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hotorhabdus luminescens, a Gam-
P maproteobacterium, uses a func-

tionally diverse suite of secondary
metabolites to participate in a complex sym-
biosis with nematode worms (Heterorhabdi-
tis spp.) and insect larvae. The bacteria per-
sist quietly in the guts of infective juvenile
(1) nematodes that hunt insect larvae. When
a worm succeeds in entering its prey’s circu-
latory system (hemolymph), it regurgitates
the bacteria, which then proceed to make
toxins that kill the larva, proteases and es-
terases that liquefy the larva’s interior, sig-
nals that cause the I} worms to become re-
producing adults, molecules that counter
insect defense mechanisms, and molecules
that protect their prey from competing bac-
teria and fungi. Some of the small molecules
produced by P. luminescens have been
identified (1), but despite efforts in many
laboratories, these known small molecules
represent only a small fraction of the bacte-
rium’s metabolic potential. The sequenced
P. luminescens genome contains at least 33
genes in 20 loci that encode proteins simi-
lar to polyketide synthases, nonribosomal
peptide synthetases, and B-lactam-
producing enzymes (2). The genomic poten-
tial for secondary metabolism seen in P. lu-
minescens rivals members of the Streptomy-
ces genus, the most productive antibiotic-
producing bacterial genus (3).

To access these uncharacterized small

molecules, we searched for the molecular
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signals and their targets that control P. lu-
minescens metabolism. Recently we re-
ported that the bacteria respond to the
high concentrations of t-proline in insect
hemolymph by initiating a profound upreg-
ulation of secondary metabolite produc-
tion (4). L-Proline enhances the production
of small molecules known to be involved in
antibiosis, insect virulence, and nematode
mutualism along with many structurally
and functionally uncharacterized mol-
ecules. t-Proline acts both as an osmopro-
tectant in the high solute concentrations
characteristic of insect hemolymph (5)
and, more importantly, as a nutrient sig-
nal and electron source to enhance the
proton motive force believed to regulate
downstream pathways involved in antibi-
otic production and virulence (4). This re-
port concerns the downstream regulation
of metabolite production and the discov-
ery of previously undescribed small mol-
ecules involved in important aspects of the
symbiosis.

Global regulators, which affect the tran-
scription of gene ensembles via regulatory
cascades, typically govern the production of
small molecules in bacteria (6). Identifica-
tion and manipulation of these global regu-
lators could provide a powerful approach to
complete sets of biologically important and
previously uncharacterized small
molecules.

ABSTRACT Bacterially produced small mol-
ecules demonstrate a remarkable range of struc-
tural and functional diversity and include some
of our most useful biological probes and thera-
peutic agents. Annotations of bacterial genomes
reveal a large gap between the number of known
small molecules and the number of biosyn-
thetic genes/loci that could produce such small
molecules, a gap that most likely originates from
tight regulatory control by the producing organ-
ism. This study coupled a global transcriptional
regulator, HexA, to secondary metabolite pro-
duction in Photorhabdus luminescens, a mem-
ber of the Gammaproteobacteria that partici-
pates in a complex symbiosis with nematode
worms and insect larvae. HexA is a LysR-type
transcriptional repressor, and knocking it out to
create a P. luminescens AhexA mutant led to dra-
matic upregulation of biosynthesized small mol-
ecules. Use of this mutant expanded a family of
stilbene-derived small molecules, which were
known to play important roles in the symbiosis,
from three members to at least nine members.
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Figure 1. Representative HPLC trace overlay (210 nm) of organic extracts of WT (black) and AhexA (blue) P. luminescens cultures, both grown in
5 mM L-proline. Starred peaks denote stilbene derivatives, upregulated in the AhexA strain. Numbers above peaks refer to compounds in Figure 2.

