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The anaerobically inducible arcDABC operon encodes the enzymes of the arginine deiminase pathway in
Pseudomonas aeruginosa. Upon induction, the arcAB mRNAs and proteins reach high intracellular levels,
because of a strong anaerobically controlled promoter and mRNA processing in arcD, leading to stable
downstream transcripts. We explored the usefulness of this system for the construction of expression vectors.
The lacZ gene of Escherichia coli was expressed to the highest levels when fused close to the arc promoter.
Insertion of lacZ further downstream into arcA or arcB did not stabilize the intrinsically unstable lacZ mRNA.
On the contrary, lacZ mRNA appeared to be a vulnerable endonuclease target destabilizing arcAB mRNAs in
the 5'-to-3' direction in P. aeruginosa. The native arc promoter was modified for optimal expression in the —10
sequence and in the —40 region, which is a binding site for the anaerobic regulator ANR. In P. aeruginosa grown
either anaerobically or with oxygen limitation in unshaken cultures, this promoter was stronger than the
induced tac promoter. The P. aeruginosa lipAH genes, which encode extracellular lipase and lipase foldase,
respectively, were fused directly to the modified arc promoter in an IncQ vector plasmid. Semianaerobic static
cultures of P. aeruginosa PAO1 carrying this recombinant plasmid overproduced extracellular lipase 30-fold
during stationary phase compared with the production by strain PAO1 without the plasmid. Severe oxygen
limitation, in contrast, resulted in poor lipase productivity despite effective induction of the ANR-dependent
promoter, suggesting that secretion of active lipase is blocked by the absence of oxygen. In conclusion, the
modified arc promoter is useful for driving the expression of cloned genes in P. aeruginosa during oxygen-

limited growth and stationary phase.

Pseudomonas aeruginosa is an aerobic bacterium which
adapts readily to anoxic conditions, using either nitrate respi-
ration or arginine fermentation to generate metabolic energy
(19, 50, 58). Anaerobic degradation of L-arginine depends on
the arginine deiminase (ADI) pathway encoded by the arcD-
ABC operon and the FNR-like anaerobic regulator ANR (13,
32, 50, 59). Oxygen limitation strongly and coordinately in-
duces the cytoplasmic enzymes of the ADI pathway: ADI,
catabolic ornithine carbamoyltransferase (cOTC), and car-
bamate kinase (Fig. 1) (33, 36). When the arc operon is carried
by a multicopy IncQ plasmid, ADI (the arcA product) and
cOTC (the arcB product) are the most abundant proteins un-
der inducing conditions and represent >20% of the total cel-
lular protein, whereas carbamate kinase (the arcC product) is
synthesized in smaller amounts (3, 4). The ArcD protein, a
transmembrane arginine-ornithine exchanger and the product
of the arcD gene, is produced sparingly (6, 32, 51).

High-level expression of the arcA and arcB genes depends
essentially on two mechanisms. First, the transcriptional acti-
vator ANR, activated by oxygen limitation (36, 59), effectively
stimulates transcription of the arc operon by binding to the Arc
box TTGAC....ATCAG, which is located at position —40 from
the transcription start site (15, 17, 54) (Fig. 1). Disruption of
the anr gene or mutational changes in the Arc box abolish
transcriptional activation of the arc operon (13, 54, 59). Sec-
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ond, RNA processing results in the formation of relatively
stable arcABC, arcAB, and arcA transcripts having chemical
half-lives of 13 to 16 min (15). An RNase E-like enzyme cuts in
the distal part of arcD (see Fig. 2B), leading to enhanced
degradation of the arcD segment at the 5’ end of the primary
arc transcripts (15). The 3’ ends of the arc transcripts are
determined by stable stem-loop structures located downstream
of arcA, arcB, and arcC. The hairpin structure at the 3’ end of
arcC forms a rho-independent terminator (see Fig. 2B). The
expression levels of the arcDABC gene products correlate ap-
proximately with the relative abundance of the corresponding
arc transcripts, in the order arcA (highest)-arcB-arcC-arcD
(lowest) (15).

Deletion of either the processing sites in arcD or the stem-
loop structures downstream of arcA or arcB lowers the levels of
expression of ADI and cOTC, apparently by decreasing the
amounts of the corresponding transcripts (15). This observa-
tion implies that the arc4 and arcB transcripts owe their sta-
bility, at least in part, to sequences located at their 5’ ends as
well as at their 3’ ends. In general, bacterial mRNAs are degraded
rapidly but can be stabilized by 5’ stabilizers and/or stem-loop
structures located at the 3’ ends of transcripts (10, 23, 42, 43).

