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Burkholderiales bacteria have emerged as a promising source of structurally diverse natural products that

are expected to play important ecological and industrial roles. This order ranks in the top three in terms

of predicted natural product diversity from available genomes, warranting further genome sequencing

efforts. However, a major hurdle in obtaining the predicted products is that biosynthetic genes are often

‘silent’ or poorly expressed. Here we report complementary strain isolation, genomics, metabolomics,

and synthetic biology approaches to enable natural product discovery. First, we built a collection of 316

rhizosphere-derived Burkholderiales strains over the course of five years. We then selected 115 strains

for sequencing using the mass spectrometry pipeline IDBac to avoid strain redundancy. After predicting

and comparing the biosynthetic potential of each strain, a biosynthetic gene cluster that was silent in the

native Paraburkholderia megapolitana and Paraburkholderia acidicola producers was cloned and

activated by heterologous expression in a Burkholderia sp. host, yielding megapolipeptins A and B.

Megapolipeptins are unusual polyketide, nonribosomal peptide, and polyunsaturated fatty acid hybrids

that show low structural similarity to known natural products, highlighting the advantage of our

Burkholderiales genomics-driven and synthetic biology-enabled pipeline to discover novel natural

products.
Introduction

Bacterial metabolites have important ecological roles and are
a major source of products for applications in medicine and
agriculture. The bacterial order Streptomycetales (Actino-
mycetota phylum) has been themost widely explored for natural
product and enzyme discovery.1 Yet, distinct taxonomy oen
implies distinct chemistry.2,3 In bacteria, the genes that encode
the biosynthesis of natural products are usually co-localized
forming biosynthetic gene clusters (BGCs). BGCs can be
grouped into gene cluster families (GCFs) based on similarity.
On average 74% of GCFs are unique to each phylum and
diversity has been shown to drop at each taxonomic rank.2
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Bacteria from the order Burkholderiales (Pseudomonodota
phylum, previously named Proteobacteria)4 have emerged as an
important source of natural products but they remain under-
explored.5 Burkholderiales ranks top three (aer two Actino-
mycetota orders) in terms of predicted natural product diversity
based on available genomes.2 Furthermore, the predicted
biosynthetic potential remains untapped within the available
genomes, underscoring the need for continued sequencing
efforts.2

It has been recently estimated that only 3% of genome-
predicted bacterial natural products have been isolated and
structurally characterized.2 Obtaining the predicted products
remains a bottleneck, in part because many BGCs are “silent”,
that is they are not expressed in quantities practical enough to
allow the detection and isolation of biosynthesized products.6

Approaches for targeted activation of BGCs include engineering
of the native producer and heterologous expression in an opti-
mized host strain.7 Heterologous expression has the potential to
streamline the discovery process through standardization and
automation. However, recent studies8–11 showed that the
success rate of heterologous expression is still relatively low,
varying from 11% to 32% when using model Escherichia coli and
Streptomyces spp. as hosts. The choice of host strain can greatly
impact success and product yields.12 For instance, a systematic
Chem. Sci., 2024, 15, 16567–16581 | 16567
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analysis of host strains revealed a direct relationship between
yields and the genetic identity of host and source DNA.13

Recently we have tested a Burkholderia sp. strain as an alterna-
tive host and demonstrated its ability to produce Burkholder-
iales natural products in titers that are two to three orders of
magnitude higher than with E. coli.14

Here we report a pipeline to discover natural products from
Burkholderiales that combines a suite of complementary
approaches (Fig. 1). First, Burkholderiales bacteria were selec-
tively isolated from environmental samples using methods we
previously established.15,16 To select strains for genome
sequencing, we performed matrix-assisted laser desorption/
ionization time of ight mass spectrometry (MALDI-TOF MS)
protein and metabolite analyses on cell material from bacteria
colonies. The resulting data were processed using the bio-
informatics pipeline IDBac to maximize strain and metabolite
diversity while avoiding redundancy.17 Strain selection and
sequencing was performed in two cycles. In cycle 1, a set of
genomes was sequenced and analyzed for biosynthetic poten-
tial, which inuenced strain selection and sequencing in the
second round (Fig. 1A). The biosynthetic potential of each strain
Fig. 1 Overview of the approach used in this study. (A) Environmental
Burkholderiales strains were then isolated from the rhizosphere of root
were analyzed by MALDI-TOF MS/IDBac and 100 strains were selected fo
networks; the intent of this step was to avoid strain redundancy while max
One hundred draft genome sequences were obtained. Biosynthetic gene
potential of strains was compared in terms of BGC numbers and biosyn
targeted any newly isolated genera not included in cycle 1 and species d
strains sequenced from 86 analyzed. See ESI Tables S1–S3† for details on
analyses were performed on a total of 115 strains to gain insight into GCF
with clade-specific distribution that was silent in the native strains was clo
(D) Natural product isolation and structure elucidation yielded megapoli

