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The enzyme elastase is an important virulence factor of the opportunistic human pathogen Pseudomonas
aeruginosa. Previous studies have shown that expression of the P. aeruginosa elastase gene (lasB) requires both
an activator protein, LasR, and an N-acylhomoserine lactone compound termed Pseudomonas autoinducer
(PAI). In this study, we analyzed the lasB promoter region to learn more about lasB activation by LasR and PAIL
We report that the lasB transcriptional start is located 141 nucleotides upstream from the lasB translational
start. It was also discovered that the lasB promoter region contains two putative operator sequences (OP1 and
OP2) that are similar to each other and the Vibrio fischeri lux operator. OP1 is located directly upstream from,
and may overlap with, the lasB promoter region, and OP2 is centered 102 nucleotides upstream from the lasB
transcriptional start site. To study the effects of these putative operators and other sequences upstream from
the lasB transcriptional start site on lasB activation, a series of transcriptional lasBp-lacZ gene fusions was
constructed. Data from these fusions indicate that both putative operators are involved in LasR- and PAI-
mediated lasB activation, with OP1 being more important than OP2.

Pseudomonas aeruginosa produces a variety of extracellular
enzymes contributing to its pathogenesis (22, 32, 33, 36). One
of these enzymes, elastase, is well established as a P. aeruginosa
virulence factor. P. aeruginosa elastase is produced during the
course of clinical infections, and it contributes to the develop-
ment of infections in animal models (5, 8, 14, 18, 19, 22, 23, 25,
26). This enzyme is capable of degrading or inactivating im-
portant biologic tissues and immune system components, in-
cluding immunoglobulin (9, 15), serum complement factors
(21, 43), oy-proteinase inhibitor (34, 35), collagen (16), fibrin
(32), and elastin (32, 52). Elastase cleaves host proteases
MMP9 and MMP?2 in corneal culture (50) and acts synergisti-
cally with alkaline protease to inactivate the human cytokines
gamma interferon and tumor necrosis factor alpha (38).

The elastase structural gene, lasB, has been cloned and se-
quenced (3), and its expression was shown to require an intact
lasR gene (12) and P. aeruginosa autoinducer (PAI) (39). PAI
has been identified as N-(3-oxododecanoyl) homoserine lac-
tone and is one of a family of N-acylhomoserine lactone com-
pounds that, together with a regulatory protein (e.g., LasR),
are involved in cell density signalling and gene activation (41).
The best-characterized member of this family of quorum-sens-
ing systems is the LuxR and Vibrio autoinducer (VAI) autoin-
duction system of Vibrio fischeri (11). The properties of this
family of autoinducers have been recently reviewed by Fuqua
et al. (11) and Swift et al. (48).

Two recent reports indicate a complexity of lasB gene reg-
ulation beyond the requirement of LasR and PAI (37, 42). A
second activator with homology to LasR (RhIR) is required for
rhamnolipid synthesis in P. aeruginosa (37). An rhlIR mutant
strain was shown to be deficient not only for rhamnolipid
synthesis but also for elastase activity, indicating that regula-
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tion of elastase synthesis is multifactorial (37). In addition, a
second N-acylhomoserine lactone (factor 2) is required for
lasB gene activation when lasR is under the control of its own
promoter (42). Factor 2 has been identified as N-butyrylhomo-
serine lactone (42). The authors suggest the possibility of lasB
being subject to a complex circuit of regulatory events involv-
ing multiple activators and autoinducers (42). However, exist-
ing evidence indicates that LasR and PAI are sufficient for
high-level expression of lasB (39, 41).

Herein, we identify critical elements in the lasB upstream
region that are involved in LasR- and PAI-mediated transcrip-
tional regulation. We report the location of the /lasB transcrip-
tional start site and identify a second putative operator within
the lasB regulatory region. We also identify base pairs within
the two putative lasB operators that are involved in LasR- and
PAI-mediated transcriptional activation of lasB. Finally, we
show that a region upstream from the lasB promoter and
operator 1 (OP1) is also necessary for lasB expression.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plasmids used in this
study are shown in Table 1.