The anaerobically inducible, highly efficient expression of
the P. aeruginosa arcA gene has prompted us to exploit this
system for the construction of expression vectors in Pseudomo-
nas spp. Anaerobically activated promoters (28, 38, 40) and
mRNA stabilizers placed at either the 5’ or the 3" end (22, 56)
have been used previously to enhance the expression of het-
erologous genes in enteric bacteria. In the first part of this
study, we investigated the utility of ANR-dependent promoters
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FIG. 1. The arcDABC operon (5.0 kb), its gene products, and the ADI pathway of P. aeruginosa. The anaerobically inducible arc promoter (P) is shown with the
—40 region (the ANR binding site) and the —10 region. Inverted repeats IR and IR, specify stem-loop structures in the arc transcripts. They constitute barriers against
3'-exonuclease attack and/or weak transcription terminators. IR; is a rho-independent terminator (15). The site(s) of mRNA processing (15, 16) (vertical arrow) is
indicated. CK, carbamate kinase. Restriction sites: H, HindIIL; Sp, Sphl; and Sm, Smal.

and stabilizing segments from arc transcripts to construct vec-
tors for regulated, high-level expression of cloned genes in
P. aeruginosa and other species of fluorescent pseudomonads.

In the second part, we show that a newly developed, ANR-
dependent expression system allows overexpression of lipase
from P. aeruginosa. Bacterial lipases, especially those from the
genus Pseudomonas, are of biotechnological interest because
of their usefulness as additives in household detergents or as
catalysts for the resolution of racemic compounds which serve
as building blocks in the synthesis of pharmaceuticals and
agrochemicals (25). Pseudomonas lipase cannot be secreted by
Escherichia coli, and when overproduced in this host, the en-
zyme accumulates as inclusion bodies (39). Therefore, it is
preferable to use the native Pseudomonas host for lipase pro-
duction. Ideally, the complex secretion machinery encoded by
xcp genes should be coexpressed with lipase. The xcp genes of
P. aeruginosa are induced naturally during the transition from
exponential to stationary phase (1). In parallel, the ANR-
dependent expression system reported here can be turned on
by oxygen limitation, i.e., by conditions prevailing in unshaken,
stationary-phase cultures. Thus, by expressing the lipase struc-
tural genes lipAH under ANR control, we have achieved a
simple and inexpensive procedure for enhanced production of
extracellular lipase.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used are
listed in Table 1.

Media and growth conditions. All incubations were carried out at 37°C. The
liquid and solid media for aerobic growth of E. coli and P. aeruginosa were
nutrient yeast broth, nutrient agar, and minimal medium E (44). For oxygen-
limited and anaerobic growth of P. aeruginosa, yeast extract-arginine (YEA)
medium was used (50). Maintenance of pKT240 derivatives in P. aeruginosa was
ensured by the addition of 250 pg of carbenicillin per ml. For E. coli, 100 pg of
ampicillin per ml was used instead.

DNA manipulations. Standard techniques were used for restriction, agarose
gel electrophoresis, dephosphorylation with alkaline phosphatase, nick transla-
tion with DNA polymerase I, Southern blotting, generation of blunt ends with
Klenow polymerase, isolation of DNA fragments from low-melting-point agarose
gels, ligation, and transformation by CaCl, treatment (45). E. coli XL1Blue was
used for cloning experiments. Electroporation of P. aeruginosa with plasmid

DNA was done as described previously (59). Small-scale plasmid preparations
were performed by the method of Del Sal et al. (11). Qiagen purification (Dia-
gen) was used to obtain large-scale plasmid DNA preparations. Chromosomal
DNA of P. aeruginosa was isolated as described by Gamper et al. (15). Double-
stranded DNA was sequenced by the chain termination method with Sequenase
(U.S. Biochemical Corp.) according to the manufacturer’s instructions.

Construction of chromosomal arc-lacZ mutants of P. aeruginosa. Transcrip-
tional lacZ fusions at four different positions in the arc operon were stably
integrated into the chromosome of P. aeruginosa PAOI1 via the mobilizable,
ColE1-derived suicide vector pME3087 (52, 58). The EcoRI site of pME3087
was removed by filling in with DNA polymerase I (Klenow fragment). The
resulting plasmid, pME3087AE, was used to clone the 5.5-kb HindIII-Sacl frag-
ment carrying the arc operon with an artificial EcoRI site in arcA (from
pME190::w1), arcB (from pME190::0w2), or arcD (from pME190::w3) or the
5.3-kb HindIII-Sacl fragment carrying the arc operon with an artificial EcoRI site
at the 3’ end of arcD (from pME3732) (Table 1). The promoterless lacZ gene
derived from pMLS8 (31) was excised as a 3.2-kb EcoRI fragment from pME3517
(see Fig. 2A and B) and inserted into the EcoRlI sites of the above constructs.
The lacZ fusion plasmids were mobilized from E. coli S17-1 to P. aeruginosa
PAOL1 grown at 43°C (58). Selection for tetracycline resistance (on minimal
medium E containing 50 pg of tetracycline per ml) at 37°C produced PAO1
transconjugants carrying a chromosomally integrated copy of the pME3087 de-
rivatives at about 4 X 10”7 per donor. After enrichment with p-cycloserine to
eliminate the integrated plasmid (20), tetracycline-sensitive, Lac* colonies (blue
on 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside [X-Gal] [200 wg/ml]) were
obtained. Chromosomal DNAs of these arc-lacZ mutants were digested with
BamHI and HindIIl and hybridized against an arc’DAB’ probe (3.6-kb Sphl
fragment; Fig. 1). Southern blotting confirmed the lacZ insertion in arcA
(PAO6263), arcB (PAO6264), and arcD (PAO6265 and PAO6266) (data not
shown).

