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Transcription of the oprF Gene of Pseudomonas aeruginosa Is
Dependent Mainly on the SigX Sigma Factor and Is Sucrose Induced

Emeline Bouffartigues,® Gwendoline Gicquel,® Alexis Bazire,” Manjeet Bains,© Olivier Maillot,® Julien Vieillard,? Marc G. J. Feuilloley,?
Nicole Orange,® R. E. W. Hancock,© Alain Dufour,” and Sylvie Chevalier®

Laboratoire de Microbiologie-Signaux et Micro-Environnement (LMSM), Université de Rouen, Rouen, France?; Laboratoire de Biotechnologie et Chimie Marines (LBCM),
Université de Bretagne Sud (UEB), IUEM, Lorient, France®; R. E. W. Hancock Laboratory, Department of Microbiology and Immunology, University of British Columbia,
Vancouver, British Columbia, CanadaS; and UMR CNRS 6014 COBRA, Université de Rouen, Rouen, France®

The OprF porin is the major outer membrane protein of Pseudomonas aeruginosa. OprF is involved in several crucial functions,
including cell structure, outer membrane permeability, environmental sensing, and virulence. The oprF gene is preceded by the
sigX gene, which encodes the poorly studied extracytoplasmic function (ECF) sigma factor SigX. Three oprF promoters were pre-
viously identified. Two intertwined promoters dependent on ¢”° and SigX are located in the sigX-oprF intergenic region,
whereas a promoter dependent on the ECF AlgU lies within the sigX gene. An additional promoter was found in the cmpX-sigX

intergenic region. In this study, we dissected the contribution of each promoter region and of each sigma factor to oprF tran-
scription using transcriptional fusions. In Luria-Bertani (LB) medium, the oprF-proximal region (sigX-oprF intergenic region)
accounted for about 80% of the oprF transcription, whereas the AlgU-dependent promoter had marginal activity. Using the sigX
mutant PAOSX, we observed that the SigX-dependent promoter was largely predominant over the 6”°-dependent promoter.
oprF transcription was increased in response to low NaCl or high sucrose concentrations, and this induced transcription was
strongly impaired in the absence of SigX. The lack of OprF itself increased oprF transcription. Since these conditions led to cell
wall alterations, oprF transcription could be activated by signals triggered by perturbation of the cell envelope.

Pxeudomonas aeruginosa is a ubiquitous Gram-negative bacte-
rium capable of surviving in a broad range of natural environ-
ments, although it is best known as an human pathogen associated
with hospital-acquired infections in immunocompromised pa-
tients and as a leading cause of death in cystic fibrosis patients
(8,56).

The outer membrane (OM) of P. aeruginosa is directly exposed
to the environment, and OM components are involved in the
adaptation process of the bacterium. OprF is the most abundant
OM protein of bacteria belonging to the Pseudomonas genus (20).
First described as a structural protein involved in bacterial mor-
phology by anchoring the outer membrane to the peptidoglycan
layer (44), OprF is also a hydrophilic channel-forming protein
contributing to OM permeability. Since no specific substrate has
been discovered to date, OprF was proposed to allow the nonspe-
cific diffusion of ions and low-molecular-mass sugars (5, 37), or
even antibiotics (31), with a cutoff size of 1,519 Da (37). Its func-
tions in host-pathogen interactions started to be deciphered
within the last decade. OprF is involved in adhesion to eukaryotic
cells (3) and in biofilm formation under anaerobic conditions,
possibly through nitrate or nitrite diffusion (47, 56). OprF binds
gamma interferon, which leads to the stimulation of the quorum
sensing (QS) network and consequently to the production of two
bacterial virulence factors, the lectin PA1 and the phenazine pyo-
cyanin (55). OprF has therefore been suggested to be a bacterial
sensor, involved in the perception of the host immune state (55)
and, more generally, of environmental modifications (7, 29, 48).
The importance of OprF in P. aeruginosa pathogenicity was fur-
ther highlighted by our recent data, which showed that the lack of
OprF resulted in impaired production of a number of virulence
factors (22).

Although OprF is involved in the important functions men-
tioned above, the understanding of its gene expression regulation
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remains fragmentary. A first transcriptional study suggested that
oprF was constitutively transcribed as a monocistronic unit from a
o’°-type promoter (20). However, a more complex view emerged
from subsequent work by Brinkman et al. (9), who confirmed that
the predominant oprF mRNA is monocistronic but observed
other, larger oprF transcripts, including the upstream sigX and
oprF genes. These authors mapped two intertwined promoters
just upstream of oprF (within the sigX-oprF intergenic region): the
o’°-type promoter previously identified by Duchéne et al. (20)
and a new promoter depending on the extracytoplasmic function
(ECF) sigma factor SigX encoded by the sigX gene lying just up-
stream of oprF (Fig. 1A). This led to the notion that oprF is not
simply constitutively expressed. In addition, a search for promot-
ers dependent on the ECF factor AlgU led to the identification of a
third oprF promoter lying within the sigX coding sequence (21)
(Fig. 1A). The fact that ECF sigma factors are activated in response
to specific extracellular signals (28, 38) is consistent with the in-
volvement of OprF in adaptation to environments. AlgU (also
known as AlgT, RpoE, ¢*, and 0**) was widely studied because its
hyperactivity leads to overproduction of the exopolysaccharide
alginate, inducing the mucoid phenotype responsible for chronic
infection of the lungs of cystic fibrosis (CF) patients (24, 43). Mu-
coid strains result in most cases from spontaneous mutations in
the mucA gene, which encodes the anti-sigma factor specific for
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FIG 1 Schematic representation of the promoter regions of oprF (A and B) and of transcriptional fusions (C). (A) The genomic positions are indicated on the
top of the genetic map (*) (see reference 49 and http://www.pseudomonas.com). The transcriptional initiation sites of the four promoters lying upstream of the
oprF gene (PS€X, P70 PAlU and P, corresponding to SigX-, 670-, and AlgU-dependent promoters and sigX’s own promoter, respectively) are indicated by
arrows. Their positions are indicated relative to the translational initiation start of oprF in brackets. Squares indicate the —10 and —35 sequences of the two
overlapping promoters PS#* and P°7°. (B) Identification of a putative transcriptional start site (in bold, black arrow) for sigX in the cmpX-sigX intergenic
sequence. The deduced —10 and —35 boxes are underlined and in bold. (C) Black bars represent the beginning of the luxCDABE reporter cassette of the
promoterless pAB133 vector. The position of the promoter region studied is indicated relative to the translational initiation start of oprF. The primers used for
PCR amplifications are represented by short white arrows. The black cross indicates the sigX mutation in pAB754-2 M. The names of the resulting plasmids are

indicated on the right.