UvrY and Lrp Do Not Regulate Stilbene
Production in P. luminescens. To define a
link between the L-proline response and the
global regulatory genes involved in control-
ling the transition from nematode symbiosis
to insect pathogenesis, we investigated
three candidate genes. The first involved a
two-component regulatory system, BarA/
UvrY, that regulates a selection of virulence
genes. A uvrY-deficient P. luminescens mu-
tant exhibited decreased production of pro-
teases and toxins, as well as decreased bi-
oluminescence (7). UvrY also regulated
several genes with suspected roles in antibi-
otic synthesis and efflux, as well as motility
and oxidative stress response (7). However,
metabolomic profiling of organic extracts
from the uvrY-deficient strain showed no
significant changes compared to wild type
(WT) in the production of known antibiotics
and small molecule virulence factors — an-
thraquinone polyketides and stilbenes
(Supplementary Figure S1). The second can-
didate was a leucine-responsive protein
(Lrp) regulator that the Goodrich-Blair labo-
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ratory had identified as a global regulator
of metabolic switching in Xenorhabdus
nematophila (8), a bacterium that partici-
pates in a symbiosis similar to that of Pho-
torhabdus. When Lrp binds a small mol-
ecule ligand, often an amino acid, it
becomes a transcriptional activator. Marker-
less deletion of the homologous Irp gene in
P. luminescens by allelic exchange mu-
tagenesis did not result in significant
changes to anthraquinone or stilbene pro-
duction compared to WT (Supplementary
Figure S1). Since earlier work had shown
that both Photorhabdus and Xenorhabdus
used L-proline to initiate the metabolic
switch, this difference in downstream regu-
lation fits a convergent evolution model for
the Photorhabdus and Xenorhabdus sys-
tems (4).

HexA Regulates Stilbene Virulence
Factor Production in P. luminescens. The
third candidate was the LysR-type transcrip-
tional regulator HexA. The Clarke laboratory
had shown that the related species Photo-
rhabdus temperata uses HexA to repress
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general antibiotic activity while dwelling
within its nematode host (9). Indeed, disrup-
tion of this gene, homologous to the hexA
(hyperproduction of exoenzymes) gene of
Erwinia carotovora (10), led to increased
(derepressed) antibacterial activity in P.
temperata as judged by a larger zone of in-
hibition phenotype (9). Obtaining a stable
hexA knockout in P. luminescens proved
challenging in our hands. Insertional inacti-
vation by plasmid integration could be suc-
cessfully achieved and confirmed by PCR,
but the genetic insertion was repeatedly lost
in the subculturing attempts needed to ob-
tain a pure mutant strain.

It seemed likely that upregulation of anti-
biotics and protein toxins in the hexA knock-
out of P. luminescens caused the instabil-
ity, so we reasoned that L-proline might have
a protective effect under these conditions,
perhaps through the activation of compen-
satory pathways such as efflux pumps or re-
sistance proteins. By supplementing the
medium with 100 mM L-proline, we were
able to propagate cultures of the P. lumi-
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Figure 2. Structures of new and known stilbene derivatives isolated from P. luminescens. Com-
pounds 1—3 have been previously isolated from Photorhabdus; compounds 4—9 are new natu-
ral products. All four stereoisomers of 5 were isolated in a single fraction, and 9 was previously
described as a side product in a synthetic scheme (30).

nescens insertional hexA mutants for chemi-
cal interrogation. The stabilizing effect of
L-proline in these mutants provides further
evidence of its important role in the life cycle
of P. luminescens.

Metabolomic profiling of organic extracts
from the P. luminescens hexA mutant by
high-pressure liquid chromatography (HPLC)
revealed upregulation of multiple metabo-
lites compared to the WT strain (Figure 1).
Production of known stilbenes (1—3) in ad-
dition to other compounds with stilbene-like
UV absorbance was increased in the AhexA
mutant (starred peaks in Figure 1), while
production of anthraquinone compounds
(10 and 11) was marginally downregulated
compared to WT. These differential effects
complement those obtained from analysis
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of the P. luminescens proline transporter
mutants (AproU and AputP), in which both
the AproU and AputP strains demonstrated

dramatically increased production of anthra-

quinones and decreased stilbene produc-
tion (4). The reciprocal effects between the
AproU/AputP and AhexA mutants argue
that L-proline transport and its subsequent
metabolism contributes to derepression of
HexA and upregulation of the stilbene class
in P. luminescens.

A number of the compounds upregu-
lated in the AhexA strain were isolated and
structurally characterized (Figure 2). Analy-
sis of the unknowns by one- and two-
dimensional nuclear magnetic resonance
(NMR) spectroscopy and high-resolution
mass spectrometry (HR-MS) led to the dis-

covery of six new stilbene derivatives (4—9).
These new compounds mostly share a simi-
lar carbon skeleton as the previously identi-
fied stilbenes but differ in oxidation states.
Because known stilbenes (1—3) mediate
several critical functions in the symbiosis,
their biosynthesis has been carefully stud-
ied (11-13). The identification of six new
derivatives in the L-proline stabilized AhexA
mutants illustrates the ability of genetically
manipulating global regulators to uncover
both the quantitative and qualitative molec-
ular diversity in this important class.