RNA experiments. Total RNA of the wild-type P. aeruginosa PAO1 and the
four arc-lacZ mutants was isolated after 5 h of oxygen-limited growth in YEA
medium as described elsewhere (15, 30). For Northern (RNA) blot analysis,
digoxigenin (DIG)-labeled arcA antisense RNA was synthesized in vitro with the
pGEM-1-derived plasmid pME3702 (Fig. 2B) as a template and T7 RNA poly-
merase and DIG-UTP in a reaction mix as specified by Boehringer (Mannheim,
Germany). Electrophoretic separation on an agarose gel and transfer to a Hy-
bond-N membrane (Amersham) were done as described previously (15). Prehy-
bridization, hybridization against the DIG-labeled antisense RNA probe, and
immunological detection were performed as specified by Boehringer.

Immunoblot analysis of lipase. The proteins in dialyzed culture supernatants
were concentrated by evaporation under reduced pressure, dissolved in sample
buffer (50 mM Tris-HCI [pH 6.8], 10% [vol/vol] glycerol, 2% [vol/vol] 2-mercap-
toethanol, 0.03% bromophenol blue) containing 4% (wt/vol) sodium dodecyl
sulfate (SDS), and loaded onto an SDS-12% (wt/vol) polyacrylamide gel for
electrophoresis. Membrane and soluble fractions were obtained from P. aerugi-
nosa cells harvested at various times of growth. Cells were resuspended in 5 ml
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TABLE 1. Bacterial strains and plasmids

Strain Genotype or relevant characteristics

Reference(s) or
source

Strains
P. aeruginosa

PAO1 Wild type 24
PAO6251 A(arcDABC) 17
PAO6263 arcA-lacZ transcriptional fusion This work (Fig. 2B)
PAO6264 arcB-lacZ transcriptional fusion This work (Fig. 2B)
PAO6265 arcD-lacZ transcriptional fusion This work (Fig. 2B)
PAO6266 arcD-lacZ transcriptional fusion This work (Fig. 2B)
E. coli
S17-1 pro thi hsdR recA; chromosomal insertion of RP4-2 46
XL1Blue recAI endAI gyrA96 thi-1 hsdR17 supE44 relAl lac/F' proAB lacl® lacZAM15 Tnl0 Stratagene
Plasmids
pBluescript KS(+) Ap/Cb ColEl replicon (3.0 kb) Stratagene
pKT240 Ap/Cb Km Mob IncQ (12.5 kb) 2
pPME190 Ap/Cb Mob IncQ (16.1 kb); 5.3-kb HindIII-Smal fragment carrying arcDABC, cloned into pKT240 33
PME190::0-1 pME190 derivative with 35-bp insertion from Tnl725 in arcA 14, 32
PME190::w-2 PME190 derivative with 35-bp insertion from Tn/725 in arcB 14
PME190::0-3 PME190 derivative with 35-bp insertion from Tn/725 in arcD 32
pPME336 Ap/Cb Mob IncQ (15.6 kb); translational arcD'-'lacZ fusion 17
pME3087 Tc Mob ColE1 replicon (6.9 kb); suicide vector 52,58
PME3087AE PME3087 derivative without EcoRI site This work
pME3517 Insertion of 3.2-kb Kpnl-Ahalll lacZ fragment from pMLS8 in pBluescript KS(+) cut with Kpnl and This work (Fig. 2A)
Hincll
PME3523 Ap/Cb Km Mob IncQ (14.2 kb); insertion of 3.2-kb Smal-Sall lacZ fragment from pME3517 into This work
pME336
pME3702 pGEM-1 derivative carrying an arcA internal sequence 17
pPME3732 PME190 derivative with deletion of 182 bp in the 3’ region of arcD 15
pME3781 Ap/Cb lacZ* Mob IncQ (13.5 kb); pKT240 derivative with artificial —40 (TTGAT....ATCAA)/—10 54
(TATAAT) promoter upstream of lacZ
pME3789 Ap/Cb Mob IncQ (10.0 kb); pKT240 derivative with artificial —40 (TTGAT....ATCAA)/—10 This work (Fig. 3)
(TATAAT) promoter upstream of the multiple cloning site
pME3799 Ap/Cb Mob IncQ (12.5 kb); insertion of 2.5-kb lipAH fragment from pSW112 in pME3789 This work (Fig. 3)
pMLS8 Gm Mob IncQ (16.5 kb); promoterless lacZ in plasmid pML10 (a derivative of pSUP104) 31
pSW112 pUC19 derivative carrying a 15.3-kb insert containing the genes lipAH 55

