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The PA5471 gene required for induction of the MexXY multidrug efflux system in response to ribosome-
targeting antimicrobials was itself shown to be inducible by ribosome-targeting antimicrobials (Y. Morita,
M. L. Sobel, and K. Poole, J. Bacteriol. 188:1847–1855, 2006). Using a lacZ transcriptional reporter, drug
inducibility of PA5471 was shown to require the entirety of the 367-bp PA5472-PA5471 intergenic region. A
constitutive promoter activity was, however, localized to the first 75 bp of this region, within which a single
PA5471 transcription initiation site was mapped. That 3� sequences of the intergenic region blocked PA5471
expression and made it antibiotic dependent was suggestive of an attenuation mechanism of control. A
13-amino-acid leader peptide (LP)-encoding open reading frame preceded by a Shine-Dalgarno sequence was
identified ca. 250 bp upstream of the PA5471 coding sequence, and its expression and translation were
confirmed using a lacZ translational reporter. Alteration of the initiation codon (M1T) or introduction of
translational stop signals at codons 3 (Q3Am) and 8 (C8Op) of this LP sequence (PA5471.1) yielded high-level
constitutive expression of PA5471, suggesting that interference with LP translation was linked to PA5471 gene
expression. Consistent with this, a Q3K mutation in the LP sequence maintained the drug inducibility of
PA5471 expression. Introduction of the LP Q3Am mutation into the chromosome of Pseudomonas aeruginosa
yielded stronger expression of PA5471 than did antibiotic (chloramphenicol) exposure of wild-type P. aerugi-
nosa, in agreement with lacZ transcriptional fusion data. Still, the Q3Am mutation yielded modest expression
of mexXY, less than that seen for antibiotic-treated wild-type P. aeruginosa. These data suggest that PA5471 is
not sufficient for MexXY recruitment in response to antibiotic exposure and that additional antibiotic-
dependent effects are needed.

Multidrug efflux systems of the three-component resistance-
nodulation-division (RND) family contribute significantly to
intrinsic and acquired resistance to antimicrobials in a number
of gram-negative bacteria (43, 44). Despite their significance as
determinants of antibiotic resistance, however, RND-type mul-
tidrug exporters also, in many instances, accommodate bio-
cides (41, 44), organic solvents (48), detergents (43) including
bile salts (11, 27, 46, 58), toxic fatty acids/lipids (17), and in
some instances plant-derived antimicrobials (phytoalexins and
isoflavanoids) (7, 8, 38), metabolic inhibitors (53), quorum-
sensing effector molecules (10, 14, 24) and, possibly, virulence
factors (18, 22), in addition to antibiotics. Clearly, RND pumps
can and do function as other than antibiotic exporters.

Pseudomonas aeruginosa expresses several RND-type multi-
drug efflux systems, of which four, MexAB-OprM, MexCD-
OprJ, MexEF-OprN, and MexXY-OprM, are reported to be
significant determinants of multidrug resistance in lab and
clinical isolates (40, 42). A clear indication, however, that an-
timicrobial export may not be the intended function of many of
these comes from the observation that, while these pumps
accommodate many of the same antimicrobials, each appears

to be independently regulated by linked regulatory genes (42)
but not (with the exception of MexXY [36]) in response to
antibiotics.

MexXY-OprM is somewhat unique in P. aeruginosa in that
the mexXY operon is induced upon exposure to many of the
antibiotics that this efflux system exports (31). Still, only those
agents known to target the ribosome promote mexXY expres-
sion (21, 31), and this is compromised by so-called ribosome
protection mechanisms (21), suggesting that the MexXY efflux
system is recruited in response to ribosome disruption and not
antibiotics per se. Possibly, antibiotic-induced ribosome per-
turbation stimulates MexXY-OprM production in order to
counter or alleviate some stress or adverse effect resultant
from such perturbation. Transcriptomic and proteomic studies
certainly confirm that agents that interfere with prokaryotic
translation impact expression of a myriad of genes (1, 3, 15, 28,
37, 47, 49, 54) including, in some instances, genes associated
with stress responses (28, 37, 47, 49). Recently, a gene,
PA5471, encoding a conserved hypothetical protein has been
shown to be induced by the same ribosome-disrupting antimi-
crobials as mexXY and to be required for antibiotic-inducible
mexXY expression (36). Indeed, PA5471 expression in the ab-
sence of antibiotic exposure was able to promote mexXY ex-
pression, arguing that antibiotic induction of mexXY was me-
diated by PA5471 (36). To gain some understanding of the
antibiotic inducibility of PA5471 and, ultimately, mexXY and to
provide a link to ribosome disruption, we investigated possible
mechanisms of antibiotic-inducible PA5471 expression. We re-
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port here the identification of a leader peptide (LP)-encoding
sequence (PA5471.1) upstream of PA5471 whose translation
provides a sensor of ribosome function and, so, is able to
mediate PA5471 expression in response to ribosome-disrupt-
ing antimicrobials.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. Bacterial cells were cultured in or on Luria
broth and Luria agar (8) with antibiotics as necessary at 37°C. Plasmids
pEX18Tc, mini-CTX-lacZ, and their derivatives were maintained or selected in
Escherichia coli with 2.5 to 10 �g/ml of tetracycline. Plasmid pSPORT1 and its
derivatives were maintained or selected in E. coli with 100 �g/ml of ampicillin.
Plasmid pRK415 and its derivatives were maintained or selected with 10 (in E.
coli) or 50 (in P. aeruginosa) �g/ml of tetracycline. Plasmid pUCP19 and its
derivatives were maintained or selected using 100 �g/ml ampicillin (in E. coli)
and 400 (on plates) or 2,000 (in broth culture) �g/ml carbenicillin (in P. aerugi-
nosa). Plasmid pPZ30 and its derivatives were maintained or selected in E. coli
with 100 �g/ml of ampicillin and in P. aeruginosa with 200 �g/ml of carbenicillin.
Plasmid pFLP2 was maintained or selected using 100 �g/ml ampicillin (in E. coli)
and 200 �g/ml carbenicillin (in P. aeruginosa). Plasmid pCR-Blunt II TOPO was
maintained or selected in E. coli using 50 �g/ml kanamycin. Phagemid pBC
KS(�) was maintained or selected in E. coli using 30 �g/ml chloramphenicol.