16568 | Chem. Sci., 2024, 15, 16567–16581
was predicted and compared (Fig. 1B). A BGC that was silent in
the native producers was prioritized, cloned, and activated
using heterologous expression in a Burkholderia sp. host
strain18,19 (Fig. 1C). From this strain megapolipeptins A (1) and B
(2) were isolated and structurally characterized (Fig. 1D). Meg-
apolipeptins are unusual polyketide-nonribosomal peptides
with varying polyunsaturated fatty acid components. They show
low structural similarity to other known bacterial natural
products (maximum Tanimoto similarity score of 0.58 (1) and
0.56 (2) compared to all entries in the Natural Product Atlas),1,20

highlighting the advantage of our Burkholderiales genomics-
driven and synthetic biology-enabled pipeline to discover
novel natural products.

Results and discussion
Strain isolation, prioritization, and sequencing

We built a collection of Burkholderiales bacterial strains over
the course of ve years (2016–2021) using a method we previ-
ously developed.16 In brief, rhizosphere microbial communities
were collected from plant samples in southern British
samples (rhizosphere) were collected from British Columbia, Canada.
samples using selective media.16 In the first cycle, 230 isolated strains
r genome sequencing based on the analysis of metabolite association
imizing metabolite diversity entering sequencing efforts (ESI Fig. S1†).17

clusters (BGCs) were predicted using antiSMASH and the biosynthetic
thetic class. Informed by the predicted biosynthetic potential, cycle 2
etermined to be the most ‘talented’ in cycle 1, resulting in 15 additional
the strains sequenced. (B) Phylogenomic and gene cluster family (GCF)
distribution and to prioritize BGCs for discovery. (C) A prioritized BGC
ned and heterologously expressed in Burkholderia sp. FERM BP-3421.
peptins A (1) and B (2).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Columbia and grown on solid agar selection media optimized
for the growth of Burkholderiales strains. Individual colonies
were identied by MALDI-TOF MS using a Bruker Biotyper and
a custom mass spectral reference library15 and validated Bur-
kholderiales strains archived as glycerol stocks. As the collec-
tion was being built, we used a two-cycle strategy to prioritize
strains for genome sequencing. Strains were analyzed with
IDBac, a technique that is based on MALDI-TOF MS analyses of
protein and metabolite spectra obtained using cell mass from
bacterial colonies.17 Strains were rst grouped based on simi-
larities within their protein spectra (2000–15 000 Da), and
further discriminated based on overlap of metabolites (200–
2000 Da) observed in metabolite association networks. The
intent of this process was to avoid redundancy while maxi-
mizing metabolite diversity heading into sequencing efforts. In
the rst prioritization cycle, we analyzed 230 isolated strains by
IDBac and selected 100 for genome sequencing (Fig. 1A and
S1†). Genomes were sequenced using Illumina technology,
assembled, and analyzed for phylogeny and BGC diversity.

In the second round of prioritization (Fig. 1A), 86 newly
isolated strains were analyzed, and 15 strains were selected that
either added phylogenetic diversity (new genus or species not
included in cycle 1) or that were determined in the rst round to
be “talented” in terms of BGC number and diversity but that
were underrepresented in the dataset. Thus, in the second
round we included Herbasparillum, the only new genus we iso-
lated that was not previously represented, and additional Par-
aburkholderia megapolitana and Paraburkholderia fungorum
strains, which appeared “talented” in terms of BGC number and
diversity but that were underrepresented (Fig. 2A and S2†). At
Fig. 2 Genome library metrics. (A) Genome size by number of BGCs, col
10% strains most prolific in terms of number of BGCs are highlighted i
gorum). (B) Donut charts depicting the total number of either BGCs or (

© 2024 The Author(s). Published by the Royal Society of Chemistry
the same time, we did not include new Caballeronia spp.
because of the lower number of BGCs per strain observed in the
rst round (9.75 BGCs on average), nor did we include new P.
sediminicola strains because they were already well represented
in the rst round.