of 25 mM Tris-HCI (pH 7.4) and disrupted by sonication at 4°C. Intact cells were
eliminated by pelleting at 5,000 X g. The supernatant was centrifuged at
100,000 X g for 1 h to separate soluble proteins from an insoluble pellet. The
pellet containing the membrane fraction was resuspended in water. Following
electrophoresis in a polyacrylamide gel, proteins were electrotransferred to a
polyvinylidene difluoride membrane (Bio-Rad) in a Trans-Blot apparatus (Bio-
Rad) at 4°C. The membranes were incubated in 25 mM Tris-HCI (pH 8.0)-140
mM NaCl-3 mM KCI-0.2% (wt/vol) Tween 20 with a 1:50,000 dilution of a
polyclonal antilipase antiserum raised in rabbits against a synthetic peptide
consisting of amino acids 48 to 62 of the N-terminal part of mature lipase (55).
This peptide had been conjugated to keyhole limpet hemocyanin with glutaral-
dehyde as the coupling reagent. Immunoblots were treated with goat anti-rabbit
horseradish peroxidase conjugate as the secondary antibody and developed with
the enhanced chemiluminescence system (Amersham).

Enzyme assays. ADI and cOTC were measured in toluenized cells as de-
scribed elsewhere (33). B-Galactosidase specific activities were determined by
the Miller method (45). Lipase activity was measured with p-nitrophenylpalmi-
tate (p-NPP) as the substrate (48). After incubation at 37°C for 15 min, the 44,
was determined, with an enzyme-free control as a blank value. Under these
conditions, an A4, of 1 equals 0.212 ng of pure lipase (48). Specific lipase
activities are expressed as nanograms of lipase per 10° cells. Lipase activity was
also determined by a specific and sensitive plate assay with the fluorescent dye
rhodamine B and trioleoylglycerol (olive oil) as described previously (29).

RESULTS

Expression of a promoterless lacZ cartridge inserted at four
different positions in the chromosomal arcDABC operon of P.
aeruginosa. We chose the intrinsically unstable lacZ (3-galac-
tosidase) transcripts of E. coli to test whether this mRNA

would be stabilized when inserted into an arc transcript envi-
ronment in P. aeruginosa. In E. coli, the chemical and func-
tional half-lives of lacZ mRNA are 1 to 3 min, and nucleolytic
degradation is initiated near the 5’ end of the lacZ transcript
by RNase E (41, 53, 57). A promoterless lacZ cartridge was
constructed in pME3517 (Fig. 2A), which contains the E. coli
lacZ gene fused to a 66-bp fragment from bacteriophage \ and
a ribosome binding site (31). Downstream of the lacZ gene lies
a sequence whose dyad symmetry has the potential to form a
hairpin structure in the transcript. This structure slightly sta-
bilizes native lacZ mRNA in E. coli (41). The lacZ cartridge
was inserted into the arc operon of P. aeruginosa at positions
557 (in arcD), 2590 (in arcA), and ca. 3000 (in arcB) (Fig. 2B).
In each case, the lacZ insertion was made at an artificial EcoRI
site which had been created by insertion of Tn1725 into the arc
operon (32). Tnl725 contains an EcoRI site in each terminal
inverted repeat, and in vitro excision of the interior of the
transposon results in a 35-bp insertion with an EcoRI site (49).
In addition, pME3732, a plasmid carrying a 182-bp deletion at
the 3’ end of arcD (15), was used to construct a fourth lacZ
fusion. Plasmid pME3732 lacks the RNase E processing sites
of the arc operon, whereas the arcA translation initiation re-
gion remains functional. The EcoRI site marking the deletion
site allowed an arcD-lacZ fusion to be made at position 1497
(Fig. 2B). All four lacZ insertions were integrated into the
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FIG. 2. Construction of chromosomal lacZ insertion mutants of P. aeruginosa
and Northern blot analysis. (A) The 3.2-kb lacZ cartridge from pMLS8 (31) was
cloned as a Kpnl-Ahalll fragment into pBluescript KS(+) cut with Kpnl and
Hincll, resulting in pME3517, which contains the transcriptional lacZ probe
shown. Restriction sites: B, BamHI; E, EcoRI; H, HindIIl; K, Kpnl; P, PstI; Sm,
Smal; and Xb, Xbal. (B) The lacZ cartridge (}) was excised as an EcoRI
fragment and inserted into four different EcoRI sites in the arc operon giving
transcriptional arc-lacZ fusions. These were integrated into the PAO1 chromo-
some, producing the mutants PAO6265 (arcDss;-lacZ), PAO6266 (arcD 497
lacZ), PAO6263 (arcA,sop-lacZ), and PAO6264 (arcBsyy-lacZ), as described in
Materials and Methods. The triangle-based flag marks the mRNA processing
site(s) at the 3’ end of arcD, giving three stable arc transcripts (solid lines)
derived from the primary transcripts (broken lines) (15, 16). The anaerobically
inducible arc promoter (P,,.) and the direction and location of the arcA antisense
RNA probe synthesized in vitro with T7 RNA polymerase (15) (pME3702) are
indicated. EcoRI sites in parentheses do not exist in the natural arc operon. (C)
Northern blot. Total RNA (PAO6263, 0.5 pg; other strains, 2 pg) was extracted
from cultures grown in YEA medium with oxygen limitation for 5 h and hybrid-
ized to a DIG-labeled arcA4 probe. An RNA ladder (GIBCO-BRL) served as a
size marker.