DNA manipulation. Standard protocols were used for restriction endonuclease
digestions, ligations, transformation, plasmid isolation, and agarose gel electro-
phoresis, as described by Sambrook and Russell (50). Plasmid DNA was also
prepared from E. coli or P. aeruginosa using a QIAprep Spin miniprep kit or
QIAfilter plasmid midikit (Qiagen Inc., Mississauga, Ontario, Canada) according
to a protocol provided by the manufacturer. Genomic DNA of P. aeruginosa was
extracted following the protocol of Barcak et al. (4). DNA fragments or PCR
products used for cloning were extracted from agarose gels using a QIAquick gel
extraction kit (Qiagen) and purified using the Wizard SV gel and PCR clean-up
system (Promega Corp., Madison, WI). Competent P. aeruginosa (12) and E. coli
(50) cells were prepared as described elsewhere.

PA5471.1-LacZ translational fusions. The PA5471 upstream region beginning
15 bp into PA5472 and extending to the 13th and last amino acid-encoding codon
of the LP sequence (i.e., PA5471.1) was amplified using PCR and cloned initially
into mini-CTX-lacZ. This region was subsequently excised using EcoRI and
BamHI for cloning into pPZ30 to yield pYM080, in which the 13-amino-acid
PA5471.1-encoded LP is fused in frame to LacZ. A sequence extending to
immediately after the PA5471.1 TAA stop codon was similarly amplified and
cloned into pPZ30. Translational PA5471.1-lacZ fusions with M1T-, Q3Am-, and
C8Op-containing PA5471.1 sequences were generated via PCR amplification of
mutation-containing PA5471.1 sequences off of their respective pSportI deriva-
tives (see below), purification of PCR products using the Wizard SV gel and PCR
clean-up system (Promega), and cloning first into pBC KS(�) (Stratagene) for
sequencing and finally into pPZ30. All amplifications were carried out with Vent
DNA polymerase (New England Biolabs) using primer pairs 5471-F and LP-R
with the exception of the TAA stop codon fusion (where primers 5471-F and
LPTAA-R were used) (see the supplemental material for primer sequences). PCR
mixtures were formulated as described previously for amplification of mexZ (36)
and were heated to 94°C for 3 min prior to 40 cycles of 94°C for 30 s, 58.8°C for
30 s, and 72°C for 20 s, with a final 5-min incubation at 72°C.

Cloning PA5471.1. The PA5471.1 open reading frame (ORF) was amplified
from P. aeruginosa K2790 chromosomal DNA via PCR using primers 5471.1-F
and 5471.1-R (see the supplemental material) in a reaction mixture formulated
as described before (9). Amplification was achieved by heating at 94°C for 3 min
followed by 30 cycles of 94°C for 45 s, 59.2°C for 45 s, and 72°C for 30 s, followed
by 72°C for 10 min. The PA5471.1-carrying PCR product was purified, digested
(with HindIII and BamHI), and cloned into pRK415 (to yield pCG005) and
pUCP19 (to yield pCG006). Inserts were sequenced to ensure the absence of
PCR-generated mutations in the amplified PA5471.1.

Chromosomal PA5471-lacZ transcriptional fusions. Transcriptional fusions of
the PA5471 upstream region and lacZ were engineered in plasmid mini-CTX-
lacZ and then introduced into the P. aeruginosa PAO1 strain K767 chromosome
at the phage D113 attB site using established protocols (5, 20). The entirety of the
PA5472-PA5471 intergenic region was initially recovered on a 414-bp PCR
fragment that extended from 15 bp into the upstream PA5472 gene to 32 bp into
the PA5471 coding region. Amplification was achieved using strain K767 chro-
mosomal DNA and primers 5471-F and 5471-R in a PCR mixture formulated as
above for construction of the LacZ translational fusions. The reaction mixture

was subjected to an initial 3-min denaturation step at 94°C, followed by 35 cycles
of 30 s at 94°C, 30 s at 70°C, and 20 s at 72°C, before finishing with a 5-min
elongation at 72°C. PCR products were subsequently purified, digested with
EcoRI and BamHI, and cloned into plasmid pSportI (Invitrogen) to yield
pYM039. Nucleotide sequencing confirmed the absence of PCR-generated mu-
tations in the cloned DNA, which was excised with EcoRI and BamHI and
cloned upstream of the promoterless lacZ gene of the mini-CTX-lacZ vector to
yield pYM052. Restriction digestion of or PCR involving plasmids pYM039
and/or pYM052 was used to generate fragments carrying different regions of the
PA5471 upstream sequence that were also fused to lacZ in mini-CTX-lacZ (see
the supplemental material). To introduce a Q3Am mutation into the PA5471.1-
encoded LP sequence on some of these, PCR was carried out using the Q3Am
mutation-containing pSportI vector pYM041 as template and the resultant PCR
product was again cloned into mini-CTX-lacZ. Plasmid mini-CTX-lacZ and its
derivatives were mobilized into P. aeruginosa from E. coli S17-1 as described
before (9) using, however, 6- or 18-hour incubations, and transconjugants car-
rying chromosomal inserts of mini-CTX-lacZ and its derivatives were recovered
on L-agar containing tetracycline (75 �g/ml) and chloramphenicol (5 �g/ml; to
counterselect E. coli S17-1). The plasmid backbone was then cured from the
chromosome of each transconjugant using the pFLP2-encoded Flp recombinase
(19), to leave only the PA5471-lacZ fusions in the chromosome. Plasmid pFLP2
was introduced into P. aeruginosa via electroporation, and pFLP2-containing
carbenicillin-resistant colonies were subsequently streaked onto L-agar contain-
ing 10% (wt/vol) sucrose to select for the loss of plasmid pFLP2 (following
excision of the mini-CTX backbone from the chromosome). Sucrose-resistant
colonies were patched on L-agar plates containing tetracycline (25 �g/ml) or
carbenicillin (100 �g/ml) to confirm the loss of the mini-CTX backbone (tetra-
cycline sensitive) and the pFLP2 plasmid (carbenicillin sensitive).

