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Abstract

Burkholderia bacteria are multifaceted organisms that are ecologically and metabolically diverse.
The Burkholderia genus has gained prominence because it includes human pathogens; however,
many strains are nonpathogenic and have desirable characteristics such as beneficial plant
associations and degradation of pollutants. The diversity of the Burkholderia genus is reflected
within the large genomes that feature multiple replicons. Burkholderia genomes encode a plethora
of natural products with potential therapeutic relevance and biotechnological applications. This
review highlights Burkholderia as an emerging source of natural products. An overview of the
taxonomy of the Burkholderia genus, which is currently being revised, is provided. We then
present a curated compilation of natural products isolated from Burkholderia sensu lato and
analyze their characteristics in terms of biosynthetic class, discovery method, and bioactivity.
Finally, we describe and discuss genome characteristics, and highlight the biosynthesis of a select
number of natural products that are encoded in unusual biosynthetic gene clusters. The availability
of >1,000 Burkholderia genomes in public databases provides an opportunity to realize the genetic
potential of this underexplored taxon for natural product discovery.
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Bacterial natural products are a valuable source of bioactive compounds with applications in
medicine and agriculture.l Although members of the Actinomycetales order have been the
major focus of natural product drug discovery programs over the last decades,? it has
become evident, particularly since the rise of whole genome sequencing, that neglected
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bacterial taxa are also promising sources of natural products.3 One of the emerging, gifted
producers of natural products that have attracted scientific attention is Burkholderia, a
heterogeneous and ecologically diverse group of gram-negative bacteria belonging to the
Proteobacteria phylum, B-Proteobacteria class, and Burkholderiales order (Figure 1).3-5
Because of the heterogeneity of the Burkholderia genus, its taxonomy is currently being
revised.8-12 The term Burkholderia is used below to mean Burkholderia sensu lato.

Burkholderia are found in a wide range of terrestrial and aquatic niches, as free-living
organisms or in association with eukaryotic hosts such as humans, animals, plants, and fungi
(Figure 1).14.15 The interaction between Burkholderia and their hosts can be either beneficial
or harmful.16:17 For instance, a group of ~20 closely related species referred to as
Burkholderia cepacia complex (Bcc) include opportunistic, human pathogens that can cause
lung infections in immunocompromised individuals and are of particular concern to cystic
fibrosis patients.18-20 Moreover, B. pseudomalleiand B. mallei are the causative agents of
melioidosis and glanders, respectively, and are listed as potential bioweapons by the Center
for Disease Control.21-23 The genus also includes plant pathogens of agricultural
importance, such as B. glumae that causes rice rot.24 More complex host associations
involving three players have also been reported, including an interesting association that was
described between a rice pathogenic fungus (Rhizopus sp.) and a Burkholderia species that
lives inside of the fungus (endosymbiont) and produces the polyketide precursor of rhizoxin,
a phytotoxin that binds B-tubulin of rice cells causing cell cycle arrest.25-31

In contrast to pathogenicity, members of Burkholderia sensu lato are also known to promote
growth of plants and protect plants from pests (Figure 1).1517 For instance, Burkholderia
ambifaria and Burkholderia caribensis are presumably diazotrophic strains that promote
growth of the grain crop amaranth.32 Burkholderia rinojensis, a soil-dwelling bacterium, was
shown to exhibit activity against arthropod pests, making them desirable as a potential
alternative to the use of pesticides.33

There are also free-living species that have biotechnological potential, including the
production of commercially relevant hydrolytic enzymes that can degrade natural and
synthetic pollutants (Figure 1). For instance, Burkholderia xenovorans (now
Paraburkholderia xenovorans)2 and Burkholderia jiangsuensis (now Caballeronia
jiangsuensis)® have the ability to break down environmental contaminants, polychlorinated
biphenyl (PCB) and methyl parathion, respectively.34:35

Regardless if free-living or in association with eukaryotic hosts, Burkholderia are known to
produce a variety of natural products that are beneficial for adaptation and survival, that
mediate host interactions, and that may be applied for therapeutic and biotechnological
purposes (Figure 1). In this review, we start by providing an overview of the taxonomy of the
Burkholderia genus, which is currently being revised, followed by a curated list of natural
products isolated from Burkholderia and an analysis of their characteristics in terms of
biosynthetic class, bioactivity, and discovery method. We then discuss genome
characteristics and the biosynthesis of a select number of natural products that are encoded
in unusual biosynthetic gene clusters (BGCs).
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Taxonomy and Ecological Diversity of Burkholderia Bacteria

The first Burkholderia isolates were reported in 1950 by W.H. Burkholder as the causative
agent of an onion bulb rot termed “sour skin”.36 At that time, the onion isolates were named
Pseudomonas cepacia. Due to the emergence of DNA-DNA hybridization and rRNA gene
sequencing tools, several bacteria previously characterized as Pseudomonas were
reclassified and then transferred into the then newly proposed genus Burkholderia3" In
addition, Burkholderia picketti and Burkholderia solanacearum were transferred into another
newly proposed genus, Ralstonia.38