chromosomal arc operon of P. aeruginosa PAO1 via homolo-
gous recombination, using the suicide vector pME3087 (Ma-
terials and Methods). In all lacZ constructs, the arc sequences
located upstream and downstream of the insertions were left
intact.

The levels of B-galactosidase in cells grown with oxygen
limitation were similar for the four lacZ strains (Table 2),
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indicating that the position of the lacZ insertion has little
impact on B-galactosidase expression. We conclude that an
arcA or arcB transcript environment, although stable per se,
cannot enhance lacZ expression levels above those found in
the intrinsically less stable arcD environment. Uninduced (aer-
obic) enzyme levels varied somewhat, depending on the site of
lacZ insertion, but the effect of anaerobic induction was always
apparent (Table 2). The chromosomal lacZ insertions in arcD
or arcA had a polar effect on the expression of the downstream
arc genes (Table 2), presumably by destabilizing the mRNA,
but partial termination of transcription is also possible.

The stable, processed arcABC, arcAB, and arcA transcripts
are not formed after lacZ insertion into arcA. The processed
arcA, arcAB, and arcABC mRNAs can be readily detected in P.
aeruginosa with an arcA probe and are much more abundant
than the primary arcDA, arcDAB, and arcDABC transcripts,
which need to be visualized by hybridization with an arcD
probe after extensive exposure (15). To test the effect of lacZ
insertions in the arc genes, we isolated RNA from oxygen-
limited cultures and, following Northern transfer, revealed
the transcripts by hybridization with an arcA probe (Fig. 2C).
The typical 3.5-kb arcABC, 2.5-kb arcAB, and 1.4-kb arcA
transcripts appeared in the wild-type PAO1 and were entirely
missing in the deletion mutant PAO6251 (AarcDABC). The
arcDss,-lacZ mutant PAO6265, which still carries the natural
processing sites in arcD, produced the arcABC, arcAB, and
arcA mRNAs with low efficiency. Somewhat surprisingly, the
arcD ,o;-lacZ mutant PAO6266, in which the processing re-
gion in arcD is deleted, also gave the same three mRNAs,
albeit with low yields (Fig. 2C). Previous work had shown that
in the absence of a lacZ insertion, the 182-bp deletion at the 3’
end of arcD eliminates the formation of the 3.5-, 2.5-, and
1.4-kb transcripts (15). It appears, therefore, that in strain
PAO6266 the lacZ insert acts as an artificial processing site,
with formation of some stable downstream transcripts. In the
arcA,soo-lacZ mutant PAO6263, the discrete arcABC, arcAB,
and arcA bands disappeared and a smear was seen, indicative
of highly unstable RNA. Finally, the insertion of lacZ in arcB
(PAO6264) led to a loss of the arcABC and arcAB transcripts,
and only the 1.4-kb arcA transcript was visible (Fig. 2C). Thus,
the 3.2-kb lacZ segment, when inserted in arcA or arcB, did not
increase the length of the typical arc transcripts but, on the
contrary, destabilized them. This result was confirmed by hy-
bridization of the same RNA preparations with a lacZ probe:

TABLE 2. ADI, cOTC, and B-galactosidase levels in the wild-type
PAOI1 and the four lacZ insertion mutants

B-Galactosi- ADI cOTC
dase sp act @ @@
Strain Fusion (kU) Sp ac Sp ac

+0> -0 +0, -0, +0, -0,
PAOL1 0 0 23 554 27 1,100

PAOG6263  arcAssolacZ 074 312 0 0 76 280
PAOG6264 arcB,, spplacZ 024 228 14 262 0 0
PAOG6265 arcDys,-lacZ 0.15 241 12 40 24 93
PAO6266 arcD,-lacZ 040 295 40 104 48 622

“ ADI and cOTC specific activities are given in micromoles of product per
hour per milligram of protein. The values shown are averages of three indepen-
dent measurements, which differed by <20%.

