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Abstract

A Lactococcus lactis glycine-betaine transport system
was identified by functional complementation of an
Escherichia coli proP proU mutant with a gene library
from L. lactis sbsp. cremoris. The cloned locus forms
an operon highly homologous to opuA, encoding a
glycine-betaine uptake system of Bacillus subtilis.
Disruption of opuA in L. lactis abolished protection
by glycine-betaine against elevated osmolarity. OpuA
belongs to the so-called “ABC transporters” family,
which comprise an extracellularly localized substrate-
binding protein. In B. subtilis OpuA system, this
binding protein is a lipoprotein, attached to the external
face of the cytoplasmic membrane by its lipidic moiety.
In contrast, in the L. lactis opuA operon, and in other
Gram-positive homologues as well, a fusion between
the gene encoding the integral membrane protein and
the substrate-binding protein components gave rise
to a hybrid protein presumably attaching the substrate-
binding protein to the surface of the cell via its covalent
link to the integral membrane component. Mapping of
L. lactis opuA transcription start identified one mRNA,
more abundant in cells grown at elevated osmolarity.
Construction of an opuA-gusA fusion confirmed that
opuA transcription is directed by a promoter
osmotically inducible in L. lactis. When recombined
upstream from a lac transcriptional fusion in the
chromosome of E. coli, the opuA promoter appeared
as very strong, and only poorly stimulated by elevated
osmotic pressure, suggesting the existence of a
specific machinery involved in the osmotic signal
transduction in L. lactis.

Introduction

Osmoprotectants are organic compounds which can
accumulate to very high levels in the cytoplasm of
osmotically stressed cells and participate in maintaining
their turgor pressure (Csonka, 1989; Galinski and Trüper,
1994). Glycine-betaine (N,N,N-trimethylglycine) is one of
the most universal and powerful osmoprotectants. In
particular, Molenaar et al. (1993) demonstrated that glycine-

betaine uptake from the growth medium efficiently protects
the bacterium Lactococcus lactis from the deleterious effect
of elevated osmotic pressure. Physiological evidence
obtained in the same work indicated that several transport
systems may contribute to accumulation of glycine-betaine
in osmotically stressed L. lactis cells. However, the
molecular nature of such sytem(s) remains to be identified.
We report here the identification of opuA, an operon of L.
lactis encoding an uptake system able to transport glycine-
betaine both in L. lactis and in the heterologous host E.
coli. This operon is osmotically inducible, most probably at
the transcriptional level.

Results and Discussion

Genetic Complementation of Glycine-Betaine Uptake
in E. coli CLG85 with a L. lactis Genomic Library
A wild type E. coli strain grows very poorly on LB agar
plates with 0.7 M NaCl. However, growth on such medium
can be restored by addition of 1 mM of the osmoprotectant
molecule glycine-betaine. The E. coli strain CLG85 is
deficient in glycine-betaine uptake, and therefore cannot
be protected from the deleterious effects of 0.7 M NaCl
(Gutierrez et al., 1987). We used this property to isolate a
locus of L. lactis encoding a glycine-betaine uptake system
by genetic complementation. Chromosomal DNA of L. lactis
subsp. cremoris strain MG1363 (Gasson, 1983) was
subjected to partial digestion with Sau3AI and ligated with
BamHI-digested low copy number vector pJPB209 (Pichoff
et al., 1995). CLG85 was transformed with the ligation mix
and plated on LB agar supplemented with spectinomycin
(100 µg/ml). Approximately 20,000 independent
transformants were replica-plated on LB agar + 0.7 M NaCl
and LB agar + 0.7 M NaCl + 1 mM glycine-betaine. One
clone exhibited a much improved growth in the presence
of 1 mM glycine-betaine. Therefore, this clone contained a
recombinant plasmid carrying a DNA fragment able to
complement the deficiency of CLG85, and presumably
encoding a glycine-betaine uptake system.

