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The Influence of Iron on Pseudomonas aeruginosa Physiology
A REGULATORY LINK BETWEEN IRON AND QUORUM SENSING
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In iron-replete environments, the Pseudomonas aeruginosa
Fur (ferric uptake regulator) protein represses expression of two
small regulatory RNAs encoded by prrF1 and prrF2. Here we
describe the effects of iron and PrrF regulation on P. aeruginosa
physiology. We show that PrrF represses genes encoding
enzymes for the degradation of anthranilate (i.e. antABC), a pre-
cursor of the Pseudomonas quinolone signal (PQS). Under iron-
limiting conditions, PQS production was greatly decreased in a
AprrF1,2 mutant as compared with wild type. The addition of
anthranilate to the growth medium restored PQS production to
the AprrF1,2 mutant, indicating that its defect in PQS produc-
tion is a consequence of anthranilate degradation. PA2511 was
shown to encode an anthranilate-dependent activator of the ant
genes and was subsequently renamed antR. AntR was not
required for regulation of antA by PrrF but was required for
optimal iron activation of antA. Furthermore, iron was capable
of activating both antA and antR in a AprrF1,2 mutant, indicat-
ing the presence of two distinct yet overlapping pathways for
iron activation of antA (AntR-dependent and PrrF-dependent).
Additionally, several quorum-sensing regulators, including
PgsR, influenced antA expression, demonstrating that regula-
tion of anthranilate metabolism is intimately woven into the
quorum-sensing network of P. aeruginosa. Overall, our data
illustrate the extensive control that both iron regulation and
quorum sensing exercise in basic cellular physiology, underlin-
ing how intermediary metabolism can affect the regulation of
virulence factors in P. aeruginosa.

Pseudomonas aeruginosa is a Gram-negative opportunistic
pathogen that causes serious infections in immuno-compromised
individuals, such as burn victims, and in cystic fibrosis (CF)*
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patients. To cause disease, P. aeruginosa expresses several vir-
ulence factors that allow it to colonize and survive within its
host, as well as a variety of systems that allow for the acquisition
of nutrients required for metabolism and growth. P. aeruginosa
must be able to coordinate the expression of each of these fac-
tors to successfully establish and maintain infection. For exam-
ple, a shortage of iron availability leads to the increased expres-
sion of iron acquisition systems and decreased expression of
pathways that rely on relatively large amounts of iron. Con-
versely, the potential for iron toxicity necessitates the tight reg-
ulation of iron acquisition in response to iron availability, a
function mediated through the action of the ferric uptake reg-
ulator (Fur) protein. Under iron-replete conditions, the Fur
protein becomes ferrated and binds to a 19-bp consensus
sequence, called the Fur box, in the promoters of genes required
for iron uptake, thereby preventing their transcription (1, 2). In
P. aeruginosa, Fur directly or indirectly controls the expression
of alarge number of genes and operons involved in iron uptake,
as well an assortment of virulence genes (3—6). Fur can also
contribute to the increased expression of genes via the repres-
sion of two small regulatory RNAs, PrrF1 and PrrF2, which are
functionally similar to RyhB in Escherichia coli (7). These small
RNAs contribute to iron homeostasis by causing the degrada-
tion of mRNAs encoding iron-containing proteins, “sparing”
this essential nutrient when intracellular iron concentrations
are low (8, 9).

The expression of many virulence factors in P. aeruginosa is
controlled by signaling molecules that are synthesized and
secreted by this bacterium (10-13). Two signaling systems
function through the action of distinct acyl-homoserine lactone
molecules, the las system using N-(3-oxododecanoyl) homo-
serine lactone (3-oxo-C,,-HSL) as a signaling molecule (14)
and the ril system using N-butyryl homoserine lactone (C,-
HSL) (15, 16). A third system functions through the action of
2-heptyl-3-hydroxyl-4-quinolone, termed Pseudomonas quin-
olone signal (PQS) (17). PQS, acting as a coinducer for the
LysR-type regulator PqsR (MvfR), activates the transcription of
several virulence factors and the pgsABCDE operon, the gene
products of which direct the synthesis of PQS (18-20). PQS
synthesis involves the condensation of a fatty acid with anthra-
nilate, a metabolite that can alternatively be converted by sev-

dialyzed TSB; MOPS, 4-morpholinepropanesulfonic acid; IPTG, isopro-
pyl-1-thio-B-p-galactopyranoside; HSL, homoserine lactone; RT-PCR,
reverse transcription-PCR.

VOLUME 283 +NUMBER 23+JUNE 6, 2008


http://www.jbc.org/cgi/content/full/M707840200/DC1

Quorum Sensing and Iron in Pseudomonas aeruginosa

eral enzymes to the tricarboxylic acid cycle intermediate succi-
nate. Anthranilate can be acquired from the environment or
synthesized by P. aeruginosa via one of two pathways (21). The
first of these involves the degradation of tryptophan via the
kynurenine pathway (21). Alternatively, anthranilate can be
synthesized from chorismate by an anthranilate synthase en-
coded by phnAB, located just downstream from the PQS bio-
synthetic operon (22). PQS is found in the lungs of Pseudomo-
nas-infected CF patients (23), and clinical isolates of
P. aeruginosa from CF patients produce relatively high levels of
PQS (24), indicating that this quorum-sensing molecule may
play a significant role in P. aeruginosa lung infection.

