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ABSTRACT: Azabicyclene, an azetidine-containing natural product,
was identified using quorum-sensing molecules to upregulate
expression of a gene cluster highly conserved in the human pathogen
Pseudomonas aeruginosa. Mutational studies of the gene cluster
revealed essential genes for biosynthesis, including an unusual
nonribosomal peptide synthetase. Reconstitution of this enzyme in
vitro identified key biosynthetic intermediates. This work demon-
strates a useful strategy for discovering quorum-sensing-regulated
natural products. It sets the stage for understanding the biosynthesis
and bioactivity of azabicyclene.

Bacteria respond to environmental cues and coordinate
their action by secreting and sensing small molecules,

known as “quorum-sensing”.1 Quorum-sensing is widespread
in pathogenic bacteria and regulates many pathways involved
in virulence, antibiotic resistance, and toxin production.2,3

Understanding quorum-sensing and the pathways it regulates
is essential for controlling and preventing infectious diseases.
Pseudomonas aeruginosa is an opportunistic human pathogen

and a leading cause for hospital-acquired infections.4 Tran-
scriptomics studies in P. aeruginosa revealed several uncharac-
terized biosynthetic operons regulated by quorum-sensing via
acylhomoserine lactones (AHLs),5 including a putative
biosynthetic gene cluster spanning the genes PA3326−
PA3336 (Figure 1A). The genes in this cluster were
upregulated between 4- and 87-fold by N-(3-oxododecano-
yl)-L-homoserine lactone and N-butyryl-L-homoserine lactone
across six disparate clinical and environmental P. aeruginosa
isolates.6 Furthermore, deletion of this gene cluster in P.
aeruginosa PAO1 cluster resulted in higher colonization in a
murine lung model than the wild type bacteria.7 Thus, the
cluster was thought to slow bacterial growth in the murine host
and benefit long-term host colonization; however, its precise
function is unknown.
The PA3326−PA3336 cluster encodes 11 proteins, includ-

ing a nonribosomal peptide synthetase (NRPS), a flavin-
dependent monooxygenase (FMO), an S-adenosyl-L-methio-
nine (SAM)-dependent enzyme, and three enzymes with
putative functions in fatty acid biosynthesis. We hypothesized
that these proteins are responsible for synthesizing small
molecules. We first analyzed the distribution of this cluster in
Pseudomonas by bioinformatics. The genes PA3327−
PA3336 in the cluster were queried against 2560 Pseudomonas
genomes from the Pseudomonas genome database using
MultiGeneBlast.8,9 This analysis revealed that the cluster is
conserved in all P. aeruginosa genomes from this database

(1644 strains total), while it was only found in 12 other
Pseudomonas species (Table S1). Among the 12 other
Pseudomonas species, 11 were isolated in the same clinical
environment as P. aeruginosa.10 The conservation of this cluster
in P. aeruginosa suggests that the small molecule(s) produced
by the encoded enzymes are important for the biology of this
pathogen.
Here, we use exogenous AHL signaling molecules to enable

the discovery of a small molecule containing an
azabicyclo[3.2.0]dihydropyrrolone core, azabicyclene (1). Its
structure is identical to azetidomonamide B that was
discovered by Hong et al. in parallel to our study.11 We
identified essential enzymes for azabicyclene biosynthesis by
comprehensive mutational studies of the PA3326−PA3336
cluster (aze). Furthermore, we reconstituted the activity of the
NRPS AzeB (PA3327) in vitro and identified a key
biosynthetic intermediate produced by this enzyme.
Based on the evidence that exogenous signaling molecules

upregulate aze genes in P. aeruginosa,5,6 we hypothesized that
these molecules would also increase the production of small
molecules synthesized by aze-encoded enzymes. A few studies
on AHL-regulated gene clusters identified new bacterial
metabolites by addition of exogenous AHLs or genetic
engineering to increase transcription of these clusters.12−14