Sequencing of a L. lactis Glycine-Betaine Uptake
System Locus
The recombinant plasmid was named pOPU2 and the 4.5
kb fragment of L. lactis chromosomal DNA was sequenced.
Analysis of this sequence revealed two open reading
frames, oriented in the same direction and susceptible to
be organized as an operon encoding a glycine-betaine
uptake system. The results of an homology search (see
further) prompted us to name this locus opuA (for
osmoprotectant uptake) and its two genes opuAA and
opuABC, by analogy with the homologous operon of B.
subtilis (Kempf and Bremer, 1995). The complete sequence
of the operon is available in the GenBank library and some
features of the opuA sequence are shown in Figure 1. The
structural genes are very tightly organized, with the first
codon of opuABC (ATG) overlapping the last two codons
of opuAA (AAT GAT). Both coding sequences are preceded
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by a potential Shine-Dalgarno sequence (AGGAG) and that
of opuABC is within opuAA reading frame. Downstream
from the putative operon, a sequence exhibiting the
distinctive features of a Rho-independent transcription
terminator (Brendel et al., 1986) is present. It is composed
of two inverted repeats (underlined with arrows on Figure
1C) able to form a stem-loop structure (free energy of -12
kcal at 25°C) and followed by a run of thymine residues.
This sequence is most probably the opuA transcription
terminator. Altogether, analysis of the sequence and the
data from mRNA 5' end mapping (see further) strongly
argue for a genetic organization of opuA in a bicistronic
operon.

Inactivation of opuA Abolished Osmoprotection of L.
lactis by Glycine-Betaine
An internal fragment of the opuAA sequence was purified
and cloned in the suicide vector pCL52 (Daveran et al.,

1998), resulting in plasmid pOPU31. Upon
electrotransformation of L. lactis strain MG1363 with
pOPU31, integration of the plasmid within the opuA
chromosomal locus by homologous recombination gave
rise to erythromycin resistant clones carrying an inactivated
opuA operon. Disruption of opuA was verified by extraction
of the chromosomal DNA of recombinant clones and PCR
amplification using sets of oligonucleotides flanking the
insertion point and internal to the plasmid sequence (not
shown). An opuA mutant was obtained and named
CLG821. As shown in Table 1, when strain CLG821 was
grown in chemically defined medium with glucose, 1 mM
glycine-betaine could not relieve the inhibitory effect of 0.5
M NaCl, as it could partially do with wild type MG1363.
Therefore, we conclude that OpuA is able to transport
glycine-betaine in L. lactis and is the major, if not the unique,
uptake system for this osmoprotectant in strain MG1363.

Figure 1. Partial sequence of the opuA operon. DNA sequence of the opuA region is shown above the translational products of its two open reading frames.
A. Promoter and opuAA translational start region. SD: putative Shine-Dalgarno sequence. The opuA mRNA 5' end is shown. opu37: oligonuteotide used for
mRNA reverse transcriptase mapping. -10 and -35 hexanucleotides of the putative promoter are boxed. Broken arrows indicate the oligonucleotides opu17,
opu19, opu39 and opu40 used to amplify by PCR DNA fragments carrying the promoter. E: EcoRI sites; B: BglII site; N: NcoI site. B. Overlap between the end
of opuAA and the beginning of opuABC. The stop codon of opuAA is underlined in interrupted line. The first codon of opuABC is boxed. C. 3' end of the opuA
operon. Two stop codons at the end of opuABC are underlined in interrupted line. Inverted arrows indicate the stem-loop structure of opuA putative transcriptional
terminator.

Table 1. Disruption of opuA abolished osmoprotection by 1 mM glycine-betaine in MG13631.

                                                        A600 of cultures in indicated media

                    MG1363 (opuA+)                  CLG820 (opuA::pOPU31)

CDM + CDM +
Time (h) CDM CDM + 0.5 M NaCl + CDM CDM + 0.5 M NaCl +

0.5 M NaCl 1 mM glycine-betaine 0.5 M NaCl 1 mM glycine-betaine

0 0.042 0.043 0.042 0.043 0.04 0.041
1 0.061 0.032 0.041 0.062 0.034 0.03
2 0.132 0.026 0.04 0.146 0.048 0.037
5 1.013 0.043 0.131 0.96 0.046 0.036
8 1.094 0.033 0.406 1.124 0.043 0.037

1Strains MG1363 (opuA+) and CLG820 (MG1363 opuA::pOPU31) were grown overnight at 30˚C in CDM supplemented with
glucose (and 8 µg.ml-1 erythromycin for CLG820), diluted 200-fold at time 0 in the indicated media (supplemented with 8
µg.ml-1 erythromycin for CLG820) and A600 of the culture was followed during time of incubation at 30˚C.
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High Level of Homology Between opuA from L. lactis
and B. subtilis
A search for similarities with the opuA protein products of
L. lactis was performed by scanning the NCBI sequence
data library using the BLAST network service. The best
homologue found with OpuAA (407 amino acids, calculated
molecular mass of 45697 Da) was the protein OpuAA from
B. subtilis (see Figure 2 for an alignment of these proteins
with the CLUSTALW program). As for the OpuABC protein
of L. lactis (573 amino acids, calculated molecular mass
of 62128 Da), it presents homologies with two proteins of
the B. subtilis OpuA system: OpuAB in its amino-terminal
portion and the glycine-betaine binding protein OpuAC in
its carboxy-terminal region (Figure 3). OpuAA, OpuAB and
OpuAC of B. subtilis are components of a glycine-betaine
transporter, product of the operon opuA (Kempf and
Bremer, 1995). This uptake system belongs to the well
characterized family of ABC transporters (Higgins, 1992).
Such systems are usually composed of a membrane-