Media and culture conditions. For experiments in which B-galactosidase ac-
tivity was assayed as a measure of lasB promoter activity, P. aeruginosa PAO1 and
PAO-RI1 containing plasmids with lasBp-lacZ transcriptional fusions were cul-
tured in chelated trypticase soy broth (29) containing carbenicillin (200 pg/ml)
(TSDB cb200). P. aeruginosa cultures were grown overnight at 32°C and subcul-
tured into fresh, prewarmed TSDB cb200 (starting inoculation at an A4, of 0.04)
and grown for 19 h at 32°C. Growth of the cultures was monitored by measuring
the Asyo. Cultures of Escherichia coli MG4 containing plasmids with lasBp-lacZ
transcriptional fusions were grown overnight at 37°C in modified A medium (A
medium [31] supplemented with 0.4% glucose, 1 mM MgSO,, and 0.05% yeast
extract). The selective antibiotics ampicillin (100 pg/ml) and chloramphenicol
(30 wg/ml) were included in media when appropriate. Secondary cultures were
inoculated to an A, of 0.04 into fresh, prewarmed modified A medium, and 68
nM synthetic PAI was added where indicated. Synthetic PAI (41) was kindly
supplied by A. S. Kende, University of Rochester Department of Chemistry.
Growth of the cultures was monitored by measuring the Ag,.

DNA techniques and nucleotide sequencing. Standard techniques were used
for the purification and manipulation of DNA (30). Restriction endonucleases
were purchased from Gibco/BRL (Gaithersburg, Md.) or New England Biolabs
(Beverly, Mass.). Amplification of inserts for cloning was accomplished by PCR
with a GeneAMP kit (Perkin-Elmer Cetus, Norwalk, Conn.) and a Hybaid
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TABLE 1. Strains and plasmids used

Strain or plasmid

Genotype or description”

Reference or source

Strains

E. coli

MG4 recAl (argF lacIPOZYA)205 28

XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F'proAB lacl"ZAM15 Tnl0(Tet")] Stratagene
P. aeruginosa

PAO1 Wild type 20

PAO-R1 AlasR::Tet" 12

Plasmids
pBluescript II/KS+ General-purpose cloning vector, Amp" Stratagene
pQF50 Broad-host-range transcriptional fusion vector with a promoterless lacZ, Amp* 10
pLIR50 195-bp EcoRI-HindIlI lasB fragment (with EcoRI blunted) inserted into Smal-HindIII- 49
digested pQF50 to create a lasBp-lacZ transcriptional reporter fusion; contains nt
—331 to —138 of the lasB promoter region

pLJRI1 Same as pLJR50 but lasBp-lacZ has lasB promoter region deleted of nt —331 to —241 This study
pLIR50.404 Same as pLIR50 but lasBp-lacZ has lasB promoter region deleted of nt —277 to —211 This study
pLIR33 Same as pLIR50 but lasBp-lacZ has lasB promoter region deleted of nt —331 to —299 This study
pLJR141 Derived from pLJR50; lasBp[nt —191:C—T]-lacZ This study
pLIR143 Derived from pLIR50; lasBp[nt —189:G—C]-lacZ This study
pLJR118 Derived from pLJR50; lasBp[nt —176:G—A]-lacZ This study
pLIR156 Derived from pLJR50; lasBp[nt —191:C—T; nt —176:G—A]-lacZ This study
pLJR501.10 Derived from pLJR50; lasBp[nt —191:C—T; nt —189:G—C]-lacZ This study
pLJR502.7 Derived from pLIR50; lasBp[nt —249:G—C; nt —251:C—T]-lacZ This study
pQF50/B Reversion of pLIJR501.10 to create wt lasBp-lacZ (same as pLJR50) This study
pACYC184 General-purpose cloning vector, Tet" Chlor" 4
pPCS11 tacp-lasR on pACYC184 This study
pKDT37 tacp-lasR lacl? lasB'-lacZ Amp* 40

“ Nucleotides are numbered relative to the start codon of lasB.

thermal reactor (National Labnet Co., Woodbridge, N.J.). Oligonucleotides used
for PCR were synthesized by G. Kampo and J. Maniloff at the Core Nucleic Acid
Laboratory at the University of Rochester Medical Center. The introduction of
plasmids into E. coli and P. aeruginosa was accomplished by transformation (30)
and electroporation (46), respectively. E. coli and P. aeruginosa containing plas-
mid DNA were selected for on L-agar (30) plates containing ampicillin (100
wg/ml) and carbenicillin (200 pg/ml), respectively. Plasmid DNA was isolated
from selected colonies and analyzed by mapping relevant restriction endonucle-
ase sites. Nucleotide sequencing was accomplished by using a Sequenase kit
(U.S. Biochemical Corp., Cleveland, Ohio) and [a-**S]JdATP (NEN Research
Products, Boston, Mass.).

