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Abstract

The study of bacterial symbionts of eukaryotic hosts has become a powerful discovery engine for
chemistry. This highlight looks at four case studies that exemplify the range of chemistry and
biology involved in these symbioses: a bacterial symbiont of a fungus and a marine invertebrate
that produce compounds with significant anticancer activity, and bacterial symbionts of insects
and nematodes that produce compounds that regulate multilateral symbioses.

In the last ten years, a series of shocking revelations — the molecular equivalents of a reality TV
show’s uncovering the true parents of a well known individual or a deeply hidden family secret —
altered the study of genetically encoded small molecules, natural products for short. These
revelations all involved natural products produced by bacterial symbionts, and while details
differed, two main plot lines emerged: parentage, in which the real producers of well known
natural products with medical potential were not the organisms from which they were originally
discovered, and hidden relationships, in which bacterially produced small molecules turned out to
be the unsuspected regulators of complex interactions. For chemists, these studies led to new
molecules, new biosynthetic pathways, and an understanding of the biological functions these
molecules fulfill.

Natural products, symbionts, and hosts

Natural products have repeatedly transformed our understanding of what small molecules
can do in biological contexts.} In the not so distant past, everyone “knew” that it would not
be possible to find selective kinase inhibitors, especially inhibitors bound at the ATP-
binding site, because these sites would be essentially identical in all kinases. Staurosporine
(1) completely altered that bit of conventional wisdom, and while it was not selective
enough to be therapeutically useful, the road to selective kinase inhibitors like Gleevec,
Tarceva, and Iressa began with staurosporine (Fig. 1). In a similar vein, FK506 (2) and
rapamycin (3) showed that a small molecule could simultaneously bind two different
proteins to create a tripartite aggregate with biological properties different from any of the
individual contributors, and enediyne antibiotics like dynemicin (4) showed how an
implausible looking arrangement of functional groups could be triggered to rearrange and
create potent DNA damaging agents. Intensive studies over the last half of the 20t-century
on the sort of bacteria that produce staurosporine, FK506, rapamycin and the enediynes led
to many useful discoveries and ultimately to a feeling that this particular discovery vein had
been mined out. In the last decade, three lines of research have shown that bacterial small
molecules are far from a played out resource. The first line began with systematic efforts to
discover the small molecules made by the vast majority of bacteria that could not be, or at
least had not been, cultured in the laboratory.2 3 The second line began with the sequencing
of bacterial genomes, which led to the realization that these genomes contained easily
recognizable biosynthetic gene clusters for many small molecules that had never been seen
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in the laboratory.*-6 The third line, which will be the focus of this brief essay, began with the
discovery of bacterial symbionts where none had been expected and the important roles
played by the small molecules they produced.’

In biology, a symbiotic relation is the close and often long-term interaction between two or
more different organisms. We will follow convention by calling the bacterial participant the
symbiont and the larger (eukaryotic) partner the host. Symbiotic relationships, which span a
continuum and can vary with time, are traditionally divided into three broad categories:
mutualist in which both partners benefit, parasitic/pathogenic in which one partner benefits
at the expense of the other, and commensal in which one partner benefits but the other
partner does not pay much of a price. The most interesting associations for this essay are the
mutualistic relations, as they comprise the most rapidly growing and least studied class. We
will address only four illustrative cases — two in which studies of well-known and
potentially useful natural products led to the discovery of their production by symbiotic
bacteria and two in which the intentional study of bacterial symbionts led to the discovery of
new chemistry. Our selections hit only a few highlights, and we apologize in advance to the
many researchers whose research is omitted.

Bacteria in a fungal host: rhizoxin

Rhizoxin (5) emerged as a potentially useful anticancer candidate by a circuitous route.
Fungi belonging to the Rhizopus genus caused a serious rice disease, seedling blight, and the
critical pathogenicity factor, rhizoxin (5), was isolated from Rhizopus cultures in the early
1980s and shown to induce the root swelling characteristic of the disease.8 Rhizoxin’s
macrolactone ring binds to B-tubulin, which inhibits microtubule assembly and leads to
eukaryotic cell cycle arrest. This antimitotic activity, which was characteristic of other
anticancer agents,? prompted the synthesis of rhizoxin analogs and extensive clinical trials to
evaluate them as potential antitumor drugs.