Site-directed mutagenesis. Amino acid substitution (M1T or Q3K) and non-
sense (Q3Am or C8Op) mutations were introduced in the LP-encoding
PA5471.1 open reading frame of the PA5471 insert in plasmid pYM039 using a
protocol provided with the QuickChange site-directed mutagenesis kit (Strat-
agene) with modifications. A 50-�l mixture consisting of 50 ng of plasmid DNA,
0.3 �M of each mutagenic primer pair (for M1T, LPM1T-F and LPM1T-R; for
Q3Am, LPQ3Am-F and LPQ3Am-R; for Q3K, LPQ3K-F and LPQ3K-R; for C8Op,
LPC8Op-F and LPC8Op-R [see the supplemental material for primer sequences]),
0.2 mM each deoxynucleoside triphosphate, 1 mM MgSO4, 2.5 U of KOD Hot
Start DNA polymerase (EMD Biosciences, Inc., Madison, WI), 1� KOD buffer,
and 4.0% (vol/vol) dimethyl sulfoxide was heated to 94°C for 2 min followed by
18 cycles of 0.5 min at 94°C, 1 min at 60°C, and 5 min at 68°C. The resultant DNA
products were purified as above, digested overnight with 10 U DpnI (New
England Biolabs; to eliminate template plasmid), and used to transform E. coli
DH5�. Plasmids were recovered from individual transformants and the PA5471
insert sequenced to identify those bearing the desired mutation. The PA5471
inserts carrying the various PA5471.1 mutations were excised from pSportI using
EcoRI and BamHI and cloned into plasmid mini-CTX-lacZ to yield PA5471-
lacZ transcriptional fusions in which PA5471.1 had been mutated. The afore-
mentioned approach was also used to introduce the Q3Am mutation into the
PA5471.1-encoded LP sequence of a PA54711–252 insert in pSportI (see the
supplemental material), which was then cloned into mini-CTX-lacZ. A
PA547190–367-lacZ fusion-containing mini-CTX derivative carrying a Q3Am mu-
tation in the leader peptide region, pYM079, was constructed exactly as de-
scribed for construction of the mutation-free PA547190–367-lacZ fusion (see the
supplemental material), except that the Q3Am mutation-containing vector
pYM041 was used as template.

Construction of P. aeruginosa PA5471.1 mutants. To introduce the PA5471.1
Q3Am and Q3K mutations into the chromosome of P. aeruginosa PAO1 strain
K767, Q3Am and Q3K mutation-containing PA5471.1 sequences were cloned
into the gene replacement vector pEX18Tc for delivery to P. aeruginosa accord-
ing to an established protocol (9, 36). The Q3 mutation-containing sequences
were recovered from the relevant pSportI derivatives (see above) via excision
with EcoRI and BamHI, and the resultant pEX18Tc derivatives were mobilized
into strain K767 from E. coli S17-1 as described before (9) with P. aeruginosa
transconjugants carrying chromosomal inserts of the pEX18Tc derivatives se-
lected on tetracycline (75 �g/ml) and chloramphenicol (5 �g/ml; to counterselect
the donor E. coli). Transconjugants were subsequently streaked onto L-agar
containing sucrose (10% [wt/vol]), and sucrose-resistant colonies were then
screened for the presence of the Q3Am or Q3K mutation following amplification
of the PA5471.1-containing PA5471 upstream region using primers 5471-F and
5471-R (conditions and parameters as above), digestion with EcoRI and BamHI,
and cloning into pSportI for sequencing.

�-Galactosidase assay. Overnight cultures of P. aeruginosa strains harboring
chromosomal insertions of mini-CTX-lacZ or its derivatives were diluted 1:49
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristicsa Reference or source

E. coli strains
DH5� �80�lacZ�M15 endA1 recA1 hsdR17(rK

� mK
�) supE44 thi-1 gyrA96 relA1 F� �(lacZYA-argF)U169 2

S17–1 thi pro hsdR recA Tra� 55

P. aeruginosa strains
K767 PAO1 prototroph 30
K2798 K767 attB::promoterless lacZ This study
K2790 K767 attB::PA5471(1–367)-lacZb This study
K2808 K767 attB::PA5471(1–63)-lacZ This study
K2809 K767 attB::PA5471(1–75)-lacZ This study
K2792 K767 attB::PA5471(1–113)-lacZ This study
K2794 K767 attB::PA5471(1–252)-lacZ This study
K2795 K767 attB::PA5471(1–299)-lacZ This study
K2796 K767 attB::PA5471(21–367)-lacZ This study
K2799 K767 attB::PA5471(1–367; PA5471.1M1T)-lacZc This study
K2800 K767 attB::PA5471(1–367; PA5471.1Q3Am)-lacZ This study
K2801 K767 attB::PA5471(1–367; PA5471.1Q3K)-lacZ This study
K2802 K767 attB::PA5471(1–367; PA5471.1C8Op)-lacZ This study
K2806 K767 attB::PA5471(1–252; PA5471.1Q3Am)-lacZ This study
K2811 K767 attB::PA5471(1–155)-lacZ This study
K2812 K767 attB::PA5471(1–155; PA5471.1Q3Am)-lacZ This study
K2813 K767 attB::PA5471(90–367)-lacZ This study
K2814 K767 attB::PA5471(90–367; PA5471.1Q3Am)-lacZ This study
K2817 K767 PA5471.1Q3Am