Transcriptional start site mapping. RNA isolation and S1 nuclease analysis
were performed as previously described (6, 7). Cultures of P. aeruginosa PAO1
and PAO-R1 were grown in LB at 37°C to an As,, of 0.4. Primer extension
analysis was carried out as described by Kingston (24). Two different oligonu-
cleotide primers, 5-CCTTCTTCATCTTGTTCAGTTCTCCTGG-3" and 5'-
CCTTGTGGGCTGATCGGAACAG-3', corresponding to nucleotides (nt) +10
to —18 and nt —79 to —58, respectively, relative to the lasB start codon, were
used in primer extension reactions. For each reaction, 100 ng of primer was end
labeled with [y-**P]ATP (NEN Research Products) and polynucleotide kinase
(Boehringer Mannheim, Indianapolis, Ind.) as described by Maniatis et al. (30).
Labeled primers were added to 20 wg of RNA, and extension was completed by
using avian myeloblastosis virus reverse transcriptase (Promega). Extended
primers were loaded onto a sequencing gel next to sequencing reactions per-
formed with the same primer. For S1 nuclease analysis, uniformly labeled,
single-stranded DNA probes were made by using plasmid M13mp18 containing
the 1.04-kb EcoRI-Sall fragment of the P. aeruginosa PAO1 lasB gene. Two
different oligonucleotides, 5'-AAGCGTAGAAACCTTC-3" and 5'-CTTGT-
TCAGTTCTCCT-3’, covering nt +21 to +6 and nt —1 to —16, respectively,
relative to the lasB start codon, were used to map the transcriptional start of lasB,
using S1 nuclease analysis. Single-stranded probes produced by using these
primers were hybridized to total P. aeruginosa RNA and subjected to S1 nuclease
digestion (7). Mobilities of the resulting protected fragments were compared
against a sequencing ladder generated by using each respective primer.

Plasmid construction and mutagenesis. (i) Construction of pLJR50. Construc-
tion of the transcriptional fusion plasmid, pLJR50, has been previously described
(49). In this plasmid, the lacZ reporter gene is under the regulatory control of the
lasB promoter region (nt —331 to —137 relative to the lasB translational start
codon).

(ii) Site-directed mutagenesis of the lasB promoter region. Point mutations in
the lasB promoter region were constructed either by the method of Kunkel (27)
(pLJR501.10) or by the method of Ho et al. (17) (pLJR502.7, pLJR141,
pLJR143, and pLJR156). Oligonucleotides used in the construction of lasBp-
lacZ fusion plasmids are listed in Table 2. Site-directed mutagenesis and se-

quencing were carried out with pBluescript II/KS+ containing the lasB promoter
region (nt —331 to —137 relative to the lasB translational start site). E. coli
XL1-Blue was used as the host for these experiments. Mutated (and wild-type)
DNA sequences were amplified by using PCR in which the oligonucleotide
primers incorporated unique restriction enzyme sites on each end of the product.
Purified, digested PCR products were then ligated into pQF50 to create tran-
scriptional lasBp-lacZ fusions. Inserts in recombinant plasmids were resequenced
to ensure that unwanted mutations were not introduced during DNA manipu-
lations.

During the process of revising this report, we noticed that our lasB promoter
region sequence disagreed with the previously published sequence (3) of this
region. There was a T nucleotide that was supposed to be 144 nt upstream from
the lasB start codon that was not present on our sequencing gels during the
mapping of the lasB transcriptional start site. To determine if this nucleotide was
present in the original lasB promoter region, we resequenced this region from
the original lasB DNA cloned by Bever and Iglewski (3). We discovered that this
nucleotide was not present in the original sequence and therefore concluded that
the mistake probably arose as a typographical error reported by Bever and
Iglewski (3). Unfortunately, this region was used to design the oligonucleotide
primer, spanning nt —137 to —154 (Table 2), that was used to construct pLJR50.
This plasmid was then used in all subsequent plasmid constructions. Therefore,
we have unknowingly added a nucleotide at position —144 of the lasB promoter.
However, we feel that this mutation in no way affects the results or conclusions
that we have presented. This is evident when one compares previously reported
induction levels from lasB-lacZ fusions (41, 48) with that from our fusion. The
100-fold or greater induction that we present for the pLJRS50 lasBp-lacZ tusion
in the presence of LasR and PAI is well within the expected range for lasB-lacZ
fusions. Furthermore, this base does not fall within the lasB —10 or —35 region
or within either of the two putative lasB operators. We therefore feel that our
results produced with use of the described fusion are valid and sound. This error
has been reported to and corrected by GenBank (accession number M19472).

(iii) Construction of deletion mutations in the lasB promoter region. To
construct pLJR91, the BamHI-Nhel fragment of pLJR50 was deleted. The ends
of the restriction enzyme-digested vector were filled in with the Klenow fragment
and religated to create a deletion of 91 bp (positions —331 to —241 relative to the
lasB translational start codon) in the lasB promoter region.

