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Insect-Associated Bacteria Assemble the Antifungal Butenolide
Gladiofungin by Non-Canonical Polyketide Chain Termination
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Laura V. Flérez, Martin Kaltenpoth, and Christian Hertweck*

Abstract: Genome mining of one of the protective symbionts
(Burkholderia gladioli) of the invasive beetle Lagria villosa
revealed a cryptic gene cluster that codes for the biosynthesis of
a novel antifungal polyketide with a glutarimide pharmaco-
phore. Targeted gene inactivation, metabolic profiling, and
bioassays led to the discovery of the gladiofungins as
previously-overlooked components of the antimicrobial
armory of the beetle symbiont, which are highly active against
the entomopathogenic fungus Purpureocillium lilacinum. By
mutational analyses, isotope labeling, and computational
analyses of the modular polyketide synthase, we found that
the rare butenolide moiety of gladiofungins derives from an
unprecedented polyketide chain termination reaction involving
a glycerol-derived C3 building block. The key role of an A-
factor synthase (AfsA)-like offloading domain was corrobo-
rated by CRISPR-Cas-mediated gene editing, which facilitated
precise excision within a PKS domain.

N atural products at the interface of hosts and their
associated microbes play important roles as chemical medi-
ators that have been optimized for their particular functions.
In addition to their specific ecological roles, these molecules
may contribute to the development of pharmaceuticals.) In
particular, protective symbioses, where microbes confer an
evolutionary benefit to the host by warding off pathogens,
grazers or competitors, are a rich source of cytotoxins and
antimicrobials. Important examples include endophytes,?!
symbionts of marine invertebrates,”! and bacteria associated
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to nematodes and insects.) Females of the invasive beetle
Lagria villosa protect their offspring from environmental
competitors by applying a bacteria-containing secretion onto
the eggsl! The associated bacteria (Burkholderia spp.)
secrete a broad spectrum of antimicrobial agents and may
thus prevent infections by entomopathogenic bacteria and
fungi (Figure 1A).F> By chemical analyses of bacterial
cultures and egg clutches we have discovered and character-
ized a range of toxins and antimicrobials produced by
culturable and non-culturable Burkholderia symbionts.>>!
Among these, we identified the complex polyketide lagria-
mide, the polyyne caryoynencin, and the isothiocyanate
sinapigladioside as potent antifungal agents against the
entomopathogen Purpureocillium lilacinum, likely one of
the major environmental rivals of the beetle.”®! Genome
analyses, however, indicate an even higher biosynthetic
potential of the bacterial symbionts.”l Apparently, the full
chemical armory that is used to maintain and stabilize the
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Figure 1. Protective Lagria-Burkholderia symbiosis. A) Biosynthetic
potential encoded in the genome of the symbiont Burkholderia gladioli
HKI10739. Chromosomes: inner circle represents GC content; the
second circle shows known gene products (red); and the third circle
shows identified BGCs. Bgd =BGC for burriogladin, hgd = haereog|a-
din, glb=gladiobactin, ico=icosalide, lag=lagriene, spg=sinapigladio-
side, cay = caryoynencin, sul = sulfazecin, tox=toxoflavin. The cryptic
BGC studied is marked with an arrow. B) Cryptic PKS gene cluster gla.
C) Sequence similarity network created with the deduced amino acid
sequence of GlaD as query to the EFI-EST web tool. Dark blue =known
gene cluster, black=query, light blue =orphan gene cluster, B.

sp. = Burkholderia sp.
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Lagria-Burkholderia symbioses is still unknown. Here, we
report the genomics-driven discovery of a symbiont-derived,
antifungal agent with an unusual butenolide residue that
results from a non-canonical polyketide chain-termination
reaction. Our study presents a new polyketide synthase (PKS)
offloading mechanism that is an important addition to the
current PKS toolbox and may inspire synthetic biology
approaches to increase structural diversity.