Hertweck and co-workers, initiated an effort to define rhizoxin’s biosynthetic pathway —
possibly as a prelude to a biosynthetic approach to additional rhizoxin analogs — and
discovered that an unsuspected intracellular bacterium in the Burkholderia genus was the
actual rhizoxin producer.1® They carried out an elegant set of studies to first identify
candidate biosynthetic genes of bacterial but not fungal origin. The rhizoxin-positive
phytopathogenic fungus Rhizopus microsporus was consistently associated with a bacterium
now known as Burkholderia rhizoxinica.1! Using fluorescent dyes, the living bacterium was
visualized as an intracellular symbiont of the host fungus.1? Introducing rhizoxin-producing
bacteria grown in isolation into a non-producing symbiont-free fungal host conferred the
ability to produce rhizoxin thereby unambiguously establishing a molecular basis for the
symbiosis.10 In this association between fungus and bacteria, both partners benefit from
rhizoxin’s phytopathogenic activity, as the dying plant feeds both. The bacteria gain a safe
haven inside fungal cells with stable conditions and plentiful cytosolic metabolites. The
fungus also requires the bacteria to sporulate,12 while avoiding rhizoxin’s toxicity via
resistance-conferring mutations in its p-tubulin gene.13

This pioneering study also led to the genes responsible for the biosynthesis of rhizoxin,
which contained insights for chemists. Rhizoxin’s biosynthetic genes encode a hybrid
modular (type I) polyketide synthase/nonribosomal peptide synthetase complex and occupy
a continuous, ~81 kB stretch, of the bacterial genome.141> The gene cluster is flanked by
two peripherally located transposase genes, which indicate that the producing bacteria
acquired the genes from a bacterial neighbor by a route biologists call horizontal gene
transfer. Rhizoxin’s biosynthesis, unlike its laboratory synthesis, involves a long linear
sequence of steps in which small fragments are added sequentially until the entire skeleton is
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complete. The growing rhizoxin molecule moves along this long linear pathway as a series
of thioesters, and after the addition of each new building block, the thiol on the next module
accepts the product from the thiol of the preceding module (Fig. 2). At the end of the
modular pathway, a thioesterase releases the product. These pathways can be analyzed by
disabling the terminal thioesterase, which causes the intermediate thioesters to pile up until
they are gradually hydrolyzed from their enzyme partner. These released intermediates can
be characterized to provide a series of molecular snap shots that can be assembled into a
movie of the molecule’s biosynthesis,16-18

This thioesterase disabling approach provided fascinating insights into unusual features of
rhizoxin’s biosynthesis (Fig. 2). For example, the o,B-unsaturated thioester intermediate 5a,
characterized as its released free acid, was one of the intermediates identified.18 The next
advanced intermediate in the sequence contained the 3-lactone, suggesting that an enzymatic
Michael addition took place to generate an atypical B-branch modification. Genetic deletion
of the putative B-branch module destroyed 6-lactone intermediates, leaving 5a as the most
advanced intermediate detected. The enzymatic details of how the B-branch module
constructs the Michael product remain unknown, but the module functionally incorporates
one acetate. It is also not clear whether the 3-lactone forms via release of an enzyme-bound
thioester intermediate as shown or through spontaneous cyclization of the open free acid
form. In any case, conversion of the free carboxyl group into an ester leads to semi-synthetic
derivatives that are three to four orders of magnitude more potent in antimitotic assays,
ranking them among the top known antiproliferative agents.1® The identification of
rhizoxin’s biosynthetic genes allows other bacteria with the potential to make rhizoxin, or
close relatives, to be identified, and the free-growing Pseudomonas fluorescens Pf-5 isolate,
for example, has a rhizoxin gene cluster.20: 21

Cyanobacteria in sea squirts: cyanobactins

Whole animal extracts from the ascidian Lissoclinum patella contained cyclic peptide
macrolactams — patellamide C (6), ulithiacyclamide (7), patellin 6 (8), or trunkamide A (9)
are representative — with significant anticancer activity (Fig. 3).22-24 Their structures
suggested bacterial origin, so the sea squirt’s bacterial symbionts were collected, and the
collective genome of all the symbionts, their metagenome, was sequenced. Bioinformatic
analysis of the resulting sequences led to a candidate patellamide biosynthetic gene cluster
and the producing organism, a Cyanobacterium called Prochloron didemni that
photosynthesizes nutrients for the sea squirt. This candidate gene cluster, when introduced
into a non-producing E. coli host, conferred the ability to biosynthesize the

patellamides.?> 26 This study highlights features that have become commonplace in this
field of research: the power of large-scale sequencing to discover biosynthetic gene clusters,
and the introduction of these clusters into alternative hosts (a technique called heterologous
expression) to confirm the assignment.