To construct pLIR50.404, the lasB promoter region was digested with Nhel
and subjected to Bal 31S exonuclease digestion (International Biotechnologies,
Inc., New Haven, Conn.). Digested plasmids were religated and screened for the
absence of a Mael restriction site (centered at nt —261 relative to the lasB
translational start site). DNA sequencing of a recombinant plasmid that had lost
the Mael site revealed a 67-bp deletion from nt —277 to —211 of the lasB
promoter region. This mutated promoter was subsequently amplified by PCR
using oligonucleotides that incorporate EcoRI and HindIIl recognition sites
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TABLE 2. Oligonucleotides used for construction of mutants

Plasmid” Strand” Oligonucleotide sequence® (5'—3") Location®
Standard® - GCATCCATGAAGCTTCGGTGCTTTTCGTGTACC —137 to —154
Standard® + TACGCGGATCCAGGAAAGCGTGCAACTGA —331 to —310
pLJR50, pLJR50.404 + ACCGAGCTCGAATTCCGCGG Vector sequence
pLJR33 + GCATCCATCGGATCCGGCCCCTCGCTGAGCGCGTCCC —299 to —278
pLJR141 + GCGAAATCAAGGCTACITGCCAGTTCTGGC —207 to —178
pLJR141 - GCCAGAACTGGCAAGTAGCCTTGATTTCGC —178 to —207
pLJR143 + GCGAAATCAAGGCTACCTCCCAGTTCTGGC —207 to —178
pLIR143 - GCCAGAACTGGGAGGTAGCCTTGATTTCGC —178 to —207
pLIR156 + GTTCTGGCAAGTTTGGCC —175 to —168
pLJR156 - GGCCAAACITGCCAGAAC —168 to —175
pLJR501.10 + GCGAAATCAAGGCTACITCCCAGTTCTGGC —207 to —178
pLJR502.7 + CCTAGCTGCCACTITCCTTTTCTGCTAGC —252 to —236
pLIR502.7 - GCTAGCAGAAAAGGAAGTGGCAGCTAGG —236 to —252
pQF50/B + GCTACCTGCCAGTTCTGGC —196 to —178
pQF50/B - GCCAGAACTGGCAGGTAGC —178 to —196

“ Plasmid that was constructed by using the respective oligonucleotide.

® DNA strand containing the respective oligonucleotide sequence. +, lasB coding strand; —, lasB noncoding strand.

¢ Nucleotide changes are underlined, and relevant restriction endonuclease sites are in boldface.

4 Location of the corresponding sequence within the lasB promoter region relative to the lasB ATG start codon.

¢ The oligonucleotide was used to construct all lasBp-lacZ transcriptional fusion plasmids used in this study except pLJR91.

upstream and downstream from the lasB promoter, respectively. The PCR prod-
uct was digested with EcoRI, and the overhanging ends were filled in with the
Klenow fragment. The product was then digested with HindIII and ligated into
pQF50 previously digested with Smal and HindIII, to generate pLJR50.404.

To construct pLJR33, bp —298 to —137 of the lasB promoter region were PCR
amplified by using pLJR50 as a template and oligonucleotides that incorporated
BamHI and HindIII restriction sites upstream and downstream from the pro-
moter, respectively. This resulted in a PCR product that lacked bp —331 to —299
from the lasB promoter region. The PCR product was digested with BamHI and
HindIII and ligated into pQF50 that was previously digested with BamHI and
HindIII, to generate pLJR33.

Assay of B-galactosidase activity. 3-Galactosidase activity was assayed in trip-
licate as described by Miller (31), and the mean * 1 standard deviation was
determined.

RESULTS

Determination of the lasB transcriptional start site. The
transcriptional start site of lasB was determined by both primer
extension and S1 nuclease analysis. For each transcriptional
start mapping experiment, two different primers were used
(described in Materials and Methods). The results of all four
mapping experiments showed that the lasB mRNA transcript
starts at nt —141 relative to the lasB start codon (Fig. 1). The
result of one primer extension is shown in Fig. 2. In this
experiment, total RNA from P. aeruginosa PAO1 and PAO-R1
was extended. The only product that resulted from these ex-
tensions is indicated by an arrowhead in Fig. 2. Strain PAO-R1
is a lasR mutant that produces minimal or no lasB message
(12), and as expected, no extended product was produced
when PAO-R1 RNA was used. A second primer extension
experiment with a different primer (data not shown) and two
different S1 nuclease analysis experiments (data not shown)
also clearly indicated that the lasB mRNA started at nt —141.
Examination of the DNA sequence upstream from the tran-
scriptional start site did not reveal any region with obvious high
homology to a known consensus sequence for a sigma factor.

