Gene, 151 (1994) 137-142
© 1994 Elsevier Science B.V. All rights reserved. 0378-1119/94/$07.00 137

GENE 08395

pOSEX: vectors for osmotically controlled and finely tuned gene
expression in Escherichia coli

(Osmoregulation; glycine betaine; proU promoter; heterologous gene expression)

Birgit Herbst, Susanne Kneip and Erhard Bremer

Max-Planck-Institut fiir Terrestrische Mikrobiologie, D-35043 Marburg, Germany

Received by H.M. Krisch: 15 April 1994; Accepted: 12 July 1994; Received at publishers: 2 September 1994

SUMMARY

Expression of the proU operon of Escherichia coli is directly proportional to the osmolarity of the growth medium.
The basal level of proU transcription is very low, but a large increase is triggered by a sudden rise in the external
osmolarity. This increased expression is maintained for as long as the osmotic stimulus persists. We have capitalized
upon these regulatory features of the proU operon and have constructed a series of expression vectors (pOSEX)
permitting osmotically controlied expression of heterologous genes governed by regulatory signals of proU. The pOSEX
vectors carry the proU promoter, an upstream region required for high-level expression, and part of the first structural
gene (proV), which acts as a silencer and is necessary to maintain low-level expression in low osmolarity media. An
extended multiple cloning site (MCS) positioned at the 3" end of proV” permits the cloning of heterologous genes into
the pOSEX plasmids, and efficient transcription terminators derived from the rrnB operon prevent deleterious read-
through transcription into the vector portion. The properties of the pOSEX expression vectors were tested by positioning
a promoterless lacZ (encoding B-galactosidase) gene from E. coli and the gcdA (encoding carboxytransferase) gene from
the Gram ™ bacterium Acidaminococcus fermentans under the control of the proU regulatory region. Efficient, osmo-
regulated and finely tuned expression of both lacZ and gcdA was achieved, and the amount of B-galactosidase and
carboxytransferase synthesized were simply controlled by adjusting the osmolarity of the growth medium with
various concentrations of NaCl

INTRODUCTION turgor. A sudden increase in the external osmolarity trig-

gers a rapid efflux of water from the cytoplasm, causing

Bacteria maintain an osmotic pressure of the cyto-
plasm that is higher than that of the surrounding environ-
ment, resulting in an outward directed pressure, the
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loss of turgor and dehydration of the cytoplasm. To
combat these deleterious effects, Escherichia coli has
evolved mechanisms that sense changes in the environ-

tide(s); ONPG, o-nitrophenyl-B-p-galactopyranoside; PAGE, poly-
acrylamide-gel electrophoresis; PCR, polymerase chain reaction; Pollk,
Klenow (large) fragment of E. coli DNA polymerase I; RBS, ribosome-
binding site(s); p, promoter; ProP, low-affinity transport system for
glycine betaine; proP, gene encoding ProP; ProU, binding protein-
dependent transport system for glycine betaine; proU (proV, proW,
proX), operon encoding the ProU transport system; rrnB, operon
encoding ribosomal RNA; SDS, sodium dodecyl sulfate; ret, gene encod-
ing tetracycline resistance; [ ], denotes plasmid-carrier state; ' (prime),
denotes a truncated gene at the indicated side.
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mental osmolarity and respond to these changes in a
timely and efficient manner (Csonka and Hanson, 1991;
Lucht and Bremer, 1994). One response mechanism is
the intracellular accumulation of organic osmolytes, the
so-called compatible solutes. These compounds can be
amassed to high intracellular concentrations without dis-
turbing essential metabolic functions of the cell. In addi-
tion, they stabilize the integrity of cell components and
protect proteins from denaturation in solutions of high
ionic strength (Arakawa and Timasheff, 1985). One of
the most effective compatible solutes is glycine betaine,
which has been adopted across the animal, plant and
microbial kingdoms as a potent osmoprotectant (Csonka
and Hanson, 1991; Lucht and Bremer, 1994). In E. coli,
uptake of glycine betaine from the environment is medi-
ated by two osmoregulated transport systems: the low-
affinity ProP transporter and the high-affinity, binding-
protein-dependent ProU transport system (May et al.,
1986; Growishankar, 1989; Culham et al., 1993).