Mining the genome sequence of beetle symbiont Bur-
kholderia gladioli HKI0739 (syn. Lv-StA; Genome accession
number: GCA_009912275), we noted an orphan gene cluster
(54 kb) that codes for a trans-AT modular polyketide
synthase (GlaABDE; Figure 1B) and accessory enzymes.
The encoded assembly line appeared to be worth investigat-
ing because in lieu of the canonical thioesterase (TE) domain
for chain release the gla PKS features a domain that shares
similarity with AfsA, an A-factor biosynthesis protein (pfam
03756), and thus point to a non-canonical chain termination
mechanism.

For a detailed analysis of the gla PKS, the deduced amino
acid sequences of GlaABDE were submitted as query to the
EFI-EST (enzyme function initiative: enzyme similarity
tool)”! to create SSNs (sequence similarity networks), and
the results were forwarded to the genome neighborhood tool
(EFI-GNT). The SSN using the amino acid sequence of GlaD
as query revealed three significant neural networks (Fig-
ure 1C), one SSN of BGCs encoded in genomes of Burkhol-
deria spp. and, surprisingly, two prominently BGCs encoded
in Streptomyces spp. Notably, the assembly lines from
Streptomyces neural networks are described to code for
glutarimide-substituted compounds.!'”! For more details also
see Supporting Information and Figure S1.

Manual inspection of the networks showed a high gene
synteny of the genes for glutarimide formation (Figure 2 A).
A detailed in silico analysis of the module architecture
indicated a designated branching module similar to the one
studied in the rhizoxin (rhi) PKS.'Y! The KS, B (sometimes
denoted as X), and ACP domains have been implicated for
the biosynthesis of the pharmacophoric d-lactone and gluta-
rimide moieties that confer cytotoxic and antifungal activi-
ties.'®=12] Examination of the deduced assembly line sug-
gested that the gla pathway is initiated by the formation of
ACP-bound malonamate, followed by chain elongation and
construction of an o,fB-unsaturated diketide intermediate.
Then, the branching module would mediate a Michael-type
vinylogous addition of a malonyl unit, followed by cyclization
to generate the glutarimide moiety (Figure 2 A).[10%¢13]

To discover a glutarimide-bearing polyketide, we inves-
tigated cultures of the beetle symbionts by HR-ESI-LC/MS
and identified two nitrogen-bearing compounds that could be
the products of the gla assembly line: a major metabolite (1)
of m/z 504.2606 [M—H]~ and a minor congener (2) of m/z
502.2448 [M—H]  with deduced molecular formulas of
C,;H;NOg and C,;H;NO;, respectively (Figure 2B). Both
MS/MS fragmentation patterns showed a prominent fragment
of 154.0496 [M—H]~ (calculated chemical formula of
C,;HgNO;") characteristic for a glutarimide moiety (Fig-
ure 2C).

Angew. Chem. Int. Ed. 2020, 59, 23122-23126

Communications

© 2020 The Authors. Published by Wiley-VCH GmbH

A @@ @ o
KS KS Ks KS (ks
S 5 = s e d - 1
S S, S S
o =0 =0 )=0 )=0
{ | — S = \ -
=0 0 b) )~ =0 co, /)
R HO { HO { o
AMT =0 JNH
HoN o

R
R=0H R=NH,

21 c

B
i 154.0497 (1) Parent ion [M-H]~
T € 305.2122
[M-H- WT 2 0,
/z 504.2606 3 N
m/z » o
8 P = 460.2707, 01 06 { w0
2 [\ m/z 502.2448 miz—> /
5 \
v} [M-H]-AglaD 1\ (2) Parent ion [M-H]~ =0
o m/z 504.2606 . 154.0496 )
2 E 303.1964 a2
K] mi/z 502.2448 | : 4502548 m/z 154.0510 [M=H]~
T T 3 -
13 15 4
t/ min—> miz —>
D
Weakly antibacterial Strongly Strongly antifungal ® \
. aureus (MRSA) antiproliferative = -
. w P, lilacinum R O
14 mm THP-1 g 23 mm
Glgy 7 uM >
Weakly cytotoxic *MIC 5 pg mL-" **MeOH ***1 mg mL!
_g» HUVEC-293 o )
Hela Glgy 11 uM Penicillium notatum Sp. salmonicolor
CCqy 60 M % A 31mm L, 32mm