Therefore, exogenous AHLs, N-(3-oxododecanoyl)-L-homo-
serine lactone and synthesized N-butyryl-L-homoserine lactone
(Figure S1) were added to P. aeruginosa cultures at the time of
inoculation. Metabolite profiles of the supplemented cultures
were compared to those without supplementation by liquid
chromatography coupled high-resolution mass spectrometry
(LC−HRMS). Two metabolites with mass-to-charge (m/z)
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ratios of 193.098 (1) and 207.108 (2) were identified at the
highest levels in the AHL-supplemented culture 10−14 h after
inoculation (Figure 1B, Figure S2), and both compounds’
abundances were significantly increased approximately 3-fold
by addition of exogenous AHLs (Figure S3). These two
metabolites were detected at low levels in extracts of wild type
PAO1 cultures, but they were absent in those of a mutant
containing a lacZ insertion in the putative NRPS gene azeB
(PAO1 azeB::lacZ, obtained from a collection of P. aeruginosa
PAO1 transposon mutants) (Figure 1B, Figures S3 and S4),15

confirming that production of 1 and 2 requires azeB.
To elucidate the structures of these compounds, the major

species, 1, was isolated from 6 L of PAO1 culture
supplemented with exogenous AHLs. The culture supernatant
was extracted with dichloromethane, and 1 was isolated using
reversed-phase HPLC at a titer of 0.5 mg/L. Analyses of 1 by
1D and 2D NMR experiments support an unusual 1-
azabicyclo[3.2.0]dihydropyrrolone core (Figure 1C and
Figures S5−9). The NMR shifts and proton peak splitting
patterns are consistent with those of the synthetic compounds
containing the same core (Table S2),16 further supporting our
structural assignment. The stereochemistry at C3 was
undetermined. Because of the low titer, structural character-
ization of 2 by NMR was not accomplished.
To determine which genes are required for the production

of 1 and 2, we also obtained individual insertional mutants of
the putative biosynthetic genes azeC−J (PA3328−PA3335)
from the same collection of mutants as PAO1 azeB::LacZ (Fig-
ure S10).15 Mutants of azeB, azeC, azeF, and azeI did not

produce 1, suggesting these genes are essential for production
of 1 (Figure 2A and Figure S11). However, we cannot rule out

the polar effects of the insertions on downstream genes to
abolish compound production. azeC encodes an FMO protein
homologous to LgnC, which is essential for the construction of
the 5-membered pyrrolizidine ring in legonmycin biosyn-
thesis.17 Thus, AzeC may catalyze a similar reaction in
constructing the pyrrolizidine ring in azabicyclene. azeI
encodes a putative acyl-carrier protein (ACP), an essential
protein for fatty acid biosynthesis.18 AzeI likely serves an
analogous role as the carrier protein for the biosynthesis of the
crotonyl moiety. azeF encodes a putative cytochrome P450
and does not have an evident biosynthetic role.
Mutants of azeD, azeG, azeH, and azeJ showed significantly

reduced production of 1 (Figure 2A and Figure S11). azeH
encodes a FabH homologue (FabH2), a β-ketoacyl-ACP
synthase in fatty acid biosynthesis.18 AzeH likely serves a
similar role in the biosynthesis of the crotonyl moiety. azeD
encodes a standalone condensation domain, azeG encodes a
protein with no known function, and azeJ encodes a putative
SAM-dependent enzyme. A significant decrease of 1
production due to mutation to these genes suggests that the
encoded enzymes AzeD, AzeG, AzeH, and AzeJ are important
but not essential for the biosynthesis of 1. The action of these
enzymes may be compensated by other enzymes of related
functions in the bacterium. Surprisingly, mutation of azeE that
encodes a FabG-like protein significantly increased production
of 1 and 2 (Figure 2A). FabG catalyzes reduction of β-
ketoacyl-ACP in fatty acid biosynthesis.18 PAO1 encodes a
second copy of FabG in its genome, which shows affinity with
AzeI based on a pull down assay,7 so it is possible that either
FabG or AzeE could perform this reaction in 1 biosynthesis.
Mutations of most aze genes had similar effects on the

production of 2 to their effects on 1 with the exception of the
azeJ mutation. We observed no production of 2 in azeB, azeC,

Figure 1. aze-encoded enzymes produce the small molecule
azabicyclene, 1. (A) aze gene cluster and putative functions of aze
genes. Blue: nonribsomonal peptide synthetase; red: oxidase; purple:
fatty acid biosynthesis; green: hypothetic proteins; gray: Clp
protease; white: transporter. (B) Extracted ion chromatograms
(EICs) of 1 (m/z 193.097 [M + H]+) from the extracts of PAO1
and PAO1 azeB::lacZ with or without AHLs supplementation.
Experiments were conducted independently three times yielding
similar results (Figure S3). (C) Structure of 1 and key (1H, 13C)
HMBC NMR correlations.