This study was undertaken to determine the scope of PrrF
regulation in P. aeruginosa. Our findings show that the PrrF
RNAs hold extensive control over several aspects of P. aerugi-
nosa physiology, extending beyond the function of maintaining
iron homeostasis. We demonstrate that the PrrF RNAs are
important for the repression of anthranilate degradation in
iron-limiting environments, allowing for PQS biosynthesis. We
also show that the genes for anthranilate degradation are regu-
lated in turn by several quorum-sensing regulators, including
PgsR. From our data, an intricate regulatory network is pro-
posed in which the utilization of anthranilate for either PQS
production or energy is tightly regulated by iron and anthrani-
late availability, as well as quorum signals.

EXPERIMENTAL PROCEDURES

Growth Conditions—E. coli strains were routinely grown in
Luria-Bertani (LB) medium, and P. aeruginosa strains were
routinely grown in brain-heart infusion medium. For high and
low iron DTSB medium, tryptic soy broth (TSB) was treated
with Chelex-100 resin (Bio-Rad) and dialyzed and then supple-
mented with 50 mm monosodium glutamate and 1% glycerol.
FeCl, was added to a concentration of 50 ug ml™" for iron-
replete media. Anthranilate was added at a final concentration
of 1 mgml ™. For quorum-sensing studies, LB broth containing
50 mm MOPS (3-(N-morpholino) propanesulphonic acid) was
used. Antibiotics were used at the following concentrations
(per milliliter): 100 ug of ampicillin, 15 ug of gentamicin, and 15
pg of tetracycline for E. coli and 750 ug of carbenicillin, 75 ug of
gentamicin, and 150 ug of tetracycline for P. aeruginosa.

Bacterial Strains and Genetic Manipulations—The AprrF1,
AprrF2, and AprrF1,2 strains of PAO1 were generated previ-
ously (8). Unmarked AantR and AcatR mutants were generated
as described previously (25). The AantR and AcatR mutants
were complemented chromosomally as described previously
(26) with the antR and catR open reading frames, as well as
200-250 bases upstream from the translational start sites. For
inducible expression of antR, the gene was ligated into pUCP18
(27) downstream from the lacO-controlled promoter. For
inducible expression of pgsR, the gene was cloned into pJN105
(28) downstream from the araC-controlled promoter. For the
antA and pgsA expression reporter fusions, the promoters of
antA and pgsA were cloned into pQF50 upstream from a pro-
moter-less lacZ gene (29).

Expression Studies—For microarray analysis, strains were
grown at 37 °C for 18 h in DTSB with and without FeCl, addi-
tion. Total RNA was isolated from cultures using RNeasy mini
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spin columns (Qiagen), and the cDNA probes for microarray
analysis were prepared from RNA according to the manufac-
turer’s instructions (Affymetrix). Briefly, cONA was generated
from 5 g of total RNA and was then fragmented using DNasel
to an approximate length of 200 bases. Fragmented cDNA from
each of the RNA samples was biotinylated and hybridized to a
GeneChip® P. aeruginosa genome array (Affymetrix), which
includes all 5,549 protein-coding sequences of PAO1. The data
were then analyzed using GeneSpring® software (Silicon
Genetics).

For real-time PCR analysis, strains were grown at 37 °C for
18 h in DTSB and supplemented as indicated with FeCl; or
anthranilate. For the effects of antR overexpression, strain
PAOL carrying either pUCP18 or pUCP-antR was grown at
37 °C for 18 h in DTSB supplemented with 100 um IPTG to
induce antR expression. Total RNA was isolated as described
above. RNA was DNase-treated with RNase-free DNasel (New
England Biolabs or Promega). cDNA was prepared from 50 ng
of RNA using the InProm II RT system (Promega). Real-time
PCR reactions were carried out in a LightCycler® 480 using the
LightCycler® 480 RNA master hydrolysis probes master mix
(Roche Applied Science) or Applied Biosystems Model 7000
sequence detection system using the SYBR Green PCR ampli-
fication master mix (Applied Biosystems). Data were analyzed
using the LightCycler® 480 or the 7000 Real-Time PCR system
software. Relative amounts of cDNA were normalized by divid-
ing the expression values by the relative amounts of omlA or
rpll cDNA in each sample.

Aconitase Assays—To determine aconitase activity, whole
cell extracts were prepared from cultures grown for 18 h at
37 °C in DTSB. Aconitase activity was measured as described
previously (30). Briefly, 100 um trisodium citrate, 0.7 units of
isocitrate dehydrogenase, and 270 um NADP™" were added to
cleared cell lysates in assay buffer (20 mm Tris-HCI, pH 7.4).
Aconitase activity was monitored by following the formation of
NADPH (upon conversion of isocitrate to a-ketoglutarate) at
340 nm. Activity was normalized to protein concentration as
determined by BCA protein assay (Pierce).

PQS Assays—Bacteria were grown in DTSB for 16 h at 37 °C,
with and without FeCl; or anthranilate as indicated. Each cul-
ture was harvested and extracted with acidified ethyl acetate as
described by Collier et al. (23). One-half of the resulting organic
extract was transferred to a clean tube and evaporated to dry-
ness. Samples were resuspended in 1:1 acidified ethyl acetate:
acetonitrile and analyzed by thin-layer chromatography (TLC)
(17). The concentration of PQS in extracts was determined by
using computer densitometry to compare unknowns with syn-
thetic PQS standards on TLC plates as described by Calfee et al.
(20).