c This study
K2818 K767 PA5471.1Q3K

c This study

Plasmids
pPZ30 E. coli-P. aeruginosa shuttle vector; used to construct translational lacZ fusions; Apr/Cbr 52
pYM080 pPZ30::PA5471.1WT-lacZd This study
pYM082 pPZ30::PA5471.1M1T-lacZ This study
pYM083 pPZ30::PA5471.1Q3Am-lacZ This study
pYM084 pPZ30::PA5471.1C8Op-lacZ This study
pYM081 pPZ30::PA5471.1TAA-lacZe This study
pSport1 Cloning vector; plac MCS lacI� Apr Invitrogen
pYM039 pSportI::PA5471(1–367)f This study
pYM040 pSportI::PA5471(1–367; PA5471.1M1T) This study
pYM041 pSportI::PA5471(1–367; PA5471.1Q3Am) This study
pYM042 pSportI::PA5471(1–367; PA5471.1Q3K) This study
pYM043 pSportI::PA5471(1–367; PA5471.1C8Op) This study
mini-CTX-lacZ Integration vector with promoterless lacZ; oriT� Tcr 5
pYM052 mini-CTX::PA5471(1–367)-lacZg This study
pYM054 mini-CTX::PA5471(1–63)-lacZ This study
pYM074 mini-CTX::PA5471(1–75)-lacZ This study
pYM055 mini-CTX::PA5471(1–113)-lacZ This study
pYM058 mini-CTX::PA5471(1–252)-lacZ This study
pYM059 mini-CTX::PA5471(1–299)-lacZ This study
pYM060 mini-CTX::PA5471(21–367)-lacZ This study
pYM064 mini-CTX::PA5471(1–367; PA5471.1M1T)-lacZ This study
pYM065 mini-CTX::PA5471(1–367; PA5471.1Q3Am)-lacZ This study
pYM066 mini-CTX::PA5471(1–367; PA5471.1Q3K)-lacZ This study
pYM067 mini-CTX::PA5471(1–367; PA5471.1C8Op)-lacZ This study
pYM071 mini-CTX::PA5471(1–252; PA5471.1Q3Am)-lacZ This study
pYM076 mini-CTX::PA5471(1–155)-lacZ This study
pYM077 mini-CTX::PA5471(1–155; PA5471.1Q3Am)-lacZ This study
pYM078 mini-CTX::PA5471(90–367)-lacZ This study
pYM079 mini-CTX::PA5471(90–367; PA5471.1Q3Am)-lacZ This study
pBC KS(�) Phagemid cloning vector; Cmr Stratagene
pCR-Blunt II TOPO PCR cloning vector; Kmr Invitrogen
pFLP2 Source of Flp recombinase; Apr/Cbr 5
pEX18Tc Gene replacement vector; sacB Tcr 19
pYM086 pEX18Tc::PA5471.1Q3Am

h This study
pYM087 pEX18Tc::PA5471.1Q3K This study
pRK415 P. aeruginosa-E. coli shuttle cloning vector; Tcr 23
pCG005 pRK415::PA5471.1 This study
pUCP19 P. aeruginosa-E. coli shuttle cloning vector; Apr/Cbr 51
pCG006 pUCP19::PA5471.1 This study

a Apr, ampicillin resistance; Cbr, carbenicillin resistance; Cmr, chloramphenicol resistance; Kmr, kanamycin resistance; Tcr, tetracycline resistance; MCS, multiple
cloning site.

b Chromosomal insertions (at the phage D113 attB site) of transcriptional PA5471-lacZ fusions carrying different portions of the PA5471 upstream region fused to lacZ. Portions
of the PA5471 upstream sequence included in each fusion are indicated in parentheses, where 1 is the first base pair after the PA5472 stop codon and 367 is the last base pair prior
to the PA5471 start codon. Mutations in the LP-encoding PA5471.1 sequence, when present, are also indicated. Am, amber nonsense mutation; Op, opal nonsense mutation.

c Derivatives of P. aeruginosa K767 carrying the indicated mutations in PA5471.1.
d In-frame translational fusion of PA5471.1 to lacZ on plasmid pPZ30. The sequence inserted into pPZ30 begins with bp 1 of the PA5471 upstream sequence and

ends after the final amino acid-encoding codon of PA5471.1. Mutations present within PA5471.1 are indicated in subscript. WT, wild-type PA5471.1.
e Fusion of PA5471.1 to lacZ on plasmid pPZ30. The sequence inserted into pPZ30 begins with bp 1 of the PA5471 upstream sequence and ends after the TAA

termination codon of PA5471.1.
f Plasmid pSportI derivative carrying the entire PA5471 upstream sequence (i.e., from the end of PA5472 to the beginning of PA5471) with PA5471.1 mutations as

indicated.
g Plasmid mini-CTX derivative carrying transcriptional PA5471-lacZ fusions with different portions of the PA5471 upstream region fused to lacZ. Portions of the

PA5471 upstream sequence included in each fusion are indicated in parentheses, where 1 is the first base pair after the PA5472 stop codon and 367 is the last base
pair prior to the PA5471 start codon. Mutations in PA5471.1, when present, are also indicated.

h Plasmid pEX18Tc derivatives carrying the PA5471 upstream region with the indicated PA5471.1 mutations.
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into fresh L-broth with or without chloramphenicol (4 �g/ml) and grown to log
phase before being assayed for �-galactosidase activity as described previously
(34).

RT-PCR. Total bacterial RNA was isolated from log-phase P. aeruginosa
L-broth cultures with or without chloramphenicol (8 �g/ml) or tetracycline (4
�g/ml) using the Qiagen RNeasy minikit and RNase-free DNase (Qiagen) and a
protocol provided by the manufacturer. The reverse transcription (RT)-PCR was
performed with ca. 500 ng RNA using the Qiagen One-Step RT-PCR kit ac-
cording to a protocol provided by the manufacturer. Primers and reaction con-
ditions for amplification of rpoD, PA5471, and mexX have been described pre-
viously (36). In some experiments primer pairs targeted to different regions of
the P5471 upstream region were employed: RTLP-F and LP-R (encompasses
the PA5471.1 sequence), LP-F and PA5471215-R (extends from upstream of
PA5471.1 to bp 215 of the PA5472-PA5471 intergenic region), and LP-F and
PA5471-R2 (extends from upstream of PA5471.1 into the PA5471 coding se-
quence) (see the supplemental material for primer sequences). Reaction condi-
tions were again as described previously (36) except that the PCR portion of the
reactions involved various numbers of cycles (see figure legends for details) of 0.5
min sequentially at 94°C, 60°C (56.5°C for reactions involving primers pair LP-F
and LP-R), and 72°C.

Mapping the PA5471 transcription start site. The transcription start site for
the PA5471 gene was determined using the 5	 rapid amplification of cDNA ends
(RACE) protocol and a 5	/3	 RACE kit (Roche Diagnostics, Laval, Quebec,
Canada) as described previously (13). Total RNA for RACE was prepared from
P. aeruginosa strain K2817 (carries the Q3Am mutation in the PA5471.1-encoded
LP sequence) and PA5471-specific primers SP1 (in the initial reverse transcription
reaction), SP2 (in the first PCR), and SP3 (in the final PCR) (see the supplemental
material for primer sequences). The amplified product was purified using a High
Pure PCR product purification kit (Roche Diagnostics) and cloned into the pCR-
Blunt II TOPO vector (Invitrogen), and plasmids were recovered from six indepen-
dent kanamycin-resistant transformants for sequencing.

mRNA folding. The mRNA corresponding to the PA5471 upstream (i.e.,
leader) region was folded using the program mfold (32, 60).

