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Summary

Many bacteria use extracellular signals to coordinate group behaviors, a process referred to as
quorum sensing (QS). The bacterium Pseudomonas aeruginosa utilizes a complex QS system to
control expression of over 300 genes, including many involved in host colonization and disease.
The Pseudomonas Quinolone Signal (PQS) is a component of P. aeruginosa QS, and although it
contributes to virulence in some models of infection, the PQS biosynthetic pathway is not fully
elucidated. Here, we show that PgsH catalyzes the terminal step in PQS production, synthesizing
PQS in vitro using the substrates 2-heptyl-4-quinolone (HHQ), NADH, and oxygen. Structure
function studies reveal that the alkyl side chain of HHQ is critical for PgsH activity with the
highest activity observed for alkyl chain lengths of 7 and 9 carbons. Due to the PgsH requirement
for oxygen, PQS and PQS-controlled virulence factors are not produced by anaerobic P.
aeruginosa. Interestingly, anaerobic P. aeruginosa produced PQS in the absence of de novo
protein synthesis upon introduction of oxygen, indicating that oxygen is the sole limiting substrate
during anaerobic growth. We propose a model in which PgsH poises anaerobic P. aeruginosa to
activate PQS-controlled factors immediately upon exposure to molecular oxygen.
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Bacteria are social organisms that display unique behaviors based upon population size.
These diverse behaviors include formation of sessile antibiotic-resistant biofilm
communities, production of extracellular products involved in disease pathogenesis,
biosynthesis and secretion of antimicrobial secondary metabolites, as well as many others
(Atkinson & Williams, 2009, Fuqua et al., 2001, Parsek & Greenberg, 2000, Parsek &
Greenberg, 2005). These behaviors are often controlled by dedicated signaling pathways that
allow bacteria to communicate and coordinate their activities, a process referred to as
quorum sensing (QS). A canonical QS system requires the synthesis and secretion of a small
signal (< 1 kDa) that increases in concentration as the bacterial population increases. The
signal binds to a cognate transcriptional regulator resulting in differential gene expression
and consequent behavioral changes (Atkinson & Williams, 2009, Fuqua et al., 2001, Parsek
& Greenberg, 2000, Parsek & Greenberg, 2005). While significant advances in
understanding the biochemistry of signal production and response have occurred over the
last 25 years, recent evidence indicates that environmental cues affect QS behaviors (Farrow
& Pesci, 2007, Palmer et al., 2007a, Palmer et al., 2005, Schaefer et al., 2008), suggesting
that bacteria do not communicate equivalently in all environments.
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The Gram-negative opportunistic pathogen Pseudomonas aeruginosa uses an intricate QS
system to control expression of approximately 300 genes (Schuster et al., 2003, Wagner et
al., 2003, Whiteley et al., 1999). P. aeruginosa causes a range of infections in immuno-
compromised hosts including those with the heritable disease cystic fibrosis (CF). QS is
required for P. aeruginosa pathogenesis in many animal and insect models of infection
(Pearson et al., 2000, Rumbaugh et al., 1999, Smith et al., 2002, Wu et al., 2001, Jander et
al., 2000, Gallagher & Manoil, 2001), and significant effort has been devoted to the
discovery of therapeutics that disrupt QS signaling (Njoroge & Sperandio, 2009). P.
aeruginosa QS involves at least four signals interwoven into a complex hierarchy (Williams
& Camara, 2009). These signals include two classical acyl-homoserine lactone signals as
well as the quinolone signaling molecules 2-heptyl-3-hydroxy-4-quinolone (PQS) and 2-
heptyl-4-quinolone (HHQ) (Williams, 2007, Williams & Camara, 2009). Each signal
interacts with a transcriptional regulator that, when bound to its cognate signal, mediates
changes in gene expression. Interestingly, HHQ and PQS both bind the transcriptional
regulator MvfR (PgsR), although PQS is approximately 100-fold more potent at stimulating
MVTR activity (Xiao et al., 2006).

Aside from their role in cell-cell communication, some QS signals possess additional
functions that affect prokaryotic biology (Schertzer et al., 2009). PQS exemplifies this
multi-functionality. In addition to serving as a potent signal, PQS chelates iron
(Bredenbruch et al., 2006, Diggle et al., 2007) and promotes the formation of membrane
vesicles (MVs) that bleb from the P. aeruginosa outer surface (Mashburn & Whiteley, 2005,
Mashburn-Warren et al., 2009, Tashiro et al., 2009). Once thought merely to be by-products
of cell division, it is now appreciated that MVs traffic molecular cargo between individual
bacteria and also from bacteria to eukaryotic cells (Bomberger et al., 2009, Kadurugamuwa
& Beveridge, 1999, Kesty et al., 2004). While the cargo transferred has not been fully
characterized, MVs are important for P. aeruginosa killing of prokaryotic and eukaryotic
cells (Bomberger et al., 2009, Mashburn & Whiteley, 2005).