Expression and Purification of His-tagged AntR (AntR,,)—
AntR,,, overexpression and purification were done as
described previously (31). For construction of the AntR,;
expression vector pJLAhis, the antR open reading frame was
cloned into pET16b. The resulting plasmid was transformed
into P. aeruginosa strain PAO-T7, which is genetically modified
to express T7 RNA polymerase (26). PAO-T7 carrying pJLAhis
was grown at 37 °C to an A4y, of 0.5. IPTG was added to induce
AntR,;, expression, and the culture was grown another 16 h at
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TABLE 1
Selected genes induced in the A prrF1,2 mutant
WT, wild type.
Function of WT high iron vs. prrE mutants vs. WT, low iron®
Gene ID s
gene product WT low iron AprrF1  AprrF2 AprrF1,2
Tricarboxylic acid cycle
PA1562 acnA Aconitase A 53 4.6 3.7 3.5 NC 1.9 8.6 2.5 6.5 9.8
PA1581 sdhC Succinate dehydrogenase 8.6° 5.7¢ 1.9 2.1 NC*¢ NC¢ 2.1¢ NC¢ 1.7 2.0
PA1582 sdhD 6.1° 6.1¢ 2.0 2.5 NC¢ NC* 3.2¢ NC¢ 2.0 2.5
PA1583 sdhA 4.0° 4.6° 2.1 2.8 NC* NCe 3.7¢ NCe 2.1 2.5
PA1584 sdhB 2.8¢ 3.5¢ NC 2.1 NC¢ NC* 4.0° NC¢ NC NC
PA1787 acnB Aconitase B 4.9 5.7 3.2 1.6 NC NC NC NC 2.3 2.5
Anthranilate metabolism
PA2507 catA Catechol degradation 5.7 7.0 32.0 32.0 NC NC 5.7 2.8 3.0 3.7
PA2508 catC 6.1 4.9 27.9 24.3 NC NC 64.0 1.9 2.6 3.2
PA2509 catB 2.3 3.2 8.0 12.1 NC NC 4.6 NC 3.5 2.5
PA2511 antR AraC-type regulator 168.9° 6.5° 8.6 22.6 2.3¢ NC° 104.0° 13.0° 4.0 4.3
PA2512 antA Anthranilate degradation 52.0° 238.9° 1040 238.9 NC* NC¢ 512.0° 111.4° 2.3 2.1
PA2513 antB 68.6° 207.9° 1940 2229 1.9¢ NC* 137.2¢ 73.5¢ 2.6 2.3
PA2514 antC 52.0° 73.5° 168.9 59.7 1.7¢ 1.7¢ 55.7¢ 13.9¢ 3.7 3.0
Anthranilate biosynthesis
PA2080 kynU Kynurenine pathway NC NC 2.0 49 NC NC 1.5 NC 2.3 1.9
PA2081 kynB NC NC NC NC NC 1.5 NC 0.4 NC NC
PA2579 kynA 2.3 NC NC 1.7 NC NC NC NC 1.7 NC
Iron storage and oxidative stress
PA3531 bfrB Bacterioferritin 168.9¢ 24.3¢ 9.2 26.0 1.6° NC* 3.0 NC¢ 0.7 0.6
PA4236 katA Catalase 7.5¢ 7.0¢ 3.0 4.0 NC¢ 1.6° 5.7¢ 3.2¢ 53 6.1
PA4366 sodB Iron superoxide dismutase 5.3¢ 9.8° 57 1.4 NC* NC* 4.6° 1.9¢ 4.6 4.0
PA4880 Probable bacterioferritin 13.0° 7.5¢ 5.3 2.3 NC*¢ 2.5¢ 14.9¢ 2.1¢ 139 211

“ Ratio of expression in wild type PAO1 grown in iron-replete conditions vs. wild type PAO1 grown in iron-depleted conditions from four independent microarray experiments.
p < 0.0001 for the expression ratio of each gene in each experiment as determined by GeneSpring® analysis software, or indicated as NC (no change).

b Ratio of expression in the indicated A prrF mutant grown in iron-depleted conditions vs. wild type PAO1 grown in iron-depleted conditions from four independent microarray
experiments. p < 0.0001 for the expression ratio of each gene in each experiment as determined by GeneSpring® analysis software, or indicated as NC (no change).

¢ Microarray data previously published by Wilderman, et al (8) that has been reanalyzed in conjunction with newly acquired microarray data.

16 °C. Cells were harvested at 4 °C, and subsequent AntR puri-
fication procedures were performed at 0—4 °C. Harvested cells
were suspended in binding buffer (20 mm Tris-HCI, 500 mm
NaCl, and 5 mm imidazole, pH 7.9) and lysed by sonication. The
lysate was cleared by centrifugation, and the supernatant was
fractionated by nickel-nitrilotriacetic acid agarose column
chromatography (Qiagen). Bound protein was washed with a
buffer containing 20 mm Tris-HCl, 500 mm NaCl, and 68 mm
imidazole, pH 7.9, and eluted by increasing concentrations of
imidazole. Fractions containing AntR,;, were pooled, dialyzed
in 100 mMm KCl, 50 mM NaCl, 2 mm EDTA, 0.5% Tween 20, 20%
glycerol, and 50 mm Tris-HCI (pH 7.0), and stored at —80 °C.
Electrophoretic Mobility Shift Assays—Electrophoretic
mobility shift assays were performed as described previously
(31). Briefly, DNA probes were prepared by PCR amplification
of the 198-bp antA promoter (—21 — —219 relative to the +1
site) and the 153-bp mini-CTX (32) multiple cloning site as a
nonspecific competitor. The PCR products were end-labeled
with [y-**P]ATP using T4 nucleotide kinase. Binding reactions
contained 10—30 pm of both the antA promoter and the mini-
CTX multiple cloning site in 20 ul of DNA binding buffer (50
mM KCl, 1 mm EDTA, 1 mm dithiothreitol, 0.1 mg/ml bovine
serum albumin, and 5% glycerol and 20 mm Tris, pH 7.5). Puri-
fied AntR,;, and 0.1 mM anthranilate were added as indicated,
and the binding reactions were incubated at room temperature
for 20 min. The reaction mixtures were then separated by elec-
trophoresis on a native 5% Tris-glycine-EDTA polyacrylamide
gel, and radioactivity was detected using a Typhoon model 8600
PhosphorImager with ImageQuant software (GE Healthcare).
B-Galactosidase Assays—Strain PAO1 carrying the indicated
promoter-lacZ fusion and pgsR overexpression construct was
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supplemented with 0.4% L-arabinose for induction of PgsR.
B-galactosidase activity was assayed using the Galacto-Light
Plus™ kit (Tropix). Results are given in units of 8-galactosid-
ase activity per Ay,