AlgU (15, 24, 43). Alternatively, AlgU activity can be induced by a
regulated proteolysis pathway (12, 17, 40, 41, 50, 51). AlgU was
shown to be involved in response to various stresses (such as oxi-
dative, heat, and hyperosmotic stresses) and to cell wall-inhibitory
antibiotics (2, 38, 51). We recently reported that AlgU is necessary
for the formation of robust biofilms by the nonmucoid P. aerugi-
nosa PAOL1 strain (5). In contrast, the ECF factor SigX has not yet
been the focus of detailed studies in Pseudomonas (38). SigX shares
49% similarity with the ECF factors SigX, SigV, and SigW of Ba-
cillus subtilis, which are induced by alkaline and salt shock and by
antibiotics that affect cell wall biosynthesis (10, 11, 30, 45). In B.
subtilis, SigX has a major role in transcribing the gene cluster for
sublancin (32). In P. aeruginosa, disruption of sigX not only re-
duced the OprF amount in the bacterial outer membrane but also
led to OprF-independent phenotypes, including reduced growth
rates, secretion of an unidentified pigment, and increased sensi-
tivity to the antibiotic imipenem (9).

In this study, we dissected the relative roles of the three previ-
ously reported promoters and of the newly identified sigX pro-
moter in oprF transcription. Since OprF has been shown to be
necessary for P. aeruginosa growth in low-osmolarity media (9),
and since osmolarity variations often occur in many environ-
ments (27), we examined the effects of NaCl and sucrose on the
promoter activities.
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MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains used are listed in
Table 1. Bacteria were grown at 37°C on a rotary shaker (180 rpm) in
Luria-Bertani (LB) broth containing 171 mM (10 g 17") NaCl (normal
LB). We also used the following LB-derived media: LBO, NaCl-free LB;
LB342S, LBO supplemented with 342 mM sucrose; and LBPEG, LBO sup-
plemented with 1.4% polyethylene glycol 8000 (PEG 8000). Cultures were
inoculated at an initial optical density at 580 nm (ODsg,) of 0.08. When
required (for plasmid maintenance), Escherichia coli strains were grown in
the presence of ampicillin (Ap; 100 wg ml™"), gentamicin (Gm; 15 g
ml ) or tetracycline (Tc; 10 g ml™'). P. aeruginosa strains were grown
in LB liquid cultures in the presence of carbenicillin (Cb; 300 pg ml ),
Gm (30 pg ml™"), or Tc (250 pg ml™") or on LB agar (1.5%) plates
containing Cb (600 pg ml™"), Gm (100 wg ml~"), or Tc (250 wg ml™").

General DNA procedures. Restriction enzymes, T4 DNA ligase, and
alkaline phosphatase were purchased from New England BioLabs (Ips-
wich, MA) and used according to the manufacturer’s instructions. PCR
assays were carried out with 1 pg of P. aeruginosa strain H103 chromo-
somal DNA, 20 pmol of each primer, and Tag DNA polymerase (Roche
Molecular Biochemicals). When necessary, PCR products and plasmids
were purified with the QIAquick and QIAprep Spin Miniprep kits (Qia-
gen), respectively. E. coli and P. aeruginosa were transformed by electro-
poration (Gene Transformer GTF100; Savant) as described by Dower et
al. (19) and Choi et al. (14), respectively. When indicated, P. aeruginosa
was transformed by conjugation (13). Briefly, a drop of an exponential-
phase culture of the donor E. coli S17.1 (carrying the plasmid to transfer)
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TABLE 1 Bacterial strains and plasmids used in this study

oprF Transcription Depends on SigX and Sucrose

Source or
Strain or plasmid Characteristics reference
P. aeruginosa PAO1 strains
H103 Wild-type strain H103; prototroph derivative of PAO1 26
H636 PAO1 H103 oprF:Q) 52
PAOSX PAO1 H103 sigX::lox This study
PAOSX+ PAOSX containing pAB754 This study
PAOU PAO1 AalgU::lox 5
MUC-N1 Mucoid clinical isolate, mucA mutant J. Caillon, Nantes

E. coli strains

JM109 Competent cells used as cloning host Promega
S17.1 recA pro (RP4-2Tet::Mu Kan::Tn7), donor and helper strain for conjugation 46
Plasmids
pGEM-T Easy PCR cloning vector Promega
pPEX100Tlink Ap* sacB; pUC19-based gene replacement vector with MCS* 42
pUCGmlox Ap" Gm"; pUC18-based gene replacement vector with MCS 42
pCM157 Tc'; cre expression vector 35
pEXASGm pEX100Tlink containing 5" and 3’ flanking sequences of sigX::Gmlox This study
pAB133 Gm'; pBBRIMCS-5-based cloning vector containing the promoterless luxCDABE operon 4
pAB754 Gm"; pAB133-based plasmid with the 754-bp oprF upstream fragment at the Sacl and Spel sites This study
pAB7542 M Gm'; pAB754-based plasmid containing an inactive copy of sigX This study
pAB146 Gm'; pAB133-based plasmid containing the proximal promoter region of oprF at the Sacl and Spel sites ~ This study
pAB1438 Gm"; pAB133-based plasmid containing the promoter region of sigX at the Sacl and Spel sites This study
pAB89 Gm'; pAB133 derivative plasmid containing the oprF promoter; AlgU dependent This study

“ MCS, multiple cloning site.

and a drop of the P. aeruginosa recipient strain taken from the stationary
growth phase were mixed on a solidified LBO agar plate and incubated
overnight at 37°C. The next day, the bacteria were harvested and resus-
pended into 1 ml of liquid LB medium. To select for Pseudomonas
transconjugants, 100 .l of this suspension was plated onto Pseudomonas
isolation agar (Difco, France) containing the appropriate antibiotic selec-
tion.