The lasB promoter region contains two potential operator
sequences. The lasB promoter region contains two sequences
that are similar to the lux operator of V. fischeri (Fig. 3). The
most similar region (OP1; Fig. 1) is a 20-bp sequence previ-
ously described by Fuqua et al. (11) that is centered 42 nt
upstream from the lasB transcriptional start site. This sequence
is in a position that could easily overlap the —35 region of the
lasB promoter. It contains an inverted repeat and matches 13

of 20 nt of the V. fischeri lux operator sequence (Fig. 3). The
second lux operator-like sequence (operator 2 [OP2]; Fig. 1) in
the lasB promoter region is centered 102 nt upstream from the
lasB transcriptional start site. This sequence does not contain
an inverted repeat but does match 10 of 20 nt of the lux
operator sequence (Fig. 3). This sequence also matches 14 of
20 nt of OP1 of lasB (Fig. 3). To explore the influence of these
potential operator sequences on lasB activation, a series of
lasBp site-directed and deletion mutants was constructed and
transcriptionally fused to a lacZ reporter gene.

Site-directed mutagenesis of the lasB promoter region. Sin-
gle-point mutations at positions 3 and 5 in the lux operator
abolished or diminished by 97%, respectively, lux operon in-
duction in V. fischeri (1). To determine if OP1 had a similar
effect on lasB, a lasBp-lacZ fusion containing two point muta-
tions, one at position 3 (nt —191; C to T) and another at
position 5 (nt —189; G to C) of OP1, was constructed
(pLJR501.10). This plasmid was transformed into P. aerugi-
nosa PAO1, and B-galactosidase activity was measured (Fig.
4). The expression of lasB from pLJR501.10 was reduced to
levels obtained from the vector control (Fig. 4). Furthermore,
reversion of the point mutations to the original lasB promoter
sequence restored the level of B-galactosidase expression to
that of PAO1(pLJR50) (data not shown). These data indicate

-331 CCAGRBRAGCG TGCAACTGAT GATCGTCCAC ATGGCCCCTC GCTGAGCGCG TCCCGGAGCT
OP2

-271 GGGGGCAACC TAGCTGCCAC CTGCTTTTCT GCTAGCTATT CCAGCGARAA CATACAGATT

-211 TCCGGCGARA TCAARGGCTAC CTGCCAGTTC TGGCAGGTTT GGCCGCGGGT TCTTTTTGGT

mRNA
-151 ACACGAAAGC ACCGTCGAAA ACGGGACCGA GCCAGGGGAG TGCAGTTCCT TCTACCCGAA

-91 GGACTGATAC GGCTGTTCCG ATCAGCCCAC AAGGCGGCGG TAAGCGTCGG CCGAGTACTT

-31 CGGCCTGAAA AAACCAGGAG AACTGAACAA GATGAAGAAG GTTTCTACGC TTGACCIGTT

FIG. 1. Nucleotide sequence of the lasB promoter region. Numbering is
relative to the lasB ATG start codon, which is indicated by boldface type. The
mRNA start site, confirmed by both multiple primer extension and S1 nuclease
analysis experiments, is indicated by an arrow pointing in the direction of tran-
scription (see Fig. 2). The putative operator sequences in the lasB promoter
region, OP1 and OP2, are underlined (see Fig. 3).
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FIG. 2. Primer extension analysis of the 5’ end of the lasB transcript. Se-
quencing reaction lanes are labeled according to nucleotide (A, C, G, or T).
Lanes containing extended primers are labeled according to the strain from
which the total RNA was purified: R1, primer extension experiment using RNA
from P. aeruginosa PAO-R1 (negative control); and 01, primer extension exper-
iment using RNA from P. aeruginosa PAO1. The arrowhead points to the ex-
tension product.

that positions 3 and/or 5 of OP1 are involved in the regulation
of lasB expression.

To examine the effects of both point mutations present in
pLJR501.10 independently, fusions with single-point muta-
tions were constructed. pLJR141 and pLJR143 incorporate
point mutations at position 3 (nt —191; C to T) and position 5
(nt —189; G to C) of the OP1 sequence, respectively. The
mutations at positions 3 and 5 in OP1 reduced lasB expression
by 98 and 27%, respectively (Fig. 4). Relative to the vector
control [PAO1(pQF50)], PAO1(pLJR141) had only a 3.5-fold
induction of lasB, compared with 144-fold in PAO1(pLJR50)
(Fig. 4).

To determine the relative importance of the 3’ portion of
OP1, pLJR118 was constructed. This plasmid contains lasBp-
lacZ with a mutation in position 18 of OP1 (nt —176; G to A).
The G at position 18 of OP1 would pair with the C at position
3 relative to the inverted repeat structure of OP1. The muta-
tion at position 18 abolished lasB promoter activity (pLJIR118;
Fig. 4), thus indicating that position 18 of OP1 is important for
operator or promoter recognition. The negative effect of
changing position 3 or 18 of OP1 may be a result of either
disruption of the dyad symmetry of the sequence or alteration
of nucleotides involved in operator or promoter recognition.
To determine whether restoration of the dyad symmetry would
also restore lasB expression, pLJR141 was mutagenized at
position 18 (G to A) to construct pLJIR156, thus restoring dyad
symmetry to the mutated sequence. This restoration did not
increase lasB promoter activity from the level of pLJR141 (Fig.
4). These data suggest that both positions 3 (C-G) and 18 (G-C)
of OP1 are critical for operator or promoter recognition (de-
pending on the exact location of the —35 region of the lasB
promoter). This indicates that these positions are crucial for
lasB transcription and reconfirms that OP1 is involved in lasB
regulation.

