5'-truncated E. coli
TEM-{3-!actamase gene was used as a reporter

gene in a signa[ sequence probe vector. In addi-
tion, Pérez-Martinez et al. [33] used the 5'-trun-
cated B. licheniformis a-amylase gene as the re-
porter gene. Fragments of the L. lactis ssp. lactis
chromosome were cloned upstream of these
genes, after which gene expression and secretion
of the gene products was studied. In both studies
secretion of the heterologous gene products was
observed with signal sequences resembling those
described by Von Heijne and Abrahmsen [90].
Furthermore, Pérez-Martinez reported species-
specific differences in the amounts of protein
secreted. The chromosomal DNA inserts had not
only been selected for the presence of a signal
sequence, however, but also for the presence of
gene expression signals. Therefore, it is not clear
whether the differences observed in protein pro-
duction in E. coli, B. subtilis, and L. lactis were
due to species-specific requirements with respect
to the signal sequences, or with respect to the
gene expression signals. An effect of species-
specific signal sequence requirements on secre-
tion efficiency is quite conceivable, as pointed out
by Von Heijne and Abrahmsen [90], who showed
that signal sequences from Gram-positive bacte-
ria tend to be longer than those used in E. coli.

The functionality of a heterologous signal se-
quence in L. lactis has been demonstrated by the
secretion of the B. subtilis neutral protease using
the nprE gene specific signal sequence [44]. The
secretion of this enzyme by L. lactis may provide
a solution to the problems involved in the appli-
cation of the purified enzyme to accelerate the
process of cheese ripening, which are the often
uneven distribution and low levelof retention in
the cheese curd [91-95]. The B. subtilus nprE
gene, encoding the neutral protease, was pro-
vided with L. lactis derived transcription signals,
and introduced into L. lactis [44]. The original
Npr signal peptide, which most probably contains
27 amino acids [96], served to direct the secretion
of the enzyme into the culture medium. Like the
above-mentioned signal sequences derived from
L. lactis, the nprE signal sequence resembles the
canonical signal sequences described by Von Hei-
jne and Abrahmsen [90].

The signal sequence of the B. subtilis a-amylase
gene has been used successfully to secrete the
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