associated cytoplasmic protein carrying an ATP-binding site
(OpuAA), an inner membrane component (OpuAB), and a
substrate-binding protein, exported out of the cytoplasm
(OpuAC). The organization of the L. lactis opuA operon
suggests that in this bacterium OpuABC is a bifunctional
protein, resulting from the fusion of the inner membrane
and substrate-binding components of the ABC transporter.
In OpuA of B. subtilis (Kempf et al., 1997) and in many
other ABC transporters of Gram-positive bacteria, the
substrate-binding protein is a lipoprotein that remains
associated with the outside of the membrane by its lipidic
anchor. It appears that L. lactis would have evolved an
alternative strategy to localize the substrate-binding protein
of the OpuA system, that is by fusing it to the inner
membrane component. Predictions of the OpuABC
topology are in agreement with this hypothesis. Based on
analogy with ProW of E. coli (Whitley et al., 1994; Haardt
and Bremer, 1996), it has been proposed that the integral
membrane protein OpuAB of B. subtilis harbors seven

Figure 2. Sequence alignment of OpuAA proteins from L. lactis (L. l.), E. faecalis (E. f.), S. pyogenes (S. p.) and B. subtilis (B. s.). Hyphens indicate identical
amino acids in the aligned sequences. Gaps are indicated by absence of symbol.



202   Bouvier et al.

Figure 3. Sequence alignment of OpuABC proteins from L. lactis (L. l.), E. faecalis (E. f.), and S. pyogenes (S. p.) with OpuAB and OpuAC proteins of B.
subtilis (B. s.). Hyphens indicate identical amino acids in the aligned sequences. Gaps are indicated by absence of symbol.
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transmembrane helices, with the amino terminus facing
the outside of the cells and the carboxy terminus in the
cytoplasm (Kempf et al., 1997). The portion of OpuABC
homologous to OpuAB is likely to have the same topology.
It is followed by a hydrophobic segment, between amino
acids 295 and 315, within the linker peptide between the
two domains of OpuABC. This segment is predicted by
the TMpred program (http://www.isrec.isb-sib.ch/cgi-bin/
TMPRED_form_parser) to form a transmembrane helix with
a strong preference for inside to outside orientation.
Therefore, OpuABC has the ability to present the carboxy
terminal domain (hydrophilic, and with no predicted
transmembrane helix) to the outside of the cell.

Homologues of the opuA Operon of L. lactis Exist in
the Helicobacter pylori, Enterococcus feacalis and
Streptococcus pyogenes Genomes
An organization similar to that of L. lactis OpuABC is also
found in the Gram negative Helicobacter pylori, where
ProWX is a putative bifunctional protein, thought to be part
of an ABC-type glycine-betaine uptake system (Tomb et
al., 1997). In addition, we performed a search in the
unfinished genomes sequence database (http://
www.ncbi.nlm.nih.gov/BLAST/unfinishedgenome.html)
using the L. lactis OpuAA and OpuABC sequences and
the tBlastX program. This search identified putative proteins
from E. faecalis and S. pyogenes with such a high degree
of similarity with OpuAA (Figure 2) and OpuABC (Figure
3) of L. lactis that they most probably encode glycine-
betaine uptake systems analogous to OpuA. These
systems are also composed of two tightly coupled genes
with the downstream one encoding a putative bifunctional
protein. Although experimental evidence are lacking to
confirm the function of these systems, their organization is
an additional evidence for the existence of ABC transporters
in which the substrate-binding protein remains attached to
the external side of the membrane by a covalent link with
an integral membrane protein.