Of course the discovery of the initial cluster led to the discovery of many similar clusters
and an expanding class of natural products now known as the cyanobactins.?4 27 The
cyanobactins are ribosomally synthesized peptides made by excising a smaller peptide from
a highly post-translationally modified precursor peptide. For example, the residues for
patellamide C and ulithiacyclamide, their structural cassettes, lie on the same precursor
peptide (Fig. 3). Select serine, threonine, or cysteine residues in the precursor peptides can
be prenylated, as in the case of the trunkamides,2® or heterocyclized to form oxazoline,
methyloxazoline, or thiazoline moieties. Subsequent enzymatic oxidation of the heterocycles
can lead to oxazole, methyloxazole, or thiazole residues.2
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The structural cassettes are flanked by protease recognition sequences where two subtilisin-
like proteases cleave the modified peptides.3%: 31 The first protease cleaves at the N-terminal
recognition sites. The second protease cleaves at the C-terminal sites, but rather than
releasing a linear peptide through hydrolysis, this enzyme catalyzes N-C macrocyclization
and product release via a transamidation reaction. The cassette regions that encode the
cyanobactin residues are naturally hypervariable (reported as low as 46%) while the
surrounding genes maintain high sequence conservation (>99%).32 Understanding the
mechanism for cassette hypermutation within the 7 or 8 product codons remains an
interesting future challenge. Relaxed substrate specificity by the biosynthetic gene cluster
allows the efficient synthesis of alternative macrolactams, and this relaxed specificity and
cassette hypervariability are almost certainly essential features of the bacterium’s strategy
for evolving new chemical defenses in an ever-changing world. By tracking the bacterial
gene clusters responsible for the production of cyanobactins in ascidians through
metagenomic approaches, new biosynthetic enzymes have been connected to the post-
translational processing steps, new bioactive products have been discovered and engineered,
and a bacterial natural product evolution strategy analogous to adaptive immunity has been
proposed.32

Actinobacteria in ants and beetles: dentigerumycin and mycangimycin

While humans justifiably regard the development of agriculture as a signature achievement
and the basis of modern civilizations, insects had evolved efficient agricultural systems tens
of millions of years earlier and used them to support large social colonies. Fungus-farming
ants, for example, create fungal gardens deep underground in which they grow an obligate
food fungus that they supply with organic matter they forage on the surface.33 These ant
colonies can contain several million individuals performing specialized tasks. This ant-
fungal mutualism has been so successful that it evolved from a single origin in the Amazon
some 50-60 million years ago to become over 230 ant species that are the major herbivores
in the New World tropics. Fungal gardens are subject to infection by a parasitic fungus, and
the ants defend their food source through a symbiosis with antibiotic-producing
Actinobacteria that are housed in anatomically specialized crypts on the ant’s surface. The
crypts appear to be supplied by exocrine glands from the ant’s interior. Since Actinobacteria
produce most of our current natural product-based drugs, insects appear to have beaten us to
more than agriculture.

Chemical examination of an Actinobacterium isolated from an ant crypt, a Pseudonocardia
species,3* led to the discovery of a new antifungal, dentigerumycin (10), which exhibits
roughly ten-fold greater activity against the parasitic fungus (an Escovopsis species) than the
farmed fungus.3® Dentigerumycin has a cyclic depsipeptide scaffold containing highly
modified amino acids initiated by a polyketide-derived pyran unit. Like rhizoxin (5),
dentigerumyecin is most plausibly synthesized by a mixed polyketide synthase/nonribosomal
peptide synthetase complex. Dentigerumycin’s ability to kill fast-growing eukaryotes
(parasitic fungus) in the presence of slow-growing eukaryotes (farmed fungus) has led to an
ongoing systematic investigation of this and other small molecules associated with fungal
symbionts as potential anticancer agents since cancer cells are typically fast-growing cells in
a milieu of slow-growing cells.36: 37

Bark beetles like the Southern Pine beetles that are responsible for widespread destruction of
trees in parts of the United States employ a similar strategy. They engage in a symbiosis
with a food fungus under the bark of infested trees, and the fungus is transported in a
specialized compartment, called the mycangium. A parasitic fungus threatens the beetles and
their food fungus through an ability to overwhelm the food fungus. In response, the
mycangium also houses symbiotic Actinobacteria, one of which was shown to produce a
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selective fungicide, mycangimycin (11).38: 32 The biosynthesis of mycangimycin’s
endoperoxide and the roles of other naturally occurring small molecules that can be
identified in the bacterial symbiont’s sequenced genome remain as subjects for future
investigations.