Extraction of total RNA from P. aeruginosa. Total RNA was prepared
by the hot acid-phenol method. Briefly, cells were lysed and RNA was
extracted three times with an equal volume of acidic hot phenol and once
with chloroform. RNA was ethanol precipitated, air dried, and dissolved
in water. Contaminating DNA was removed from total RNA by using 10
U of RNase-free Dnasel (New England BioLabs) in a 50- ] mixture con-
taining 6.25 mM MgCl, and approximately 3 pg/pl of total RNA. The
reaction mixture was incubated 30 min at 37°C, and the DNase I was then
inactivated by adding 1 .l of 0.5 M EDTA to the mixture and incubating
the mixture for 10 min at 65°C. The concentration was determined by
measuring the absorbance at 260 nm. The quality of the RNA was then
checked on a 2% agarose gel prior to use.

Mapping of sigX transcriptional start site. The 5" end of sigX mRNA
was mapped using the 5" RACE (rapid amplification of cDNA ends) pro-
cedure (3'/5" RACE 2nd Generation kit; Roche Molecular Biochemicals)
according to the manufacturer’s instructions. Briefly, cDNA was pro-
duced from 1 pg of total RNA using primer AS1 (Table 2) and further
purified using the High Pure PCR product purification kit (Roche).
Nested PCR was further achieved using the sigX-specific AS2 and AS3
primers (Table 2) and oligo(dT) primer. Finally, the PCR product was
cloned into pGEM-T Easy vector according to the manufacturer’s instruc-
tions (Promega) and sequenced to identify the 5’ end of the sigX mRNA
(Beckman Coulter Genomics, Villepinte, France).

Construction of transcriptional fusions. To monitor oprF transcrip-
tion, oprF promoters were fused to the promoterless luxCDABE cassette in
the replicative low-copy-number pAB133 vector (Gm") (3). The pro-
moter regions of interest and the positions of the primers, relative to the
oprF and sigX genes, which were used for PCR amplification are presented
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in Fig. 1. The larger oprF promoter region was PCR amplified with the S4
and AS4 primers (Table 2). The Sacl-Spel-digested PCR product was
inserted into pAB133, yielding pAB754. The insert was verified by DNA
sequencing (Beckman Coulter Genomics). Since this construct contained
a functional sigX gene, the two putative translational start codons, located
at positions —606 and —582 relative to the oprF translational starting site
(see reference 49 and http://www.pseudomonas.com), were modified by
site-directed mutagenesis (Quick Change II site-directed mutagenesis kit;
Stratagene), using primers S7 and AS7 (Table 2). This construct,
pAB754-2 M, was sequenced on both strands to confirm the two muta-
tions (Beckman Coulter Genomics). The oprF-proximal, sigX-proximal,
and AlgU-dependent promoter regions were PCR amplified using the
primer pairs S5-AS4, S4-AS5, and S6-AS6 (Table 2), respectively. The
SacI-Spel-digested PCR products were then inserted into pAB133, yield-
ing pAB146, pAB148, and pAB89, respectively. The inserts were verified
by DNA sequencing (Beckman Coulter Genomics).

Bioluminescence assays. P. aeruginosa strains containing pAB133-
derived plasmids were grown in covered, white 96-well OptiPlates with a
flat transparent bottom (BD Falcon, San Jose, CA). Bioluminescence and
absorbance were simultaneously measured throughout bacterial growth
using a multimode plate reader (Flex-Xenius XM; SAFAS). The biolumi-
nescence values (in relative light units [RLU] - 0.5 s~ ') were divided by
the absorbance values at 580 nm, yielding to relative bioluminescence
values (in RLU - 0.557 " - Agqy ™ "). The relative luminescence values of the
negative-control strain P. aeruginosa harboring the empty vector pAB133
were subtracted from those of the studied oprF promoter region contain-
ing P. aeruginosa, as previously described (3). Each set of experiments was
performed at least three times.

Construction of the sigX mutant. The sigX mutant was constructed
by following the procedure described by Quénée et al. (42). Briefly, the
sigX-flanking regions were PCR amplified using the primer pairs Sigl-
Sig2 and Sig3-Sig4 (Table 2). After Xbal digestions, the two fragments
were coligated, generating a 57-bp deletion within the sequence contain-
ing sigX. This fragment was cloned into the SacI-HindIII sites of the sui-
cide vector pEX100Tlink, resulting in plasmid pEXAS. The lox-aacCI-lox
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TABLE 2 Primers used in this study

Primer Sequence (5'-3")" Reference
Mapping of sigX transcriptional start site
AS1 CGAAGCGAAGAACCAGAATC This study
AS2 TATCGGATTGACATGGACGA This study
AS3 ATCACCTCCTGGCACACG This study
Construction of the transcriptional fusions
S4 ttaatcgagctc GACGTGGCTGCTCTGCAGG This study
AS4 taataaactagt CCGTTAAATCCCCATCTTGATGGT This study
S5 ttaatcgagctc GCCTGCGCGAAAAGTTTTCA This study
AS5 taataaactagt GTGGAACAGCTCCGAGTGCG This study
S6 ttaatcgagctc CAGGAGGTGATGCTGAAAGTTTTGT This study
AS6 taataaactagt TTGTACGTGATGCTATATAGCCACG This study
Site-directed mutagenesis
S7 GCTGTTCCACtaGACGCGCGCCTATGAAGAATTGtaGCGGCGTTA This study
AS7 TAACGCCGCtaCAATTCTTCATAGGCGCGCGTCtaGTGGAACAGC This study
Construction of the sigX mutant
Sigl taataagagctcCAGAGCTTGCTGACCGCGATG This study
Sig2 taataatctagaAGGTAGCGGGCACAGACGTTGAA This study
Sig3 taataatctagaGGGTTGAAGAACTTTGAGGGCAAGT This study
Sig4 taataaaagcttCGCCCAGGCCAGCCATC This study
Quantification of mRNA levels by qRT-PCR
OprF1 aggtctgegtccgtacgtgt This study
OprF2 tggtgatgttctggtgagee This study
AlgDF ACGTGATCTGCCAGGACCA This study
AlgDR GACGCATGTAGTAGCGCCAC This study
16SF CAGGATTAGATACCCTGGTAGTCCAC 16
16SR GACTTAACCCAACATCTCACGACAC 16