The identification of newly discovered Burkholderia species has not been straightforward. A
complicating issue is that Burkholderia isolates may not be phenotypically distinguishable,
despite being genetically distinct. A term used in the literature to signify strains that are
phenotypically indistinguishable but that are distinct at the DNA level is “genomovar”.18:39
Thus, the use of commercial phenotypic assays is not a feasible option for proper
classification of organisms in this genus. Molecular methods that employ not only 16S
rRNA analysis but also other conserved genes are essential for identification of Burkholderia
genomovars.18:39

Burkholderia included >100 species as of 2015, representing a large, heterogeneous and
taxonomically controversial group of bacteria.5-12.15:40 |n fact, phylogenetic analyses
performed by different research groups indicated that Burkholderia is polyphyletic.6:10-12
Due to this heterogeneity, a split of the genus Burkholderiawas proposed.1112:40 However,
16S rRNA phylogenetic trees or even conventional multilocus sequence analysis using a
small number of genes initially provided limited support for the new lineages within
Burkholderia.8:91240 Nevertheless, recent whole genome sequence data followed by
maximum-likelihood phylogeny using 106 concatenated orthologous genes1 provided
strong support for separating Burkholderia sensu lato into Burkholderia sensu stricto,
Paraburkholderia, Caballeronia, and Robbsia.12:1341-43 Further phylogenomic analyses
supported inclusion of the fungal endosymbionts Paraburkholderia rhizoxinica (basonym
Burkholderia rhizoxinicd) and Paraburkholderia endofungorum (basonym Burkholderia
endofungorurm) in the recently proposed genus Mycetohabitans.** In addition, the new genus
Trinickia was also proposed, including the nodulating Paraburkholderia symbiotica, the plant
pathogen Paraburkholderia caryophylli, and the soil bacterium Paraburkholderia soli**

Burkholderia sensu stricto includes members such as those pathogenic to humans (e.g.
members of the Bcc),18-20 animals (e.q. B. pseudomallei and B. mallei),?1-23 and plants
(e.9. B. glumae, B. gladioliand B. plantarii),*® along with soil, low-virulence or
nonpathogenic isolates (e.g. B. thailandensis E264).46 Paraburkholderia consists of diverse
species including free-living organisms capable of fixing nitrogen (e.g. 2. caballeronis),*’
plant symbionts capable of fixing nitrogen (e.g. 2. nodosa),*8 and free-living, environmental
species involved in the degradation of pollutants such as PCB (e.g. 2. xenovorans). 1249
Caballeronia currently includes environmental species and no nitrogen-fixing species. An
example is C. jiangsuensis that can degrade the organophosphate and extremely hazardous
pesticide methyl parathion.8-3>
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The phylogenetic clusters of the Burkholderia sensu lato lineages do not strictly distinguish
between pathogenic and nonpathogenic/beneficial strains. Although Burkholderia sensu
stricto consists primarily of pathogenic strains, some nonpathogenic/beneficial strains fall
within this group as well. For instance, although the Bcc clade includes pathogenic species
such as B. cenocepacia, an opportunistic pathogen to immunocompromised individuals and
cystic fibrosis patients, it also includes B. vietnamiensis and B. ambifaria which have been
used for promoting plant growth and biocontrol, respectively.18:19 Within the B.
pseudomallei clade, B. mallei and B. pseudomallei are identified as bioterrorism agents by
the Centers for Disease Control and Prevention, while B. thailandensis is a low virulence
strain.2346 Due to their phylogenetic relationship, B. thailandensis is studied as a model,
nonpathogenic species to gain insight into the pathogenic behavior of strains in the B.
pseudomaller group. Finally, members of the Paraburkholderia and Caballeronia genera
contain mostly nonpathogenic species.8:1213 Although Paraburkholderiaand Caballeronia
species have been isolated from clinical samples, pathogenicity has not been unambiguously
demonstrated,10:13,50,51

For more details on the taxonomy of Burkholderia, the reader is referred to recent reviews
by Depoorter et al.,° Beukes et al.,10 and Estrada de los Santos et a/11

Undeniably, bacteria from the Burkholderia sensu lato group have attracted attention of the
scientific community. The revisions within the genus reflect the diversity of the
microorganisms populating this group of bacteria and the challenges in physically
distinguishing isolates within this group solely on phenotype and 16S rRNA gene sequences.
Apart from the complicated taxonomy and reflecting its ecological versatility, the
Burkholderia sensu lato group has emerged as a promising source of natural products.