Figure 2. Biosynthetic origin of glutarimides and bioactivity of gladi-
ofungin. A) Glutarimide assembly based on deduced domain architec-
ture. AMT = amidotransferase, KS =ketosynthase. DH =dehydratase,
KR =ketoreductase, B=branching, yellow spheres =acyl carrier pro-
tein. B) Production of glutarimide-substituted compounds 1 and 2 in
B. gladioli HKI0739 (WT) vs. metabolic profile of deletion mutant
AglaD. C) MS/MS fragmentation patterns of 1 and 2 in negative mode
showing predicted glutarimide-containing fragment. D) Antimicrobial
properties and cytotoxic activities of 1. Results of agar diffusion assay
in mm with 9 mm hole diameter. Sp. = Sporobolomyces. P.= Purpureo-
cillium. Agar diffusion assays performed with 1 mgmL™" if not stated
otherwise.

To unequivocally correlate the gla gene cluster with the
production of 1 and 2, we constructed a targeted gene deletion
mutant by homologous recombination. Using the knockout
plasmid pJK345, a kanamycin resistance cassette was inte-
grated into the PKS gene glaD. The correct integration into
the symbiont’s genome was verified by PCR and sequencing
(see Supporting Information). HPLC-MS analysis of the
AglaD mutant extract showed that the disruption results in
a non-producing strain (Figure 2B).

To obtain 1 in sufficient amounts for a full character-
ization, we subjected the crude extract from a scaled up
fermentation broth (5.6 L) to fractionations via size-exclusion
chromatography. Subsequent repeated preparative RP-
HPLC yielded 13 mg (2.3 mgL™") of pure 1 (Supporting
Information). The minor congener 2 was only produced in
minute amounts (90 ugL ™). In a panel of whole-cell bioac-
tivity assays, 1 showed only weak antibacterial effects. In
contrast, we observed antiproliferative effects of 1 against
THP-1 (Gly, 7.1 um) and HEK-293 cells (Gly, 11.1 pum), with
only low cytotoxicity (CCsy HeLa cells 60.6 um). Furthermore,
1 proved to be a potent antifungal agent that inhibits
Penicillium notatum and Sporobolomyces salmonicolor (Fig-
ure 2D and Supporting Information). Notably, 1 inhibits the
growth of the insect pathogen P. lilacinum already at
5 ugmL~". Owing to its biological origin and its pronounced
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antifungal activity, we named compound 1 gladiofungin A
and the minor congener 2 gladiofungin B.

By means of in silico analyses including a KS-based
phylogeny, we inferred the polyketide backbone of the
encoded metabolite. The pronounced similarity to glutari-
mide-forming assembly lines encoded in genomes of several
Streptomyces spp. (modules 1-5) was also taken into
account, for example, indicating a trans-acting methyl-
transferase (MT5) in module 4. Yet, owing to the non-
canonical off-loading the substructure at the carboxy termi-
nus of the polyketide chain could not be predicted (Figure 3 A
and Supporting Information).

The structure of 1 was elucidated by 1D- and 2D-NMR.
BC NMR and DEPT-135 data of 1 indicated the presence of
six methines, 12 methylenes, two methyl groups, and seven
quaternary carbons, from which five were assigned to carbon-
yls. Based on *C,'H HMBC couplings of NH, C-1 and C-5 in
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Figure 3. Structure elucidation of gladiofungins. A) Gladiofungin
assembly line with predicted KS specificities and putative product.