HexA Regulates Stilbene and Anthra-
quinone Production in P. temperata. To cor-
relate metabolite production to the larger
zone of inhibition phenotype previously ob-
served in the P. temperata AhexA mutant
(9), we also analyzed organic extracts from
the mutant and its WT parent. Differential
metabolomic profiling of the mutant com-
pared to WT revealed greatly enhanced pro-
duction of both stilbenes and anthraqui-
nones in the AhexA mutant, which was
independent of proline concentration
(Supplementary Figure S2). Production of
the stilbene metabolites by AhexA far ex-
ceeded that of the WT strain even in cultures
supplemented with high L-proline concen-
trations (Supplementary Figure S2). Regula-
tion of the major metabolites in the P. tem-
perata mutant resulted in a dramatic
increase in production of a small number of
compounds, including known stilbenes and
anthraquinones. The P. luminescens hexA
knockout, on the other hand, displays a less
dramatic upregulation of a larger number of
compounds, as described below. Moreover,
while these results confirm hexA’s regula-
tory role as repressor of stilbene biosynthe-
sis in Photorhabdus species, they also illus-
trate differences in anthraquinone
regulation across the species; anthraqui-
none production is upregulated in the P.
temperata AhexA mutant but marginally
downregulated in P. luminescens AhexA.
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Figure 3. Fold change in production of stilbene metabolites by WT (black ®) and AhexA (blue O) P. luminescens with in-
creasing concentrations of supplementary L-proline. Numbers above curves refer to structures in Figure 2. Compounds
6—38 are overlapped on the HPLC trace and were therefore integrated together.

L-Proline Dose—Response Effects in
P. luminescens AhexA. To further investi-
gate the effect of increasing L-proline con-
centration on the production of metabo-
lites by P. luminescens AhexA, L-proline
dose-response curves were generated for
the upregulated stilbenes (Figure 3). Simi-
lar to the effects seen in P. temperata AhexA
(Supplementary Figure S2), P. luminescens
AhexA exhibits constitutive production of
many of these metabolites compared to WT.
Production of the reduced stilbene deriva-
tive (4), for example, was upregulated 50-
fold in AhexA with high concentrations of
supplemental L-proline. Under high -proline
concentrations, metabolites 5—8 are re-
pressed in both WT and AhexA, perhaps as
a reuslt of their conversion to other com-
pounds, suggesting a metabolic shift
rather than a general upregulation. Produc-
tion of 9 is unchanged in the AhexA mutant
(Supplementary Figure S3), but this metabo-
lite diverges structurally from the other stil-
benes and may serve other biological
functions.
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Stilbenes Possess Multipotent
Activities. Stilbenes are common plant me-
tabolites, but Photorhabdus is the only
known producer of stilbenes outside the
plant kingdom (14). The stilbenes in Pho-
torhabdus are biosynthesized from the con-
densation of two B-ketoacyl intermediates
(Scheme 1), whereas plant-derived stil-
benes arise through the linear elongation
of an activated phenylpropanoid starter unit
with malonyl-CoA extender units (11), which
indicates that the Photorhabdus biosyn-
thetic pathway evolved independently of
plants. Despite its independent bacterial ori-
gin, the pathway’s genes have an odd orga-
nization. Although bacterial biosynthetic
pathways for secondary metabolites, includ-
ing those for many of the annotated path-
ways in the P. luminescens genome (15),
typically have clustered genes, the stilbene
biosynthetic genes are not clustered (11).
They are organized more like the scattered
genes found in plant biosynthetic pathways.