Expression of the proU operon (proV, proW, proX)
sensitively responds to increases in medium osmolarity
(for an overview, see Lucht and Bremer, 1994). The basal
level of proU transcription is very low, but transcription
is rapidly and strongly stimulated upon a sudden osmotic
shock. This higher level of expression is maintained as
long as the osmotic stimulus persists. The strength of
proU expression is directly proportional to the osmolar-
ity of the growth medium, thus allowing the bacterial cell
to finely tune the level of ProU synthesis. Osmotically
regulated expression of the proU operon can be triggered
in both minimal and rich media by a variety of ionic (e.g.,
NaCl) or non-ionic {e.g., sucrose) osmolytes. Glycine
betaine, the main substrate for the ProU transport
system, does not act as an inducer for proU expression
(Barron et al., 1986; May et al., 1986). The unique regula-
tory properties and the strength of the E. coli proU pro-
moter make this system an attractive candidate for the
overexpression of heterologous genes. We describe in this
communication the construction of a set of multi-copy
vectors, pOSEX, that permit the efficient and finely tuned
gene expression under the control of the regulatory circuit
that governs the osmotically regulated transcription ini-
tiating from the proU promoter.

EXPERIMENTAL AND DISCUSSION

(a) Construction of expression vectors carrying the
osmotically controlled proU regulatory region

To achieve full and osmoregulated expression directed
by the E. coli proU promoter, DNA sequences located
outside the proU —10 and —35 regions are required.
These DNA segments comprise a region upstream from

the proU promoter that is necessary for maximal proU
transcription (Lucht and Bremer, 1991). A DNA region
located at the 5’ end of the first gene (proV) in the proU
operon serves as a transcriptional silencer that functions
to keep proU expression repressed in media of low osmo-
larity and also is a target for the high-affinity nucleoid-
associated DNA-binding protein H-NS (Dattananda
et al, 1991; Ueguchi and Mizuno, 1993; Lucht et al.,
1994). As a first step in the construction of the pOSEX
vectors, we positioned through a series of cloning steps
an extended MCS and the strong transcription termina-
tor sequences T! and T2 from the E. coli rrnB operon at
the 3’ end of a 612-bp segment from the proU regulatory
region. The physical and genetic organization of the
resulting plasmid, pOSEX2, is shown in Fig. 1. The proU-
containing DNA segment present in pOSEX2 carries all
of the DNA sequences required in cis to achieve efficient
and sensitively regulated proU transcription in response
to increases in medium osmolarity (Lucht and Bremer,
1991, Lucht et al,, 1994). To reduce the size of pOSEX2
and to remove several restriction sites present in both
MCS and the vector segment of pOSEX2, two deletion
derivatives of this plasmid were constructed, plasmids
pOSEX3 and pOSEX4 (Fig. 1A). The deletion present in
pOSEX4 affects the rop region (Fig. 1A), which is
involved in the copy-number control of pBR322-derived
plasmids (Balbas et al., 1986). We therefore expect that
pOSEX4 has a higher copy-number than the vectors
pOSEX2 and pOSEX3, which carry an intact rop region
(Fig. 1A).

(b) The pOSEX vectors mediate efficient and sensitively
regulated gene expression