Figure 2. Mutational studies of the aze cluster reveal essential
enzymes for the production of 1 and 2. (A) EICs of 1 (m/z 193.097
[M + H]+) from the extracts of cultures of PAO1 wild type and
mutants supplemented with AHLs. (B) EICs of 2 (m/z 207.113 [M +
H]+) from the extracts of cultures of PAO1 wild type and mutants
supplemented with AHLs.
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azeF, and azeI mutants, significantly reduced production in
azeD, azeG, and azeH mutants, and higher production in azeE
mutant (Figure 2B). A similar level of 2 was detected in the
azeJ mutant as in the wild type, suggesting that azeJ is not
required for the synthesis of 2 (Figure 2A,B). The azeJ gene
encodes a putative SAM-dependent enzyme that shares 28.3%
sequence identity to the recently characterized enzyme VioH
from Cystobacter violaceus.19 VioH synthesizes the non-
proteinogenic amino acid L-azetidine-2-carboxylic acid (L-
AZC) from SAM in vioprolide biosynthesis. Since 1 contains
an azetidine moiety like vioprolide, and production of 1 is
significantly reduced in the azeJ mutant, AzeJ likely catalyzes L-
AZC formation in the biosynthesis of 1. Indeed, Hong et al.
recently demonstrated the activity of AzeJ as an L-AZC
synthase, similarly to VioH.11 Production of 2 does not depend
on azeJ, suggesting 2 does not contain the L-AZC moiety. The
mass of 2 is 14 Da larger than 1, suggesting incorporation of a
proline instead of L-AZC, consistent with the promiscuity of
the adenylation domain of AzeB toward both L-AZC and L-Pro
reported by Hong et al.11

We identified biosynthetic intermediates produced by the
aze insertional mutants. The azeC mutant accumulated two
metabolites displaying m/z of 221.092 (3) and 235.108 (4)
(Figure 3A). The difference in mass of 14 Da again suggests
incorporation of L-AZC and L-Pro in the production of 3 and
4, respectively. Thus, we hypothesized that 3 and 4 are
products of the NRPS AzeB, which can be modified by AzeC
and accumulate when azeC is inactivated. To test this
hypothesis, we reconstituted the activity of AzeB in vitro.
AzeB contains two modules and an N-terminal starter
condensation (C) domain (Figure 3B). The structures of the
final products 1 and 2 suggest that the first A domain (A1) of
AzeB activates and loads L-Ser and the second A domain (A2)
activates and can load either L-Pro or L-AZC. AzeB was
purified as a 6x-His tagged fusion protein (Figure S12). The
starter C domain likely catalyzes the N-acylation of L-Ser
loaded on AzeB using crotonyl-AzeI as a substrate. Because
NRPS starter C domains can also use acyl-CoAs as
substrates,20,21 we reconstituted AzeB activity in vitro in the
presence of crotonyl-CoA, L-Ser, and L-AZC and necessary
cofactors and detected formation of 3 by HPLC and HRMS
analysis (Figure 3C and Figure S13). Omission of AzeB or any
substrate or cofactor abolished the production of 3 (Figure
S7). Substitution of L-AZC with L-proline led to the formation
of 4 (Figure 3C and Figure S13). Product 3 was isolated from
a 2 mg scale in vitro reaction and was further characterized by
1D and 2D NMR experiments. The NMR shifts and 2D
correlations support the azabicyclo[4.2.0]hydroxypyridinone
structure of 3 (Figures S14−17 and Table S3). The structure
of 4 likely contains the same pyridinone ring with the
substitution of L-AZC with L-Pro, although 4 was not isolated
for NMR analysis. Intermediates with the similar hydroxypyr-
idinone core have been isolated in the lgnC deletion mutant of
the legonmycin producer,17 consistent with our results. Our
work provides biochemical evidence that AzeB is essential and
sufficient for the formation of the pyridinone intermediates.
Based on the results from mutational analysis of aze genes

and in vitro reconstitution of AzeB, we propose a biosynthetic
pathway for azabicyclene 1 (Figure 4). Malonyl-CoA is loaded
onto the ACP AzeI by FabD of fatty acid biosynthesis, where it
is extended by the FabH homologue AzeH to generate β-
ketoacyl-AzeI. The 3-ketoacyl-AzeI is reduced to the β-
hydroxyacyl-AzeI by AzeE or FabG in fatty acid biosynthesis.