Natural Products Isolated from Burkholderia Bacteria

Although several reviews have been published on specific aspects of Burkholderia natural
products, such as natural products discovered via genome mining,® siderophores and
lipopeptides,>2 nonribosomal peptides and polyketides,>3 antibiotics from neglected
bacteria,3 and antibiotics from Gram-negative bacteria,>* a comprehensive account of
Burholderia as a source of natural products is outstanding. In order to compile information
regarding compounds isolated, their reported bioactivities, and the method of isolation, we
searched Web of Science and SciFinder using following search terms “[ Burkholderia or
Paraburkholderia or Caballeronia or Robbsia) and [natural product or secondary metabolite
or isolated compound]”. Based on these searches, 66 structural classes were identified. We
defined a structural class as compounds known or expected to be encoded in the same (or
very similar) gene cluster. It is important to note that Burkholderia strains isolated before the
early 1990s were misclassified as Pseudomonas. Although we were able to identify a small
number of such cases, 66 compound classes is likely an underestimation. An analysis of
biosynthetic class, reported bioactivities, and the method of identification is presented in
Figure 2. The structures of the analyzed compounds are depicted in Figure 3.

As it can be seen from Figures 2 and 3, and Table S1, known Burkholderia natural products
are diverse in terms of biosynthetic class and structure. The biosynthetic class with the
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largest representation is that of nonribosomal peptides. Hybrid polyketide-nonribosomal
peptides also appear to be common, with frans-AT type | polyketides appearing more often
than cis-AT, which is the opposite of what is seen with the more extensively studied
actinomycetes, in which frans-AT type | polyketides are rather rare.

In terms of biological activity, examples of reported bioactivity of therapeutic potential
include antibacterial, antifungal, and cytotoxic. More unusual activities such as
phosphodiesterase 4 (PDE4) inhibition and Gg-signaling inhibition were also reported.
PDE4 inhibitors have anti-inflammatory and neuroprotective effects,>>-57 whereas inhibition
of Gq signaling is being investigated for asthma treatment.>8 Moreover, activities involved in
ecological functions and virulence such as swarming, biofilm formation, iron acquisition,
and quorum sensing have also been reported.

Based on our dataset, the percentage of natural products coming from genome mining (32%)
seems rather high. Factors that may contribute to this observation include a) our dataset is
potentially biased towards compounds that were discovered after the early 1990s since
Burkholderia strains were misclassified as Pseudomonas before then and even after; and b)
Burkholderia have been neglected as a source of natural products and have only more
recently been studied, a timing that coincides with the genomics era.

The main advantage of bioactivity-guided isolation is clearly to identify compounds that
show a desired bioactivity. Disadvantages include a) not all gene clusters are actively
transcribed to levels that allow detection in bioassays, and b) bioactivity-guided isolation
requires cultivation of the native producer. On one hand, genome mining offers the chance to
overcome some of these challenges to a) discover compounds encoded in gene clusters that
are poorly expressed under given laboratory growth conditions, and b) discover compounds
from uncultivated bacteria and metagenomics data sets. On the other hand, a drawback of
genome mining is that biological activity can often not be predicted, although examples of
target-directed or resistance-gene-directed genome mining have been described.59-62
Another drawback of genome mining is that some compounds may be missed if biosynthesis
is unknown and consequently the BGC is not picked up by automated software tools,%3 in
which case bioactivity-guided isolation has the upper hand. Therefore bioactivity-guided
isolation and genome mining are complementary approaches.

In order to enable genome mining of Burkholderia, genetic engineering techniques are
important. If the gene cluster is actively transcribed under the used culture condition, gene
deletion can help with compound identification through comparative metabolite analysis of
mutant and wild-type strains. Gene knockouts can also aid biosynthesis investigations.
Moreover, if the gene cluster is not transcribed to levels that enable compound detection,
promoter exchange can be used to activate gene expression.

Many examples of genetic engineering of Burkholderia have been reported. We highlight
some examples here to illustrate the different methods used. Gene knockouts via traditional
homologous recombination have been performed in several Burkholderia strains for
biosynthesis investigations of e.g. spliceostatins,54 rhizoxin,6% malleobactin,6:67 and fragin.
68 The construction of gene knockouts using the Red/ET recombination method enabled
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confirmation of the BGCs encoding for the production of haereogladin and burriogladin in
Burkholderia gladioli pv. agaricicola.8° The Flp-FRT recombination system was employed
to generate mutants for the investigation of thailandepsin.’® Promoter exchange with a
rhamnose inducible promoter’! and with the constitutive P44 promoter’2 were used to
activate the malleilactone/burkholderic acid pathway in B. thailandensis E264. Additionally,
the constitutive P g7 promoter and the £. coli P g4p L-arabinose inducible promoter were
used to increase expression of a cytochrome P450 gene and improve production of
thailanstatin A.”3 The discovery and exploitation of cloned, native recombinase genes
enabled the activation of previously silent BGCs in Burkholderiales strain DSM7029,
resulting in the isolation of glidopeptin.” Finally, transposon mutagenesis was applied in
investigations of the enacyloxin,’® thailandamide,”® ornibactin,’” and bulgecin’® BGCs.