To test the properties of the pOSEX expression vectors,
we cloned the E. coli lacZ gene and the gcdA gene from
Acidaminococcus fermentans into plasmids pOSEX3 and
pOSEX4, respectively, and monitored pGal and GCDA
synthesis in whole cell extracts of strains grown at various
osmolarities. To construct a pOSEX3 derivative express-
ing the lacZ gene under proU control, we excised a
3.95-kb BamHI-Dral fragment carrying a promoterless
lacZ gene from the promoter probe vector pMLB1010
(Silhavy et al., 1984) and inserted it into the BamHI and
EcoRV sites present in the MCS of pOSEX3 (Fig. 1B),
yielding plasmid pBH4. This plasmid was transformed
into strain MKH13 [A(putPA)101 A(proP)2 A(proU)608]
(M. Haardt and E.B., unpublished results),
a derivative of the E. coli K-12 strain MC4100
(Casadaban, 1976). Synthesis of PGal was assessed
by SDS-PAGE of whole cell extracts of strain
MKH13[ pBH4] grown in LB media of different osmola-
rities. There was little synthesis of BGal when strain
MKHI13[pBH4] was grown in low osmolarity media
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Fig. 1. Genetic and physical organization of the pOSEX expression
vectors. (A) Vector maps. (B) Nucleotide sequence of the MCS following
the truncated proV’ gene. The restriction sites that are not unique in
the MCS of the pOSEX expression vectors are marked with asterisks
(*). Methods: Standard procedures were used for the isolation of plasmid
DNA, restriction digests, DNA ligations and transformations (Silhavy
et al, 1984; Sambrook et al., 1989). For the construction of plasmid
pOSEX2, a EcoRI-BamHI fragment was excised from plasmid pJL32-3
carrying proU material extending from 385 to 997-bp (J.M. Lucht and
E.B.; unpublished results) and inserted into the extended MCS of plas-
mid pUC-BM20 (Boehringer-Mannheim, Mannheim, Germany), yield-
ing plasmid pOSEX1. The proU-derived DNA segment and MCS were
excised from pOSEX1 with EcoRI+ HindIII and the resulting 704-bp
restriction fragment was cloned between the EcoRI and HindlIII sites
in MCS of plasmid pTrc99A (Amann et al., 1986), resulting in plasmid
pBH3. This cloning step positioned the strong transcription terminator
sequences T1 and T2 from the E. coli ¥rnB operon downstream from
the proU material. Plasmid pBH3 was then cut with EcoRI+ Scal and
the resulting 1534-bp DNA fragment was inserted between the EcoRI
and Scal sites of plasmid pBR322, yielding plasmid pOSEX2 (5.38 kb).
Two derivatives of pOSEX2 were constructed by deleting part of the
plasmid pBR322-derived vector backbone. DNA of plasmid pOSEX?2
was cleaved with Clal + Nrul, the overhanging ends were filled-in with
Pollk and the plasmid was then religated, resulting in plasmid pOSEX3
(4.43 kb). In a similar fashion we removed a Clal-Pvull fragment from
pOSEX2 and obtained plasmid pOSEX4 (3.34 kb). The nt sequences
of MCS present in the pOSEX plasmids were verified by sequence
analysis (Sanger et al., 1977) using double-stranded DNA as the tem-
plate and a primer (5-GCTGATTGATGGTGTGG) complementary
to a segment of the proV’ gene (Gowrishankar et al., 1989). The prol”
portion present in the pOSEX vectors encodes 103 N-terminal aa of
the E. coli ProV protein; the junction between pro¥’ and MCS is indi-
cated by an arrow.
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(LBON), but BGal production was strongly induced
when the osmolarity of the LB medium was increased by
the addition of 300 mM NaCl. Strikingly, the amount of
BGal synthesized in strain MKHI13[pBH4] could be
controlled sensitively by simply varying the osmolarity
of the growth medium in small increments with NaCl
(Fig. 2A). The low basal level of transcription and the
strong osmotic induction mediated by the proU regula-
tory elements were also apparent when we quanitated
BGal enzyme activity in strain MKH13[ pBH4] grown
at low (LBON) or high (LBON with 300 mM NaCl)
osmolarity. Under these growth conditions, cultures of
strain MKH13[pBH4] produced 2.9 and 101.6 specific
BGal units (umol ONPG cleaved/min per mg protein),
respectively, whereas strain MKH13 carrying the vector
pOSEX3 produced 0.3 BGal units both in low- and high-
osmolarity media.