The opuA Promoter is Osmotically Inducible in L. lactis.
L. lactis strain MG1363 was grown in M17 broth with 0.2%
glucose or M17 with 0.2% glucose + 0.2 M NaCl. Total
RNA was extracted, hybridized with radiolabelled opu37,
a 28-nucleotide probe complementary of the opuA putative
leader region (Figure 1), and analyzed by primer extension
mapping (Figure 4). This experiment identified and located
one 5' end for the opuA mRNA. This mRNA was more
abundant after growth in the presence of NaCl, suggesting
that expression of opuA is osmotically inducible, at the
transcriptional level. The putative opuA promoter is boxed
in Figure 1. No obvious similarity was noted when the
sequence around this promoter was compared with that of
a recently described NaCl-inducible promoter of L. lactis
(Sanders et al., 1998). To further investigate the effect of
osmotic pressure on opuA transcription, we constructed
plasmid pOPU38. This plasmid contains a fusion between
a DNA fragment carrying the opuA promoter and the gusA
reporter gene, encoding β-glucuronidase (see experimental
procedures). While the parent plasmid pNZ8032 gave very
low activity in all tested media (approximately 0.1 unit),
after introduction of pOPU38 into strain MG1363, we could
measure an osmotically inducible expression of β-
glucuronidase (Figure 5A). Therefore, the 176-bp fragment
encompassing opuA promoter carries sufficient information
to support osmotic regulation in L. lactis.

The opuA Promoter is Expressed and Poorly Sensitive
to Osmolarity in E. coli
The mechanisms involved in osmotic stimulation of
transcription have been widely studied in E. coli, especially
with proU, an operon encoding an ABC transporter involved
in glycine-betaine uptake (Lucht and Bremer, 1994). In
order to check whether the opuA promoter of L. lactis
behaved similarly as the proU promoter of E. coli, we
constructed strain CLG802, which carries a transcriptional
fusion, φ[opuAp-φ(malP-lacZY)], present in single copy at
the malA locus on the E. coli chromosome and expressed
under the control of an opuA promoter fragment almost
identical to that carried in plasmid pOPU38. As shown in
Figure 5B, this promoter was active in the heterologous
host E. coli. At high osmolarity, it was expressed throughout

Figure 4. Reverse transcritase mapping of opuA mRNA 5' end. Primer
extension reactions were performed with M-MLV reverse transcriptase, after
hybridization of 0.5 pmol of radiolabelled opu37 probe with 20 µg of total
RNA extracted from strain MG1363 grown in medium M17 (-) or M17 with
0.3 M NaCl (+). The extension products were analyzed on a 6%
polyacrylamide/ 7 M urea sequencing gel. The dried gel was
autoradiographed with intensifying screen at -70°C. The sequencing ladder
(lanes T, G, C, A) was obtained by sequencing plasmid pOPU2 hybridized
with labeled opu37 with ThermoSequenase (Amersham).
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the exponential phase of growth and its expression stopped
upon entry into stationary phase. At low osmolarity,
expression remained low until mid-log phase, became
higher during the second part of exponential phase and
again stopped upon entry into stationary phase. Altogether,
opuAp did not behave as an osmotically inducible promoter
in E. coli. Furthermore, transcription from this promoter
was not sensitive to the presence of the nucleoid-
associated protein H-NS, known to participate in the
osmotic regulation of proU transcription (Lucht et al., 1994).
This absence of osmotic regulation in E. coli suggests the
existence of specific mechanisms operating in L. lactis to
transduce the osmotic signal. Work presently in progress
in our laboratory will address in its natural host the
mechanism of regulation of this promoter, which could
reveal a very useful tool for biotechnological applications
in lactic acid bacteria.

Figure 5. Expression of the opuA promoter in L. lactis and in E. coli. A. Cultures of strain MG1363 transformed with plasmid pOPU38 were performed in M17
medium with chloramphenicol (5 µg/ml) and indicated amounts of NaCl. Overnight cultures were diluted in the same media, samples were harvested at A600
of 0.5 and β-glucuronidase activities were assayed. B. Overnight cultures in LB0N (circles) or LB0N + 0.4 M NaCl (squares) of the E. coli strains CLG802
(hns+; closed symbols) and its hns::Tn10 derivative (open symbols) were diluted 1000-fold in the same preheated medium and A600 (interrupted lines) and β-
galactosidase activities (filled lines) were monitored during growth.