Dehydration of the β-hydroxyacyl-AzeI intermediate forms
crotonyl-AzeI, which may be catalyzed by a hydroxyacyl

Figure 3. AzeB is essential and sufficient for the formation of the
pyridinone intermediates 3 and 4. (A) EICs of 3 (m/z 221.092 [M +
H]+) and 4 (m/z 235.108 [M + H]+) from the extracts of PAO1 wild
type and mutant cultures supplemented with AHLs. (B) AzeB domain
organization and substrates. Condensation (C), adenylation (A),
thiolation (T), and thioesterase (TE). (C) In vitro reconstitution of
AzeB activity and analysis of the reaction mixture by HPLC.

Figure 4. Proposed biosynthesis of 1 and 2.
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dehydratase located outside of the aze cluster. Crotonyl-AzeI is
then incorporated and condensed with L-Ser and then L-AZC
on the AzeB assembly line, the product of which is further
modified and rearranged to form 3. AzeC likely catalyzes
Baeyer−Villiger ring expansion followed by decarboxylation of
3 to form azabicyclene. Activation of AzeB L-Pro instead of L-
AZC directs the pathway through intermediate 4 to produce 2.
Mutational studies suggest that AzeD, AzeF, and AzeG are
important for azabicyclene biosynthesis, but their functions
remain to be characterized.
We assessed the antibacterial activity of azabicyclene against

E. coli MG1655 and B. subtilis BSU168. No growth inhibition
was observed when up to 20 μL of 8.3 mM azabicyclene (32
μg total) was applied in disk diffusion assays (Figure S18). The
role that azabicyclene plays in the biology of P. aeruginosa
remains to be determined.
We showed that aze is conserved in all sequenced genomes

of P. aeruginosa and demonstrated that aze-encoded enzymes
produce a novel small molecule, azabicyclene. Thus,
azabicyclene likely plays a conserved role in the biology of P.
aeruginosa. Azabicyclene is a new and unique member of
pyrrolizidine alkaloid natural products. It contains a rare 4-
membered azetidine moiety that is only found in a small subset
of natural products, including antifungal vioprolides and the
plant siderophore nicotianamine.19,22 Our discovery of
azabicyclene will facilitate studies of the biological role of aze
and help identify the biological targets of azabicyclene.
Mutational studies revealed that the NRPS AzeB and FMO

AzeC are essential for the biosynthesis of azabicyclene.
Homologues of AzeB and AzeC were identified in the
biosynthetic gene clusters for legonmycins and brabanta-
mides.17,23−25 Our work marks the first in vitro reconstitution
of the class of NRPSs in pyrrolizidine alkaloid biosynthesis and
provides biochemical evidence that the NRPS AzeB is essential
and sufficient for synthesizing pyridinones. Conversion of L-
Ser-L-AZC or L-Ser-L-Pro dipeptide to pyridinones likely
entails a 2,3-dehydration of the L-Ser side chain followed by
a cyclization (Figure S19). The 2,3-dehydration of β-
hydroxyamino acids has been identified in nonribosomal
peptide biosynthetic pathways for the nonproteinogenic amino
acid methoxyvinylglycine and the β-lactam antibiotic norcardi-
cin, and both dehydrations are likely catalyzed by noncanonical
C domains.26,27 Indeed, phylogenetic analysis of the second C
domain of AzeB shows that it groups with the C domain in
methoxyvinylglycine biosynthesis (Figure S20). The unusual
chemistry catalyzed by AzeB will be the focus of future studies.
We used native quorum-sensing molecules to enable the

identification of new natural products regulated by quorum-
sensing. This work highlights the utility of small molecule
elicitors for identifying natural products.28 This workflow can
be applied to study other uncharacterized biosynthetic gene
clusters under quorum-sensing regulation in P. aeruginosa as
well as other known human pathogens. Identifying the natural
products synthesized by enzymes encoded in these gene
clusters will reveal new chemistry and lead to greater
understanding of the biology of infectious bacteria.
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