The gcdA gene from the Gram™ bacterium A. fermen-
tans encodes the carboxytransferase subunit of the biotin-
dependent Na* pump glutaconyl-CoA decarboxylase
(GCDA) (Bendrat and Buckel, 1983). The gcdA gene,
lacking its own promoter, was isolated on a 2.05-kb
HindIIl restriction fragment from plasmid pKB31
(Bendrat and Buckel, 1983) and cloned in both orienta-
tions into the unique HindIIl site of the expression vector
pOSEX4 (Fig. 1). The resulting plasmids pBH8a and
pBHS8b, were transformed into strain MKHI13, and
GCDA production in cultures grown at low and high
osmolarity was followed by SDS-PAGE of whole cell
extracts. The gcdA gene present on plasmid pBHS8b is
improperly oriented with respect to the osmoregulated
proU promoter and hence strain MKH13[pBH8b] did
not produce GCDA (Fig. 2B). However, under high
osmolarity growth conditions the GCDA enzyme became
the predominant protein in whole cell extracts of strain
MKH13[pBH8a], in which the gcdA4 gene is under proU
control (Fig. 2B). The identity of the newly synthesized
polypeptide with GCDA was proven by Western immu-
noblotting using a GCDA-specific antiserum {data not
shown). The level of GCDA production in strain
MKH13[pBH8a] correlated with the osmolarity of the
growth medium. We noticed that less NaCl was required
to trigger maximal expression of the cloned genes in plas-
mid pOSEX4 than in plasmid pOSEX3 (compare the
level of PGal and GCDA production; Fig. 2A and B). We
attribute the differences in the properties of these two
pOSEX expression plasmids to the presumably higher
copy number of plasmid pOSEX4. Taken together, the
data presented above show that the pOSEX vectors can
be readily used for the efficient and sensitively regulated
overproduction of heterologous proteins under proU
control by simply varying the osmolarity of the growth
medium.
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Fig. 2. Osmotically regulated overexpression of heterologous genes under the control of the proU regulatory elements. (A) Overproduction of the
BGal protein from E. coli, (B) synthesis of the GCDA protein from A. fermentans and (C) osmotically controlled overexpression of a "lacZ gene
lacking its transcription and translation start signals. Methods: Cultures of strain MKH13 harbouring the various plasmids were grown overnight in
LBON in the presence of Ap (100 pg/ml) at 37°C and 0.1 ml were used to inoculate 7-ml cultures in LBON whose osmolarity was varied with NaCl.
The cultures were grown for 3 to 4 h at 37°C, the A5 ,,,, Was adjusted to compensate for their different growth of the various low and high osmolarity
cultures and cells from a 2-ml portion (Assg o = 1) Were pelleted by centrifugation. The pellet was resuspended in 80 ul of sample buffer (Sithavy
et al,, 1984; Sambrook et al., 1989), the cells were broken by boiling for 3 min and the viscosity of the cell extract was reduced by incubation for 1
h at 37°C in the presence of 25 units of Benzonase (Merck, Darmstadt, Germany). Aliquots (40 pl) of the cell extracts were then applied to 7% (A,
C) and 12% (B) polyacrylamide-0.1% SDS gels and the cellular proteins were visualized by staining with Coomassie blue. To construct plasmids
expressing 'lacZ genes lacking their own transcription and transiation initiation signals, a 3.14-kb EcoRI-Dral fragment was isolated from the 'lacZ
protein fusion plasmids pNM480, pNM481 and pNM482 (Minton, 1984) and inserted into the proU expression plasmids pOSEX5A, pOSEXSB and

pOSEXS5C (Fig. 3), respectively, vielding the lacZ™ plasmids pSK 51, pSK52 and pSKS3.

(c) Construction of pOSEX derivatives with translation
initiation signals

We also constructed a set of pOSEX expression vectors
that provide an RBS, an ATG start codon and an MCS
and, therefore, allow the insertion of DNA fragments in
all three reading frames. We amplified the translation
start signals and the MCS from plasmids pTrc99A,
pTrc99B and pTrc99C (Amann et al., 1986) and cloned
the amplified DNA segments into plasmids pOSEX3 and
pOSEX4. The nt sequence of the translation initiation
region of the resulting pOSEX vectors is shown in Fig. 3.
To test the characteristics of these new expression vectors,
we cloned a 'lacZ gene lacking its own transcription and
translation initiation signals into plasmids pOSEXSA,
pOSEX5SB and pOSEXS5C (Fig. 3). We followed PGal
production in cells of strain MC4100 carrying the result-
ing plasmids pSK 51, pSK 52 and pSK 53, respectively. The
basal level of BGal synthesis was very low when the cells
were propagated in media of low osmolarity, but growth
at high osmolarity triggered the massive production
of a large polypeptide (Fig. 2C) that cross-reacted on
Westernblots with a fGal antiserum (data not shown).
Thus, these pOSEX vectors can be successfully used to
strongly overexpress genes lacking their own translation
initiation signals. We noticed, however, that the size of
recombinant proteins produced in cells carrying the vari-
ous pSK lacZ expression plasmids was larger than that
expected for the authentic PGal (116 kDa) monomer
(Fig. 2C). We believe that the produced polypeptides are
fusion proteins composed of an N-terminal segment of
ProV and a C-terminal portion of fGal. Synthesis of such
hybrid proteins is possible because there is no stop codon
in the reading frame between the end of the truncated

proV’ gene and the ATG start codon in the MCS (Fig. 3).
Using site-directed mutagenesis we introduced an
in-frame TAA stop codon into this region in plasmids
pOSEXSA, pOSEX5B and pOSEXSC (Fig. 3) but the
artificially created stop codon caused a strong polar effect
on the expression of genes cloned into the MCS (data
not shown).