Despite the central role PQS plays in both expression and trafficking of virulence factors,
the details of its biosynthesis have not been fully elucidated. The pathway is predicted to
involve condensation of activated anthranilate (anthraniloyl-CoA) with 2-oxo-decanoyl-
ACP (from fatty acid biosynthesis) to form HHQ, followed by HHQ hydroxylation to yield
PQS (Bredenbruch et al., 2005, Gallagher et al., 2002). Genetic evidence suggests that
pgsABCD encodes proteins critical for HHQ formation (Bredenbruch et al., 2005, Calfee et
al., 2001, Gallagher et al., 2002), and pgsH encodes the terminal monooxygenase required
for HHQ conversion to PQS (Deziel et al., 2004, Gallagher et al., 2002). Of these enzymes,
only PgsA has been shown biochemically to be involved in PQS biosynthesis, catalyzing the
activation of anthranilate to anthraniloyl-CoA (Coleman et al., 2008). PgsD has been
purified and shown to condense anthranilyl-CoA and malonyl-CoA to produce 2,4-
dihydroxyquinoline, although this intermediate is not expected to be involved in PQS
biosynthesis (Zhang et al., 2008). In this study, we provide biochemical evidence that PqsH
utilizes the substrates HHQ, NADH, and molecular oxygen to catalyze the terminal step in
PQS biosynthesis, and propose that this enzyme is a biochemical regulator of PQS-
controlled social behaviors in P. aeruginosa.

Purification of P. aeruginosa PqsH

Despite its importance in P. aeruginosa biology, many of the biochemical details of PQS
biosynthesis remain unknown. The final step in PQS biosynthesis, hydroxylation of HHQ to
PQS (Fig. 1A), is particularly intriguing as this biochemical activity results in a more potent
quinolone signal that is thus far unique to P. aeruginosa. Genetic and in silico analyses
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predict that pgsH (PA2587 on the P. aeruginosa PAO1 chromosome) encodes the
monooxygenase responsible for terminal hydroxylation of HHQ (Deziel et al.,
2004,Gallagher et al., 2002). To test this hypothesis, we purified and biochemically-
characterized PgsH. Initial attempts to purify PgsH produced a poorly soluble enzyme that
strongly associated with membrane fractions despite the lack of predicted transmembrane
domains. PgsH solubility was significantly improved by fusing the maltose binding protein
(MBP) to the N-terminus of PgsH. Soluble lysates from MBP-PgsH overproducing E. coli
displayed a prominent band at ~86 kDa on SDS-polyacrylamide gels, the expected size for
MBP-PgsH (Fig. 1B). Amylose affinity and size exclusion chromatographies yielded a
purified fusion protein (Fig. 1B) that could be stored at —80°C for one week without loss of
enzymatic activity. Removal of the MBP-tag from MBP-PgsH did not result in increased
enzymatic activity (data not shown); therefore all experiments were performed using MBP-
PgsH.

PgsH is an NADH-dependent flavin monooxygenase that oxidizes HHQ to PQS

PgsH is a member of a family of flavin-dependent monooxygenases that utilize NAD(P)H
and oxygen to catalyze hydroxylation of aromatic substrates (Massey, 1995). As anticipated,
when incubated with NADH and HHQ under aerobic conditions, purified MBP-PqsH
consumed HHQ and generated a product that co-migrated with synthetic PQS when
analyzed by thin layer chromatography (Figure 1C). Further evidence confirmed this
molecule was indeed PQS: the absorbance and fluorescence spectra were identical to that of
synthetic PQS (data not shown); and positive electrospray ionization mass spectrometry
revealed a reaction product with a mass of 260.4, which corresponds with the [M+H]* ion of
PQS (Fig. 1D).

For kinetic characterization of MBP-PgsH, PQS production was monitored using a novel
fluorescence assay. In this assay, in vitro reactions were extracted with acidified ethyl
acetate, dried down using a continuous stream of N5, resuspended in methanol, and assayed
for fluorescence (Aexcitation = 342 NM , Aemission = 450 nm). While PQS and HHQ are both
extracted with ethyl acetate, only PQS displays strong fluorescence under these conditions
(Fig. 2A), thus allowing PQS to be quantified without further purification. Kinetic
characterization of MBP-PgsH using this assay revealed that formation of PQS was linearly
dependent on both time and enzyme concentration (Figure 2B). Estimating enzyme turnover
by examining the dependence of the reaction velocity on the enzyme concentration revealed
that MBP-PgsH produced PQS with a turnover rate of 2.5 min~1 in vitro (Fig. 2B inset).