In addition to genetic engineering of native producers, heterologous expression has also been
used for natural product discovery from Burkholderia. Examples include heterologous
expression of BGCs encoding the lasso peptide capistruin,’® and the polyketide-
nonribosomal peptide glidobactin® in £, cofi; and of the nonribosomal peptide BTH-
110204-207:A in P, aeruginosa.>®

This section highlighted Burkholderiabacteria as a promising source of natural products of
diverse structures and bioactivities. The next section will introduce Burkholderia genomes as
an untapped source of yet more natural products.

The Versatile Burkholderia Genome — An Opportunity to Mine for Natural

Products

With the growing interest in Burkholderia there are numerous sources of publicly available
genomes. In order to provide an user-friendly database of annotated Burkholderia genomes
to the public, the Brinkman lab at Simon Fraser University launched the Burkholderia
Genome Database (see http://www.burkholderia.com), currently featuring 208 complete
genomes and 1,603 draft genomes, compiled from many databases (including those from
NCBI) in one platform.21?

The versatility and diversity of Burkholderia species are attributed to their large and complex
genomes. The average genome size is ~7.5 Mb, ranking among the top 5% of bacterial
genomes.>218 The genomes of Burkholderia bacteria usually feature two circular
chromosomes (Figure 4), with the exception of the endosymbiont B. rhizoxinica which has a
small genome of 3.75 Mb and only one chromosome.218.219 Moreover, Burkholderia can
have none or up to six plasmids (Table S2).220 Burkholderia genomes contain a large
number of insertion sequences (IS), which can lead to genomic rearrangements, replicon
fusion, mobilization of DNA elements, and recruitment of foreign genes.221.222
Additionally, conserved DNA regions may have distinct distributions within different
genomes. This adaptable genetic make-up is believed to play a role in the evolution of many
biological functions.222

The large genome sizes of most Burkholderia sensu lato genomes combined with their
plasticity translate into remarkable phenotypic diversity, including the production of a
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diverse array of natural products. As more Burkholderia genomes become available, there
has been a collective realization that this bacterial group is a promising and relatively

untapped source of natural products with therapeutic and biotechnological relevance.
3,5,9,52-54

The number of putative natural product BGCs varies depending on the species and their
ecological niches and do not necessarily correlate with genome size. For example, an
antiSMASH?223.224 analysis of B. cepacia ATCC 25416 (genome size of 8.6 Mb) yielded 15
putative BGCs (1.7 BGCs per Mb), that of B. pseudomallei K96243 (genome size of 7.25
Mb) yielded 21 putative BGCs (2.9 BGCs per Mb), and that of P xenovorans LB400
(genome size of 9.7 Mb) yielded only ten putative BGCs, that is 1.0 BGC per Mb (Figure 4).
We were first intrigued by the paucity of BGCs in 2 xenovorans LB400 genome despite its
large size. It turns out that although the large 2 xenovorans LB400 genome does not encode
the biosynthesis of many secondary metabolites, it does encode a remarkable capacity to
degrade aromatic compounds as evidenced by the presence of 31 aromatic catabolic
pathways, reflecting its ecological niche.34 Thus, it seems that the 2 xenovorans LB400
genome dedicates more coding capacity to catabolic rather than anabolic pathways. Our next
question was whether other Paraburkholderia strains follow the same trend of large genomes
with relatively fewer natural product BGCs. To answer that question, we compiled data from
45 genomes available in the antiSMASH database (Table S2). The average number of BGCs
per Mb of genome is 1.4 and the range is 0.8 to 2.2. Thus, while there are certainly other
Paraburkholderia that have a low ratio of BGCs to genome size, Paraburkholderia can also
be a rich source of BGCs with ratios of up to 2.2.

Furthermore, a skewed distribution of BGCs has been observed, with chromosome 1
containing lesser and chromosome 2 and plasmids containing more BGCs per base pair on
average. The opposite is true for essential genes and genes involved in primary metabolism,
which tend to be more concentrated on chromosome 1.34:225.226 Thjs skewed concentration
of BGCs is reminiscent of other BGC-rich genomes such as those of actinomycetes.
However, Burkholderiatend to segregate essential and non-essential functions between
different chromosomes, whereas Streptomyces species, for instance, have only one linear
chromosome containing a core region around the origin of replication that is rich in essential
and housekeeping genes, and two “arms” encoding mostly secondary metabolism.227

One interesting observation is that at least one phosphonate BGC is observed in most
Burkholderia sensu lato genomes (Figure 4). According to an analysis by Yu et al., ~5% of
sequenced bacterial genomes encode phosphonate biosynthesis.228 Yet this percentage is
greatly skewed in Burkholderia in which over 90% of Burkholderia genomes appear to
feature at least one phosphonate BGC, with selected strains containing as many as four.
Burkholderia strains have been shown to solubilize phosphate salts present in soil,
presumably via the production of organic acids.22% Phosphate solubilization increases its
bioavailability, promoting the growth of plants,22° and perhaps facilitating uptake and
phosphonate production by Burkholderia themselves.