RESULTS

Mapping the antibiotic-inducible PA5471 promoter region.
In an attempt to localize the PA5471 promoter and identify
sequences needed for antibiotic inducibility of this gene, vari-
ous portions of the PA5472-PA5471 367-bp intergenic region
were fused upstream of the promoterless lacZ gene of plasmid
mini-CTX-lacZ and introduced into the chromosome of wild-
type P. aeruginosa PAO1 strain K767. As seen in Fig. 1, the
entire intergenic region yielded a weak promoter activity that
was increased threefold upon exposure to sub-MIC levels of
chloramphenicol (4 �g/ml), an antibiotic shown previously to
induce PA5471 (and mexXY) expression. Fusions carrying the
first 75 to 250 bp of the intergenic region (strains K2809,
K2792, and K2794) produced a constitutive promoter activity
that was not affected by antibiotic exposure (Fig. 1), indicating
that the 3	 end of the intergenic region carried sequences that
dampened PA5471 expression and made it antibiotic depen-
dent. Fusions that carried less than the first 75 bp of the
intergenic region (i.e., bp 1 to 63 of K2808 [Fig. 1]) or lacked
the first 20 bp of this region (K2796 [Fig. 1]) yielded little or no
activity, indicating that the PA5471 promoter resided within
the first 75 bp of the intergenic region. While sigma 70-like
�10/�35 regions were identifiable within the first 75 bp of this
region (Fig. 2B), attempts to map a PA5471 transcription ini-
tiation site here using RACE and antibiotic-treated K767 were
unsuccessful.

Translation of an upstream leader peptide sequence is linked
to PA5471 transcription. The observation that a PA5471 pro-
moter activity mapped to the 5	 end of the PA5472-PA5471
intergenic region was attenuated and made antibiotic depen-
dent by downstream sequences was reminiscent of previously

described transcriptional attenuation mechanisms (25, 57).
With such mechanisms, gene expression is controlled by the
translation status of an upstream LP, which in turn impacts
leader mRNA secondary structure and, so, the formation of a
transcription terminator upstream of the gene being regulated.
Typically, translation of the LP leads to terminator formation
and no downstream gene expression, while impeded LP trans-
lation/ribosome stalling on the LP sequence obviates termina-
tor formation and promotes downstream gene expression (59).
In searching the PA5471 upstream region, a putative 13-ami-
no-acid-encoding ORF preceded by a strong Shine-Dalgarno
sequence (AAGGAGG) was identified beginning 114 bp
downstream of PA5472 (Fig. 1), which places it after the

FIG. 1. Localization of the antibiotic-regulated PA5471 promoter
activity and impact of mutations in the leader peptide-encoding
PA5471.1 sequence on PA5471 expression. The PA5471 upstream
region including PA5471.1 (bp 114 to 155) are highlighted with num-
bers representing positions relative to the first base pair after PA5472
(1) and the last base pair before the PA5471 coding region (367).
Portions of the PA5471 upstream sequence fused to lacZ of miniCTX-
lacZ and inserted into the chromosome of P. aeruginosa K767 are
highlighted below the schematic with fusion-containing strain designa-
tions (see Table 1) given on the left. Fusions carrying mutations in
PA5471.1 (sequence provided above the schematic) are also high-
lighted. The �-galactosidase activity of P. aeruginosa carrying the in-
dicated fusions is shown without (-CAM) or with (�CAM) prior chlor-
amphenicol exposure and is the mean 
 standard deviation of a
minimum of three experiments carried out in triplicate. Values have
been adjusted for background activity measured using strain K2798
carrying a chromosomal promoterless lacZ insert. �, no activity de-
tected; ND, not determined.
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above-defined PA5471 promoter region. An in-frame fusion of
the LP region (after codon 13) to lacZ on plasmid pPZ30
yielded substantial �-galactosidase activity (2,784 
 699 Miller
units), activity that was lost if the fusion junction was immedi-
ately after the TAA stop codon, consistent with the LP region
being translated. The LP ORF is hereafter referred to as
PA5471.1 and is annotated as such in the P. aeruginosa PAO1
genome sequence (www.pseudomonas.com).

One way that PA5471.1 translation could link chloramphen-
icol (as an example of a ribosome-targeting antibiotic) expo-
sure to PA5471 expression is that antibiotic-induced stalling/
slowing of the ribosome on PA5471.1 during translation of
newly synthesized mRNA provides for transcription of the
downstream PA5471 coding region, transcription that does not
occur in the absence of antibiotic, and so, no ribosome stalling.
To assess this, amber (TAG) and Opal (TGA) nonsense mu-
tations were introduced at codon 3 (Q3Am) or 8 (C8Op),
respectively, of PA5471.1 on the lacZ transcriptional fusion
containing the entire PA5472-PA5471 intergenic region
(strains K2800 and K2802 [Fig. 1]) to promote “stalling” of the
ribosome on the PA5471.1 sequence during its translation, and
the impact on PA5471 expression was measured. These muta-
tions were also introduced into the PA5471.1-LacZ transla-
tional fusion plasmid and shown to block PA5471.1 translation
as evidenced by the lack of �-galactosidase activity (data not
shown). As seen in Fig. 1, these mutations yielded a very high
level of expression of PA5471 (12- to 20-fold higher than wild-
type basal levels) that was unaffected by chloramphenicol ex-
posure. The elevated PA5471 expression in strain K2800 was
unaffected by the introduction of the cloned PA5471.1 gene
(on high-copy-number, pUCP19, and medium-copy-number,
pRK415, vectors [data not shown]), ruling out PA5471.1 as
playing a negative regulatory role in PA5471 expression that is
simply lost in the Q3Am mutant.