Steady state kinetic analysis confirmed HHQ, NADH, and oxygen as substrates of MBP-
PgsH, consistent with its predicted role as an HHQ hydroxylating monooxygenase (Figure
3A-D). Kinetic constants were derived by varying the concentration of each substrate in the
presence of constant concentrations of the other two substrates and fitting the data to the
Michaelis-Menten equation (Fig. 3A-D). Apparent K.,s for HHQ and oxygen were high
nanomolar while the apparent K, for NADH was low micromolar (Fig. 3E). The apparent
kcat In each case was in good agreement with the turnover rate (Fig 2B inset). These results
demonstrate that PgsH is indeed the final enzyme in PQS biosynthesis and uses HHQ,
NADH and oxygen as substrates. MBP-PgsH was also capable of HHQ oxidation using
NADPH as the electron donor (Fig. 3C), though the catalytic efficiency (Keat/Kmn) was
approximately 20-fold lower than for NADH (Fig. 3C & E).

Alkyl side-chain length contributes to substrate specificity

P. aeruginosa naturally produces PQS analogs with alkyl chain lengths of 5, 7 (authentic
PQS), and 9 carbons, although molecules with the 7- and 9-carbon alkyl chains predominate
(Deziel et al., 2004). To examine if PqsH was responsible for synthesis of these PQS

Mol Microbiol. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schertzer et al.

Page 4

analogs, we tested the ability of MBP-PgsH to hydroxylate HHQ analogs having alkyl side-
chain lengths of 3 (C3-HHQ), 5 (C5-HHQ), and 9 (C9-HHQ) carbons. Interestingly, MBP-
PgsH does not discriminate between authentic HHQ and C9-HHQ as the catalytic
efficiencies (Keat/Kin) Were nearly identical (Fig. 4); however catalytic efficiencies were
significantly reduced for substrates with shorter alkyl chains (Fig. 4). This reduction in
catalytic efficiency for C5-HHQ (~13 fold) and C3-HHQ (~140 fold) was almost entirely
due to elevated Ky, values, reflecting reduced affinity of MBP-PgsH for these substrates. In
all cases, the identity of the reaction products were confirmed by positive electrospray
ionization mass spectrometry which yielded [M + H]* ions of mass 288.4, 232.3 and 204.3,
for C9-PQS, C5-PQS, and C3-PQS respectively. These data indicate that PqsH is capable of
synthesizing multiple PQS analogs in vitro, with the highest catalytic efficiency
corresponding to the most abundant products produced by P. aeruginosa during in vitro
growth.

P. aeruginosa does not produce detectable PQS anaerobically

P. aeruginosa is a facultative anaerobe capable of fermentative and respiratory growth in the
absence of oxygen. While P. aeruginosa pathogenesis studies have historically focused on
bacteria grown aerobically, recent studies have proposed that P. aeruginosa may encounter
regions of very low oxygen during in vivo growth (Beckmann et al., 2005, Jewes & Spencer,
1990, Mashburn et al., 2005, Rogers et al., 2004). Based on our steady-state kinetic analysis
demonstrating that PQS production was dependent on oxygen levels (Fig. 3C), we reasoned
that P. aeruginosa would produce significantly less PQS under low oxygen conditions.
Examination of PQS production revealed that anaerobic P. aeruginosa produces
undetectable levels of PQS (Fig. 5A), confirming recent results by Toyufuku et al.
(Toyofuku et al., 2008). Consequently, anaerobic P. aeruginosa exhibited deficiencies in
PQS-controlled behaviors, including production of outer membrane vesicles (MVs) (Fig.
5B). Addition of exogenous PQS to anaerobic cultures stimulated MV production indicating
that the lack of MVs was attributable to the absence of PQS in anaerobic conditions and not
the lack of oxygen per se (Fig. 5B). It is critical to point out that these results are not due to
differential growth yields, as bacteria were grown to similar population densities and MV
levels were normalized to culture optical density.

Oxygen depletion reduces P. aeruginosa virulence and antimicrobial activity

MVs are a key component involved in P. aeruginosa killing of prokaryotic and eukaryotic
cells (Bomberger et al., 2009, Mashburn & Whiteley, 2005). As anaerobic P. aeruginosa do
not produce detectable PQS or MVs, we hypothesized that the killing activity of P.
aeruginosa supernatants would be reduced in anaerobically-grown bacteria. To test this
hypothesis, aerobic and anaerobic P. aeruginosa were examined for the ability to kill the
prokaryote Staphylococcus epidermidis. For these experiments, S. epidermidis was spread
on the surface of agar Petri dishes, and P. aeruginosa was added to paper discs on the agar
surface. Petri dishes were incubated under aerobic and anaerobic conditions, and P.
aeruginosa antimicrobial activity was assessed by measuring the zone of clearing around the
discs. Aerobic P. aeruginosa exhibited significant antimicrobial activity; however anaerobic
cultures displayed markedly reduced activity (Fig. 5C). Addition of PQS to the agar medium
restored P. aeruginosa antimicrobial activity under anaerobic conditions demonstrating that
the reduction in this activity anaerobically was primarily due to the lack of PQS. This
decreased Killing activity was not restricted to prokaryotic cells as anaerobic supernatants
also demonstrated reduced toxicity to human lung epithelial cells (Fig. S1).