The abundance of BGCs encoded in Burkholderia sensu lato genomes provides remarkable
opportunities for natural product discovery.
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Biosynthesis of Selected Burkholderia Natural Products Highlighting
Unusual Features

One of the rewards of connecting natural products to their BGCs is the ability to gain insight
into how natural products are biosynthesized and into the enzymes that have evolved to
catalyze complex chemical reactions. One of the most striking examples of complex
enzymology is arguably that of modular, type I polyketide synthases (PKSs) and
nonribosomal peptide synthetases (NRPSs). Here, we start by briefly describing canonical
PKSs and NRPSs. We then highlight unusual features of the biosynthesis of three, selected
natural products produced by Burkholderia via PKS and NRPS catalysis.

NRPS and PKS megaenzymes are distinctively arranged in an assembly line fashion.230-232
A set of catalytic domains grouped into modules govern the incorporation of each monomer
through sequential condensation. PKSs utilize a wide range of starter and extender units.
233,234 The most common starter unit is acetyl-CoA and the most typical extender units are
malonyl-CoA and methylmalonyl-CoA. Minimally, a PKS loading module contains two
domains, an acyl-transferase (AT), and an acyl-carrier protein (ACP)/thiolation (T) domain
for monomer selection and activation, respectively, whereas PKS extension modules also
contain a p-ketosynthase (KS) domain to catalyze decarboxylative Claisen-type
condensation.235-237 A common, alternative loading module organization consists of a
mutated KS domain (KSQ, active site C to Q mutation, condensation-incompetent), an AT
and an ACP. In this case, the starter AT selects malonyl-CoA or methylmalonyl-CoA and the
KSQ serves to decarboxylate the dicarboxylic acids to yield the acetyl and propionyl starter
units, respectively.238 Auxiliary domains can also be present to catalyze reduction of the p-
carbonyl, these are ketoreductase (KR), dehydratase (DH) and enoylreductase (ER).
Notably, in addition to the ¢/s-AT type PKS described above, an evolutionarily distinct trans-
AT type PKS was discovered in which the AT function is not covalently fused with the PKS
but is rather provided in trans.23° trans-AT PKSs were only relatively recently discovered
because they are rare in actinomycetes, but they are now known to be present in various
bacterial groups. In fact, about 38% of PKSs found in sequenced bacterial genomes are of
the trans-AT type.239

The organization of NRPSs is analogous to that of ¢/s-AT PKSs. NRPSs utilize both
proteinogenic and nonproteinogenic amino acids as monomers. The adenylation (A) domain
is analogous to the AT in selecting monomers for activation. Here, amino acids are activated
using ATP and transferred to the T domain or peptidyl carrier protein (PCP) in which a
thioester is formed. The condensation (C) domain is analogous to KS in catalyzing monomer
condensation, in this case via amide bond formation.24? At the end of the assembly line,
thioesterase (TE) domains are responsible for product release which can happen by
hydrolysis or cyclization. Some PKSs and NRPSs contain a reductive terminal domain for
product offloading.241

For both PKSs and NRPSs, the loading of each substrate usually follows co-linearity in
which the number and order of modules reflect the number and order of monomers in the
final product. Although there are exceptions to this co-linearity rule — including skipping,
stuttering and inactive domains — the structure of the final product can be roughly predicted
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based on the domain organization of the modular enzymes. Several bioinformatics tools
have been launched to aid BGC detection and annotation, including attempts at structure
prediction of PKS and NRPS products.223:242

The following examples highlight unconventional characteristics of PKSs and/or NRPSs
from Burkholderia. Our criteria for selecting the three examples presented below were a)
relatively well-characterized pathway, b) unusual biosynthesis, and c) interesting structural
motifs.

Malleilactone/burkholderic acid.

Malleilactone and burkholderic acid are tautomers that were independently reported by the
Brady’? and Hertweck’2 groups, respectively. The cognate orphan BGC (/mal, and bur,
respectively) was found to be conserved within the genomes of three of the B. pseudomallei
group species, i.e. B. mallei, B. pseudomallei, and B. thailandensis. Disruption of the ma/
BGC was shown to attenuate virulence in animal models, suggesting a role for these
compounds in pathogenesis.”!

The hybrid mall bur PKS-NRPS features unconventional domains and module organization,
from which the structure of the natural product could not be accurately predicted based on
precedent literature. The mall bur BGC showcases a PKS-NRPS system that generates a
furan-containing compound from two polyketide chains. Noncanonical features of the PKS-
NRPS include the presence of two TE domains at unusual locations within the PKS-NRPS
(not terminal), a dehydratase protein that acts in #rans rather than being part of a module,
mixed ¢is-AT and frans-AT architecture, and the incorporation of a propionate unit derived
from methionine (Figure 5).