@ All primers used in this study were synthesized by Eurogentec and are based on PAO1 genome sequence (see reference 49 and http://www.pseudomonas.com). Nucleotides in
lowercase are not complementary to the target sequence. Underlined nucleotides indicate restriction endonuclease sites inserted within primer sequences.

cassette encoding Gm resistance was excised from pUCGmlox (42) using
Xbal and was subcloned into the unique Xbal site of pEXAS. The resulting
pEXASGm was then introduced into the E. coli donor/helper strain $17.1
and transferred by conjugation into P. aeruginosa H103. Gm-resistant
colonies grown on Pseudomonas isolation agar (PIA) plates were counter-
selected on 5% sucrose LB agar plates, and the double recombinants were
selected for their Gm resistance and Cb sensitivity. Finally, the aacCI gene
conferring Gm resistance was excised by the Cre recombinase encoded by
pCM157 (35). The resulting PAOSX strain was checked by PCR using
primers Sigl and Sig4 (Table 2), and the resulting fragment was sequenced
(Beckman Coulter Genomics). To complement the mutation, PAOSX
was transformed with plasmid pAB754 containing a functional copy of
the sigX gene under the control of its own promoter region.

qRT-PCR experiments. Quantitative reverse transcription-PCR
(qQRT-PCR) experiments were conducted as previously described by Gu-
yard-Nicodeme et al. (25).

Viscosity measurement. The viscosity of the growth media was mea-
sured using a classical glass capillary viscometer (diameter, 0.59 mm; Pro-
labo, France). Briefly, media were loaded into the viscosimeter and the
time flow was measured. The viscosity (1) was deduced according to the
equationm = k X t X p, where k = 0.000095, ¢ represents the time (s) and
p represents the density (g/cm?).

Gentamicin-assisted lysozyme lysis assay. The gentamicin-assisted
lysozyme lysis assay was conducted as previously described (1, 33), except
that the aminoglycoside used was gentamicin (10 pg - ml™') instead of
streptomycin and the buffer utilized was sodium HEPES (5 mM, pH 7)
instead of sodium phosphate buffer (pH 7) (19).

4304 jb.asm.org

RESULTS
Identification of a sigX transcriptional start site. Three promot-
ers lying in two distinct regions have been described: the ¢”® and
SigX-dependent promoters in the sigX-oprF intergenic region and
the AlgU-dependent promoter within the sigX gene (Fig. 1A) (9,
21). Previously, Brinkman et al. (9) showed that the monocis-
tronic oprF mRNAs were predominant, but they also detected the
minor bicistronic sigX-oprF transcript, which indicates the pres-
ence of a promoter upstream of sigX. Since no promoter of the
sigX gene was previously identified, we first mapped the sigX tran-
scriptional start site. RACE-PCR experiments detected one tran-
scriptional start site, located 30 bp upstream of the first of the two
putative sigX translational start codons. This start site is located in
the intergenic region between cmpX and sigX (Fig. 1B). From this
site, the —35 and —10 putative sequences were identified, and
these consisted of ATGAC-N16-ATGAA sequences, which shared
approximately 40 and 80% identity with the —10 and —35 ¢”°
consensus sequences, respectively (18). To investigate the activi-
ties of the promoters responsible for the sigX-oprF and oprF
mRNA production, we constructed 5 transcriptional fusions,
namely, pAB754, pAB754-2 M, pAB146, pAB89, and pAB148
(Fig. 1C), as described in Materials and Methods.

Pattern of oprF transcription in the course of growth. The
activity of oprF promoters was monitored during growth of P.
aeruginosa H103 in LB medium. The largest DNA fragment fused
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to the luxCDABE reporter operon included the promoter region
of the sigX gene, the AlgU-dependent promoter lying in sigX, and
the oprF-proximal region (sigX-oprF intergenic region) with
its two promoters (Fig. 1C). This DNA fragment is hereafter re-
ferred to as the “large promoter region.” To avoid SigX overpro-
duction, the sigX gene was inactivated by site-directed mutagene-
sis of its two putative translational start codons, leading to the
pAB754-2 M plasmid (Fig. 1C). The relative luminescence activity
resulting from pAB754-2 M increased during the exponential
growth phase, reaching a peak toward the end of this phase, and
decreased at the entry into and during the stationary phase (Fig.
2A). Since the promoter activity pattern could be biased by the lux
reporter system (4), we assayed, using qRT-PCR, the oprF mRNAs
during bacterial growth (Fig. 2B). The pattern obtained by qRT-
PCR was similar to that observed by measuring reporter activity.
We thus focused on the maximal promoter activity reached in the
subsequent experiments. Since P. aeruginosa grows more slowly
and to lower yields in microtiter wells (maximal ODg, below 1),
and since the lux reporter system requires large amounts of en-
ergy and oxygen, we questioned if these growth circumstances
might be responsible for the large decrease in promoter activity
during the stationary phase. We thus further tested the promoter
activity in cells grown in Erlenmeyer flasks (10 ml of culture in
100-ml flasks) under vigorous shaking conditions (180 rpm). The
growth was similar under each tested condition (see Fig. S1A and
S1B in the supplemental material). As shown in Fig. 2C, results
were similar in Erlenmeyer flasks and in microtiter plates, show-
ing that the promoter activity decrease was not due to the specific
growth condition imposed by using microtiter plates but, rather,
reflected decreased transcription of oprF upon entry into station-
ary phase.