Oxygen is the only PqsH substrate absent in anaerobic P. aeruginosa

Although PQS is not produced anaerobically due to the lack of the substrate oxygen, it was
not clear if the other PqsH substrates were also absent in anaerobic P. aeruginosa
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populations. While P. aeruginosa clearly produces NADH via central metabolism
anaerobically, HHQ production in the absence of oxygen had not been examined. To test
this, HHQ was quantified from anaerobic P. aeruginosa cultures by HPLC using synthetic
HHQ as a standard. The presence of an absorbance peak at 325 nm that eluted with the same
retention time as the standard confirmed the presence of HHQ in anaerobic cultures (Fig.
6A). By integrating the sample peak and comparing the data to HHQ standards, we
calculated the concentration of HHQ present in the anaerobic culture to be 1.5 £ 0.5 pM.

Transcriptome studies (Alvarez-Ortega & Harwood, 2007, Filiatrault et al., 2005, Palmer et
al., 2007b, Platt et al., 2008) suggest that PgsH is produced in the presence and absence of
oxygen. Based on these data, along with our observations that all substrates other than
oxygen are present in anaerobic cultures, we hypothesized that anaerobic P. aeruginosa was
poised to immediately begin synthesis of PQS upon introduction of oxygen. To test this
hypothesis, tetracycline was added to anaerobic P. aeruginosa to inhibit protein synthesis.
Bacteria were then shifted to an aerobic atmosphere, and samples were removed at defined
intervals to assess PQS production. Within 30 minutes, cells produced functional levels of
PQS (~1 uM, (Xiao et al., 2006) implicating oxygen as the sole limiting substrate for PQS
biosynthesis in anaerobic P. aeruginosa (Fig. 6B). These results reveal that anaerobic P.
aeruginosa produces active PgsH along with the substrates HHQ and NADH, despite the
fact that a critical substrate, oxygen, is absent.

Discussion

Many aspects of P. aeruginosa biology are coupled to the ability of this bacterium to
communicate and coordinate its activities via QS. As our understanding of QS has evolved,
it has become clear that bacteria do not communicate equivalently in all environments.
Indeed, recent evidence from our laboratory and others reveals that P. aeruginosa quinolone
communication is impacted by the nutritional environment, allowing this bacterium to
initiate PQS-controlled group activities at lower cell densities in the presence of specific
nutrients (Farrow & Pesci, 2007, Palmer et al., 2007a). Results from the current study
demonstrate that PQS signaling also requires oxygen; however, in contrast to previous
studies in which specific nutritional cues were shown to modulate PQS levels, oxygen is
essential for PQS production. Based on these data, we propose that oxygen is an
environmental trigger that controls whether P. aeruginosa will engage in PQS-controlled
behaviors.

Although P. aeruginosa is a facultative anaerobe, it displays a strong preference for aerobic
environments, possessing the ability to constantly sense and move toward higher oxygen
concentrations (Hong et al., 2004, Nichols & Harwood, 2000). Within aerobic
environments, P. aeruginosa displays several beneficial characteristics, including enhanced
growth rates. Our results reveal that PQS-mediated social behaviors are also restricted to
aerobic environments. This has important implications, as PQS is an inducer of numerous
traits important for P. aeruginosa virulence and fitness in polymicrobial environments
(Bomberger et al., 2009, Calfee et al., 2001, Cugini et al., 2007, Mashburn et al., 2005,
Mashburn & Whiteley, 2005). As expected, anaerobic P. aeruginosa produce undetectable
levels of MVs (Fig. 5B) and display reduced killing of prokaryotic and eukaryotic cells (Fig.
5C, Fig. S1).

The most intriguing observation from this work is that anaerobic P. aeruginosa produce
PQS in the absence of de novo protein synthesis upon shifting to an aerobic environment
(Fig. 6B). This leads to a model in which the lack of PQS-mediated behaviors displayed by
anaerobic P. aeruginosa are due to substrate limitation of existing PqsH enzyme, and that
the limiting substrate is oxygen. Thus it appears that P. aeruginosa is poised to immediately
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produce PQS upon exposure to aerobic conditions (Fig. 7). This has implications for P.
aeruginosa residing in environments where oxygen levels may fluctuate, but also for
bacteria that are actively moving from anaerobic to aerobic environments. The model
predicts that as P. aeruginosa transits from anaerobic to aerobic environments, it will not
only carry active PgsH, but also the PgsH substrates HHQ and NADH. It is likely that both
substrates would be available as cells move to aerobic environments since NADH is
produced intracellularly via central metabolism and a portion of HHQ produced remains
associated with cells, likely through interaction with membrane lipids (Mashburn &
Whiteley, 2005). This model may also provide new insight into the importance of HHQ as a
signaling molecule. Although HHQ is 100-fold less potent at stimulating transcription of
pgsABCDE than PQS, its presence in anaerobic environments may ensure basal transcription
of this HHQ-generating operon. In support of this model, the levels of HHQ produced
anaerobically (~1.5 pM) are sufficient to induce pgsABCDE transcription (Xiao et al.,
2006), although they are ~10-fold less than those observed in aerobic stationary phase
cultures (Lepine et al., 2004).