Stable isotope labeling studies showed that acetate is incorporated into the whole backbone
of burkholderic acid except for the presumed propionate starter (C15-C47) unit of BurA,
which was surprisingly shown to be derived from methionine.”2 Accordingly, the
biosynthesis hypothesis put forth is that the propionyl starter unit loaded into BurA is
derived from transamination, decarboxylation, and subsequent desulfurization of
methionine, which is unprecedented for polyketide biosynthesis.’2 Next, the AT domain in
BurA shows specificity for malonyl-CoA and thus this extender unit is proposed to further
undergo an a-hydroxylation, supported by the presence of hydroxylase BurC. An alternative
hypothesis would be that hydroxymalonyl-ACP is the extender unit here based on the
presence of a FkbH-like protein in the gene cluster, since the glyceryl transferase/
phosphatase FkbH has been shown to be involved in the biosynthesis of hydroxymalonyl-
ACP.”I However, feeding studies with 13C-labelled acetate support malonyl-CoA as extender
unit.”2 The two TE domains in BurA show sequence similarity to type Il thioesterases which
are involved in proof-reading rather than offloading.’?

The other polyketide precursor is biosynthesized by BurF. The short chain fatty acid caprylic
acid would be activated by CoA ligase BurJ and loaded as the starter unit of BurF. The first
extender module likely incorporates malonyl-CoA followed by a-methylation as proposed
by Franke et al,’2 given the presence of a methyltransferase domain in this module. An
unusual feature of this module is that the DH domain is provided in frans by BurE rather
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than being fused with the PKS-NRPS. The next extender module would incorporate
malonyl-CoA via frans AT BurL. The product of BurA is then loaded into BurF and the two
polyketide precursors are condensed via a condensation (C) domain present in the final
NRPS module, to yield an ester bond in contrast to the canonical amide bond. Release of the
final product would be catalyzed by the terminal reductase (R) domain in BurF, which would
catalyze reductive cleavage to form an aldehyde and subsequent intramolecular cyclization
to yield the lactone/hydroxyfuran moiety.”1.72

Spliceostatins/FR01464/thailanstatins.

FR901464 and FR901465 (Figure 6) were first isolated from Burkholderiasp. FERM
BP-3421 (formerly Pseudonomas sp. no. 2663).158-160 | ater, a stabilized, methy! ketal
derivative of FR901464 was generated by semi-synthesis and shown to target the
spliceosome; the compound was thus termed spliceostatin A.163An analog of FR901464
containing a terminal carboxylic acid instead of the hemiketal was later isolated from B.
thailandensis MSMBA43 and named thailanstatin A.164 Concomitantly, compounds with a
terminal carboxylic acid were also isolated from strain FERM BP-3421.162 |n fact, both
strains were shown to produce hemiketal and carboxylic acid analogs, albeit in different
ratios.®4 Due to its promising activity as splicing modulator and much improved stability,
thailanstatin A and derivatives were evaluated as antibody drug conjugates in preclinical
studies.243

To make the discussion below easier to follow we will refer to this class of compounds as
spliceostatins. Biosynthesis of spliceostatins is encoded in hybrid trans-AT PKS-NRPS gene
clusters in both strains. Biosynthesis of FR901464 was first proposed by Zhang!6® and
Liul64 and later revised by Eustaquio er /.54 The biosynthesis of spliceostatins involves the
fr9and tstloci in B. sp. FERM BP-3421 and in B. thailandensis MSMBA43, respectively,
which was confirmed by construction of knockout mutants and biochemical studies.84161.164

The spliceostatin BGC (79 tst) exemplifies the distinctiveness of frans-AT PKSs, which in
addition to having stand-alone ATs, also feature unusual domain orders, unique domains,
split modules (meaning that they are divided between two proteins), non-elongating
modules, and other functions provided /i trans in addition to the AT.239 Spliceostatin
biosynthesis starts with loading of the unusual starter unit 1,3-bisphosphoglycerate (1,3-
BPG).161 In vitro studies using recombinant glyceryl transferase/phosphatase (GT/P) and T
domains from the starter module support glyceryl loading to the T domain as catalyzed by
GT/P.161 As such, loading of 1,3-BPG is analogous to what has been proposed for bryostatin
biosynthesis.246 After 1,3-BPG loading to T and dephosphorylation, the DH in the starter
module was shown to catalyze dehydration followed by ketoreduction by KR to yield L-
lactyl-S-T (Figure 6).244

Another interesting feature in spliceostatin biosynthesis is the ¢is-double bond. The
corresponding modules 2—-4 have following domain organization within the C-terminal end
of FraC: KS-KR-T-KSO-T-T-TE/DH-KSO-T. He et a/245 provided biochemical evidence
showing that the domain initially predicted to be a TE actually functions as dehydratase DH
catalyzing the formation of the cis-double bond. Additionally, the second KS? was shown to
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Rhizoxin.

function as a gatekeeper ensuring that only the intermediate containing the cis-double bond
is transferred down the assembly line.24°

According to the biosynthesis model, product hydrolysis catalyzed by TE and acetylation
leads to the free carboxylic acid compound termed spliceostatin C. The function of the
cytochrome P450 FroR as a 4-hydroxylase is corroborated by gene knockout studies. As
evidenced by genetic and biochemical investigations, the Fe(ll)/a-ketoglutarate-dependent
dioxygenase FroP catalyzes hydroxylation at C-1, which followed by decarboxylation leads
to hemiketal FR901464.54 Decarboxylation of the B-hydroxyacid generated by FroP appears
to be enzyme-catalyzed, based on studies using a cell-free lysate from strain FERM
BP-3421. However, the decarboxylase remains to be experimentally identified. The
hydroxylase responsible for formation of FR901465 has yet to be identified as well.