RESULTS

The PrrF RNAs Influence Expression of a Wide Range of Genes—
A previous study examined the effect of iron on global gene
expression in P. aeruginosa. Although 333 genes showed
decreased expression under high iron conditions, the
expression of over 460 genes was induced at least 2-fold by
high iron (3). Among the genes induced by high iron were
bfrB, encoding a bacterioferritin, and sodB, encoding iron
superoxide dismutase.? After the identification of the iron-
regulated PrrF RNAs, several of the previously identified
iron-induced genes were also shown to be derepressed in a
AprrF1,2 mutant grown in low iron conditions (8). These
included the genes for iron superoxide dismutase (sodB),
iron aconitase A (acnA), and succinate dehydrogenase (sdh-
CDAB), all of which are also repressed by RyhB in E. coli.
This was a minimal list of candidate PrrF-regulated genes,
however, and a more extensive analysis of PrrF-regulated
gene expression would be needed to understand the full
scope of PrrF regulation.

In the present study, an in-depth analysis of PrrF-regulated
gene expression revealed a much broader scope of PrrF regula-
tion than was initially appreciated (see supplemental data,
Table S1, for a complete list of PrrF-repressed genes). Consist-
ent with previous studies, this analysis identified several genes

3 M. L. Vasil, unpublished data.
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FIGURE 1. Regulation of tricarboxylic acid cycle enzymes by PrrF. RT-PCR was used to measure expression
of sdhC (A), acnA (B), and acnB (C) mRNA from the indicated strains grown at 37 °C for 18 h in DTSB. Error bars
show the standard deviation of three independent experiments performed in triplicate. WT, wild type. D, the
indicated strains were grown at 37 °Cfor 18 h in DTSB. To determine aconitase activity, whole cell extracts were
prepared from cultures grown for 18 h at 37 °C in DTSB. Aconitase activity was measured as described under
“Experimental Procedures.” Error bars show the standard deviation of three independent experiments per-

formed in duplicate. Hi Fe, high iron; Lo Fe, low iron.

mutants. As was shown previously
(34), aconitase activity increased in
PAOL1 cells grown in high iron ver-
sus low iron conditions (Fig. 1D).
Furthermore, the levels of aconitase
activity were greatly increased in the
AprrF1,2 mutant as compared with
wild type, demonstrating that the

LoFe
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2- ApriF1-2

4- 25 ng synthetic PQS
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FIGURE 2. PrrF allows for PQS production by repressing the genes for anthranilate degradation. A, RT-PCR
was used to measure antA mRNA from wild type (WT), AprrF1,2, and the complemented AprrF1,2 (AprrF1,2/
PrrF1,2) strains grown at 37 °Cfor 18 hin DTSB with and without FeCl; as indicated. Error bars show the standard
deviation of three independent experiments performed in triplicate. Band C, bacteria were grown at 37 °C for
16 hin DTSB with and without FeCl; as indicated. Cultures were then prepared and analyzed for PQS synthesis
by TLC as described under “Experimental Procedures.” Error bars show the standard deviation of four inde-

pendent experiments performed in duplicate.

involved in iron storage and oxidative stress protection (Table
1). The majority of PrrF-repressed genes that were identified,
however, encode enzymes that participate in aerobic and anaer-
obic metabolism, several of which make up the tricarboxylic
acid cycle (Table 1). Among these were genes encoding aconi-
tase A (PA1562), aconitase B (PA1787), and succinate dehydro-
genase (sdhCDAB), which have previously been identified as
RyhB-repressed in E. coli (7, 33). Real-time PCR confirmed that
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BWT BaprrF12 [AprF12/PrF12

3- AprrF1-2 + 0.5 mM anthranilic acid

loss of aconitase activity in low iron
is due to the activity of the PrrF
RNAs. In contrast with our
microarray data, real-time PCR
analysis revealed a large increase in
sdhC expression in both the single
and the double prrF mutants (Fig.
1A). The reason for this difference is
not clear but may reflect the limita-
tions of using microarray analysis to
dissect the regulatory interplay of
PrrF1 and PrrF2.