Aside from its requirement for PQS biosynthesis, oxygen is the preferred terminal electron
acceptor for P. aeruginosa respiration. As such, P. aeruginosa is extremely adept at
localizing to aerobic environments and utilizing oxygen as a terminal electron acceptor, even
when present at extremely low levels. Of the collection of terminal oxygenases available to
P. aeruginosa, two are believed to be most important for respiration in low oxygen
environments. Cbbs-2 and the cyanide insensitive oxygenase CIO belong to enzyme families
with extraordinarily high affinity for oxygen (K, = 3-8 nM) (Cunningham et al., 1997,
D'Mello et al., 1996, Preisig et al., 1996). Although PgsH also has high affinity for oxygen
(apparent K, = 520 nM), it is approximately 100-fold lower than high affinity respiratory
oxygenases. These data suggest that, despite the importance of PQS, P. aeruginosa would
preferentially utilize oxygen for respiration, in lieu of PQS production, in very low oxygen
environments. Thus PgsH is a member of a hierarchy of high-affinity enzymes allowing P.
aeruginosa to prioritize management of environmental oxygen.

Results from this study also have implications for P. aeruginosa disease. Biofilms are
surface-attached assemblages of microorganisms that display a variety of unique
phenotypes, including enhanced resistance to antibiotics. This enhanced resistance has broad
medical consequences, as estimates of the frequency of infections caused by biofilms are as
high as 65 — 80% (Centers for Disease Control and Prevention / NIH). Interestingly,
dissolved oxygen concentrations within in vitro-grown biofilms have been observed to drop
below 300 nM (Xu et al., 1998). Steep oxygen gradients have also been observed within the
viscous mucous layer of the cystic fibrosis lung, an environment P. aeruginosa is known to
colonize and often numerically dominate (Worlitzsch et al., 2002). In fact, several groups
have argued that P. aeruginosa grows within anaerobic niches in the CF lung (Beckmann et
al., 2005, Jewes & Spencer, 1990, Rogers et al., 2004), though this view has recently been
challenged (Alvarez-Ortega & Harwood, 2007). Regardless, it can be surmised from our
studies that P. aeruginosa growing in biofilms or the CF lung is transiently exposed to
oxygen levels below the apparent PgsH K, suggesting that PgsH could serve to
biochemically regulate P. aeruginosa social behaviors by modulating the rate of PQS
production. It is important to point out that PQS has been shown to be dispensable for
virulence in a mouse model of acute infection (Xiao et al., 2006); thus the need for PQS, and
therefore PgsH, may depend upon the pathogenic context including the site of infection, the
number of infecting bacteria, and the P. aeruginosa strain studied (Lee et al., 2006).

Here, we demonstrate that PgsH is indeed responsible for the final step in PQS biosynthesis.
PgsH appears positioned at the intersection of ecology, metabolism and quorum sensing to
allow rapid activation/quenching of PQS-controlled group activities without the need for
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additional oxygen sensors. It is also notable that PgsH is produced under conditions in which
its substrates are unavailable, suggesting that P. aeruginosa prepares signal generating
machinery in anticipation of an environmental cue.

Experimental Procedures

Bacterial strains and media

P. aeruginosa strain PA14 was obtained from the PA14 Non-Redundant Transposon Mutant
Library (http://ausubellab.mgh.harvard.edu/cgi-bin/pal4/home.cgi; (Liberati et al., 2006)).
P. aeruginosa was routinely cultured on Brain Heart Infusion broth/agar (BHI). Anaerobic
cultures were grown overnight in BHI broth supplemented with KNO3 (100 mM) and
cysteine (2 mM), while aerobic cultures were grown overnight in quarter-strength BHI
supplemented with KNO3 (100 mM) and cysteine (2 mM) to achieve comparable cell yields.
Escherichia coli DH50 was used as the recipient for transformation and cultured on LB
Miller broth/agar (Fisher Scientific). Cultures were grown at 37°C with shaking at 250 rpm.
Staphylococcus epidermidis strain ATCC 14990 was used for antimicrobial studies.
Antibiotics were used at the following concentrations unless otherwise noted: ampicillin, 75
pg/ml for E. coli; chloramphenicol, 20 pg/ml for E. coli.