The newly identified reduced stilbene (4)
is especially interesting from both biosyn-
thetic and physiological perspectives. The
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biosynthesis of 1 proceeds from phenylala-
nine, derived from prephenate, and leucine
(17). Similar transformations on 2,5-
dihydrophenylalanine (DHPA) would lead to
the synthesis of 4 rather than 1 (Scheme 1).
DHPA, also derived from prephenate (16),
is a known antibiotic produced by Strepto-
myces sp. and functions as a microtubule-
disrupting agent (17). Compound 4 and any
of its proposed precursors could serve as
oxidative sinks to protect the bacterium
from the massive levels of oxidative stress
it encounters in the insect hemolymph (18).
Oxidation would yield the corresponding
metabolite along the pathway to 1. DHPA,
for example, can spontaneously oxidize to
phenylalanine (19). This strategy of produc-
ing easily oxidized metabolites resembles
the production of redox active pigments by
Pseudomonas aeruginosa and Staphylococ-
cus aureus (20, 21) and suggests still an-
other biological role for this stilbene family
in addition to those described below (11).
The biosyntheses of the remaining new me-
tabolites remain unknown, but they are
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Scheme 1. Proposed biosynthesis of reduced stilbene 4, based on the es-

tablished biosynthesis of 1<
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The pathways to these compounds diverge at prephenate, and oxidation of any intermediate along
the route to 4 leads to the convergent production of 1.

likely to be oxidation products of the major
stilbenes 1 or 2.

The previously described Photorhabdus
stilbenes (1—3) exhibit a broad range of bio-
logical activities that illustrate their critical
roles in many aspects of the complex sym-
biosis. They mediate interactions with com-
peting microbes, with their nematode hosts,
and with their insect prey. These stilbenes
have been shown to possess antibiotic ac-
tivity against fungi and Gram-positive bacte-
ria (22), are potent inhibitors of phenoloxi-
dase, one of the insect’s key defenses
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against microbial pathogens (13), and are
essential in maintaining the bacterium’s
mutualistic symbiosis with its nematode
host by influencing nematode development
.

In order to efficiently exit their I) stage
and become reproducing adults, the nema-
todes respond to molecular signals made by
their bacterial symbionts (23). Previous in-
vestigations have demonstrated that |)
nematodes grown on a stilbene-deficient
strain of P. luminescens (Ast/A) with the first
committed step of stilbene biosynthesis

knocked out (Scheme 1), have a recovery
rate only 5—15% of that achieved with WT
P. luminescens (11). Growing I} nematodes
on the AstlA strain supplemented with ei-
ther stilbene 1 or the StlA product cinnamic
acid yielded almost full I) recovery, whereas
no recovery was observed when |Js were
supplemented with 1 or cinnamic acid but
no bacteria (11). These results indicate that
stilbene-derived compounds are essential
for nematode recovery, but stilbene 1 can-
not induce recovery on its own. It is likely
that 1 is converted by P. luminescens (and
possibly further elaborated by the nema-
tode) to the biologically active but not yet
identified compound.

The |) stage of the nematode H. bacterio-
phora is analogous to the dauer stage of the
much better known model nematode Cae-
norhabditis elegans. In C. elegans, entry into
dauer is mediated by the dauer phero-
mone, which is made by the nematodes.
Exit from dauer is governed by an unknown
molecular signal called the “food signal”
(24) because it is made by the bacteria that
C. elegans consumes. While dauer phero-
mones for C. elegans have been actively
studied, the food signal has been ignored,
and access to the new stilbenes could pro-
vide the molecular tools needed to study
this developmental switch. Further biologi-
cal experiments will be needed to fully ex-
plore the roles played by individual mem-
bers of the stilbene family uncovered in this
study.

Conclusion. Identifying the small mol-
ecules produced by orphan biosynthetic
pathways, pathways that can be identified
in sequenced genomes but whose products
have not been characterized, represents
both a great opportunity and a substantial
challenge. The cryptic metabolites produced
by these pathways typically outnumber the
known metabolites by an order of magni-
tude, and many would be expected to have
potential therapeutic applications. These
metabolites are most likely cryptic because
the pathways that produce them are tightly

VOL.5 NO.7 ¢ 659-665 + 2010
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regulated, and we currently know very little
about what conditions activate them. This
study shows that identifying global regula-
tors and manipulating them can lead to the
accelerated discovery of cryptic metabolites.
The study also illustrates the power of focus-
ing on symbiotic associations both as a
way to identify regulatory triggers and as a
way to place any metabolites that might be
produced into their biological context.

