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Time flies like an arrow; fruit flies like a banana

—Groucho Marx

Abstract Pseudomonas aeruginosa is a Gram-negative bacterium which exacts a
heavy burden on immunocompromised patients, but is non-pathogenic in a healthy
host. Using small signaling molecules called acyl-homoserine lactones (AHLs),
populations of P. aeruginosa can coordinate phenotypic changes, including biofilm
formation and virulence factor secretion. This concentration-dependent process is
called quorum sensing (QS). Interference with QS has been identified as a poten-
tial source of new treatments for P. aeruginosa infection. The human enzyme
paraoxonase 1 (PON1) degrades AHL molecules, and is a promising candidate for
QS interference therapy. Although paraoxonase orthologs exist in many species,
genetic redundancy in humans and other mammals has made studying the spe-
cific effects of PON1 quite difficult. Arthropods, however, do not express any PON
homologs. We generated a novel model to study the specific effects of PON1 by
transgenically expressing human PON1 in Drosophila melanogaster. Using this
model, we showed that P. aeruginosa infection lethality is QS-dependent, and that
expression of PON1 has a protective effect. This work demonstrates the value of
a D. melanogaster model for investigating the specific functions of members of
the paraoxonase family in vivo, and suggests that PON1 plays a role in innate
immunity.
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1 Introduction

Pseudomonas aeruginosa is a Gram-negative bacterium which is ubiquitous in
soil and water. Though generally non-pathogenic in a healthy host, P. aeruginosa
represents a major cause of morbidity and mortality in immunocompromised
patients. Burn victims, patients with diabetic foot ulcers, and those with chronic
lung diseases such as cystic fibrosis (CF) are especially at risk of infection.

The ability of P. aeruginosa to form a biofilm contributes to antibiotic resistance
and to poor outcomes in these populations. In planktonic cultures, P. aeruginosa is
susceptible to a number of treatments. Within a biofilm, however, the bacteria are
shielded from host immune responses and are much harder to treat; protected by a
layer of secreted peptidogylcans, bacteria can more easily participate in horizontal
gene transfer, and may evade drugs that target replication by entering a dormant
phase (Fux et al., 2005). In P. aeruginosa, biofilm formation and virulence factor
expression are regulated by quorum sensing.

Quorum sensing (QS) is a density-dependent process by which a population of
bacteria can coordinate phenotypic changes by synthesizing, secreting, and respond-
ing to small signaling molecules known as autoinducers, or pheromones. QS was
first identified in Vibrio fischeri, a marine bacterium which symbiotically colonizes
the light organs of certain fish and squid (Waters and Bassler, 2005). Bacterial
growth in this niche can become very dense, and when it reaches a threshold den-
sity, V. fischeri begins to transcribe luciferase and becomes biolumescent (Nealson,
1977). This behavior is accomplished via a positive feedback loop involving the pro-
duction and detection of autoinducers, or quorum-sensing signals. Both V. fischeri
and P. aeruginosa use acyl-homoserine lactones (AHLs) as their autoinducers.

Depending on the length of the carbon tail, AHLs can diffuse actively or pas-
sively across cell membranes (Pearson et al., 1999) in order to activate transcription
factors in the LuxR family, which regulate certain target genes (Camilli and Bassler,
2006). AHL signaling is common in Gram-negative bacteria, but Gram-positive
bacteria generally use short oligopeptide signals comprised of 5-17 amino acids.
These signals do not diffuse freely through membranes, but may bind to cell-surface
receptors. Finally, both Gram-negative and Gram-positive bacteria have been shown
to produce and respond to a third category of quorum-sensing signal, known as
autoinducer two (AI-2). As a result, AI-2 may facilitate “crosstalk” between dif-
ferent bacterial species (Lowery et al., 2008; Vlamakis and Kolter, 2005). Table 1
summarizes the three types of autoinducer molecules.