DNA manipulations

Standard molecular biology methods were used (Ausubel et al., 1997). Restriction
endonucleases and DNA modification enzymes were purchased from New England Biolabs.
Chromosomal DNA from P. aeruginosa was isolated using DNeasy Tissue kits (Qiagen),
and plasmid isolations were performed using QlAprep spin miniprep kits (Qiagen). DNA
fragments were purified using QIAquick mini-elute PCR purification kits (Qiagen), and
PCR was performed using the Expand Long Template PCR System (Roche).

Plasmid Construction

The pgsH gene was amplified from P. aeruginosa PA14 chromosomal DNA using primers
PET-21a—For (5'-GTAGTACATATGACCGTTCTTATCCAGGGGGCC-3’) and PET-21a—
Rev2 (5-CCTACTACGCGGCCGCCTGTGCGGCCATCTCACCG-3’). The resulting
amplicon was digested with Ndel and Notl and ligated into pET21a to create pET21a—pgsH.
The pgsH gene was then amplified from pET21a—pgsH with primers pMAL-For2 (5°-
GTAGTATCTAGAACCGTTCTTATCCAGGGGGCCGGG-3’) and pMAL-Rev2 (5°-
GTAGTAAAGCTT TCAGTGGTGGTGGTGGTGGTGC-3’). The resulting amplicon was
digested with Xbal and HindlIll and ligated into pMAL-C4x to create pMAL-C4x—pgsH.
The pgsH sequence in each plasmid was confirmed by DNA sequencing.

Overexpression and Purification of PgsH

E. coli BL21(DE3) Codon Plus RP cells were freshly transformed with pMAL-C4x—pqsH
for each purification. For large-scale purification, one colony was picked into 3 L Terrific
Broth containing 0.25% glucose (w/v), ampicillin, and chloramphenicol. Cultures were
grown shaking at 37°C to ODggg ~ 0.7 before addition of IPTG (20 uM) and riboflavin (100
pUM). The culture was moved to 16°C (250 rpm) for 15 hr. Cells were harvested by
centrifugation at 7000 x g for 10 min and lysed by French press (20,000 psi) in Lysis Buffer
(20 mM Tris, 1 mM DTT, 0.5 mM EDTA, 10 uM FAD, 100 uM NADH, 200 mM NacCl,
10% glycerol, pH 7.5) plus Benzonase™ nuclease (Novagen) and Complete™ (—EDTA)
protease inhibitor cocktail (Roche) as per manufacturer’s instructions. The lysate was
clarified by centrifugation at 110,000 x g for 40 min. The supernatant fraction was loaded
onto a 5 mL MBP-trap column (GE biosciences) equilibrated with Lysis buffer (minus
Benzonase, protease inhibitors cocktail, and glycerol) and eluted over a discontinuous
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maltose gradient from 0 to 2 mM. Fractions containing the expressed 86,000 Da protein
band when analyzed by SDS-PAGE were pooled and concentrated before being loaded onto
a HiLoad 16/60 Superdex 200 size exclusion column (GE biosciences). Elution was isocratic
in GF buffer (20 mM HEPES, 1 mM DTT, 0.5 mM EDTA, 10 uM FAD, 100 uM NADH,
200 mM NacCl, pH 8.0). Fractions containing only the expressed 86,000 Da band when
analyzed by SDS-PAGE were pooled, concentrated, diluted and concentrated again to ~ 1
mL in storage buffer (20 mM HEPES, 1 mM DTT, 0.5 mM EDTA, 10 uM FAD, 100 uM
NADH, 20% glycerol, pH 8.0) before being stored in appropriate aliquots at —80°C. Identity
of the fusion protein was confirmed by Western blot using anti-MBP antibody (NEB).

Steady State Kinetics

750 pL reactions containing HHQ (0.3 — 5 uM), NADH (15 - 150 uM) and oxygen (0.56
MM — 5.6 uM) in reaction buffer (40 mM HEPES, 10 uM FAD, 8% methanol (v/v), pH 8.0)
were initiated upon addition of purified MBP-PgsH to 8 nM. Reactions were allowed to
progress for various times before being quenched with 3 volumes of acidified ethyl acetate
(0.1 mL acetic acid/L ethyl acetate). The organic phase was removed and dried under a
stream of nitrogen gas. Dried reaction products were resuspended in 250 pL methanol
(optima grade, Fisher) and assayed for PQS fluorescence (Aexcitation = 340 NM, Aemission =
450 nm). Results were compared to a standard curve generated using synthetic PQS
dissolved in methanol. Experiments varying the concentration of oxygen were performed in
an anaerobic hood (atmosphere: 10% CO,, 5% H,, balance N5). Desired oxygen
concentrations were achieved by mixing deoxygenated components with oxygen-saturated
water (273 UM at 25°C) immediately before initiation. Steady state kinetic parameters were
determined by varying the concentration of each substrate while the concentrations of the
other two substrates were kept constant (at > 5 times their respective K,) and fitting the data
to the Michaelis-Menten equation (SimaPlot 10.0.1, Systat Software Inc., San Jose, CA).