KS = ketosynthase, DH =dehydratase, KR = ketoreductase, B=branch-
ing, MT =methyltransferase, AfsA = A-factor-biosynthesis domain,
yellow spheres =acyl carrier protein. B) Structure elucidation of gladi-
ofungins with 2D NMR couplings and isotope labeling. C) Part of the
B3¢, C INADEQUATE spectrum of "*C-labeled 1 showing C3 incorpo-
ration into butenolide moiety. D) Production of 1 and 2 in B. gladioli
HKI0739 (WT) vs. metabolic profile of deletion mutant AglaG.
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combination with 'H,'"H-COSY couplings the glutarimide
moiety was deduced. '"H,'"H COSY data revealed that the
glutarimide is linked to a carbon chain that is composed of
methines, methylenes, and two carbonyl groups (C-9 and C-
22). Furthermore, we located a carbon-carbon double bond
between CH-12 and CH-13 (dy 5.36 and 5.60 ppm). The E-
configuration of the double bond was assigned based on the
proton coupling constant J,,.; 15.5 Hz. MS and NMR data
indicated that the carbonyl resonating at o 199 ppm is part of
a moiety that was hard to elucidate. To investigate NMR
correlations within this moiety it was necessary to increase *C
signal intensity. Upon supplementation of cultures with *C;-
labeled glycerol, we observed incorporation of *C-enriched
acetate units into the polyketide backbone as well as an intact
C3 unit into the heterocycle (Figures3B and C). An
ADEQUATE NMR experiment helped identifying neighbor
correlation between C-25, C-26 and the methyl group at dy
224 ppm (H-27). Furthermore, INADEQUATE data
revealed weak 2D coupling between C-23 and C-24, which
finally established the butenolide substructure of 1.

Overall, the structure elucidation matches with the in
silico prediction of the polyketide part of the molecule
(Figures 3 A and B). Since 1 proved to be unstable under the
conditions used for Mosher derivatization, we inferred the R
configuration of the alcohol from the specificity of the KR in
module 3 (Figure 3B)." Likewise, we concluded the §
configuration at C-10 from the specificity of the KR domain
in module 5. Comparisons between "H NMR spectra of
1 and 2 indicate that 2 harbors an additional E-configured
double bond between C-14 and C-15 (Figure 3B and Sup-
porting Information). To corroborate the biogenetic relation-
ship of 1 and 2, we created a knockout by targeting the gene
coding for a putative enoyl reductase (GlaG) that would act in
trans. We found that 2 is enriched in the AglaG mutant
whereas the production of 1 is abrogated (Figure 3D).

The structures 1 and 2 are intriguing because they
represent a merger of the streptomycetes glutarimide phar-
macophore and a butenolide heterocycle. Related butenolide/
butyrolactone substructures are found in streptomycetes
signaling molecules such as the butyrolactone A-factor (3)
and the butenolide SRB (Streptomyces rochei butenolide, 4),
which are known to regulate secondary metabolism and
morphogenesis.®*!”! Owing to the importance of this natural
product family, butenolide and related biosynthesis (e.g., 5)
has been studied extensively (Figure 4 A).[*¥ In general, C3
precursors such as dihydroxy acetone phosphate (DHAP) are
derived from glycolysis and modified by action of AfsA-like
or FkbH-like proteins. The finding of AfsA-like domains as
components of a multimodular PKS, however, is highly
unexpected. By analogy to butenolide biosynthesis, it would
be conceivable that the nascent, ACP-bound polyketide chain
would be cleaved by attack of DHAP.

To prove the involvement of the AfsA domain in
gladiofungin biosynthesis, we aimed at generating a suitable
mutant strain. In particular, we sought to achieve a surgical,
marker-less gene deletion to avoid possible polar effects.
Therefore, we established a working CRISPR/Cas gene
editing system for Burkholderia for the first time (Fig-
ure 4B,C). Specifically, we used a rhamnose-inducible Bur-
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kholderia-optimized red-operon to enhance homologous
recombination”” and a single-copy, inducible, codon-opti-
mized cas9 to cause a double-strand break at a specific
position as determined by the N20-sequence of the sgRNA. In
this way, we were able to precisely target the gene region for
the AfsA domain and generated the desired mutant AafsA
(65% of domain from its center to its C-terminus was
deleted). HPLC analysis revealed that gladiofungin biosyn-
thesis was fully abrogated in this mutant, clearly indicating
that the AfsA domain plays a key role in the biosynthetic
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Figure 4. Model of gladiofungin biosynthesis and BGC distribution in
other bacterial strains. A) Biosynthetic origin of butenolides, butyrolac-
tones and tetronates in natural products. B) Mutant construction
using CRISPR/Cas in B. gladioli. C) PCR-based verification of AafsA
mutant. D) Production of 1 and 2 in B. gladioli HKI0739 (WT) vs.
metabolic profile of CRISPR/Cas deletion mutant AafsA. E) Model for
gladiofungin biosynthesis and proposed mechanism for butenolide
and glutarimide assembly. AMT =amidotransferase, KS =ketosyn-
thase, DH =dehydratase, KR =ketoreductase, B=branching, MT =me-
thyltransferase, ER =enoyl reductase, AT =acyltransferase, AfsA=A-
factor-biosynthesis domain, yellow spheres, acyl carrier protein.