? +0,, aerobic growth: cells were grown in 500-ml baffled flasks containing 60
ml of YEA medium with vigorous shaking to exponential phase (ca. 5 X 10° cells
per ml). —O,, oxygen-limited growth: cells were grown in tightly capped 125-ml
bottles containing 60 ml of YEA medium to stationary phase (ca. 8 X 10 cells
per ml).
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FIG. 3. Construction of the anaerobic expression vector pME3789 and its application to lipase overexpression. Plasmid pME3789 is based on the mobilizable
broad-host-range IncQ vector pKT240 (2) and its derivative pME3781 (54) and carries an artificial modular promoter consisting of a —40 ANR binding site (boldface),
a —10 RNA polymerase recognition sequence (boldface), and a multiple cloning site (mcs). The 2.5-kb XmnI-Smal lipAH fragment derived from pSW112 was modified
at the ends (by being cloned into the EcoRV site of pBluescript). The resulting 2.5-kb Smal-HindIII fragment was inserted into the vector pME3789, giving pME3799.
The Shine-Dalgarno sequence (SD) and the lipA4 start codon are indicated in boldface.

no discrete arc-lacZ bands were detectable in strains PAO6263
and PAO6264 (data not shown).

Enzyme activities were determined in parallel with the RNA
analysis; they agreed with the values shown in Table 2. The
polar effects of lacZ insertion on the expression of the down-
stream arc genes can be explained adequately by the reduced
amounts of arc transcripts (Fig. 2C).

The same arc-lacZ transcriptional fusions were constructed
in an IncQ vector plasmid derived from pKT240. The B-galac-
tosidase levels measured in P. aeruginosa (data not shown)
paralleled the results obtained with the chromosomal lacZ
fusions (Table 2), confirming that heterologous lacZ expres-
sion does not benefit from lacZ transplantation into the arcA
and arcB genes. In fact, a transcriptional lacZ fusion made
close to the arc promoter (at position 257 at the 5’ end of arcD,
in plasmid pME3523) gave maximal B-galactosidase levels
upon anaerobic activation (ca. 21,000 Miller units), and this
observation served as the basis for the construction of opti-
mized, ANR-dependent expression constructs.

Construction of the ANR-dependent expression vector
pME3789. In previous work (17, 54), the effects of arc pro-
moter mutations on oxygen-limited, ANR-dependent expres-
sion have been studied. A 20% increase of expression occurs
when the —40 region GCTA TTGAC GTGG ATCAG CATT
containing the Arc box (boldface) is changed to the sequence
GCTA TTGAA GTGG ATCAA CATT, containing an FNR
consensus inner motif (boldface). A fully symmetrical, optimal
FNR binding site, AAAT TTGAT ATAT ATCAA ATTT, in
contrast, is recognized by ANR rather poorly in P. aeruginosa
(54). The —10 promoter sequence determines the levels of
both aerobic and anaerobic expression. Replacement of the arc
wild-type hexamer CCTAAT by the E. coli consensus hexamer
TATAAT increases aerobic and anaerobic expression about
threefold in P. aeruginosa (54). In the newly constructed IncQ
vector pME3789 (Fig. 3), the —40/—10 combination giving the
highest level of expression (89,000 Miller units after induction)
was used, and a linker containing eight unique restriction sites
was inserted downstream of the modified arc promoter. The

copy number of pME3789 in P. aeruginosa is expected to be 20
to 40, as found for similar IncQ plasmids (27). Transcriptional
lacZ fusion to the fac promoter, in an IncQ vector, gives ca.
47,000 Miller units after induction with isopropyl-p-p-thioga-
lactopyranoside (IPTG) in P. aeruginosa (47). Thus, the mod-
ified arc promoter appears to be about twice as strong as the
tac promoter.

Application of pME3789: overexpression of P. aeruginosa
lipase. The lipAH genes of P. aeruginosa, encoding lipase and
its foldase, an export helper protein bound to the inner mem-
brane (26, 55), were cloned on a 2.5-kb XmnI-Smal fragment
into the vector pME3789. In the resulting construct, pME3799
(Fig. 3), the ATG start codon of the lip4 gene lies ca. 110 bp
downstream of the ANR-dependent vector promoter (Fig. 3).