In contrast to the results obtained with the Q3Am mutation,
a Q3K mutation in PA5471.1 (strain K2801) did not enhance
PA5471 expression—although intrinsic activity was lowered, it
remained antibiotic (chloramphenicol) inducible (Fig. 1)—
consistent with premature PA5471.1 translation termination

(and attendant ribosome stalling) being key to the observed
marked increase in PA5471 expression in fusion strains K2800
and K2802. Interestingly, a PA5471.1 M1T mutation in the
aforementioned lacZ transcriptional fusion, which effectively
prevented any PA5471.1 translation, also yielded high-level
expression of PA5471 that was chloramphenicol unresponsive
(Fig. 1, K2799). In agreement with the above results, a mutant
P. aeruginosa harboring a PA5471.1Q3Am mutation (K2817)
but not a PA5471.1Q3K mutation (K2818) showed strong ex-
pression of PA5471 as measured using RT-PCR (Fig. 3B). As
with the lacZ transcriptional fusions, PA5471 expression pro-
moted by the Q3Am mutation in strain K2817 was markedly
higher than for chloramphenicol-treated wild-type P. aerugi-
nosa K767 (Fig. 3A).

The PA5471.1 Q3Am mutation in a PA5471-lacZ transcrip-
tional fusion strain carrying intergenic sequences 1 to 155 (i.e.,
to just after the LP sequence) did not show the same high level
of constitutive expression (Fig. 1, compare K2811 and K2812),
indicating that the amber mutation did not enhance the activity
of the upstream PA5471 promoter. Similarly, the Q3Am mu-
tation in a PA5471-lacZ transcriptional fusion carrying inter-
genic sequences 90 to 367 (i.e., beginning after the previously
defined PA5471 promoter) did not yield any �-galactosidase
activity (Fig. 1, K2814), indicating that the mutation did not
activate a downstream promoter more proximal to the PA5471
coding region. These data are, therefore, consistent with a model
whereby interference with PA5471.1 translation promotes
downstream PA5471 expression from a promoter upstream
of PA5471.1 (i.e., an attenuation mechanism of control).

Possible influence of a PA5471.1 nonsense mutation and
ribosome-targeting antimicrobials on PA5471 mRNA stability.
The observation that neither chloramphenicol exposure nor a
PA5471.1 Q3Am mutation enhanced the activity of a PA5471-
lacZ transcriptional fusion carrying intergenic sequences 1 to
155 (i.e., upstream of a putative attenuator [Fig. 1, K2792 and

FIG. 2. Mapping the PA5471 transcriptional start site. (A) The
5	 RACE product (lane 2) from P. aeruginosa strain K2817
(PA5471.1Q3Am) obtained with the 5	 RACE kit-provided 5	-end
primer (20-mer) and PA5471-specific primer annealing within PA5471.
Lane 1, 100-bp ladder. (B) PA5471 upstream sequence highlighting the
RACE-determined transcription start site (bolded and with an aster-
isk), the PA5472 termination codon (underlined), putative �10/�35
sites (underlined), and the LP-encoding PA5471.1 sequence (bolded).
Endpoints of lacZ transcriptional fusions described in Fig. 1 are iden-
tified by arrowheads and numbered as per Fig. 1. An interrupted
inverted repeat is identified by dashed arrows above the DNA se-
quence.

FIG. 3. Impact of the PA5471.1Q3Am mutation on expression of
PA5471 and mexX. Expression, based on RT-PCR, of PA5471, mexX,
and rpoD was assessed in P. aeruginosa K767 (wild type; WT) and a
derivative, K2817, carrying a Q3Am mutation in PA5471.1 grown to
log phase in the absence (-CAM) or presence (�CAM) of chloram-
phenicol (4 �g/ml) (A) or P. aeruginosa K767 (WT), K2817
(PA5471.1Q3am), and a derivative, K2818, carrying a Q3K mutation in
PA5471.1 grown without chloramphenicol (B). The rpoD reaction
served as an internal control that ensured equal amounts of RNA were
employed in all of the RT-PCRs shown. The PCR portion of the
reactions was carried out for 18 (top panel) or 20 (bottom panel) cycles
(PA5471), 38 (top panel) or 40 (bottom panel) cycles (mexX), and 19
(top panel) or 21 (bottom panel) cycles (rpoD). Data are representa-
tive of two to three replicates.
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K2812]) while both enhanced the activity of PA5472-lacZ fu-
sions carrying the complete intergenic region (i.e., including
the putative attenuator region [Fig. 1, K2790 and K2800]) was
consistent with a model whereby a PA5471 promoter activity
was constant under all conditions but extension beyond the
attenuator region and into PA5471 was dependent upon drug
treatment or a PA5471.1 nonsense mutation. As such, the total
level of PA5471 message-carrying sequences upstream of the
putative attenuator (i.e., those that end at the attenuator and
those that extend beyond it into the PA5471 coding region)
should remain constant regardless of antimicrobial presence or
a PA5471.1 nonsense mutation, while message-carrying se-
quences downstream of the attenuator should increase with
antimicrobial exposure or a PA5471.1 nonsense mutation. To
examine this, RT-PCR was carried out using a constant 5	
primer (which anneals immediately upstream of PA5471.1)
and various 3	 primers that anneal both upstream and down-
stream of the attenuator region (Fig. 4E), and message-
carrying attenuator upstream (i.e., those that truncate at the
attenuator and those that extend into PA5471) and down-

stream (those that extend into PA5471 only) sequences were
assessed in response to ribosome-targeting antimicrobials or
a PA5471.1 Q3Am mutation. Surprisingly, all primer pairs
yielded increased product in the presence of antimicrobials
(Fig. 4A, B, and C, lanes 2 and 3) or PA5471.1 Q3Am
mutation (Fig. 4A, B, and C, lane 4), including those that
targeted the PA5471.1 region only (Fig. 4A). The simplest
explanation for these results is that the extended message
that forms in the presence of antimicrobials or a PA5471.1
nonsense mutation is more stable than the truncated mes-
sage expected to form in their absence.