Rhizoxin is an important natural product from both agricultural and pharmaceutical
perspectives. While rhizoxin is a phytotoxin that causes rice seedling blight leading to
significant crop losses, it has also been investigated in human clinical trials for cancer
treatment due to its microtubule inhibitory effects.2%173-177 Rhizoxin was originally isolated
from rice pathogenic fungi of the Rhizopus genus but later shown to be encoded in the
genome of the endosymbiont B. rhizoxinica (later referred to as P rhizoxinica and now
Mycetohabitans rhizoxinica) 8254465247 |nterestingly, biosynthesis of the bisepoxide
rhizoxin was shown to involve both the bacterial A2/BGC for production of the
monoepoxide precursor WF-1360F and a fungal enzyme that catalyzes the final epoxidation
leading to rhizoxin (Figure 7).28

The intricate biosynthesis of rhizoxin was elucidated by the Hertweck group. The hybrid
trans-AT PKS-NRPS consists of one PKS loading module containing the unusual GCN5-
related N-acetyltransferase (GNAT), one NRPS module for extension with serine,
heterocyclization and oxidation to the methyloxazoline ring, eleven PKS modules for linear
extension with malonate, one module for double-bond isomerization (#12), and one beta-
branching module (#15, Figure 7). Experimental evidence for gene cluster assignment was
initially provided by disruption of the frans AT gene rhiG via homologous recombination.®®

The PKS extension modules correlate well with the backbone structure of rhizoxin except
for the 9,11-diene moiety and the &-lactone. The formation of alkenes is typically predicted
between acetate building blocks and, consequently, a 8,10-diene would be expected.
Kusebauch et al. showed through in vivo mutagenesis experiments followed by structure
elucidation of accumulated intermediates that the diene shift happens sequentially.248 The
DH in module 10 appears to catalyze double bond formation and isomerization
concomitantly, whereas the second shift occurs in a step-wise manner in which module 11
catalyzes the formation of an a.-B-double bond as usual, and the downstream module 12
composed of KSO-DH*-ACP catalyzes the B-y-double bond shift. The noncanonical DH*
contains active site mutations that would make it catalytically inactive for dehydration but
enable double bond migration. This unusual DH* domain (in fact, an enoyl isomerase, El) is
also observed in other PKS modules that encode double bond shifts such as in bacillaene
biosynthesis.249 X-ray crystallography studies of such an enoyl isomerase domain revealed a
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catalytic histidine shuttles a proton between the -y- and the a.-positions of the a-f-
unsaturared intermediate.250

Arguably, the most exciting feature of rhizoxin structure and biosynthesis is the p-branched
&-lactone that branches off at C-5. The &-lactone is not only required for biological activity,
but elucidation of its biosynthesis revealed an unprecedented strategy for polyketide -
branching.248:251.252 The rhj gene cluster contains no genes that show sequence similarity to
the mevalonate-like pathway genes as seen e.g. in the spliceostatin BGC presented in the
previous section. Given that the corresponding module 11 is expected to introduce a double
bond - rather than the carbonyl that is the substrate for mevalonate pathway-like -
branching —, the authors proposed a Michael-type addition mechanism (Figure 7).65:253
Based on TE domain inactivation and structure elucidation of the accumulated
intermediates, Kusebauch et a/. indeed showed that the substrate for g-branching contains a
double bond.248 These analyses also demonstrated that the product of the -branching
module bears the 8-lactone. Subsequent biochemical and X-ray crystallography studies of
the B-branching module showed that both the KS and the novel B domain are required for -
branching, but while the KS has catalytic function, the B domain, which shows a double hot
dog fold characteristic of dehydratases, appears to have a structural role.251.252

Conclusion

Bacteria belonging to Burkholderia sensu lato are a promising source of natural products. In
the past few decades, the Burkholderia genus has gained increasing scientific attention due
to its impact on human health, on agriculture, and the potential pharmaceutical and
biotechnological applications of its natural products. Given its heterogeneity, a proposal to
split the Burkholderia genus was put forth. The current taxonomic revisions within the genus
reveal the diversity of the isolates populating this group of bacteria and the challenges in
physically distinguishing isolates within this group solely on phenotype and 16S rRNA gene
sequences. In addition to the complicated taxonomy and diverse ecological niches, the
Burkholderia sensu lato group also features genomes with unique characteristics including
multiple replicons. A skewed distribution of function between replicons has been observed,
where the larger chromosome 1, termed the “core chromosome”, encodes core cellular
functions such as translation machinery, whereas the smaller chromosome 2 is biased
towards secondary metabolism and has been termed the “life-style-determining
chromosome”. Plasmids, if present, encode specialized, strain-specific functions and have
been referred to as “individuality replicons”.34