Proteobacteria in nematodes: rhabduscin and stilbenes

Gammaproteobacteria belonging to the genera Photorhabdus and Xenorhabdus engage in a
complex symbiosis consisting of the bacteria, their mutualistic nematode hosts, the insect
larvae that they parasitize in the soil, and microbial competitors.#0-46 Any given
Photorhabdus or Xenorhabdus isolate harbors dozens of genes encoding proteins similar to
well-studied biosynthetic systems: polyketide synthases, nonribosomal peptide synthetases,
and p-lactam-producing enzymes among others.*” These bacteria encode a secondary
metabolic repertoire comparable to that of the prolific antibiotic-producing Streptomyces
genus. The bacteria form a close partnership with their nematode host — Photorhabdus with
Heterorhabditis nematodes and Xenorhabdus with Steinernema nematodes — but the
nematode-bacteria pairs are capable of infecting a wide variety of insect larvae in the
environment, and this promiscuous lethality makes for an especially effective agricultural
biocontrol agent. When a nematode successfully invades an insect, it regurgitates the
bacteria, which then produce toxins, proteases and esterases that kill and liquefy their prey.
They also produce signals that promote the infective juvenile nematodes that invaded to
become reproducing adults, molecular counters to the insect’s innate immune defenses, and
antibiotics to ward off microbial competitors. These multiple biological functions require a
suite of small molecule effectors as exemplified by two examples, stilbenes and an
isocyanide product.

Stilbenes are common phenylpropanoid plant metabolites that exhibit phytoalexin,
nematicidal, herbivore deterrent, and insecticidal activities as part of the plant’s natural
defense mechanisms.*8 Photorhabdus species are the only known bacterial producers of
stilbenes (see 12),%° and these small molecules play a variety of roles in the bacteria-worm-
insect symbiosis. In addition to serving as defenses against microbial competitors trying to
share the decomposing insect meal,?O stilbenes inhibit phenoloxidase activity,°! a key
component of the insect’s innate immune system, to provide a survival advantage to the
bacterial symbionts. The stilbene biosynthetic pathway produces as yet unidentified small
molecules critical for the development of the free-living infective juvenile into reproducing
adults.>2 While plants and bacteria evolved structurally similar stilbene-based systems, they
utilize markedly different biosynthetic strategies. Plants use a type 111 polyketide synthase,
stilbene synthase, to homologate malonyl-CoA units onto a phenylpropanoid starter unit and
initiate a regiospecific cyclization, whereas Photorhabdus luminescens employs free-
standing (type Il) polyketide synthase and fatty acid synthase proteins involved in the
construction and condensation of two B-keto-acyl-carrier protein intermediates (Fig 4A).52

The Clarke laboratory used a genetic strategy to identify a transcriptional repressor, HexA,
in Photorhabdus temperata involved in the mutualist-pathogen transition.>3 Deleting the
hexA gene in Photorhabdus temperata®3 and Photorhabdus luminescens led to the up-
regulation (derepression) of stilbene production.>* Examination of the P. luminescens
mutant led to an expansion of the stilbene family from three to at least nine members.>* It is
possible that these new molecules might be the downstream signals involved in the
development of the infective juvenile nematodes, but this has yet to be proven.

P. luminescens and X. nematophila share only a distant relationship, but both produce
rhabduscin (13), a glycoside isocyanide.>® Since natural products rarely contain an
isocyanide functional group, rhabduscin’s co-occurrence in genetically distant bacteria
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occupying similar ecological niches suggested an important functional role. A clue to
function came from finding a closely related molecule, byelyankacin (14), in an
Enterobacter species®® °7 and in the plant pathogen Erwinia carotovora.>® Researchers
were led to 14 through a screen to identify inhibitors of tyrosinase, a tyrosine specific
phenoloxidase.?® 7 Phenoloxidase plays a key role in an insect’s defense against microbial
invaders, as the oxidation of various phenols creates a defensive melanin barrier that walls
off the pathogen and exhibits bactericidal activity. The biosynthesis of the vinyl isocyanide
is known in outline as the pathway for a similar molecule (15) was discovered in a
functional antibiotic screen of a library of E. coli bacteria heterologously expressing DNA
sequences isolated from soil.>% 60 The pathway begins with an amino acid, tyrosine in the
case of 13 and 14, tryptophan in the case of 15, and two genes, isnA and isnB, convert the
amino acid into the vinyl isocyanide. The added carbon comes from C-2 of ribulose-5-
phosphate,® and the mechanism of its incorporation remains a future challenge.