Quorum sensing signals/autoinducers

Pseudomonas aeruginosa has been shown to respond to both AHL and AI-2
signaling, but cannot synthesize AI-2 (Duan et al., 2003); we will therefore focus
on the AHL pathway. AHL signaling in P. aeruginosa is controlled by a two-
component regulatory system, which is depicted in Fig. 1. The AHL autoinducer
N-3-oxodocecanoyl homoserine lactone (30C12-HSL) diffuses across the cell
membranes and activates the transcription factor LasR, which triggers a positive
feedback loop by initiating the transcription of Lasl, an enzyme which produces
30C12-HSL. LasR also turns on the RhIR/RhII regulatory circuit. The RhlI gene
encodes an enzyme which produces another AHL, N-butanoyl homoserine lactone
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Table 17.1 Quorum sensing signals/autoinducers
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Fig. 1 The las/rhl quorum-sensing system. P. aeruginosa uses a two-component QS system to
regulate virulence factor expression and biofilm formation. The 30C12-HSL autoinducer diffuses
across cell membranes and activates the transcription factor LasR, which initiates the transcription
of Lasl, an enzyme which produces 30C12-HSL. LasR also activates the rhlR and rhil genes. Rhll
is an enzyme that produces C4-HSL, the autoinducer associated with the rhll/rhiR circuit. C4-HSL
activates RhIR, a transcription factor encoded by the rh/R gene. Upon activation, RhIR initiates
transcription of rhll. Both LasR and RhIR also activate genes associated with virulence factors and

biofilm formation
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(C4-HSL); RhIR is a transcription factor which, when activated by C4-HSL, turns
on transcription of Rhll. Numerous other genes, perhaps as much as 6% of the
approximately 6,000 encoded by P. aeruginosa (Schuster et al., 2003; Wagner et al.,
2003; Whiteley et al., 1999), are targeted by LasR and RhIR, either independently
or together. Among these genes are those related to biofilm formation, and those
that encode numerous virulence factors, including exotoxin A, alkaline protease,
superoxide dismutase, elastase, and pyocyanin (Smith and Iglewski, 2003). In vivo
experiments in animal models of wound and pulmonary infection have demonstrated
attenuated virulence in QS-deficient strains of P. aeruginosa (Imamura et al., 2005;
Pearson et al., 2000; Rumbaugh et al., 1999; Tang et al., 1996; Wu et al., 2001).

Interference with QS signaling, or “quorum quenching,” has been identified
in nature and provides a promising avenue for new therapies against a range of
bacterial pathogens. For example, soft-rot infection by the AHL quorum-sensing
bacterium Erwinia carotovora was inhibited when AiiA, a lactonase naturally pro-
duced by Bacillus sp. bacteria, was transgenically expressed in tobacco and cabbage
plants (Dong et al., 2001; Dong et al., 2000). Similarly, treatment with a syn-
thetic analog of the furanones produced by the algae Delisea pulchra was shown
to improve survival and clearance of pulmonary P. aeruginosa infection in a murine
model (Hentzer et al., 2003; Wu et al., 2004).

The paraoxonase family of enzymes, including PON1, PON2, and PON3, has
been associated with multiple enzymatic activities. In humans and other mammals,
PONT is secreted into the blood. It is capable of degrading paraoxon and other
organophosphates, is active as a lactonase, and has been shown to protect against
lipid oxidation (Draganov et al., 2005). Although the native substrate(s) of the PON
family remain unknown, all three hydrolyze lactones. Recent work suggests that this
may be PON’s endogenous enzymatic role (Khersonsky and Tawfik, 2005).

PONT1 has been proposed as a candidate for P. aeruginosa QS signaling interfer-
ence. Our laboratory has previously shown that human and murine airway epithelial
cells, which endogenously express all three PONs, degrade 30C12-HSL (Chun
et al., 2004). In addition, mouse serum-PON1 degrades 30C12-HSL in vitro (Ozer
et al., 2005). Although P. aeruginosa QS signaling was not enhanced in mice with
a PONI1 deficiency, mRNA expression levels suggest that this may be due to com-
pensation by other members of the PON family (Ozer et al., 2005). The redundancy
of PON in humans and other mammals has made it difficult to tease apart the spe-
cific activities of individual members of the family in existing models. This chapter
will describe a novel D. melanogaster model for PON1, and will summarize our
recent data.