Extraction and Visualization of PQS

PQS was extracted from cultures grown under aerobic and anaerobic conditions. 5 mL or 9
mL of stationary phase culture was extracted 1:1 with acidified ethyl acetate (0.1 mL /L
acetic acid). The organic phase was removed and dried under nitrogen gas. Dried samples
were resuspended in 250 pL or 100 puL methanol (Optima grade, Fisher), and 5 pL were
spotted onto a straight-phase phosphate-impregnated TLC plate which had been activated
for 1 hr at 100°C. The sample was resolved using a 95:5 dichloromethane:methanol mobile
phase. PQS was visualized on the plate by photography after excitation by long-wave UV
light.

Analysis of Reaction Products by Mass Spectrometry

Large scale production of PQS and PQS derivatives (using HHQ analogs as substrates) was
carried out to confirm the mass of the reaction products. 1.5 — 3.0 mL reactions containing
25 nM - 80 nM MBP-PgsH and > 5x K, concentrations of all substrates were incubated at
room temperature for 1 — 2 hours. Reactions were quenched 1:1 with acidified ethyl acetate,
dried under nitrogen gas and resuspended in methanol. Analysis was performed by the
University of Texas Analytical Instrumentation Facility Core using an LCQ mass analyzer
with a positive ESI ion source.

Quantification of MVs

MYV production was assessed for stationary phase aerobic and anaerobic P. aeruginosa. MV
production was quantified by phospholipid analysis of purified vesicles (Stewart, 1980).
Briefly, cells were removed from the culture by centrifugation (5100 x g for 15 min)
followed by filtration through a 0.45 um membrane. Cell-free supernatants were then
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centrifuged at 265,000 x g for 1 hr to pellet vesicles. Pellets were washed in MV buffer (50
mM Tris, 5 mM NaCl, 1 mM MgSOQOy, pH 7.4), re-pelleted and resuspended once more in
MYV buffer. MVs were extracted 1:1 with chloroform. The organic layer was removed,
combined with an equal volume of ammonium ferrothiocyanate solution (27.03 g/L
FeCl36H20, 30.4 g/L NH4SCN), and vortexed. The organic layer was then removed, dried
down under N gas, resuspended in chloroform, and analyzed for absorbance at 470 nm. The
resulting absorbance value was then normalized to the ODggg of the extracted culture.

S. epidermidis antimicrobial assay

Lysis of Staphylococcus epidermidis on Petri plates was performed by thoroughly swabbing
a BHI + 100 mM KNOg3 agar plate with an overnight culture of S. epidermidis. After drying,
sterile test discs (7 mm diameter, Schleicher and Schuell) were placed onto the surface of
the agar. 5 pl of an overnight culture of P. aeruginosa was added to the disc. Plates were
incubated aerobically or anaerobically overnight, and zones of clearing were measured.
When necessary, PQS was added at 25 UM to BHI agar before pouring the plates.

Tetracycline inhibition of protein synthesis

A 100 mL culture of P. aeruginosa was grown anaerobically overnight and 9 mL was
removed and analyzed for PQS production as described above (t = 0 hr). 9 mL anaerobic
BHI broth was then replaced and tetracycline (25 pg/ml) was added. After 5 min, the culture
was moved to aerobic conditions and 9 mL samples were extracted at 0.5, 1, 2 and 3 hours.
Extracts were analyzed by TLC with a 95:5 dichloromethane:methanol mobile phase and
excitation was under long-wave UV light.
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Fig. 1. Purification and activity of MBP-PqsH

A. The reaction catalyzed by PgsH. B. SDS-polyacrylamide gel showing stages of MBP-
PgsH purification. MBP-PgsH was purified through a combination of amylose-affinity and
size exclusion chromatography. The lanes contained: Soluble cell lysate (Ly); eluate from
amylose affinity column (AA); eluate from size exclusion column (SE). The position of
molecular weight standards (kDa) are shown to the left of the gel. C. Straight-phase TLC
plate excited with long-wave UV light showing the production of PQS by purified MBP-
PgsH. The lanes contain: 250 ng synthetic PQS standard (PQS); products of the reaction
mixture lacking purified enzyme (MBP-PqgsH —); products of the reaction mixture including
purified enzyme (MBP-PgsH +). D. Mass spectra showing the production of PQS by MBP-
PgsH. Products of reactions in the absence or presence of enzyme were subjected to positive
electrospray ionization mass spectrometry. The highlighted species (circled) corresponds to
the [M + H]* ion of PQS. The peak at 244.4 corresponds to HHQ, and the y-axis designates
relative abundance compared to HHQ.
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Fig. 2. Development of the PgsH biochemical assay