(d) Conclusions

We have constructed and characterized a set of gene
expression vectors, pOSEX, that capitalize on the regula-
tory properties of the environmentally controlled proU
operon.

(1) Transcription directed by the proU promoter occurs
at very low basal level in cells grown in low osmolarity
media. This important feature for the expression of heter-
ologous genes is preserved when the proU promoter is
present on multi-copy plasmids.

(2) An increase in medium osmolarity triggers high-
level proU transcription, permitting the massive overpro-
duction of heterologous proteins under the control of the
proU regulatory elements. Increased proU expression is
maintained as long as the osmotic stimulus persists.

(3) Over a wide range of osmolarities, the strength of
proU expression is directly proportional to the osmolar-
ity of the growth medium. This unique feature of the
proU promoter allows one to alter the level of gene
expression by simply adjusting the osmolarity of the
growth medium.

(4) proU-mediated gene expression can be triggered by
a variety of ionic or non-ionic osmolytes in rich and mini-
mal media and no special E. coli host strains are required
for the use of the pOSEX expression vectors.
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GAG GTG CGG GGA TCA TCA ATT TCA CAC AGG AAA CAG ACC  ATG GGG AAT TCG AGC TCG GTA CCC GGG GAT CCT CTA GAG TCG ACC TGC AGG CAT GCA AGC TTG ~ GCTGTTTTGGC
proV’ RBS Ncol Sacl  Kpnl BamHl Xbal  Sall Pstl*  Sphl  HindIl
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Fig. 3. The nt sequence of MCS and the translation start elements present in the expression vectors pOSEXS and pOSEX6. The RBS is underlined
and the start codons and reading frames in the expression vectors are indicated. Restriction sites that are not unique are marked with asterisks (*)
and restriction sites destroyed during the in vitro manipulations are shown in brackets. The reading frame of the proV’ gene (103 codons) is indi-
cated and the position of the TAA stop codon introduced by site-directed mutagenesis into the pOSEXS vectors is indicated by an arrow head.
Methods: Plasmid pOSEX3 (Fig. 1A) was linearized with EcoRI, the overhanging ends were filled in with dNTP and Pollk and the DNA molecule
was then religated to yield plasmid pOSEX3.1. DNA fragments carrying the translation initiation elements (the RBS and the ATG start codon) and
MCS were amplified by PCR from plasmids pTrc99A, pTrc99B and pTrc99C (Amann et al., 1986) using two primers complementary to sequences
upstream from the MCS present in the pTrc vectors (5-GTGAGCGGATATCAATTTCACACAGG:; primer 1 generates an EcoRV site; underlined)
and the bla gene (5'-GCGGTTAGCTCCTTCGGTCC; primer 2). These DNA segments were then cut with EcoRV + Scal and the resulting restriction
fragments were ligated into plasmid pOSEX3.1. For this purpose, plasmid pOSEX3.1 was cleaved with BamHI+ Scal, the overhanging ends were
filled in with dNTP and Pollk and the resulting molecule was then ligated with the EcoRV-Scal fragment originating from the PCR DNA amplification.
These in vitro manipulations resulted in the construction of plasmids pOSEXSA (4443 bp), pOSEX5B (4444 bp) and pOSEX5C (4445 bp). For the
isolation of plasmids pOSEX6A (3351 bp), pOSEX6B (3352 bp) and pOSEX6C (3353 bp), an analogous set of plasmid constructions was made except
that plasmid pOSEX4 (Fig. 1A) was used as the starting material. To introduce a TAA stop codon (underlined) between the proV’ gene and the ATG
start codon in the MCS, a derivative of primer 1 (5-GTGAGCGGATATCAATTTAACACAGG) was employed for the PCR amplification reaction;
the in vitro manipulations yielded ultimately plasmids pOSEX7A, pOSEX7B and pOSEX7C.
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