To determine if OP2 was involved in the activation of lasB,
a double site-directed mutant was constructed. To create
pLIR502.7, nt —251 was changed from C to T and nt —249 was
changed from G to C, resulting in a lasB promoter that con-
tained two mutations in OP2. Double-point mutagenesis of
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OP2 resulted in a 20% decrease in lasB expression (pLJR
502.7; Fig. 4), indicating that this sequence may be involved in,
but is not as critical as OP1 for, lasB activation. This suggests
that lasB is potentially controlled by two separate, homologous
operators within its promoter region.

Mutation of OP1 renders the lasB promoter unresponsive to
activation by LasR and PAI Passador et al. (39) have previ-
ously demonstrated that LasR and PAI are necessary and
sufficient for activation of lasB in E. coli. We examined whether
the OP1 double-point mutation on pLJR501.10 prevented
LasR and PAI induction of lasB expression in E. coli. To do
this, a pBR322-compatible plasmid carrying lasR was required.
The 1.7-kb BamHI-Scal fragment coding for facp-lasR from
pKDT37 was ligated into the BamHI-Hincll sites of pA-
CYC184, thus creating pPCS11 (Table 1). Either pPCS11 or
the control vector, pACYC184, was transformed into E. coli
MG4 containing pLJR50, pLJR501.10, pQF50/B, or pQF50.
Transformed cells were cultured in the presence of PAI as
described in Materials and Methods. B-Galactosidase expres-
sion from MG4(pPCS11)(pLJR501.10) was minimally induced
in the presence of LasR and PAI, indicating that the OP1
mutations render lasB unresponsive to LasR and PAI (Table
3). Reversion of these nucleotides to the original sequence
(pQF50/B) restored the ability of LasR and PAI to activate the
lasB promoter. These data confirm the importance of these
bases for LasR- and PAI-mediated activation of lasB transcrip-
tion. In addition, these data support the utility of using the E.
coli system to explore components of P. aeruginosa gene reg-
ulation.

Deletion mutagenesis of the lasB promoter region. We de-
cided to determine the effect of deleting OP2 and other se-
quences upstream from OP1 on lasB expression. Limited site-
directed mutations in OP2 indicated that this sequence may
affect lasB expression (pLJR502.7; Fig. 4). To further explore
this and other regions, three deletions were constructed in the
lasB promoter region upstream from OP1. Deleted lasB pro-
moters were transcriptionally fused to lacZ to create pLJR33,
which lacks nt —331 to —299, pLJR91, which lacks nt —331 to
—241, and pLJR50.404, which lacks nt —277 to —211 relative
to the lasB start codon. B-Galactosidase expressed from P.
aeruginosa PAO1 containing each deletion mutant plasmid was
assayed and compared with that of PAO1 (pLJRS50; Fig. 5).
Expression of lasB from pLJR33 was unchanged relative to
that from the full-length promoter region (Fig. 5). However,
expression of lasB from pLJR91 and pLJR50.404 was reduced
to 30 and 6%, respectively, of that from pLJR50 (Fig. 5). While
the precise extent of the expression reductions varied between
experiments (Fig. 5; Table 4), these data indicate that the
region between nt —298 and —210 relative to the lasB start
codon contains elements important for lasB promoter activa-
tion. These data also suggest that OP2 may be important for
lasB expression and that this potential operator is worthy of
further study.

Effect of the lasB promoter region deletions on uninduced

Operator Sequence Location
OP2 5'-ACCTGCTT-TTCTGCTAGCT-3" -253 to -235
or1 51 -ACCTE CAGT T HaeASaT -3 193 to 174
lx 5'-ALCTGTAGEATCOTACAGT-3:

FIG. 3. Putative operator sequences in the lasB promoter region. The nucle-
otide sequences of the two potential lasB operators and the V. fischeri lux
operator are aligned. The locations of the lasB operator sequences are relative to
the lasB start codon (see Fig. 1). The lasB OP2 and V. fischeri lux operator
sequences are aligned with the lasB OP1 sequence. Vertical lines indicate iden-
tical nucleotides.
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lasB Promoter Region
-331 -253  -235 -193  -174 -141
== T mRNA
: or2 OP1 B-gal. activity
Plasmid /—\ (Miller units)
pLJR50 (wild type)  ACCTGCTTTTCTGCTAGCT ACCTGCCAGTTCTGGCA(ISGT 2300 +/-80
|1 il
pLJR501.10 1 : 'lr ? { 7 +/-1
pLJR143 | | C I 1690 +/-50
[ I
pLJR141 [ T\ } 57 +/-2
|1
pLJR118 : : : z‘x 8 +/-1
pLJR156 ‘I { T A 6 +/-1
pLIR502.7 TC 1840 +/-20
pQF50 (vector centrol) 16 +/~1

FIG. 4. Effects of site-directed mutations in OP1 and OP2 on lasB promoter activity. P. aeruginosa PAO1 containing lasBp-lacZ fusion plasmids with the indicated
nucleotide changes was cultured and assayed for B-galactosidase (B-gal.) activity as described in Materials and Methods. B-Galactosidase activity expressed in Miller
units is provided along with the standard deviation. Nucleotides are numbered relative to the lasB start codon.

lasB expression. In V. fischeri, deletion of sequences upstream
from the lux operator resulted in enhanced /ux promoter ac-
tivity in the absence of LuxR and VAI, indicating that a re-
pressive element had been deleted (1). To determine the effect
of deleting regions upstream from OP1 on uninduced lasB
promoter activity, B-galactosidase activities expressed from P.
aeruginosa PAO1 and PAO-R1 containing pLJR91, pLJR
50.404, or pLJR50 were measured. The results of these exper-
iments showed that deletion of sequences upstream from OP1
did not result in increased lasB expression in the absence of
LasR (strain PAO-R1; Table 4). This result indicates that a
lasB repressor element is not present in the region from nt
—331 to —211 relative to the lasB start codon.

DISCUSSION

We have mapped the transcriptional start site of the lasB
gene, which led to the discovery that two interesting, homolo-
gous regions were near the lasB promoter. Mutational analysis
of these regions, OP1 and OP2, suggested that they are in-
volved in lasB activation by LasR and PAI. The OP1 sequence
is an inverted repeat that is centered 42 nt upstream from the
lasB transcriptional start site, where it could overlap with the
—35 region of the lasB promoter. No potential lasB promoter
has been identified because the lasB promoter region does not
contain an apparent sequence that is similar to a known pro-
moter consensus sequence. The OP2 sequence of lasB is cen-
tered 102 nt upstream from the lasB transcriptional start site.

TABLE 3. Effect of an OP1 double mutation on lasB expression in
the presence and absence of LasR and PAI*

Mean B-galactosidase activity (Miller units)

+ SEM
Plasmid
pPCS11 pPACYC184
(tacp-lasR) (lasR mutant control)
pLJRS50 410 = 30 3+0
pLIJR501.10 10+0 0
pQF50/B 380 £ 7 3x0
pQF50 0 0

“ 68 nM PAI was added to mid-log-phase cultures of E. coli MG4 containing
the indicated compatible plasmids, and B-galactosidase was assayed after 90 min
of growth.

It is interesting that these sequences are very similar to each
other and are reasonably similar to the lux operator of V.
fischeri. Fuqua et al. (11) originally pointed out the OP1 se-
quence as a lux operator-homologous region and reported a
consensus sequence for other genes controlled by an autoin-
duction system. Both OP1 and OP2 are similar to the reported
consensus sequence, but OP2 is not an inverted repeat like
other identified autoinduction operators (11).

We have shown that mutations in both halves of OP1 caused
a downregulation of lasB activation (Fig. 4; Table 3). Individ-
ual mutations at positions 3 and/or 18 of OP1 caused lasB
promoter activity to be reduced by at least 98%. These data
demonstrate the importance of both halves of the OP1 in-
verted repeat for lasB activation. A double mutant (positions 3
and 5 of OP1) was also shown to be inactivatable by LasR and
PAI in E. coli, suggesting that LasR may interact with OP1 to
activate lasB. It is possible that OP1 either overlaps with or is
contiguous to the —35 region of the lasB promoter. Stevens et
al. (47) have recently shown that the DNA-binding regions of
LuxR and RNA polymerase holoenzyme are required to pro-
tect the lux operator from DNase I digestion. This finding
suggests a synergistic mechanism of activation in this system.
The location of OP1 in relation to the lasB transcriptional start
site and its obvious influence on lasB activation lead us to
speculate that LasR may interact with both OP1 and RNA
polymerase to activate lasB transcription. Future experiments
involving gel shift and DNase I protection assays are planned
to determine whether LasR interacts directly with OP1 in the
presence of P. aeruginosa RNA polymerase.