A. Fluorescence emission spectra of PQS and HHQ after excitation at 340 nm. Emission at
450 nm was used to quantify PQS after ethyl acetate extraction of enzyme reactions. B. PQS
production is linearly dependent to both time and enzyme concentration. MBP-PgsH (e 12.5
nM, o 25 nM, ¥ 37.5 nM, A 50 nM) was mixed with all substrates and production of PQS
was monitored over time. The inset shows reaction velocity vs. enzyme concentration, and
the slope of this line reveals an enzyme turnover of 2.5 min1,
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Fig. 3. Steady-state kinetic analysis of MBP-PqsH activity
Dependence of MBP-PgsH reaction velocity on the concentration of A. HHQ, B. NADH, C.
NADPH and D. oxygen. The concentration of each substrate was varied in the presence of >
5% Ky, concentrations of the other two substrates. Each reaction was carried out in duplicate
and all data points are plotted. E. Apparent steady-state kinetic parameters derived from A—
D. Errors are standard error of the estimate from the fit to the Michaelis-Menten equation.
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Fig. 4. The HHQ alkyl chain length is critical for MBP-PgsH binding

MBP-PgsH activity was analyzed using synthetic HHQ analogs as substrates. The
concentration of each substrate analog was varied in the presence of > 55x K,
concentrations of NADH and O,. Kinetic parameters were derived by fitting the data to the
Michaelis-Menten equation, and errors represent the standard error of the estimate from this
fit. The catalytic efficiency (Kca/Km) is shown for each substrate. (Keat/Km)anatog! (Kcat/
Km)HHq represents the ratio of the catalytic efficiency of each analog to the catalytic
efficiency of HHQ. Numbers in parentheses represent fold reduction in catalytic efficiency
for each analog.
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Fig. 5. P. aeruginosa requires oxygen for PQS production

A. Aerobic and anaerobic P. aeruginosa cultures were extracted and analyzed for PQS
production. Shown is a straight-phase TLC plate excited under long-wave UV light. The
lanes contain: anaerobic culture extract (An); aerobic culture extract (Ae): 150 ng synthetic
PQS standard (PQS). Although present in these extracts, HHQ is not visualized on this TLC
due to its extremely low fluorescence emission. B. P. aeruginosa was grown aerobically,
anaerobically, and anaerobically in the presence of 25 uM exogenous synthetic PQS. Outer
membrane vesicles were collected by ultracentrifugation and analyzed for lipid content as
described in Methods. Values are standardized to an ODggg of 1.0, and error bars represent
standard error of the mean, n > 3. N.D. = Not Detectable. C. P. aeruginosa was spotted onto
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a plate of S. epidermidis, and the radius of the zones of clearing was measured after
overnight growth aerobically, anaerobically, and anaerobically with exogenous addition of
PQS. Although clearly noted, zones of clearing for anaerobic P. aeruginosa grown in the
presence of exogenous PQS were hazy and not completely devoid of S. epidermidis. Error
bars represent standard error of the mean, n > 11.
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Fig. 6. Oxygen is the sole limiting PQS substrate in anaerobic P. aeruginosa

A. P. aeruginosa was grown anaerobically and quinolones were extracted from cultures with
acidified ethyl acetate. HHQ levels within culture extracts were determined by reverse-phase
HPLC over a Varian C-8 column using a discontinuous water:methanol gradient. Sample
and HHQ (synthetic standard) chromatograms are shown. Both traces show a characteristic
peak at ~ 8 min corresponding to HHQ. By comparison to known concentrations of
standard, the concentration of HHQ in anaerobic culture was calculated to be 1.5 + 0.5 pM.
B. TLC analysis showing that anaerobic cells produce PQS upon a shift to aerobic
conditions despite addition of the protein synthesis inhibitor tetracycline. P. aeruginosa was
grown anaerobically and analyzed for PQS production (t = 0 hr). Tetracycline was added,
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and the culture was moved to aerobic conditions. Samples were analyzed for PQS

production at 0.5, 1, 2 and 3 hours. Extracts were analyzed by straight-phase TLC excited
with long-wave UV light.
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Fig. 7. Substrate limitation of PgsH controls PQS-mediated behaviors

Oxygen is required for the activity of PgsH. When grown aerobically, P. aeruginosa
synthesizes PQS, which induces several phenotypes including generation of membrane
vesicles (MVs). Under anaerobic conditions, PQS is not produced due to the absence of
oxygen; however PgsH, as well as the substrates HHQ and NADH, are present. Anaerobic
P. aeruginosa is thus poised to aggressively produce PQS upon re-introduction of oxygen
even in the absence of de novo protein synthesis. We propose that PgsH acts as a
biochemical regulator of PQS-controlled phenotypes during the transition between anaerobic
and aerobic environments.
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