Mapping the PA5471 transcription initiation site. The ear-
lier difficulty in mapping the PA5471 transcription initiation
site using RACE may have resulted from the comparatively
low level of PA5471 expression promoted by chloramphenicol
in wild-type P. aeruginosa K767 (Fig. 3A). Using RNA isolated
from the PA5471.1Q3Am mutant, K2817, which showed a mark-
edly higher level of PA5471 expression (Fig. 3A), a strong
RACE product was recovered (Fig. 2A) and a transcription
initiation site readily and unambiguously identified. Six inde-
pendent clones were sequenced, all yielding the same cytosine
residue at bp 75 of the PA5472-PA5471 intergenic region as
the initiation site (Fig. 2B). Moreover, the initiation site was
appropriately placed downstream of the putative �10 and �35
sites identified previously. The fusion junction of the PA54711–63-
lacZ fusion occurs within the putative �10 region, providing an
explanation for its lack of promoter activity (Fig. 1, K2808), while
the PA54711–75-lacZ junction occurs immediately after the tran-
scription start site, consistent with it showing constitutive pro-
moter activity (Fig. 1, K2809). Intriguingly, the virtually inactive
fusion encompassing bp 21 to 367 of the intergenic region (Fig. 1,
K2796) extends to 17 bp upstream of the putative �35 site and 55
bp upstream of the transcription initiation site, suggesting that
additional regulatory elements that act upstream of the PA5471
promoter may be involved in PA5471 transcription. A
lengthy interrupted inverted repeat that could be involved in
regulator binding was identified upstream of the putative
PA5471 �35 site (Fig. 2). Beginning at bp 9 it would be
truncated in the PA547121–367-lacZ fusion present in K2796.

PA5471 is not sufficient for antibiotic-inducible mexXY ex-
pression. Previous work from this lab demonstrated that the
cloned PA5471 gene was able to promote mexXY expression
and MexXY-mediated antibiotic resistance (36). Still, despite
the markedly higher level of PA5471 expression seen in the
PA5471.1 Q3Am mutant K2817 compared to chlorampheni-
col-treated wild-type strain K767 (Fig. 3A), mexXY expression
was actually higher in chloramphenicol-treated K767 than in
untreated K2817 (Fig. 3A). This suggested that while PA5471
is involved in MexXY recruitment in response to antibiotic-
promoted ribosome disruption its production is not sufficient
for optimal mexXY induction, and additional antibiotic-induc-
ible factors are also necessary.

DISCUSSION

The mexXY multidrug efflux operon is inducible by antimi-
crobials that target the ribosome (21), dependent upon the
PA5471 gene that is itself inducible by such antibiotics and
whose expression promotes mexXY expression independent of
antimicrobials (36). The current study demonstrates that P.

FIG. 4. Influence of ribosome-targeting antimicrobials and
PA5471.1Q3Am mutation on production of PA5471 message amplifi-
able with attenuator-upstream and attenuator-downstream primers.
RNA extracted from P. aeruginosa K767 (wild type; lanes 1 to 3) and
K2817 (PA5471.1Q3Am; lane 4) grown without antimicrobial (lanes 1
and 4) or with chloramphenicol (lane 2) or tetracycline (lane 3) was
subjected to RT-PCR using primers directed at the PA5471 upstream
region (A to C) or rpoD (D). (E) The position of the primer pairs used
in panels A through C on the PA5471 upstream region is shown with
each pair labeled at left and its corresponding panel designation and
the position of the 3	 primer of each pair relative to first base pair of
the PA5472-PA5471 intergenic region (as in Fig. 1) indicated. The
PA5471 transcription initiation site is highlighted (ƒ) as is the site at
which a putative terminator structure (see Fig. 5) begins (�). The PCR
portion of the reactions was carried out for 18 (top panel) or 20
(bottom panel) cycles in all instances except panel A, where 23 (top
panel) and 25 (bottom panel) cycles were used. Data are representa-
tive of two to three replicates.
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aeruginosa senses antibiotic-mediated ribosome disruption and
links it to PA5471 gene expression by monitoring the transla-
tion of a leader peptide region (PA5471.1) found upstream of
the PA5471 coding sequence on PA5471 mRNA. This is rem-
iniscent of erythromycin and tetracycline induction of the erm
(macrolide resistance) and tet (tetracycline resistance) genes,
respectively, in Bacillus subtilis. Expression of the ermB (35)
and ermC (33) genes is controlled by macrolides via the use of
leader peptide sequences whose translation is linked to sec-
ondary structure formation in mRNA that is or is not compat-
ible with subsequent erm translation (termed translational at-
tenuation) (33, 35). Translational attenuation has also been
reported for the tet efflux gene of plasmid pBC16 (29) and
probably the tetA(L) efflux gene (56), both in Bacillus subtilis.
As with PA5471, the introduction of nonsense mutations at
certain positions within these erm (26, 35) and tet (29, 56) LP
sequences, which is intended to mimic ribosome stalling, pro-
motes high-level constitutive production of the efflux proteins
that is not influenced by antibiotic.

While the LP-based control mechanisms appear to be sim-
ilar for these erm/tet determinants and PA5471, PA5471 is,
however, regulated at the level of transcription. While tran-
scriptional (versus translational) attenuation has most com-
monly been described for regulation of amino acid biosynthetic
operons (16, 59) it has also been reported for tet [tet(M) of
transposon Tn916] (57) and erm (emrK of Bacillus lichenifor-
mis) (25) resistance genes. In these instances, transcription
terminates prior to the tet/erm genes in the absence of drug
while transcription extends into the tet/erm coding regions in
the presence of drug. In both cases, mutually exclusive second-
ary structures are proposed whose formation is dictated by the
translation status of an upstream LP [14 amino acids for ermK;
28 amino acids for tet(M)]. Intriguingly, the PA5471 LP-en-
coding sequence (PA5471.1) occurs in a region upstream of
PA5471 that is predicted to form a stem-loop structure
(PA5471.1-2), with PA5471.1 forming the first half of the stem
(Fig. 5A). Sequences downstream of this stem-loop are pre-
dicted to form a second stem-loop (3-4) that ends very near the
translation start site for PA5471 and is followed by a uracil-rich
sequence that is characteristic of a transcription terminator
(Fig. 5A). One possibility, then, is that this structure forms in
the transcribed leader mRNA when translation of PA5471.1 is
not compromised, leading to transcription termination prior to
the PA5471 coding region. In contrast, antibiotic-induced ri-
bosome stalling on the PA5471.1 sequence would preclude
formation of the PA5471.1-1 stem-loop, freeing 2 to pair with

3 (forming what might be called the antiterminator), which is
then unavailable for pairing with 4 to form the transcription
terminator (Fig. 5B) and so transcription proceeds into the
PA5471 coding region. Consistent with this model, the intro-
duction of nonsense mutations but not a missense mutation
into PA5471.1 promoted high-level constitutive expression of
PA5471. Moreover, the Q3K missense mutation in PA5471.1
results from a change in the same base as the Q3Am nonsense
mutation (C3A for Q3K; C3T for Q3Am) (Fig. 1) and still
retains the drug inducibility of PA5471 expression, indicating
that the impact of the nonsense mutations on PA5471 expres-
sion cannot be explained on the basis of disruption of key base
pair interactions important for PA5471.1-2 stem formation.
Significantly, the natural stop codon for PA5471.1 occurs on
the predicted loop at the end of the PA5471.1-2 stem such that
any ribosome stalling that might occur during termination of
PA5471.1 translation would not impact formation of this stem-
loop and, so, not impact formation of the putative terminator.