The wild-type strain PAO1 grown to exponential phase with
good aeration produced minute amounts of lipase in culture
supernatants, whether or not the strain contained pME3799
(Table 3). Severely oxygen-limited growth in hermetically
sealed vessels failed to increase extracellular lipase in cultures
of strain PAO1/pME3799 (Table 3). In contrast, strain PAO1

TABLE 3. ANR-dependent expression of lipase and
B-galactosidase in P. aeruginosa

Sp act”
Strain Enzyme p—
measured +0, -0, Stt.
PAO1 Lipase 1 0 5
PAO1/pME3799 (lipAH*)  Lipase 3 1 150

PAO1/pME3781 (lacZ™) B-Galactosidase 16 89 78

“ Lipase specific activities are measured by the p-NPP assay (Materials and
Methods) and expressed as nanograms of lipase per 10° cells. B-Galactosidase
activities are given in thousands of Miller units. Average values of three inde-
pendent experiments are shown. +0O,, aerobic growth in YEA medium; —O,,
oxygen-limited growth in YEA medium; Stat., cells grown in 500-ml baffled flasks
containing 60 ml of YEA medium to ca. 8 X 10® cells per ml with aeration and
then further incubated unshaken at room temperature for 40 h to stationary
phase (ca. 2 X 10° cells per ml).
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FIG. 4. Production of lipase activity and protein as a function of time. (A)
Total lipase activity is composed of a cell-free supernatant fraction and a cell-
associated fraction, which can be released by washing with 0.1% Triton X-100.
The open, unshaken culture was incubated at room temperature for 31, 55, and
96 h. Aerobic (+0,) and anaerobic (—0,) incubations were done as described
in Table 2, footnote b. stat., stationary phase; sp. act., specific activity. (B)
Dialyzed cell-free supernatants from culture samples containing 3.2 X 10° cells
were concentrated by evaporation under reduced pressure and subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by immunoblot
analysis using antilipase antibodies. (C) Cells were washed with 0.1% Triton
X-100. The wash solution, containing lipase released from the cells, was dialyzed
and subjected to SDS-PAGE followed by immunoblot analysis. The same
amounts of supernatants as in panel B were loaded. Increasing amounts of pure
lipase (10, 20, 40, and 60 ng) were run in order to quantify the amount of lipase
produced. (D) Samples of 10 pg of total protein of whole cells (wc), the mem-
brane fraction (m), and the soluble fraction (s) of anaerobic and stationary (31
and 96-h) cultures were subjected to SDS-PAGE followed by immunoblot anal-
ysis.

harboring pME3781, an analogous, ANR-dependent plasmid
expressing the lacZ gene of E. coli (54), gave very high levels of
intracellular B-galactosidase upon oxygen limitation in closed
bottles (Table 3). Here, B-galactosidase represented about
20% of the total soluble cell protein. Thus, these culture con-
ditions turn on the vector promoter but are not conducive to
overproduction of extracellular lipase. Earlier work (8) has
shown that in P. aeruginosa MB5001, lipase production is op-
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timal when the cultures are shifted from oxygen limitation to
oxygen-nonlimiting conditions in the stationary growth phase.
A possible interpretation is that the presence of some oxygen
is required for secretion of active lipase. Therefore, strain
PAO1/pME3799 was grown to ca. 8 X 10® cells per ml with
shaking and then incubated as an open, unshaken culture at
room temperature for 1 day or longer. In such cells, the ANR-
dependent promoter is turned on, as shown by high-level B-ga-
lactosidase expression in strain PAO1/pME3781 (Table 3).
However, atmospheric oxygen is available to the cells. Strain
PAO1/pME3799 cultivated in this way produced 150 ng of
lipase per 10° cells after 40 h of incubation, a 30-fold increase
compared with lipase production by strain PAO1 (Table 3).

Lipase production in static cultures of strain PAO1/
pME3799 was monitored as a function of time. Over a 4-day
period, there was an increase of lipase activity and protein in
the culture supernatants (Fig. 4A and B), and additional lipase
could be recovered by washing the cells with Triton X-100 (Fig.
4A and C). Cell-associated lipase was found in the insoluble
(membrane) fraction and could not be detected among soluble
proteins. Processed 29-kDa lipase was observed in all fractions,
and only a minor portion of the membrane-associated enzyme
appeared as a 33-kDa band typical of unprocessed lipase (Fig.
4D). Cells grown with good aeration or under strict oxygen
limitation did not produce intra- or extracellular lipase protein
(Fig. 4B and D). In particular, severely oxygen-limited cells did
not accumulate any lipase protein in the cytoplasm or in the
membrane fraction, indicating that lack of oxygen interferes
with lipase synthesis or secretion.