In total, 115 dra genomes were obtained using short-read
Illumina sequencing and Unicycler assembly (ESI Tables S1–
S3†), resulting in 159 contigs on average (range of 33 to 780).
Eight representative genomes were also sequenced using long-
read Oxford Nanopore technology resulting in four complete
genomes with circular replicons and four for which some con-
tigs remained linear (ESI Table S4†).
Biosynthetic capacity

To detect BGCs, the genomes were analyzed with antiSMASH
6.0.21 A total of 1388 BGCs (aer manual curation as described
later) were identied and categorized into six groups, i.e.,
terpene, ribosomally synthesized and posttranslationally
modied peptide (RiPP), nonribosomal peptide synthetase
(NRPS), polyketide synthase (PKS), PKS-NRPS hybrid, and
‘other’ which included phosphonate, non-NRPS siderophore,
redox-cofactor, ectoine, arylpolyene, phenazines, butyr-
olactones, furan and homoserine lactone (Fig. 2B, S2, and S3†).

An average of ∼12 BGCs per strain were predicted in accor-
dance with previous Burkholderiales studies.22 There was only
weak association between number of BGCs and genome size (R2

= 0.18). Instead, the best predictor of biosynthetic capacity
appeared to be phylogeny. Notably, the clade containing Para-
burkholderia acidicola and Paraburkholderia megapolitana had
the highest ratio of number of BGCs to genome size at 2.1 BGCs
or coded according to the clades attributed in Fig. 3. R2 = 0.18. The top
n yellow (P. megapolitana/acidicola) and purple (P. sediminicola/fun-
C) GCFs subdivided by biosynthetic class.

Chem. Sci., 2024, 15, 16567–16581 | 16569
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per Mbp followed by P. azotigens at 1.6 and P. sediminicola/
fungorum at 1.5 (Fig. 2A and ESI Table S5†).

In terms of biosynthetic class, terpene BGCs were the most
abundant (341, 24.6%) and are present in every single strain in
the collection. NRPS (226, 16.3%) and RiPP (220, 15.9%) are also
well distributed amongst strains. PKS (35, 2.5%) and PKS-NRPS
(34, 2.4%) are less abundant classes (Fig. 2B) with highest
occurrence in Paraburkholderia megapolitana, Paraburkholderia
fungorum, and some Paraburkholderia sediminicola strains (ESI
Fig. S2†). In the ‘other’ category (532, 38.3%, ESI Fig. S3†), the
main contributions came from homoserine lactones (134,
9.6%), phosphonates (115, 8.3%), arylpolyenes (112, 8.1%),
betalactones (77, 5.5%), and redox cofactor (69, 5%) whereas
minor groups included phenazines, non-NRPS siderophores,
ectoines, butyrolactones, and furan (#3, #0.2%).

As the same BGC may be present in many strains, total BGC
count does not reect natural product diversity. To explore the
natural product diversity encoded in the strain library, we
analyzed the 1388 BGCs using the biosynthetic gene similarity
clustering and prospecting engine BiG-SCAPE23which generates
BGC similarity networks. Using a clustering threshold of 0.4 as
previously reported to best represent similar natural products,2

151 gene cluster families (GCFs) were obtained, including 78
networks and 73 singleton BGCs. An analysis of biosynthetic
class distribution (Fig. 2C) shows that there is more redundancy
in the terpene space than could be determined from the total
number of BGCs (341 BGCs [24.6%] grouping into 10 GCFs
[6.6%]). In contrast, there is more diversity in the NRPS space
(226 BGCs [16.3%] grouping into 49 GCFs [32.4%]). In the
‘other’ category (ESI Fig. S3†), redundancy is most apparent in
arylpolyenes (112 BGCs [8.1%] grouping into 4 GCFs [2.6%]) and
phosphonates (115 BGCs [8.3%], 4 GCFs [2.6%]).
Biosynthetic capacity based on phylogeny

Genomes were submitted to GenBank, and a species name was
assigned based on Average Nucleotide Identity (ANI) equal to or
greater than 96% to a previously deposited species. This led to
107 strains being assigned a species name and eight strains
receiving a classication at the genus level only.