Future prospects

Acknowle

The small molecule repertoires of bacterial symbionts represent an extraordinary discovery
opportunity for both chemistry and biology. While the handful of examples in this highlight
have sketched a few details of some illustrative symbioses, there are more general
arguments for such symbioses as an ever-expanding field of inquiry. Bacterial symbionts are
everywhere. All plants, animals, and fungi originated and evolved on a planet awash in
bacteria, and as a result have bacterial symbionts that have co-evolved with them. Many
structurally diverse and pharmacologically relevant products have been identified in a
number of these bacterial symbionts, and the list will undoubtedly continue to expand (See
example reviews for host fungi,%1-63 plants,%4 65 invertebrate animals,66-68 and even
humans®®: 7). As Nobel laureate Joshua Lederberg noted at the beginning of this century:
“We should think of each host and its parasites as a superorganism with the respective
genomes yoked into a chimera of sorts.” "%

Our own bodies, for example, have at least 1000 species of gut bacteria, and the
metagenome of all of those bacterial symbionts contains 100 times more genes than our own
DNA. Many of these bacteria are not parasites, as Lederberg called them, but mutualists that
complement our own genome by breaking down dietary fiber or making vitamins. Indeed,
certain bacteria on our skin produce products that inhibit pathogenic bacterial growth’2 or
modulate our immune system.”3-76 Uncovering the many roles of the human microbiome
will require the focused effort of numerous laboratories.

The chemistry of bacterial symbionts is, like most of natural products chemistry, highly
idiosyncratic, and there is no way to predict what molecules, pathways and biological
functions will have evolved. Understanding will require the sort of experimental analysis at
which chemists excel and in which many of them delight. What might come from all of
these efforts? A lot of surprises, and many of them will reveal new ways that small
molecules function in biological contexts, the historically important role of natural products.
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Fig. 1.
Selected bacterial products that have changed conventional wisdom in both chemistry and
biology.
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Fig. 2.

Natural products produced via modular enzymatic assembly lines. (a) Hypothetical mixed
polyketide synthase (blue) and nonribosomal peptide synthetase (red) complex. Polyketide
synthases accept and condense short fatty acyl-Coenzyme A (CoA) substrates.
Nonribosomal peptide synthetases accept and condense amino acid monomer units at the
expense of ATP. Both modular enzymes carry the intermediates via labile thioester
attachments. Individual enzyme domains are represented as “balls on a string”. For
simplification, the domain functionalities are not shown or discussed. The chain termination
event is typically catalyzed by a thioesterase domain. The reader is directed to general
reviews on polyketide’” and nonribosomal peptide biosynthesis.”8 79 (b) Structure of
rhizoxin (5). One of the intermediates, 5a, was identified by inactivating the terminal
thioesterase domain. Intermediate 5a represents a substrate for the p-branch module, which
installs rhizoxin’s 8-lactone via a Michael addition.
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Fig. 3.

Ribosomally produced cyanobactins. Precursor peptides PatE2 and TruE2 are shown, which
can be prenylated, as in the case of the trunkamides (bottom), and heterocyclized in both
cases (top and bottom). The final product cassette sequences are boxed. Heterocyclized
oxazolines are shown in blue and thiazolines/thiazoles are shown in red. The protease
recognition sites surrounding the two cassettes in each precursor peptide are underlined. The

specific leader sequences (Xp,) are not shown.
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Fig. 4.

Selected bacterial products from Actinobacteria-insect mutualisms. The antifungals
dentigerumycin (10) and mycangimycin (11) both exhibit specificity against the parasitic
fungus over the food fungus.
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Fig. 5.

Bacterial stilbenes and vinyl isocyanide natural products. (a) The stilbene biosynthetic
pathway in bacteria is initiated from two amino acid substrates. Phenylalanine is converted
to cinnamic acid by a phenylalanine ammonia lyase (StlA), which is converted to its CoA
thioester by a CoA ligase (StIB). Leucine is metabolized via the branched chain fatty acid
pathway (BkdA/B) and elongated by BkdC. The two advanced substrates are cyclized in a
head-to-head fashion by StIC to produce stilbene 12. (b) Vinyl isocyanide biosynthetic
genes. IsnA excises the C2 of ribulose-5-phosphate to produce the carboxy indole
isocyanide intermediate. I1snB accepts the diffusible IsnA product and catalyzes an oxidative
decarboxylation to the final indole vinyl isocyanide product 15. (c) The insect pathogens X.
nematophila and P. luminescens both produce the glycoside isocyanide rhabduscin (13,
relative configuration). The plant pathogen E. carotovora and an Enterobacter species
produce byelyankacin (14).
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