Our microarray analysis also
revealed that PrrF represses genes
for the degradation of anthranilate
(antABC and catBCA, Table 1), a
precursor of PQS. Real-time PCR
analysis confirmed that antA is
derepressed in the AprrF1,2 mutant
grown in low iron as compared with
wild type (~5-fold), and this pheno-
type was complemented by the
expression of prrF1 and prrF2 from
a plasmid (Fig. 24). It should be
noted that although antA was con-
sistently shown to be derepressed in the AprrF1,2 mutant, the
amount of derepression varied between different microarray
and real-time PCR experiments; possible reasons for this vari-
ation are presented in the discussion. Deletion of either prrF
gene individually led to no significant increase in antA expres-
sion (data not shown), indicating that both PrrF RNAs contrib-
ute to the regulation of antA expression. These data provided
an interesting connection between iron regulation and quorum

+ jron
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sensing, a link that will be the subject of the remainder of this
report.

The PrrF RNAs Are Required for Optimal PQS Synthesis in
Low Iron Conditions—The microarray and real-time PCR data
discussed above indicate that PrrF represses the genes for
anthranilate degradation (Table 1 and Fig. 2A4). Since anthrani-
late serves as a precursor for PQS synthesis, it was of interest to
see how repression of anthranilate degradation by the PrrF
RNAs affects production of this signaling molecule. Therefore,
the effects of iron and prrF1,2 deletion on PQS production were
examined more closely. Wild type and AprrF1,2 mutant strains
were grown in DTSB medium with and without supplementa-
tion of iron. After 16 h, cells were harvested, and the extracts
were assayed for PQS production by TLC. Ample amounts of
PQS were produced by the wild type strain grown in low iron
conditions, whereas PQS production was very low in the double
AprrF1,2 mutant grown under the same conditions (Fig. 2B).
The addition of anthranilic acid to the growth medium restored
PQS production to the AprrF1,2 mutant (Fig. 2C), indicating
that the loss of PQS production in this mutant was due to deple-
tion of anthranilate because of the increased expression of the
antABC genes. Single mutants, in which either of the prrF genes
was deleted, showed only very minor defects in PQS production
(data not shown), demonstrating that repression of antA by
both PrrF RNAs contributes to this effect.

Surprisingly, the addition of iron did not cause a decrease in
PQS production in the wild type, and instead, led to an increase
in PQS production (Fig. 2B). Furthermore, the levels of PQS
increased more than 6-fold in the AprrF1,2 mutant when iron
was added (Fig. 2B). Since the addition of exogenous anthrani-
late was able to restore PQS production to the AprrF1,2 mutant
in low iron (Fig. 2C), we explored the possibility that an endog-
enous source of anthranilate could restore PQS production to
wild type and AprrF1,2 strains in high iron conditions. Two
genes encoding enzymes of the kynurenine pathway, which
provides anthranilate for the production of PQS via the degra-
dation of tryptophan (21), were induced by high iron as com-
pared with low iron in wild type PAO1 (between 1.7- and 4.9-
fold in some microarray experiments, Table 1). Furthermore,
an increased utilization of tryptophan in high iron as compared
with low iron was previously observed for wild type PAO1 using
BIOLOG phenotypic arrays.* These data suggest that the kyn-
urenine pathway may supply anthranilate for PQS synthesis
in high iron conditions. Overall, these results demonstrate
that PrrF, under iron-limiting conditions, spares anthrani-
late for PQS synthesis by repressing the genes for anthrani-
late degradation.

Anthranilate Induces Expression of antA via Activation of the
AraC-type Regulator Encoded by PA2511—To determine how
PrrF affects regulation of the ant genes, we first attempted to
clarify what regulators directly controlled expression of these
genes. Anthranilate is known to activate expression of the ant-
ABC genes on the carbazole-degradative plasmid pCAR1 of
Pseudomonas resinovorans via the AraC-type regulator AntR
(35). Because of the close homology between P. resinovorans

4 A. Vasil and M. Vasil, unpublished data.
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FIGURE 3. Role of anthranilate, AntR, and CatR in the regulation of antA.
A-C,RT-PCR was used to measure expression of antA and antR mRNA from the
indicated strains grown at 37 °C for 18 h in DTSB, with or without iron or
anthranilate supplementation as indicated. Low Fe, low iron. B, for the effects
of antR overexpression, strain PAO1 carrying either pUCP18 or pUCP-antR
was grown at37 °Cfor 18 hin DTSB supplemented with 100 um IPTG toinduce
antR expression. Error bars show the standard deviation of three independent
experiments performed in triplicate. *, p < 0.05 between AantR/AntR and
AantR by Student’s t test. **, p < 0.0001 between AantR and wild type by
Student’s t test. High Fe, high iron. D, His-tagged AntR was purified over a
nickel column as described under “Experimental Procedures,” dialyzed, con-
centrated, and run on an SDS-PAGE gel. Purified AntR was hybridized to the
labeled antR promoter in the presence (A) or absence (no A) of anthranilate as
indicated. The resulting hybridization reactions were run on a non-denatur-
ing polyacrylamide gel. The arrows point to the shifted antR promoter
fragments.

and P. aeruginosa, we hypothesized that strain PAO1 may sim-
ilarly modulate antA expression in response to anthranilate.
The addition of anthranilate to wild type cultures of strain
PAO1 grown in DTSB without iron supplementation had a sub-
stantial impact on antA expression, inducing it by over 10,000-
fold (Fig. 3A); a similar level of induction by anthranilate was
observed when wild type PAO1 was grown in iron-replete con-
ditions (data not shown). These results establish that anthrani-
late modulates the expression of the genes for anthranilate deg-
radation in PAOL.