Most of oprF transcription in LB medium arose from the
oprF-proximal region. The luminescence activities were then as-
sayed from constructions separately carrying each of the three
promoter regions described above, using pAB146, pAB89, and
pAB148 (Fig. 1). The activities resulting from these three regions
followed time courses similar to that of pAB754-2 M but differed
from each other in their levels of expression (Fig. 2A and 3A; Table
3). The activities of pAB146 (oprF-proximal region), pAB148
(empX-sigX intergenic region), and pAB89 (algU promoter re-
gion) in strain H103 were 79, 11, and 3%, respectively, of the H103
(pAB754-2 M) activity, indicating a major involvement of the
oprF-proximal region (promoter region in pAB146) in oprF tran-
scription under our culture conditions. Since similar results were
obtained when bacteria were grown in Erlenmeyer flasks with vig-
orous shaking (Fig. 3B), we conducted the subsequent experi-
ments in microtiter wells. Bicistronic mRNAs, including the sigX
and oprF genes, have been previously described (9), and it has
been concluded that the sigX promoter region contributes to oprF
transcription. This was indeed the case in our experiments, but the
activity of this promoter region (pAB148) remained weak com-
pared to that of the proximal promoter region (Fig. 3A and Table
3). The pAB89 activity is expected to result from the AlgU-depen-
dent promoter (Fig. 1) previously identified by Firoved et al. (21).
We therefore measured this activity in the algU mutant strain
PAOU (4). The maximal activity of PAOU(pAB754-2 M) was de-
tected during the exponential growth phase and was only 15%
lower than the activity of the equivalent H103(pAB754-2 M) wild-
type construct (data not shown). This confirmed that AlgU was
only weakly involved in oprF transcription in P. aeruginosa strain
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FIG 2 Relative activity of the large promoter region of oprF in P. aeruginosa
H103 during growth in LB medium. Shown are relative bioluminescence levels
generated by pAB754-2 M (filled squares) when P. aeruginosa H103 was grown
in LB medium in microtiter wells (A) or Erlenmeyer flasks (C). The growth of
H103 containing the different plasmids is shown (corresponding open sym-
bols) (A and C). (B) The level of oprF mRNA in P. aeruginosa relative to the
16sRNA transcript was evaluated in the course of bacterial growth by quanti-
tative reverse transcription-PCR. Reactions were performed in triplicate with
independent bacterial cultures, and the standard deviations were lower than
0.15 threshold cycle (C;) unit. PCR was performed on total RNA extracts prior
to reverse transcription-PCR to check for the absence of contaminating DNA
(data not shown).

o

H103, consistent with the low contribution of the pAB89 pro-
moter to oprF transcription. To clarify the AlgU activity level in P.
aeruginosa H103, which is a prototroph derivative of PAO1, we
compared four strains: the nonmucoid strains H103 and PAO1,
PAOU (which is an algU mutant of PAO1), and the P. aeruginosa
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FIG 3 Relative activity of the promoter regions of oprF in P. aeruginosa H103
during growth in LB medium. Shown are relative bioluminescence levels gen-
erated by pAB146 (SigX- and 070-dependent proximal promoter region; filled
circles), pAB148 (sigX’s own promoter region; filled triangles), and pAB89
(AlgU-dependent promoter region; filled diamonds) when H103 was grown in
microtiter wells (A) or Erlenmeyer flasks (B). The growth of H103 containing
the different plasmids is shown (corresponding open symbols) (A and B).
Standard deviations were lower than 10% and 4% for the bioluminescence and
growth assays, respectively, in microplates and 17% and 10% in Erlenmeyer
flasks. The experiments were repeated at least three times.

clinical mucoid isolate MUC-N1 (which carries a mutation in the
mucA gene encoding an anti-sigma-factor protein for AlgU). We
assayed by qRT-PCR the algD mRNA levels, since the transcrip-
tion of algD is AlgU dependent (54). The results are shown in

Fig. 4A and led to the conclusion that AIgU activities were similar
in H103 and PAOI, strongly increased in the MUC-N1 strain
(about 7-fold), and reduced (about 4-fold) in the PAOU strain
when grown in LB medium. The oprF mRNA levels were, how-
ever, similar in all four strains (Fig. 4B), suggesting that the AlgU-
dependent promoter upstream of oprF was poorly active even in
the MUC-NI strain, which displayed a high AlgU activity level.
Alternatively, the AlgU-dependent promoter might be more ac-
tive, while other promoter regions might be less active. Unfortu-
nately, we could not further examine these hypotheses, since we
were unable to transform the MUC-NI strain with our reporter
plasmids despite repeated attempts.

The transcription of oprF in LB medium relied mainly on
SigX. Since the above-described experiments indicated that the
largest proportion of oprF transcription originates from the oprF-
proximal region under the growth conditions tested here, our
subsequent experiments focused on this region. The proximal re-
gion contains two intertwined promoters dependent on ¢”° and
SigX (9, 20); therefore, we examined the contribution of SigX to
oprF transcription. We constructed a stable sigX deletion mutant
(PAOSX) of P. aeruginosa H103, using the cre-lox procedure (42).
As shown in Fig. 5A, the growth of PAOSX was impaired in LB
medium, with a doubling time of 149 min, compared to 58 min for
the wild-type H103 strain. The transcriptional fusion pAB754-2
M containing the larger promoter region was then introduced into
the mutant PAOSX. The resulting luminescence activity reached a
peak during the exponential growth phase (Fig. 5). The maximal
relative bioluminescence detected in PAOSX represented 35% of
that of H103(pAB754-2 M) (Fig. 5B and Table 3), indicating that
SigX is responsible for about two-thirds of oprF transcription.
Since pAB754 contains the wild-type sigX gene in addition to the
three promoter regions (Fig. 1A), we used this plasmid both to
complement the sigX mutant and to assay the effect of this com-
plementation on the promoter activity. The complementation
was effective, as judged by the restoration of growth in LB medium
(Fig. 5A), with a doubling time of 62 min for PAOSX(pAB754),
which was similar to that of the wild-type H103 strain (Fig. 2A).
This complementation also restored the activity of the larger pro-
moter region, since the bioluminescence activity of PAOSX-

TABLE 3 Maximal relative transcriptional activities generated by the Jux transcriptional fusions in P. aeruginosa H103, PAOSX (sigX mutant), and

H636 (oprF mutant) strains cultured in various LB media“

Maximal relative transcriptional activity (107 RLU - 0.5s™ " - Ay, ') in medium

Strain Plasmid LB LBO LB342S LBPEG
H103 pAB754-2 M 4.8 £0.2 59*0.4 11.1 = 1 4.8 +0.3
pAB146 3.8 0.2 3.8 0.3 7.7 =0.2 295 *0.5
pAB1438 0.54 = 0.07 0.95 = 0.05 1.58 = 0.19 ND
PAB89 0.13 = 0.02 0.15 = 0.05 0.2 +0.05 ND
PAOSX pAB754-2 M 1.7 £ 0.1 NG 2.5+ 0.6 ND
pAB754 4.6 +0.1 NG 11.2 £ 0.5 ND
pAB146 0.39 = 0.08 NG 0.37 = 0.05 ND
pAB1438 0.26 = 0.03 NG 0.39 £ 0.05 ND
H636 pAB754-2 M 10.5 = 0.5 NG 17.7 = 0.9 ND
pAB146 3.5%0.2 NG 7.1 +0.13 ND
pAB148 0.9 = 0.02 NG 1.34 £ 0.3 ND