We next performed a phylogenomic analysis of the 115
strains and observed three monophyletic groups representing
three currently described genera, Herbaspirillum (2 strains),
Caballeronia (4 strains), and Paraburkholderia (109 strains), with
the latter having the largest representation in the collection
(Fig. 3A and S4†). Moreover, Paraburkholderia strains also had
the highest number of BGCs (Fig. 2A and S2†). To investigate
correlations between BGC distribution and phylogeny, we sub-
divided the Paraburkholderia group into seven monophyletic
groups as shown in Fig. 3A and S5.†

To explore the prevalence and potential novelty of BGCs from
our collection, we included the reference BGCs from the
Minimum Information about a Biosynthetic Gene cluster
(MIBiG)24 database in the BiG-SCAPE23 analysis (ESI Fig. S6†).
The large majority of the BGCs (1366 BGCs, 98.4%) did not
associate with MIBiG nodes. The 1.6% that had an MIBiG
counterpart included: (1) an NRPS-PKS similar to that encoding
16570 | Chem. Sci., 2024, 15, 16567–16581
antifungal occidiofungin from Burkholderia pyrrocinia (ocf),
which matched with two strains of P. megapolitana (RL18-039-
BIC-B and RL17-339-BIF-C);25 (2) the antifungal lagriamide A
(lga) encoded in strain P. acidicola RL17-338-BIF-B26 that we
recently showed to encode a new compound lagriamide B (lgb
BGC);27 (3) the nonribosomal peptide siderophore gramibactin
(grb) encoded in 13 strains from the P. graminis and P. sty-
domiana clades;28 and (4) the b-lactam antibiotic sulfazecin (sul)
encoded in P. acidicola RL17-338-BIF-B (ESI Fig. S6†).29 Aer
manual curation, we further identied a glidobactin-like BCG
(glb)30 in P. fungorum RL18-167-BIC-A and an ornibactin-like
BGC (orb)31 in 21 strains.

Superclusters, which occur when two or more clusters closely
co-localize and are treated as one entity, are a common issue
with automated BGC prediction. The presence of superclusters
in the direct antiSMASH output led to known PKS-NRPS BGCs
ocf and lgb forming a network with terp2 (ESI Fig. S6†). We next
manually curated PKS-NRPS BGCs that were likely part of
superclusters to split the clusters and generate a new network.
To facilitate visualization and extraction of networks by
biosynthetic class, MIBiG nodes were removed to generate the
sequence similarity network displayed in Fig. 3B.
Core and accessory BGCs

In pangenome analysis, core genes are those shared by all
isolates of a particular group, whereas accessory genes are
present in only some of the genomes.32 The top 5 most prevalent
BGCs (Fig. 3B) belong to biosynthetic classes terpene (2 GCFs),
phosphonate, N-acyl homoserine lactone, and aryl polyene (1
GCF each). The most prevalent BGCs were included in two
terpene GCFs, one containing a squalene synthase (terp1) and
another a phytoene synthase (terp2), which occurred in 113 and
111 of 115 strains, respectively. Next, an aryl polyene (ape) BGC
was present in 111 strains. The ape BGC is widely distributed in
Gram-negative bacteria and can be classied into three different
subfamilies.33 The GCF present in our collection appears to
belong to subfamily 1 which encodes a yellow pigment con-
sisting of a 4-hydroxy-3-methylphenyl head group conjugated to
hexenoic acid.33 Aryl polyenes have been shown to protect
bacteria from reactive oxygen species.34 The prevalence of
terpene and aryl polyene BGCs in our collection is consistent
with a recent analysis showing these BGCs to be conserved in
plant-associated microbiomes.35