We have also shown, by deletion analysis, that a sequence(s)
upstream from OP1 is critical for lasB activation. Deletion of
sequences upstream of OP1, between nt —299 and —210 rel-
ative to the translational start codon, negatively affected lasB
induction (Fig. 5). This region contains the second putative
lasB operator, OP2, identified in this study (Fig. 3). Since LasR
and PAI are necessary and sufficient to activate lasB expression
in E. coli to the level observed in P. aeruginosa (39, 41), it is
likely that a sequence(s) within the —299 to —210 region, as
well as OP1, responds to the presence of LasR and PAIL
Stevens et al. (47) have also shown that the DNA-binding
region of LuxR specifically binds to sequences upstream from
the lux operator. That discovery accompanied by the results of
our deletion experiments entices us to hypothesize that LasR



Vou. 178, 1996

REGULATION OF P. AERUGINOSA ELASTASE 1139

lasB Promoter Region

0,

Plasmid % pLIR50 Expression
253 -235 2193 <174 -141
-331 o1 — = mRNA
100
pLJRS50 OP2 OP1
pLIR33 258 89 +/-12
pLIR91 240 30 +/-4
— 6 +/-1
PLIR30.404 537 278 310
pQFS50 (vector control) 0.8 +/-0.3

FIG. 5. Effects of deletions in the lasB promoter region on lasB expression. P. aeruginosa PAO1 containing lasBp-lacZ fusion plasmids with the indicated deletions
was cultured and assayed for B-galactosidase activity as described in Materials and Methods. Values represent average B-galactosidase activities of six independent
experiments expressed as a percentage of that obtained from the fusion with the wild-type lasB promoter (pLJR50). Nucleotides are numbered relative to the lasB start

codon.

interacts with a lasB promoter region DNA sequence or se-
quences, in addition to OP1, to activate lasB transcription. This
theory is also supported by our limited site-directed mutagen-
esis of OP2, which suggested that nucleotides within OP2 were
involved in lasB activation. These mutations caused a 20%
decrease in lasB expression (Fig. 4). However, this decrease is
not as great as the 66% decrease in lasB expression caused by
deleting sequences within the region from nt —299 to —211
(Fig. 4 and 5). This finding indicates that this region contains
nucleotides, other than those mutated, which are involved in
lasB expression. We hypothesized that this region contains a
sequence that interacts with LasR. Alternatively, this region
may serve to reduce the randomness of an activator-operator
encounter. The lac repressor, for example, has been shown to
slide along the DNA molecule until the operator is recognized
(2, 51). Finally, this region could be required for proper con-
formation of the operator, as proposed for catabolite gene
activator protein operator recognition (44).

Despite numerous similarities in structure, function, and
sequence, there is only limited interchangeability of regulatory
components and target gene operators between the P. aerugi-
nosa las and V. fischeri lux systems (13). The presence of LuxR
and VAI cannot fully complement the absence of LasR and
PAI for lasB activation (13). LuxR and VAI were able to
stimulate lasB expression by only a factor of 4, indicating the
importance of specific operator DNA sequences for gene ac-
tivation in autoinduction systems. LasR and PAI, and LuxR
and VAI, may recognize corresponding positions of their re-

TABLE 4. Effects of lasB promoter region deletions on lasB
expression from PAO1 and PAO-R1

Mean B-Galactosidase activity

Strain (phenotype) Plasmid (Miller units) + SEM¢
PAO1 (LasR™) pLJR50 2,020 = 60
PAO-R1 pLIJR50 26 =1
(LasR™)

PAO1 (LasR™) pLJRI1 163 =7
PAO-R1 pLJRI1 23+0
(LasR™)

PAOL1 (LasR™) pLIJR50.404 501
PAO-R1 pLJR50.404 7*0
(LasR™)

PAO1 (LasR™) pQF50 61+0
PAO-R1 (LasR™) pQF50 34+1

“ B-Galactosidase activity assays were performed on late-log-phase P. aerugi-
nosa cultures.

spective operators with different affinities. This view is sup-
ported by our finding that a mutation at position 5 of lasB OP1
resulted in only a 27% loss in lasB induction (Fig. 4), while the
corresponding mutation in the /ux operator results in a 97%
loss in LuxR- and VAI-mediated /ux operon induction (1). This
indicates that while specific nucleotides of the lasB OP1 and
lux operators are important in gene activation, they are in-
volved to different degrees in the two systems.

Our analysis of the lasB promoter region has added much
insight to the control of lasB expression by P. aeruginosa. We
have located regions that are important for lasB activation by
LasR and PAI and our results have suggested potential mech-
anisms through which LasR and PAI may act. Future experi-
ments are planned to determine both the exact sequence(s)
recognized by LasR and the mechanism through which this
sequence(s) and LasR act to control lasB expression.
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