7 Strains were cultured in normal LB medium and LB media with low salt (LB0), sucrose (LB342S), and polyethylene glycol (LBPEG) in microtiter plates. Results are the means of

at least three independent experiments. NG, no growth; ND, not determined.
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FIG 4 Relative amounts of algD (A) and oprF (B) transcripts in P. aeruginosa PAO1, PAOU (algU mutant), and MUC-N1 (mucA mutant) strains compared to
those of H103 in LB medium. The levels of algD (A) and oprF (B) mRNA in P. aeruginosa PAO1, PAOU, and MUC-NI1 were evaluated by quantitative reverse
transcription-PCR and compared to those in H103 (black bar). Reactions were performed in triplicate with independent bacterial cultures, and the standard
deviations were lower than 0.15 C; unit. PCR was performed on total RNA extracts prior to reverse transcription-PCR to check for the absence of contaminating
DNA (data not shown). PAOU is an AlgU mutant strain; MUC-NT1 is a clinical mucoid strain mutated in the mucA gene.

(pAB754) was nearly identical to that of H103(pAB754-2 M) in

terms of time course (Fig. 2A and 5B) and maximal level (Table 3).

This confirmed the involvement of SigX in oprF transcription.
Since the oprF-proximal region contains the two overlapping
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2
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FIG 5 SigX is the major ECF sigma factor involved in oprF transcription in LB
medium. (A) Kinetics of growth of the PAOSX harboring the pAB754 plasmid
(large promoter region containing a functional copy of the sigX gene; open
diamonds), the pAB754-2 M (large promoter region including the four de-
scribed promoters and containing a nonfunctional sigX copy; open squares) or
the pAB146 (proximal promoter region containing the SigX- and 70-depen-
dent promoters; open triangles). (B) Relative bioluminescence levels gener-
ated by the luxCDABE cassette under the control of the oprF large promoter
region (pAB754-2 M; filled squares) or the proximal promoter region
(pAB146, filled triangles) in PAOSX. As a control, the relative bioluminescence
generated by pAB754 (containing a functional sigX copy; filled gray diamonds)
in PAOSX is shown. Experiments were repeated at least three times.
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SigX- and 0”°-dependent promoters, we introduced pAB146 into
PAOSX. The maximal luminescence activity of PAOSX(pAB146)
represented only 10% of the H103(pAB146) activity (Table 3),
indicating that the SigX-dependent promoter was predominant
over the 67°-dependent promoter in the oprF-proximal region.
Consistently, the latter region provided a lower contribution to
the transcriptional activity in the absence of SigX (PAOSX strain)
than in the wild-type strain: the maximal relative activity of
PAOSX(pAB146) was only 23% of the PAOSX(pAB754-2 M) ac-
tivity (Fig. 5; Table 3), whereas H103(pAB146) reached 79% of the
H103(pAB754-2 M) activity (Fig. 2; Table 3). The promoter ac-
tivity of the region located upstream of sigX (pAB148) was fur-
thermore about 2-fold lower in a sigX mutant, suggesting that
SigX, atleast partially, positively controlled the transcription of its
own gene (Table 3), even though the sequences in this promoter
region were quite different from the sigX-dependent promoter
sequences located upstream of oprF (Fig. 1B).

The absence of NaCl increased oprF transcription. OprF was
previously shown to be necessary for P. aeruginosa growth in low-
osmolarity LB medium (9). We therefore studied the effects of the
absence of NaCl in LB medium (LBO medium) on P. aeruginosa
growth and on oprF transcription. As previously described (9), the
degrees of growth of H103 were closely similar in LB and LBO media
(see Fig. S1A and S2A in the supplemental material). Regardless of the
plasmid studied, the bioluminescence activity patterns were similar,
reaching a peak during the exponential growth phase (data not
shown). The relative activity of the large promoter region (pAB754-2
M) in the wild-type H103 strain was slightly but significantly in-
creased in low-salt LBO medium, since it reached 122% = 2% of the
activity in LB medium (Table 3). This increased activity resulted
mainly from the oprF-proximal region, since the activity of
H103(pAB146) represented 64% of the H103(pAB754-2 M) activity
in LBO medium (Table 3), whereas the activity of the AlgU-depen-
dent promoter remained weak (see data for pAB89 in Table 3). The
bioluminescence activities of H103(pAB146) and H103(pAB89)
were not higher in LBO than in LB medium (Table 3), suggesting that
the increase of H103(pAB754-2 M) activity in LBO medium resulted
from an elevated activity of the promoter of the sigX gene. This was
indeed the case, since the bioluminescence activity of H103(pAB148)
in low-salt LBO medium was 176% that in normal-salt LB medium
(Table 3). Furthermore, PAOSX growth was nearly abolished in LBO
medium, and this phenotype was restored by in trans complementa-
tion of the PAOSX mutant with the sigX gene (see Fig. S2A in the
supplemental material), suggesting that SigX is absolutely required
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for P. aeruginosa growth in low-salt LBO medium. Thus, the biolumi-
nescence assays could not be conducted in LBO medium.

Transcription of oprF was induced by sucrose. Since the
presence of NaCl in LB medium led to slightly lower oprF tran-
scription, we tested if adding osmolytes other than NaCl to LBO
medium would have a similar effect on oprF expression. We
first increased the osmolarity of the LBO medium by adding
sucrose at the same osmolarity as NaCl. LB contains 171 mM
NaCl, i.e., 342 mM osmolytes, since it can dissociate into two
ionic species. We therefore added 342 mM sucrose to LBO me-
dium, generating LB342S medium. In LB342S medium, the
doubling times were 150 min for H103 and 294 min for
PAOSX, indicating that the presence of sucrose impaired the
growth of H103 and PAOSX strains (doubling times 2.6- and
2-fold longer than in LB medium, respectively) (see Fig. S2B in
the supplemental material). Regardless of the strain or plasmid
studied, the bioluminescence patterns in LB342S medium
reached a peak during the exponential growth phase (data
not shown). The maximal activities of H103(pAB754-2 M),
H103(pAB146), H103(pAB148), and H103(pAB89) were 1.7-
to 2.3-fold higher in LB342S medium than in LBO and LB me-
dia (Table 3). As in the previously used media, the activity of
the oprF-proximal region in LB342S medium accounted for the
largest part (69%) of the total activity (Table 3; compare data
for pAB146 and pAB754-2 M in H103), whereas the activity of
the sigX promoter region represented 14% of the total activity
(see data for pAB148 in Table 3) and that of the AlgU-depen-
dent promoter only 2.3% of the total activity (see data for
pAB89 in Table 3). The effects of 171 mM NaCl and 342 mM
sucrose on the oprF expression were therefore opposite.