METHODS

Genetic Inactivation of lrp and hexA in P.
luminescens. P. luminescens gDNA was isolated
as previously described (25). The entire coding se-
quence from start to stop codons of Irp (locus
tag: Plu1600; Protein Accession: NP_928891) was
excised by allelic-exchange mutagenesis to gener-
ate a markerless deletion mutant. The exchange
sequence for Irp consisted of ~1 kB of upstream
and downstream genome sequence fused by over-
lap extension PCR (26) (see Supplementary Meth-
ods). The full-length Irp exchange sequence was
digested with Sacl, inserted into the correspond-
ing site in pDS132 (27), and verified by restriction
analysis (pDALrp). Cloning was carried out in
E. coli strain WM3618 lambda pir.

Because markerless deletion attempts of hexA
failed in our hands, an internal hexA (locus tag:
Plu3090; Protein Accession: NP_930322) gene
fragment was amplified, digested with Sacl, and
inserted into the corresponding site in pDS132
(pDiHexA) for plasmid integration (see Supplemen-
tary Methods). Ligation products in both direc-
tions were successfully taken forward to insertion-
ally inactivate hexA by pDiHexA plasmid
integration containing a chloramphenicol resis-
tance marker.

Mutants were generated using similar proce-
dures as previously described (4). The pDS132 de-
letion constructs (pDALrp or pDiHexA) were trans-
formed into the diaminopimelic acid (dap)
auxotroph donor strain, E. coli WM6026 lambda
pir (28), by heat-shock transformation (29). The
donor E. coli and recipient WT P. luminescens TTO1
were filter mated, replated on LB-chloramphenicol,
and then selected on LB sucrose plates for coun-
terselection (see Supplementary Methods). Posi-
tive deletions were identified by colony PCR and
sequence verified. For insertional inactivation of
hexA, agar plates used for filter mating and all sub-
sequent plating steps were also supplemented
with 100 mM L-proline. Successful hexA plasmid
integrants were identified by colony PCR and se-
quence verified (see Supplementary Methods). No
SacB counter selection was performed.

P. temperata AhexA Proline Dose Response.
Rifampicin-resistant AhexA and its rifampicin-
resistant parent strain of P. temperata were as-
sessed for metabolite stimulation with increasing
concentrations of L-proline (0—100 mM) (9). All ex-
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perimental conditions were identical to those pre-
viously described (4).

P. luminescens AhexA Proline Dose Response.
The P. luminescens AhexA mutant was grown on
LB agar + 100 mM t-proline + 25 ug mL™* chloram-
phenicol for 2 days at 30 °C. The WT strain was cul-
tured similarly, but without antibiotic. Single colo-
nies were selected and grown for an additional
2 days in 5 mL of LB broth (WT) or LB with 25 pg
mL~! chloramphenicol (AhexA). Cultures were then
centrifuged and resuspended in 5 mL of fresh LB (to
remove chloramphenicol and ensure medium con-
sistency between mutant and WT). For metabolite
stimulation assays, 50 pL of this resuspended cul-
ture was used to inoculate 5 mL of a rich tryptone-
yeast extract based medium (2 g tryptone, 5 g yeast
extract, and 10 g NaCl per liter) with increasing
amounts of L-proline (0—100 mM). Triplicate cul-
tures were grown to stationary phase over 72 h at
30 °C and 250 rpm. The cultures were vigorously ex-
tracted with 6 mL of ethyl acetate and then centri-
fuged, and 4 mL of the top organic layer dried.
These dried extracts were resuspended in 1 mL of
methanol, and 50 pL of this mixture was injected for
HPLC analysis to quantify metabolite production
(see Supplemental Methods for details).

Due to the tendency of the hexA mutant to re-
vert to WT in the absence of proline, we reasoned
that cultures supplemented with little to no proline
may similarly have reverted during the 3-day incu-
bation prior to extraction for metabolite analysis,
thereby skewing the results. Prior to extraction for
assessment of metabolite production, representa-
tive cultures with high and low concentrations of
proline were therefore sampled and used as tem-
plate in a PCR assay to evaluate whether reversion
to WT was occurring. Results demonstrated only
low levels of reversion in cultures with no supple-
mentary proline over the 3-day growth period
(Supplementary Figure S4).

NMR Analysis. NMR experiments (Varian: 'H,
gCOSY, gHSQC, and gHMBC) were performed in
deuterated methanol with a symmetrical NMR mi-
crotube susceptibility-matched with the solvent
(Shigemi, Inc.) on a Varian INOVA 600 MHz NMR.
Known metabolites were confirmed by 'H NMR and
mass spectrometry.
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