DISCUSSION

Development of an expression vector derived from the arc
operon of P. aeruginosa. The existence of mRNA stabilizers in
E. coli initially encouraged us to test whether the remarkable
stability of the processed arcA, arcAB, and arcABC transcripts
of P. aeruginosa could be exploited to stabilize heterologous,
unstable mRNAs. Stem-loop structures positioned at the 3’
ends of transcripts can function as barriers to 3’-to-5' mRNA
degradation and enhance mRNA stability (5, 42, 56). For in-
stance, when the 3’ element of dyad symmetry of the lacZ gene
of E. coli is deleted (Fig. 2A), the functional half-life of lacZ
mRNA can be decreased up to threefold (41). In the arc
operon of P. aeruginosa (Fig. 1), the inverted repeats IR, and
IR, have a mild mRNA-stabilizing effect (15). The 5’ ends of
bacterial mRNAs can also have a crucial impact on stability.
For instance, ompA mRNA in E. coli owes much of its longev-
ity to the 5’ untranslated region. A particular fusion of this
region to the lacZ gene enhances the chemical half-life of lacZ
mRNA fivefold (22). However, it appears that the fusion sites
in ompA and lacZ are important, since in other experiments
with different ompA-lacZ fusions no stabilizing effect has been
detected (18).

The stability of many different mRNAs of E. coli, including
that of lacZ mRNA, critically depends on RNase E, an endo-
nuclease which cleaves transcripts at specific sites, often near
the 5" end (12, 21, 37, 57). RNase E has been found in a protein
complex which additionally contains polynucleotide phosphor-
ylase (7, 43). The latter enzyme, together with RNase II, exo-
nucleolytically degrades the bulk of mRNA in the 3'-to-5’
direction (5, 42). There is evidence that P. aeruginosa contains
an RNase E-like enzyme: the arc transcripts are processed at
the same (or similar) sites in P. aeruginosa and E. coli (16). In
a temperature-sensitive RNase E mutant of E. coli, at nonper-
missive temperature, the arc transcripts are not processed (16).
In P. aeruginosa, deletion of the processing site(s) in arcD has
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the same effect (15). For this organism, however, no RNase E
mutants are available.

Insertion of lacZ into arcA abolished the typical arcA, arcAB,
and arcABC transcripts, rather than making them longer (Fig.
2C). This indicates that lacZ mRNA is a highly vulnerable
endonuclease target not only in E. coli (41) but also in P.
aeruginosa. Integration of lacZ into arcB destabilized the arc-
AB and arcABC mRNAs but spared arcA mRNA (Fig. 2C),
suggesting that lacZ insertion induces an overall 5'-to-3’ deg-
radation, as seen for lacZ mRNA in E. coli (35). The most
labile part of lacZ mRNA in E. coli resides in the ribosome
binding-translation initiation sites (53), in which decay is initi-
ated by RNase E (5§7). It is plausible that the RNase E-like
enzyme of P. aeruginosa may play an analogous role. Evidence
comes from strain PAO6266 (arcD, 9,-lacZ), in which the nat-
ural arcD processing region is deleted: here, the lacZ insert
appears to act as a substitute processing site (Fig. 2C).

Since promoter-proximal lacZ insertions in plasmid con-
structs gave the highest B-galactosidase levels, we focused on
the promoter region for vector construction. Modifications of
the —40 and —10 regions of the native arc promoter increased
oxygen-limited expression about fourfold, as judged from B-ga-
lactosidase levels. The modified promoter, by virtue of its —10
consensus hexamer TATAAT, also gave fairly high nonin-
duced B-galactosidase values (Table 3). When this is undesir-
able, the modular construction of pME3789 permits a straight-
forward replacement of the —10 region (Fig. 3). For instance,
the arc —10 hexamer CCTAAT, in combination with various
ANR binding sites, results in lower induced and noninduced
levels as well as in a tighter control by oxygen limitation (54).

Applications of the ANR-dependent expression system.
Pseudomonas lipases are of biotechnological interest, primarily
because of their stereospecificity (8, 26). As heterologous ex-
pression of lipase can pose problems of secretion, production
of this enzyme is usually sought in the original host. To our
knowledge, convenient expression vectors that allow increased
lipase production in Pseudomonas species have not been re-
ported, and industrial lipase production processes appear to
rely mostly on conventional strain improvement and optimiza-
tion of culture conditions (8, 26, 34). Using the pME3789-
lipAH expression construct, we demonstrate that in wild-type
P. aeruginosa PAO1, lipase overproduction can be achieved in
a simple fermentation process (Fig. 4). No attempt to optimize
the culture medium and the dissolved-oxygen tension during
the incubation was made.

FNR-dependent, oxygen-controlled promoters have been
used in E. coli and Salmonella typhimurium to overproduce a
range of proteins of industrial interest, such as antigens for
vaccine purposes (9, 38, 40). Our present study illustrates that
a similar approach based on ANR-dependent expression is
successful in P. aeruginosa. To some extent, FNR- and ANR-
dependent systems are interchangeable in that FNR and ANR
have overlapping recognition specificities. However, there are
limits to such interchange. For instance, the P. aeruginosa arc
promoter does not function in fir " E. coli (33, 54). In contrast,
the arc promoter is functional and inducible in several species
of fluorescent pseudomonads (59). This opens up the possibil-
ity of using ANR-dependent vectors in Pseudomonas species
other than P. aeruginosa.
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