We next sought to identify the regulator responsible for
anthranilate-induced expression of antA in P. aeruginosa. The
PA2511 gene, which is transcribed divergently from the ant-
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more optimal expression levels of
antA in the wild type strain (Fig.
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3(C). In addition, anthranilate-in-
duced expression of antA was com-
pletely abolished in the APA2511
mutant (Fig. 3A), indicating that
this gene is absolutely required for
this response. Furthermore, puri-
fied PA2511-encoded protein
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bound specifically to the antA pro-
moter in electrophoretic mobility
shift assays. This binding was
enhanced in the presence of
anthranilate (Fig. 3D), indicating
that anthranilate serves as a

co-factor for its activation of antA.
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These results demonstrate that
the regulator encoded by PA2511
activates expression of the ant
genes in response to anthranilate,
similarly to AntR in P.resino-
vorans, and we have therefore
named this gene antR.

Neither AntR nor CatR Are
Required for PrrF-regulated Expres-
sion of antA— A region of significant
complementarity was identified
between both PrrF RNAs and the
translation initiation site of antR
(Fig. 4A and supplemental Table
S2), which led to the hypothesis that

p <0005

p=01

AprF12

antA expression

FIGURE 4. AntR is not required for PrrF regulation of antA expression. A, map of the antR-antABC region on
the PAO1 genome. Double lines indicate the approximate region of the shown complementarity between the
antR/antA mRNAs and the PrrF RNAs; the map of the ant gene region was not drawn to scale. B, RT-PCR was
used to measure expression of antA and antR mRNA from the indicated strains grown at 37 °C for 18 hin DTSB.
Error bars show the standard deviation of three independent experiments performed in triplicate. The indi-
cated p values were determined by Student's t test for comparisons between high iron (High Fe) and low iron
(Low Fe) for each strain and for comparisons between wild type and deleted prrF1,2 strains grown in low iron.

ABC operon in P. aeruginosa strain PAO1, encodes a putative
AraC-type regulator sharing 59% identity with P. resinovorans
AntR. Expression of the PA2511 gene was induced in the
AprrF1,2 mutant along with antABC (Table 1), suggesting that
these genes may be in the same regulatory pathway. Real-time
PCR showed a 100-fold increase in antA expression upon over-
expression of PA2511 (Fig. 3B), indicating that the protein
encoded by this gene activates ant expression in P. aeruginosa.
Interestingly, induction of PA2511 gene expression did not
cause a decrease in PQS production (data not shown), which
may be a result of alternative anthranilate biosynthesis path-
ways supplying this PQS precursor. The expression of PA2511,
as with that of antA, was also induced over 1,000-fold in
response to the addition of anthranilate (Fig. 34). Therefore, a
deletion mutant for the PA2511 gene was constructed and
tested by real-time PCR. The expression of antA in the
APA2511 mutant was similar to that of wild type in DTSB (Fig.
3A) but was reduced ~100-fold in APA2511 as compared with
wild type when iron was added to the medium, allowing for

JUNE 6, 2008+ VOLUME 283+NUMBER 23

antR expression

an interaction between PrrF and the
antR mRNA is responsible for the
repression of antA by PrrF. If this
were true, then deletion of antR
should result in a loss of PrrF-regu-
lated expression of antA. Therefore,
the antR deletion was moved into
the AprrF1,2 mutant, and the levels
of antA expression in the AantR and AantRAprrF1,2 mutants
were measured by real-time PCR. Surprisingly, expression of
antA was repressed by PrrF in the AantR mutant almost as
strongly as in wild type (Fig. 4B). Furthermore, PQS production
was not restored to the AprrF1,2 mutant upon deletion of antR
(data not shown). We tested the idea that CatR was also
involved in the regulatory pathway between PrrF and antA,
somehow masking the effect of the AantR deletion. Deletion of
catR, in conjunction with the antR deletion or on its own, had
no effect on the expression of antA (Fig. 3, A and C) or on the
ability of PrrF to regulate antA expression (data not shown).
Although these data do not rule out the possibility that the PrrF
RNAs directly regulate the expression of antR, they do show
that antR is not required for this regulation.

In our examination of the AantRAprrF1,2 double mutant, we
unexpectedly found that iron-dependent regulation of antA
was greatly reduced upon deletion of antR and completely abol-
ished in the AantRAprrF1,2 mutant (Fig. 4B). Additionally, the
AprrF1,2 mutant still demonstrated a substantial, albeit
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reduced as compared with wild type, induction of antA expres-
sion by iron (Fig. 4B). The expression of antR was also induced
by iron in the AprrF1,2 mutant, also at a reduced level as com-
pared with the wild type strain (Fig. 4B). These data indicate
that two distinct regulatory mechanisms lead to the induction
of antA by iron. One of these involves the PrrF-independent
iron activation of antR, which subsequently activates expres-
sion of antA. A second mechanism involves the PrrF RNAs,
which may be able to bypass AntR and repress antA directly. A
region of the antA open reading frame was found to share
complementarity to the PrrF RNAs (Fig. 44 and supplemental
Table S2), suggesting the possibility that PrrF directly causes
the degradation of both the antA and the antR mRNAs, a sce-
nario that is currently under investigation. It is also possible
that several additional factors involved in the regulation of the
ant genes, as discussed below, may be masking any involvement
of AntR in the PrrF-mediated regulation of antA.