SigX was involved in the sucrose-dependent increase of oprF
transcription. In the PAOSX mutant, the large promoter region
(pAB754-2 M) displayed a slightly higher activity (about 1.4-fold)
in LB342S than in LB medium (Table 3). Complementation of the
sigX mutation with pAB754 restored the high increase of the large
promoter activity in LB342S medium compared to LB medium
(Table 3). The activity of the oprF-proximal region (pAB146),
which contains the SigX-dependent promoter, was strongly re-
duced in the PAOSX mutant compared to H103 in LB and LB342S
media. However, its activities were similar in LB342S and LB me-
dia in the absence of SigX, while it was increased in H103 (Table
3). These data suggest that SigX is involved in the sucrose-depen-
dent activity of the proximal promoter region. The activity of the
sigX promoter region (pAB148) was lowered in the PAOSX mu-
tant compared to the wild-type strain (between 2-fold in LB me-
dium and 4-fold in LB342S medium). In PAOSX, this promoter
region was, however, more active in LB342S than in LB medium,
and this could at least partially explain the higher oprF transcrip-
tion observed in LB342S medium than in LB medium [see data for
PAOSX(pAB754-2 M) in LB and LB342S media in Table 3]. Sim-
ilar results were obtained when the concentration of sucrose was
increased to 500 mM (data not shown). These data showed that
the higher oprF transcription level induced by sucrose relied es-
sentially on SigX and on the SigX-dependent promoter in the
oprF-proximal region.

oprF transcription was not increased due to the sucrose-in-
duced viscosity. LB342S and LB media were similar in terms of
osmolarity. However, we suspected that addition of sucrose might
have an effect on the medium viscosity. To investigate if the effects
observed on the transcription of oprF were due to the medium
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FIG 6 The lack of OprF results in growth and outer membrane permeability
alterations in LB (open circles), LBO (open triangles), and LB342S (open dia-
monds) media. (A) Kinetics of growth of H636 (oprF mutant) in LB, LB0, and
LB342S media. (B) Gentamicin-assisted lysozyme lysis assay performed on
H103 grown in LB, LB0, and LB342S media and H636 grown in LB and LB342S
media. Experiments were repeated at least three times.

viscosity rather than sucrose itself, we increased the LBO medium
viscosity by adding 1.4% of polyethylene glycol 8000 (PEG 8000)
(LBPEG medium), leading to a viscosity similar to that in LB342S
medium (see Fig. S3 in the supplemental material). Under this
condition, the growth of H103 in LBPEG medium was not altered
(data not shown), and the activities of pAB146 and pAB754-2 M
were not increased in this medium compared to those in LB me-
dium (Table 3), suggesting that sucrose promoted oprF transcrip-
tion through a means other than sucrose-induced viscosity in-
crease.

Transcription of oprFwas increased in an oprF mutant. Since
the growth of the oprF mutant H636 was impaired strongly in LBO
medium and to a lesser extent in LB342S medium (Fig. 6A), we
studied the transcription of oprF in LB and LB342S media. As
shown in Table 3, oprF transcription was increased 2.2-fold in LB
medium, as determined by comparing the oprF mutant H636 to
the wild-type H103 strain. The same held true in sucrose medium,
in which there was a 1.6-fold increase observed when comparing
H636 to H103 (see data for pAB754-2 M in Table 3). The activity
of pAB148 followed a pattern similar to that of pAB754-2 M, sug-
gesting that the absence of OprF led to increased transcription of
sigX. The activities of pAB146 were similar in H103 and H636 in
LB342S, indicating that OprF was largely not involved in the in-
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crease of the sucrose-dependent activity of the proximal promoter
region.

LB342S and LB0 media provoke an alteration of the outer
membrane permeability. Since OprF was previously described as
a structural protein involved in cell wall maintenance (52, 53), we
further tested the effects of the addition of sucrose or NaCl to LBO
medium on outer membrane integrity, using the previously de-
scribed gentamicin-assisted lysozyme lysis assay (19). As shown in
Fig. 6B, addition of sucrose, and to a much lesser extent the ab-
sence of NaCl, led to an altered functioning of the H103 outer
membrane. The lack of OprF had an effect on the bacterial gen-
tamicin-promoted lysozyme lysis, the phenotype of which was
exacerbated in LB342S medium. These data showed that the lack
of OprF and the growth in LB342S medium resulted in higher
sensitivity to lysozyme, suggesting that these two conditions led to
cell envelope perturbations.