2 Paraoxonases are Widely Conserved, but Have Not Been
Found in Arthropods

Previous work has shown that the paraoxonases are highly conserved among mam-
mals, and indeed across many species (Draganov and La Du, 2004; Yang et al.,
2005). These studies further suggest that redundancy in the paraoxonase family is
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Fig. 2 PONI1 phylogeny.
Number indicates number of
species with a known or
predicted PON homolog in
the NCBI and/or Superfamily
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the result of gene duplication, and that PON2 is the oldest member of the family
while PONT1 is the youngest. Interestingly, PON2 is primarily active as a lactonase,
supporting the notion that lactonase activity is among the oldest endogenous
functions of PON species (Draganov and La Du, 2004).

We generated a systematic phylogeny of PON orthologs based on identified and
predicted amino acid reference sequences in the NCBI/BLASTp (Altschul et al.,
1997) and Superfamily 1.73 (Gough et al., 2001) databases. Figure 2 shows the
number of species per Domain, Phylum, Class, or Order which generated a match
in these databases. PON-like domains are conserved across all three major Domains:
Archaea, Bacteria, and Protozoa. We next generated an amino acid alignment using
the T-Coffee program, and examined several important functional sites within the
PONT sequence (Labarga et al., 2007). We found that these sites are generally con-
served as well. Figure 3 identifies key glycosylation sites and active site residues
thought to be important for lactonase activity. The PON family is catalytically
promiscuous, and has evolved to develop divergent enzymatic functions in many
species (Khersonsky and Tawfik, 2006). These data suggest that PON possesses
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a long evolutionary history. Finally, although PON orthologs are present in most
animals, it is not able that PON orthologs are absent from all arthropod sequences
in both databases, including that of Drosophila melanogaster.

3 Generating a PON1 Transgenic Drosophila melanogaster
Infection Model

The finding that insects express no PON orthologs suggested that D. melanogaster
might provide an ideal model system to study the distinct functions of individual
members of the PON family. The D. melanogaster model has other experimental
advantages as well, including a short generation time and well-characterized genet-
ics. The D. melanogaster genome contains orthologs for as much as 80% of human
disease genes (Gilbert, 2008), and it has been an important model for the discov-
ery of key components of human innate immunity, including the Toll, Imd, and
JAK/STAT pathways (Lemaitre and Hoffmann, 2007).

We assessed D. melanogaster as a model for P. aeruginosa infection. Using a
previously-described abdomen wound infection model (Avet-Rochex et al., 2005;
D*Argenio et al., 2001; Lau et al., 2003), we first showed that P. aeruginosa infection
lethality in wild-type D. melanogaster is QS-dependent. Briefly, we dipped a needle
in a suspension of P. aeruginosa expressing green fluorescent protein (GFP) under
the control of a QS-dependent promoter, and pricked the fly’s abdomen. Intense GFP
expression 18 h post-inoculation indicated that P. aeruginosa was indeed expressing
QS-dependent genes.

Next, we showed that QS increases P. aeruginosa lethality by infecting with
mutant P. aeruginosa strains deficient in either AHL production (Alasl/rhll) or
detection (AlasR/rhIR). Compared to controls inoculated with wild-type P. aerug-
inosa, flies inoculated with either mutant strain had greater rates of survival.
Interestingly, feeding 30C12-HSL and C4-HSL to flies restored P. aeruginosa vir-
ulence in those infected with the AHL production mutant (Alasl/rhll) but not the
detection mutant (AlasR/rhiR).

Finally, we generated a novel PON whole-organism model in order to test
whether the lactonase activity of PON1 would confer a protective effect against
P. aeruginosa infection in vivo. We generated transgenic D. melanogaster ubiqui-
tously expressing human PON1 (hPON1) using the GAL4-UAS system with a da
promoter (Brand and Perrimon, 1993).