Interestingly, elimination of PA5471.1 translation via an
M1T mutation also enhanced PA5471 expression, reminiscent
of the effects of eliminating the pBC16 tet LP ribosome binding
site (i.e., no translation of the tet gene possible) where Tet
protein expression was enhanced 10-fold and was tetracycline
unresponsive (29). It is unclear, however, how lack of
PA5471.1 translation would provide the same signal as ribo-
some stalling, although in the case of the M1T mutation the
ribosomes may be pausing at the ribosome binding site in the
absence of a start codon.

The observation that fusion strains carrying 3	-truncated
fragments of the PA5471 upstream region lacking a putative
attenuator (Fig. 1, K2809, K2792, and K2794) yielded less
�-galactosidase activity than full-length upstream fragments
containing the attenuator sequences but carrying a nonsense
mutation (Q3Am) in PA5471.1 (Fig. 1, K2800) was puzzling
given the expectation that an attenuator-minus sequence
would, in theory, provide for maximal PA5471 gene expression.
One possibility was that 3	-truncated sequences that end be-
fore the putative attenuator sequence, similar to what would be
formed in vivo in wild-type cells in the absence of ribosome-
targeting antimicrobials, are comparatively unstable while full-
length transcripts that form in the presence ribosome-targeting
antimicrobials or PA5471.1 nonsense mutations (where an at-
tenuator is expected not to form) are comparatively stable.
Consistent with this was the observation that RT-PCR-ampli-
fiable products generated with primers that target the attenu-
ator upstream region were increased upon antimicrobial expo-

FIG. 5. Proposed secondary structures for PA5471 leader region mRNA. (A) Putative uninduced or “off” state of the leader mRNA. The leader
region begins with �1 of the message and ends at the PA5471 translation initiation site and forms two stem-loop structures with the leader
peptide-encoding PA5471.1 sequence pairing with segment 2 to form the first stem-loop and segment 3 pairing with segment 4 to form the second
stem-loop, which is predicted to be a transcription terminator. The PA5471.1 Shine-Dalgarno (SD) sequence is highlighted in bold, as are the
PA5471.1 translation stop codon and residues M1, Q3, and C8, which are sites of mutation in this study and are referred to elsewhere. End points
of leader region subclones fused to lacZ as described in Fig. 1 are indicated with arrows. The indicated stem-loop structures were predicted with
the assistance of mfold (60) and demonstrated the most favorable free energy (�G of �31.9 and �32.9 kcal/mol, respectively) of any individual
stem-loop structures defined for the PA5471 leader region. (B) Putative induced or on state of the leader mRNA. The leader region shown here
begins with the PA5471.1 translation termination codon and ends at the PA5471 translation initiation site and forms a single stem-loop structure
owing to segment 2 pairing with segment 3, precluding formation of the segment 3-4 stem-loop terminator. The beginning of the segment 4
sequence is highlighted as are the end points of leader region subclones fused to lacZ as described in Fig. 1. The indicated stem-loop structure
was predicted with the assistance of mfold (60) and demonstrated the most favorable free energy (�G, �30.1 kcal/mol) of any individual stem-loop
structures defined for the PA5471 leader region lacking the LP-encoding PA5471.1 sequence.
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sure or PA5471.1 mutation despite the fact that the PA5471
promoter was not impacted by antimicrobial exposure or mu-
tation (i.e., the total amount of message-carrying attenuator
upstream sequences was expected to be constant and only the
amount that extended beyond the attenuator would be in-
creased). Enhanced stability of the mRNA of erm genes that
are under translational attenuation control has also been re-
ported in response to erythromycin (6, 35), with erythromycin-
induced stalling of the ribosome on the emr leader sequences
directly linked to this stabilization (6). Still, there are no prior
reports of antibiotic-dependent stabilization of mRNA for resis-
tance genes whose antibiotic inducibility involves a transcriptional
attenuation mechanism. Interestingly, while the PA5471.1 Q3Am
mutation failed to enhance activity of a PA54711–115-lacZ fusion,
it did enhance activity of a PA54711–252-lacZ fusion (Fig. 1,
K2806), comparable to that seen for a full-length PA5471-lacZ
fusion. The 1-252 region lacks the 3-4 sequences necessary for
forming the putative terminator stem-loop (Fig. 5A), although it
retains most of the 2-3 sequences needed to form the so-called
antiterminator (Fig. 5B). Possibly, it is this antiterminator struc-
ture that stabilizes the PA5471 message.

While the results of this and a previous study (36) highlight
the importance of PA5471 for ribosome-targeting-antibiotic-
inducible mexXY expression, it is clear that PA5471 alone is
insufficient for maximal mexXY induction by antibiotics, and
other antibiotic-promoted changes are needed for the full re-
cruitment of this efflux system. One possibility is that PA5471
directly or indirectly processes a product generated by antibi-
otic disruption of ribosomes (e.g., truncated or aberrant pep-
tides), which then function as mexXY inducers and, possibly,
MexXY substrates (45). In the absence of antibiotic there
would be relatively less PA5471 “substrate” (presumably aris-
ing from a basal error rate in translation) for production of the
mexXY inducer(s). As such, enhanced PA5471 expression only,
resultant, for example, from a PA5471.1 nonsense mutation,
would not yield substantial mexXY inducer production. In con-
trast, elevated levels of PA5471 and its substrates resultant
from antibiotic exposure would produce comparatively higher
levels of the mexXY inducers and, so, provide for more mexXY
expression. In any case, PA5471 and MexXY-OprM are clearly
linked to ribosome function, and their recruitment in response
to ribosome stress suggests that they play some role in helping
P. aeruginosa deal with the adverse consequences of ribosome
dysfunction. Work is ongoing to define PA5471’s activity and
to determine how it functions to promote mexXY expression,
thereby providing insights into the intended function of the
MexXY-OprM efflux system.
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