DISCUSSION

We dissected in this study the transcription of the oprF gene,
which encodes the multifunction and major outer membrane
protein. The oprF gene was previously described as the last gene
of a 7-gene-containing putative operonic structure. However,
recent annotations of the oprF genomic environment, based on
improved operon prediction algorithms and unpublished 5’
mapping of transcriptional start sites by RNA-Seq, have indi-
cated that neither oprF nor sigX belongs to this operonic struc-
ture (see reference 49 and http://www.pseudomonas.com).
Previously, monocistronic oprF and the bicistronic sigX-oprF
mRNAs were detected (9). We thus focused our study on the
sigX and oprF genes and promoter regions. We observed that
the oprF transcription is growth phase dependent in LB me-
dium, increasing throughout the exponential phase and de-
creasing from the entry into stationary phase. All three pro-
moter regions displayed similar patterns of activity, but their
contributions to oprF transcription were quite different, with
the oprF-proximal region including the intertwined o’°- and
SigX-dependent promoters, which accounted for the largest
part of oprF transcription (~80%). In contrast, the AlgU-de-
pendent promoter lying within sigX made a marginal contribu-
tion to oprF expression under the conditions tested. This result
was not surprising since AlgU is poorly active in H103 and
PAO1 nonmucoid strains (4). Nevertheless, it was also ob-
served that the global transcription of oprF remained similar in
mucA and algU mutant backgrounds, in which AlgU was
strongly active and absent, respectively. This is consistent with
a previous study, in which a transcriptional oprF-lacZ fusion
was not observed to increase significantly as a result of the
mucA background (34). In contrast, Firoved et al. (21) showed
by primer extension analysis that this AlgU promoter region
was active in a mucA mutant strain, leading to a 2.5-fold in-
crease in oprF transcription. Taken together, these results sug-
gest that net oprF transcription might remain similar in mucoid
and in nonmucoid strains, with the AlgU-dependent promoter
being activated while other promoter region activity might be
reduced. However, our study was conducted in LB liquid me-
dium, which is a quite different condition from what occurs in
the case of cystic fibrosis. The promoter region of the sigX gene
contributed modestly to oprF transcription, compared to the
oprF-proximal one under our conditions. Its activity was about
2-fold lowered in the sigX mutant, showing that SigX positively
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but partially controls the transcription of its own gene, which is
a quite common feature of ECF sigma factors (36, 38). The
promoter sequences we mapped showed some degrees of sim-
ilarities to o’%-dependent regions. Furthermore, Brinkman et
al. (9) mapped the SigX-dependent promoter upstream of oprF
and proposed —35 and —10 sequences that could be recog-
nized by SigX. Using in silico analyses, we failed to identify such
sequences upstream of sigX. Taken together, these data suggest
that the identified promoter in the crmpX-sigX intergenic region
might be indirectly activated by SigX, through cis- or trans-
acting regulatory elements, for example. It is furthermore con-
ceivable that other promoter regions initiating sigX transcrip-
tion are present upstream of this intergenic region.

A major result of our study concerned the oprF transcriptional
increase in response to a high sucrose concentration and, to a
lesser extent, to lowered NaCl concentrations. We demonstrated
that oprF transcription was not modulated, per se, in response to
osmolarity or viscosity variations. The oprF transcriptional in-
crease in LBO medium was mainly due to the activity of the sigX
promoter region, leading to sigX transcription. Since the growth
of the sigX mutant was nearly abolished in LB0 medium, this in-
dicates that SigX was required for growth in low-NaCl media, as
previously shown (9), thus contributing to initiation of the tran-
scription of target genes other than oprF, leading P. aeruginosa to
adapt to LBO medium. The effect of sucrose on oprF transcription
resulted from an increased activity of the oprF-proximal promoter
and, to a lesser extent, of the sigX promoter region. While the
absence of SigX resulted in a 4-fold-decreased activity of the latter
region in high-sucrose LB342S medium, that of the oprF-proximal
region was about 21-fold reduced, suggesting that SigX was acti-
vated by the high sucrose concentration. Furthermore, while the
increase due to sucrose was abolished in the proximal promoter
region, a residual increase in the activity of the sigX promoter
region was observed, suggesting that in the latter case this increase
was only partly due to SigX. It is noticeable that in the absence of
SigX, the activity of the proximal promoter region remained low
and similar in all tested media, suggesting that it might correspond
to a basal level of oprF transcription, which could putatively be
linked to o”° activity. Although the absence of SigX is likely to be
directly responsible for these observations, it is possible that the
altered growth of the sigX mutant might have had some effects on
promoter activities.

Since OprF was previously proposed to allow the nonspecific
diffusion of low-molecular-mass sugars (6), we suspected that
OprF might contribute to the entrance of sucrose into the cell.
However, the large, oprF-proximal and sigX promoter regions
were activated in the presence of sucrose, indicating that OprF is
notrequired for the sucrose-dependent increase of oprF transcrip-
tion. Furthermore, oprF transcription was increased in an oprF
mutant not only in response to a high sucrose concentration but
also in LB medium. Interestingly, it has been recently shown that
in Pseudomonas putida, utilization of glucose as a carbon source
led to modulation of OprF levels in the outer membrane via the
ColRS two-component regulatory system, which ensures the in-
tegrity of the cell membrane during the increased expression of
certain outer membrane proteins (39). In Pseudomonas reinekei,
OprF was upregulated under 4-chlorosalicylate carbon-limiting
conditions (7). In P. aeruginosa, OprF was overproduced in re-
sponse to amino acids in ASM medium, a rich medium that mim-
ics the nutrient conditions in the lung during cystic fibrosis (CF)
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(47), which is consistent with the fact that OprF is always overpro-
duced in mucoid strains, leading OprF to be a marker of P. aerugi-
nosa infection during CF (27, 34). Although these studies indicate
that OprF can be dynamically regulated, under our conditions the
carbon source was not limiting (LB rich medium) and sucrose,
which induced OprF, cannot be metabolized by P. aeruginosa (6).
Thus, the increased oprF transcription in response to sucrose is
unlikely to be linked to nutrient signals per se. However, OprF
seems to play an important role in nutrient uptake, although the
mechanisms involved in this process appear to be numerous and
complex, and closely linked to the specific growth conditions.

Since OprF is a structural protein, anchoring the outer mem-
brane on the peptidoglycan layer (52, 53) and interacting with
lipopolysaccharide (23), the H636 oprF mutant cells display an
altered rounded morphology (53), indicating that the cell wall
and/or outer membrane may be perturbed. Accordingly, through
a gentamicin-induced lysozyme lysis assay, we demonstrated that
the lack of OprF, as well as LB342S or LBO medium, induced cell
wall or envelope perturbations. The latter could provide the sig-
nals that lead to increased oprF transcription, thus producing
OprF in larger amounts to contribute to maintenance of outer
membrane integrity. It is noticeable that the sigX promoter region
was activated under each of the three tested conditions, indicating
that SigX may be important in the cell wall stress response. How-
ever, the oprF-proximal promoter region, containing the SigX-
dependent promoter, was activated only in response to sucrose,
even in the oprF mutant. This was quite surprising, particularly
when considering the role of OprF in maintaining envelope integ-
rity. While this issue remains to be more deeply investigated, our
study provides guidance for future experiments addressing this
point. It would be of interest to examine the effect of treatments
that induce different envelope stress responses on oprF transcrip-
tion and SigX activity. The aim of this study was to decipher the
transcription of oprF. However, in some cases the abundance of
OprF in the outer membrane is altered even though the mRNA
level is not apparently modified (34), indicating a potential for
posttranscriptional regulation. Further studies should address this
important issue.
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