Regulation of antABC by Quorum Sensing—Our data dem-
onstrate that degradation of anthranilate negatively affects the
production of PQS. Because of this relationship, it was of inter-
est to determine whether PQS in turn regulates expression of
the genes for anthranilate degradation. To test this idea, PgsR,
the cognate regulator for PQS, was overexpressed in P. aerugi-
nosa strain PAO1 from an arabinose-inducible promoter, and
P,,ailacZ and P, ,::lacZ reporter fusions were used to mon-
itor promoter activity of the antABC and pgsABCDE operons,
respectively, by B-galactosidase assays. As expected, activity of
the pgsA promoter was induced greatly upon overexpression of
PgsR. In contrast, that of antA was practically abolished (Fig.
5A), demonstrating that PqsR can lead to repression of the
genes for anthranilate degradation.

The PQS system is itself regulated by other quorum-sensing
systems, making it likely that these other systems also regulate
expression of the ant genes. In fact, previous microarray studies
showed that RhIR and its cognate sensor molecule, C4-HSL,
can exert a positive regulatory effect on antABC (36). Consist-
ent with this observation, real-time PCR revealed a substantial
decrease in antA expression upon deletion of rilR (Fig. 5B).
Additionally, the expression of antR was greatly reduced in
ArhiR (Fig. 5C), suggesting that RhIR activates antA expression
via activation of antR. RhIR was also shown to repress expres-
sion of the pgsABCDE genes for PQS production (37), but it is
not yet clear whether RhIR regulated the ant and pgs genes
directly or via repression of PgsR. Deletion of r/IR did result in
a small increase in pgsR expression (Fig. 5D), but the induction
seemed to be very sensitive to changes in growth phase. Further
studies will therefore be required to determine the role of PqsR
in the regulation of antA by RhIR.

Previous reports have also noted that LasR activates expres-
sion of the pgsABCDE genes (19, 37). Consistent with these
data, deletion of lasR led to a significant decrease in pgsR
expression (Fig. 5D). It seemed likely from these data that LasR
may conversely repress expression of the ant genes; deletion of
lasR, however, only resulted in a small increase in antA or antR
expression and only at certain time points tested (Fig. 5, B and
C). Alternatively, LasR has also been shown to activate rilR
expression (38, 39), in which case the deletion of lasR would
lead to decreased rilR expression and subsequent derepression
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FIGURE 5. The ant genes are regulated by quorum sensing. A, strain PAOT,
carrying an inducible copy of pgsR and either the P,,,.4-lacZ or the P, ,-lacZ
fusion, was grown at 37 °C in MOPS-buffered LB supplemented wiﬂw 0.4%
L-arabinose for induction of PgsR. Each culture was then assayed for B-galac-
tosidase activity. Shown are representative data from a single experiment.
B-D.RT-PCRwas used to measure expression of antA (B), antR (C),and pgsR (D)
mRNA from the indicated strains grown at 37 °C in MOPS-buffered LB. Error
bars show the range of two independent experiments. wt, wild type.

of antA. Combined with the data presented here (Fig. 5, B-D),
these studies suggest that the duality of LasR regulation leads to
competition between RhIR- and PgsR-mediated regulation of
antA.

We also examined the role of the orphaned quorum-sensing
regulator QscR, which represses expression of both the lasR/
lasI and the rhlR/rhiI quorum-sensing systems (40), in the reg-
ulation of antA. Deletion of gscR resulted in a dramatic increase
in both antA and antR expression (Fig. 5, B and C), as well as a
significant increase in pgsR expression (Fig. 5D). These data
suggest that the activation of antA and antR by RhIR may out-
compete PqsR-mediated repression of antA and antR (Fig. 6B)
and further obscure the role of LasR in antA regulation. Overall,
these data suggest the presence of a complex hierarchy of quo-
rum-sensing regulation over the ant and pgs genes, in which the
competition between various quorum signals contributes to the
determination of how anthranilate is utilized.

DISCUSSION

This study provides a detailed report of the regulatory mech-
anism by which iron affects quorum sensing in P. aeruginosa.
The data presented in this study demonstrate the extensive
control thatiron exerts on P. aeruginosa physiology via the PrrF
small regulatory RNAs, the roles of which extend beyond iron
homeostasis and into control over metabolism and virulence.
The extent of PrrF regulation is demonstrated by the marked
effect that prrF1,2 deletion has on expression of the genes for
anthranilate degradation and the result of this regulation with
regard to PQS production. We observed some variation in the
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RNAs in this regulatory pathway
provides another example of how
iron and Fur contribute to the regu-
lation of a number of virulence
mechanisms in P. aeruginosa.

An interesting aspect of our data
is the observation that high iron,
which increases the expression lev-
els of the genes for anthranilate deg-
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FIGURE 6. Regulatory network of iron, PrrF, anthranilate, and quorum sensing in P. aeruginosa. A, under
iron-depleted conditions, PrrF represses antABC and catABC, sparing anthranilate for PQS synthesis. The
repression of antA by PrrF may occur by direct interaction with the antA mRNA and indirectly via degradation
of the antR mRNA. Iron also activates expression of antR, leading to activation of antA, by an unknown, PrrF-
independent, mechanism. Iron may also activate expression of genes encoding enzymes in the kynurenine
pathway, providing anthranilate for PQS production under high iron conditions. TCA, tricarboxylic acid. B, AntR,
an AraC-type regulator, activates expression of antR, antABC, and possibly catBCA. Anthranilate increases the
ability of AntR to bind to the antA promoter and activates expression of antR and antABC. Quorum-sensing
regulators (QscR, LasR, RhIR, and PgsR) also coordinate the expression of antR and antABC.