Experimental Procedures

Bacterial Strains and Cultures
L. lactis strain MG1363 (Gasson, 1983) and E. coli strains CLG85 [F- trp
lacZ rpsL thi ∆(putPA)101 proP219 proU-11::TnphoA zfh-1::Tn10; Gutierrez
et al., 1987], pop3125 [F- araD139 ∆(argF-lac)U169 ptsF25 rpsL150 relA1
flbB5301 deoC1 rbsR φ(malP-lac); Débarbouillé et al., 1978], GM29 [F -

araD139 ∆(argF-lac)U169 ptsF25 rpsL150 relA1 flbB5301 deoC1 rbsR
hns205::Tn10; E. Bremer] and DH5α (Sambrook et al., 1989) were used in
this work. Growth of L. lactis was performed in M17 broth (Difco) or
chemically defined medium CDM, supplemented with 0.5% glucose and,
when necessary, 8 µg/ml erythromycin (Poolman and Konings, 1988).
Growth of E. coli was in Luria broth (LB):10 g/l tryptone (Difco), 5 g/l
casamino acids (Difco), 5 g/l NaCl. The low osmolarity medium for growth
of E. coli was LB without NaCl (LB0N). High osmolarity was obtained by
adding NaCl at 0.4 M final concentration (LB0.4N)

Techniques Used with Nucleic Acids
Isolation of plasmid DNA, digestion with restriction enzymes, ligation with
T4-DNA ligase and transformation of E. coli were carried out as described
by Sambrook et al. (1989). Preparation of competent cells and
electrotransformation of L. lactis were as described by Holo and Nes (1988).
Extraction of chromosomal DNA from L. lactis cells was performed with the
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DNeasy Tissue Kit (Qiagen) according to the manufacturer’s protocols for
Gram-positive bacteria. Total RNAs were extracted from L. lactis MG1363
by the hot phenol method (Aiba et al., 1981). Primer labeling with γ[32P]-
dATP (Amersham, 3000 Ci/mmol) and T4 polynucleotide kinase (New
England Biolabs), hybridization (20 µg of total RNA hybridized with 0.5
pmol of oligonucleotide opu37) and primer extension experiments with M-
MLV reverse transcriptase (BRL) were performed as described previously
(Gutierrez et al., 1995).

Genetic Techniques
Disruption of opuA in MG1363 was performed as follows. A 693-bp HindIII
EcoRI internal fragment of the opuAA sequence was purified and cloned in
vector pCL52 (Daveran et al., 1998), using the E. coli strain DH5α as a
recipient, yielding pOPU31. Competent MG1363 cells were
electrotransformed with 10 µg of pOPU31, and plated on M17 + 8 µg/ml
erythromycin plates.

Plasmid pOPU38, carrying an opuAp-gusA fusion, was constructed
as follows. A 176-bp DNA fragments carrying the opuA promoter was
obtained by PCR amplification using the oligonucleotides opu40 (5'-
GGGAGATCTAGTTCAAATTTAGTTAGTTG-3') and opu39 (5'-
CCCCCATGGTAACTCTCCTTCATTCTATTAC-3') and pOPU2 as a matrix.
It was cleaved at the BglII and NcoI sites brought by the oligonucleotides
and cloned in the expression vector pNZ8032 (de Ruyter et al., 1996a).
Construction of the E. coli strain CLG802, carrying an opuAp-lacZ fusion,
was as follows. A 170-bp DNA fragments carrying the opuA promoter were
amplified by PCR, using the oligonucleotides opu17 (5'-GGGGAATTC
AAATTTAGTTAGTTG-3') and opu19 (5'-GGGGAATTCTCCTTCATT
CTATTAC-3') and pOPU2 as a matrix. After cleavage at the EcoRI sites
brought by the oligonucleotides, this fragment was cloned in the
recombination vector pOM41 (Vidal-Ingigliardi and Raibaud, 1985) and
inserted in front of the φ(malP-lacZ) transcriptional fusion carried in the E.
coli strain pop3125 by homologous recombination, as described previously
(Gutierrez and Devedjian, 1991), resulting in strain CLG802. The hns-
205::Tn10 mutation was introduced into CLG802 by P1 transduction, using
a stock of P1vir grown on E. coli strain GM29.

Enzyme Assays
β-galactosidase activities in E. coli were assayed as described by Miller
(1992). β-glucuronidase activities in L. lactis were assayed as described
by de Ruyter et al. (1996b), specific activity was expressed as ∆A405/min
per optical density (at 600 nm) unit of cell density.

Nucleotide Sequence Accession Number
The nucleotide sequence reported here has been deposited in the GenBank
nucleotide sequence database under accession number AF184955.

Note Added in Proof

While this manuscript was under review, Obis et al. (1999. J. Bacteriol.
181: 6238-6246) reported the characterization of a glycine-betaine uptake
system from another L. lactis strain. This system was named BusA and is
identical to OpuA. The reported data are in complete agreement with ours.
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