4 PONI1 Transgenic Flies are Protected from Organophosphate
Poisoning

After confirming PON1 expression and protein production by qPCR and Western
blot, we set out to validate the in vivo function of this protein. The ability of PON1
to degrade organophosphates was among the first enzymatic activities identified for



190 M.L. Estin et al.

A B C

10 100 100
§ 81 ° g 75 < 75
Ire) N ey
a 61 © ©
— (o] ® | © 50 -
2 4. g 20 3
[0} = é
E ol ) S 25 £ 251
= 7] @

o
0 : : : 0 0
01 1 10 100 1000 WT ___PON1 WT PONT
Dose (ppm)

Fig. 4 Organophosphate lethality. Transgenic expression of human PONI1 protects D.
melanogaster from organophosphate toxicity. (a) Chlorpyrifos toxicity is dose-dependent in wild-
type flies. (b) PONI flies are protected from chlorpyrifos toxicity. (¢) Similar DSM lethality is
observed in PON1 and wild-type flies

this family. We were therefore able to measure PON1 activity by exposing both
transgenic and wild-type flies to the organophosphate chlorpyrifos, and comparing
rates of survival between the two groups. Chlorpyrifos lethality was dose-dependent
(Fig. 4a), and survival rates were significantly higher among PONI1 transgenic
(UAS-PON1/da-GAL4) flies than among (da-GAL4 +/+) controls (Fig. 4b). We also
conducted control experiments with an organophosphate not degraded by PONI,
demeton-S-methyl (DSM). As shown in Fig. 4c, DSM survival was similar in both
groups.

S PONI1 Expression Protects Against Pseudomonas aeruginosa
Lethality

Using the abdominal wound infection model we previously validated, we demon-
strated that PON1 improved survival after infection with the PAOl strain of
P. aeruginosa. We showed similar results with two clinical isolates of P. aerugi-
nosa. Survival rates were similar to those of control flies infected with the AHL
production-mutant Alasl/rhll. Moreover, the PONI1 transgenic flies were also pro-
tected against infection with Serratia marcescens, another AHL-sensing bacterium
which is lethal to flies. However, when flies were infected with Staphylococcus
aureus, which does not use AHL-mediated QS, the PONI1 transgenic and control
populations showed identical survival rates. Figure 5 summarizes this data (Harel
et al., 2004; Tavori et al., 2008).

6 Concluding Remarks
The paraoxonases are a versatile family of enzymes, which have developed diver-

gent catalytic specificities in many species over a long evolutionary history. Recent
evidence suggests that the endogenous role of paraoxonase may be as a lactonase,
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Fig. 6 Transgenic expression of a human enzyme in D. melanogaster. This novel whole-organism

model allowed us to investigate the specific effects of a single member of the human paraoxonase
family on innate immunity

and that this is the primary activity of PON2, the oldest member of the PON fam-
ily. PON1 is the youngest member of the family. It is present in many tissues, and
is secreted into the blood in humans and other mammals (Marsillach et al., 2008).
PONT is also active as a lactonase, but also degrades paraoxons. In vitro evidence
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has suggested that the former function may allow PONI1 to play a role in host
defense against infection by AHL-sensing bacteria. However, confirmation of these
PON1-specific observations in vivo has been difficult due to genetic redundancy in
humans and other mammals.

Taking advantage of the unique absence of paraoxonase orthologs in D.
melanogaster and other arthropods, we developed a novel whole-organism model
in which to investigate the specific effects of human PON1 on P. aeruginosa infec-
tion and QS. We expressed human PONI1 in D. melanogaster and confirmed PON1
mRNA and protein expression in our transgenic model with biochemical assays,
and demonstrated in vivo activity using chlorpyrifos susceptibility as a functional
end point.

Using an abdominal wound infection model, we showed that P. aeruginosa
lethality is dependent on QS, and that transgenic expression of hPONI significantly
increases survival after inoculation. PON1 was similarly protective after infection
with another AHL-sensing bacterium, S. marcescens, but did not improve the sur-
vival rates of flies inoculated with S. aureus, a Gram-positive bacterium which does
not use AHLs for QS. Taken together, our data suggest that PON1 may play an
important role in innate immunity, particularly in preventing Gram-negative bacte-
rial infection and biofilm formation. Moreover, we showed that D. melanogaster
is a valuable model for investigating the specific functions of members of the
paraoxonase family in vivo (see Fig. 6).
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