Natural products that have been discovered from Burkholderia are diverse in terms of
structure and bioactivity (Figures 2 and 3). Burkholderia genomes provide exciting
opportunities for genome mining towards the discovery of yet more natural products. Unlike
more extensively studied natural product producers, many of the BGCs found in
Burkholderia harbor characteristics not seen in canonical PKS or NRPS systems.
Unconventional biosynthesis translates into structurally and functionally diverse natural
products of potential therapeutic and biotechnological relevance.
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Figure 1.
Overview of Burkholderia sensu lato, its ecological roles and potential applications.

Members of Burkholderia sensu lato occupy diverse ecological niches ranging from pristine
soil and aquatic environments to contaminated landfill, and they can be free-living or
associated with a wide set of eukaryotic hosts, from fungi to humans. Host associations can
be harmful (e.g. human and animal pathogens that include biological warfare agents) or
beneficial (e.g. endosymbionts that promote plant growth). Ecological niche diversity
translates into diverse natural products that mediate host interactions, that are beneficial for
adaptation and survival, and that may be harnessed for biotechnological applications and
drug discovery.
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Figure2.
Analysis of natural products isolated from Burkholderia sensu lato. (A) Pie chart depicting

biosynthetic class. Compounds belonging to the same structural class (defined as known or
expected to be encoded in the same or very similar BGC) were counted as one. The 66
structural classes (corresponding to 66 cells in Figure 3) were then classified into seven
biosynthetic classes as shown. Compounds that did not belong to any of the seven classes or
for which the biosynthesis was unknown were classified as “other/unknown”. (B) Natural
product identification method. “Other” includes structure-guided isolation. (C) Reported
bioactivity. If a compound displayed more than one bioactivity, they were categorized as
follows: Cytotoxic compounds that had more than one bioactivity were counted as
“cytotoxic” only. Antitumor and anticancer compounds were also included under cytotoxic.
Compounds that had antifungal and antibacterial activity were added to one of the two
categories based on highest displayed potency. Activities that did not fit within the depicted
groups were designated as “other”, which includes phosphodiesterase 4 inhibitor, Gg-
signaling inhibitor, vasopressin and serotonin receptor interacting, plant growth inhibitor,
ethylene biosynthesis inhibitor, virulence, and quorum sensing signal.
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Figure 3.

Natural products isolated from Burkholderia sensu lato. Compounds are grouped and color-
coded based on biosynthetic class as in Figure 2A. The bacterial source (B., Burkholderia,
P., Paraburkholderia), discovery method, reported bioactivity, and references are indicated.
For the “other/unknown” category, the biosynthesis is either not yet elucidated or the
biosynthetic class does not belong in the categories depicted. In cases where many
congeners of a compound class have been isolated, only representative examples are shown.
Note that B. rhizoxinica and B. endofungorum as the reported sources of rhizomide A,
heptarhizin, holrhizin A, WF-1360F, burhizin, and rhizonins were later revised as 2
rhizoxinicaand P. endofungorum and most recently transferred to the new genus
Mycetohabitans. *Denotes that chemical structure was not fully elucidated or that the
compound was detected by mass spectrometry only, in which cases we opted to not show the
proposed structure with the exception of A-acylhomoserine lactones.
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Figure 4.
Genome maps of representative Burkholderia species highlighting their multi-replicon

nature and the distribution of biosynthetic gene clusters. (A) Burkholderia cepacia ATCC

25416 (accession codes: NZ_CP012981, NZ_CP012982, NZ_CP012983 and NZ_CP012984

for chromosomes 1 and 2 and plasmids 1 and 2, respectively). Megaplasmid 1 has also been
referred to as chromosome 3. Plasmid 2 was named pBC25416. (B) Burkholderia
pseudomallel K96243 (accession codes: NC_006350 and NC_006351 for chromosomes 1
and 2, respectively). (C) Paraburkholderia xenovorans LB400 (accession codes:
NC_007951, NC_007952 and NC_007953 for chromosomes 1 and 2 and plasmid). The
megaplasmid has also been termed chromosome 3. In all cases, chromosome 1 is oriented to
dnaA and chromosome 2 to parA. Plasmids are oriented to parB or parA-like proteins. The
location of biosynthetic gene clusters for natural products is indicated and color-coded by
biosynthetic class as shown (lane 1 from the outside in). Predicted open reading frames
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(ORFs) on the leading (black) and lagging (gray) strands are shown on lanes 2 and 3,
respectively. A normalized plot of guanosine + cytosine (G+C) content (blue/purple) is
depicted in lane 4.
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references’172
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