F) Homologous gladiofungin gene clusters in Burkholderia gladioli (B.
gl.) genomes from diverse environmental niches. Colors as in Fig-

ure 1B. G) Selected PKS or PKS/NRPS assembly lines without a dedi-
cated TE but with a terminal AfsA domain. Green=additional genes.

pathway (Figure 4 D). By sequencing of the three most-likely
regions for off-target effects we could confirm the specificity
of the chosen guide-RNA (Figure S8). Next to that, we
performed a qualitative transcriptome analysis and could not
detect significant differences concerning the expression of the
downstream genes glaF and glaG (Figure S11). We also
generated a point mutation mutant using the same guide-
RNA (GlaE E10080A). Since the metabolic profile of this
mutant is equivalent to the wild type strain (Figure S9), we
could irrevocably show that the glaE gene was specifically
edited without losing PKS functionality and without causing
polar effects as well as crucial off-target effects.

As a surrogate of a canonical, off-loading TE domain, the
AfsA domain would liberate the polyketide chain by attach-
ment of DHAP (Figure 4E). The butenolide ring formation
would involve and intramolecular aldol (Knoevenagel) con-
densation and dephosphorylation. A possible candidate for
the dephosphorylation step is the deduced gene product of
glaP, which shares similarities to phosphatases (Table S2).

It is remarkable that the gla gene cluster is highly
conserved in diverse B. gladioli strains. We detected 11
orthologous gene clusters in the sequenced genomes of B.
gladioli pathovars including mushroom, plant and human
pathogens (Figure 4 F and Supporting Information). Thus it is
well conceivable that—apart from the potential protection of
beetle offspring—gladiofungin or related compounds might
play additional ecological roles in other biological contexts.
Moreover, it appears that this unusual, thus far overlooked,
off-loading mechanism is employed by other PKS assembly
lines. Using the amino acid sequence of the AfsA domain as
a bioinformatic handle, we identified various orphan gene
clusters coding for (multiymodular assembly lines with end-
standing AfsA domains in genomes of taxonomically distinct
microorganisms such as Gloeobacter, Paenibacillus and
Ruminiclostridium spp. The encoded biosynthetic pathways
likely lead to novel butenolide- or y-butyrolactone-substi-
tuted natural products (Figure 4 G).

In summary, we succeeded in the genomics-driven dis-
covery of a potent antifungal natural product (gladiofungin)
from a protective beetle symbiont, which may inspire future
drug developments. Beyond this pharmacological relevance,
this finding is significant from an ecological perspective as it
sheds light on the diverse chemical armory of symbiotic
bacteria against entomopathogenic fungi that represents the
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major competitors of the beetle. The novel antifungal
polyketide reported herein is highly unusual as it harbors
a butenolide moiety that is generated by an unprecedented
off-loading domain. Such a rare component of a multimodular
assembly line is an important addition to the biosynthetic
toolbox of trans-AT PKSP as it installs structural diversity
into complex polyketides. Genome mining suggests that
various bacterial taxa have recruited AfsA-like domains to
be used in thiotemplate systems. As it is complementary to
currently known avenues,'*?! the chain-termination mech-
anism employed by the gla PKS??! opens new possibilities for
synthetic biology approaches. In this context, CRISPR/Cas
genome editing of Burkholderia was established to enable the
precise, marker-less alteration of a megasynthase.
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