degree of derepression of antABC upon prrF1,2 deletion in our
studies. This may be a result of varying concentrations of
anthranilate, or other related metabolites, in the dialyzed tryp-
tic soy broth that was used in our expression studies. The nature
of this complex medium, as well as some inherent variability in
the dialysis procedure, which allows us to remove a large pro-
portion of iron, likely leads to variations in the concentrations
of some metabolites from one batch of medium to another.
Fig. 64 shows our model of how the PrrF RNAs affect PQS
production, in which PrrF controls PQS production not by a
direct regulatory event, but instead, by means of a sparing effect
that PrrF has on anthranilate, i.e. anthranilate is spared for PQS
production from the repression of antABC by PrrF under iron-
limiting conditions. This study highlights how the regulation of
metabolic processes can strongly affect the production of viru-
lence factors in P. aeruginosa. Furthermore, the role of the PrrF
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COOH radation by both PrrF-dependent
and PrrF-independent mechanisms,
L H did not diminish the ability of PAO1
to synthesize PQS in our experi-
1 ments. In fact, the addition of iron
increased PQS production in the
wild type strain and restored PQS
synthesis to the AprrF12 mutant
(Fig. 2). The observation that high
iron induces the expression of genes
encoding enzymes in the kynuren-
ine pathway (Table 1), which can
supply anthranilate for PQS synthe-
sis (21), may explain this apparent
inconsistency in our model. These
data suggest that pathways for both
anthranilate biosynthesis and deg-
radation are turned on in iron-re-
plete conditions. The induction of
anthranilate biosynthesis pathways
may also explain the ability of PAO1
overexpressing antR to maintain
levels of PQS production. The
rationale for the increased expres-
sion of the genes for anthranilate
degradation by high iron is not clear
but may allow for increased energy
production via respiration by pro-
viding a tricarboxylic acid cycle
intermediate (i.e. succinate). There-
fore, the activation of both anthra-
nilate degradation and biosynthesis
pathways during high iron may
allow for both energy production and PQS synthesis.

We also reveal the extensive control that P. aeruginosa places
on the degradation of anthranilate, underlining the importance
of this metabolic branch point. Fig. 6B shows a model of how
quorum sensing and anthranilate together coordinate the
expression of the ant genes, emphasizing the numerous regu-
latory factors that compete for control over ant gene expres-
sion. PqsR, which activates the expression of the PQS biosyn-
thetic genes, also contributes to repression of antA and antR,
allowing for increased availability of the anthranilate precursor
for PQS synthesis. Although LasR clearly activates expression
of pgsR, it appears to play a competing role in the regulation of
antA via activation of rilR. This sort of quorum-sensing antag-
onism has been demonstrated for the pgsABCDE operon (37)
and may be obscuring the effects of LasR on antA expression in
our experiments. Although many unknowns still exist in the

Formyl Kynurenme
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regulatory cascade shown in Fig. 6B, this study provides a start-
ing point for studies on the intricate relationship between quo-
rum sensing and the metabolism of anthranilate.

Our model also postulates that the repression of antABC
could occur via direct interaction of PrrF with the mRNAs
encoding both AntA and its activator, AntR (Fig. 6A4). The
region of complementarity to PrrF in antA does not overlap the
translation initiation site, as is standard for most RyhB-regu-
lated genes (41, 42). Instead, the complementarity to the antA
mRNA occurs ~400 bases into a 2-kb open reading frame, and
the primer-probe binding site used for real-time PCR is located
downstream from the putative PrrF binding sites. Three other
sets of genes identified by our microarray analysis also showed
complementarity to PrrF in regions that were not near the
translation initiation site (supplemental Table S2). Interest-
ingly, all but one of these base-pairing regions were identified in
polycistronic transcripts, suggesting a slightly different mecha-
nism for PrrF-mediated degradation of these messages. It
remains unclear whether small RNA binding or the resulting
block in translation is more important for target mRNA degra-
dation (42). Thus, it is unknown whether or not binding of PrrF
anywhere within a target RNA could lead to complete degrada-
tion of the mRNA. It is important to note that the base-pairing
regions identified in supplemental Table S2 have not been
experimentally tested and only provide a starting point for
studying the mechanism of PrrF-mediated mRNA degradation.
It is also important to recognize that the presence of comple-
mentarity does not always translate to regulation; for bfrB, a
region of complementarity was identified, but other factors
seem to be involved in the iron-mediated regulation of this
gene. Several of the regions listed in supplemental Table S2 are
currently under investigation for their roles in PrrF-mediated
degradation.

The impact of PrrF on PQS synthesis presents a novel role
for iron regulation in virulence. The P. aeruginosa-infected
CF lung is a dynamic environment, with environmental indi-
cators, including iron availability, varying drastically at dif-
ferent stages of infection. Although P.aeruginosa may
encounter differing iron concentrations depending on time
and location, the importance of iron acquisition and iron-de-
pendent regulation for a successful infection is well estab-
lished. Previous studies have shown that iron acquisition
systems, specifically the uptake of pyoverdine, allow for the
activation of several virulence genes (43—45). Other studies
have suggested that the CF lung can be an iron-depleted
environment; Palmer ez al. (46) observed that P. aeruginosa
grown in the presence of CF sputum greatly induce genes for
iron acquisition. The genes for both anthranilate and PQS
synthesis are also strongly induced under these conditions,
suggesting that this signal is an important aspect in CF lung
infection (46). Although the PrrF RNAs do not seem to be
required for PQS synthesis under iron-replete conditions,
our data suggest that the PrrF RNAs can protect anthranilate
stores during iron-limiting stages of infection, ensuring that
this precursor is available for production of the PQS signal
regardless of iron availability.
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