An N-acyl homoserine lactone BGC (ahl) was present in 109
strains. N-acyl homoserine lactones are involved in quorum
sensing in bacteria and are known to regulate behaviors such as
virulence and biolm formation.36–39 Finally, phosphonates
were also recurrent in our collection being present in 114
strains out of 115. The largest GCF (pho) contained 109 BGCs
with three core genes (Fig. 3C). The rst gene is common to
most phosphonate pathways and is predicted to encode the
phosphoenolpyruvate (PEP) mutase PepM, which reversibly
converts PEP into phosphonopyruvate (PnPy). The operon
contains two other genes predicted to encode a decarboxylase,
and a transaminase, catalyzing decarboxylation of PnPy to the
aldehyde and reductive amination, respectively, to yield 2-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Phylogenomic analysis and BGC distribution. (A) Phylogenomic tree of Burkholderiales strains based on 49 genes within cluster of
orthologous groups (ESI Table S6†). The tree was constructed using the neighbor-joining method. Select Paraburkholderia, Herbaspirillum and
Caballeronia genomes available in public databases were included in addition to the 115 strains sequenced in this study which are shownwith our
internal strain numbering scheme. The Paraburkholderia clade was further subdivided into seven monophyletic groups as highlighted. See also
ESI Fig. S4 and S5.† (B) BiG-SCAPE BGC Sequence Similarity Network within the 115 Burkholderiales genomes (distance cutoff = 0.4). A total of
1388 BGCs are displayed, color-coded according to the clades in panel A. Node shape indicates BGC class according to BiG-SCAPE classifi-
cation. Known and orphan BGCs described in the text are highlighted. (C) Example of a widely distributed BGC that is part of the core genome of
Paraburkholderia strains. BGCs in this family contain three core genes and varying gene neighborhoods. The core genes are predicted to encode
the biosynthesis of 2-aminoethyl phosphonate (2-AEP) from phosphoenolpyruvate (PEP) via phosphonopyruvate (PnPy) and phosphonoace-
taldehyde. (D) The clade-specific mgp GCF and BGC investigated in this work from genome #76 (ESI Table S1†). See ESI Table S7† for gene
details.
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aminoethyl phosphonate (2-AEP). 2-AEP may be attached to
structural components such as polysaccharides or lipids.40 The
high prevalence of phosphonate BGCs in our collection agrees
with prior reports. Based on the presence of pepM homologs,
phosphonate biosynthesis was predicted to be encoded in ∼5%
of bacterial genomes at large but in 94% of Burkholderia
genomes.41

For the accessory BGCs, NRPSs (ESI Fig. S7†) are the most
abundant and present in all strains except in Herbaspirillum
rhizosphaerae RL21-008-BIB-B (#114, ESI Table S1†). Nearly all
NRPS GCFs have a monophyletic distribution (Fig. 3B), except
for siderophores gramibactin (grb) and ornibactin (orb) (ESI
Fig. S7†). The clade-specic nature of NRPS clusters suggests
vertical transmission of specialized functionalities with distinct
nonribosomal peptides being produced by phylogenetically
distinct strains. RiPPs follow the same tendency of clade-
specic distribution with three exceptions (ESI Fig. S8†).

Type I PKS BGCs (ESI Fig. S9†) are less abundant (34/1388,
2.4%). The most prevalent BGC is an orphan, monomodular
type I PKS present in 30 genomes, mainly from the P. sed-
iminicola/P. fungorum clade (pks1, Fig. 3B and S9†). The
remaining four BGCs fall into one GCF containing two
© 2024 The Author(s). Published by the Royal Society of Chemistry
members (pks2) and two singletons. Finally, one PKS belongs to
type 3 (t3pks).

PKS-NRPS hybrid BGCs (ESI Fig. S10†) have low abundance
as well (34/1388, 2.4%). They are present in P. sediminicola/
fungorum, P. azotingens, and P. megapolitana/acidicola clades.
The largest GCF (23 BGCs, pks-nrps1) contains BGCs from P.
sediminicola/fungorum and P. azotingens clades. The highest
diversity of PKS-NRPS BGCs comes from the P. megapolitana/
acidicola clade, all three strains of which contain two PKS-NRPS
BGCs that fall into the known ocf GCF, the known lgb27

singleton, and two orphan GCFs, pks-nrps2 and the mgp BGC
studied here.
BGC prioritization, cloning and expression

We opted for prioritization based on biosynthetic class. All
Burkholderiaceae natural products that have advanced in the
drug discovery pipeline are hybrid polyketide nonribosomal
peptides,5 i.e., spliceostatins underwent pre-clinical develop-
ment, rhizoxin entered clinical trials, and romidepsin is an
approved anticancer agent.42–44 Thus, we decided to focus on
PKS-NRPS BGCs. We were particularly intrigued by a BGC that is
Chem. Sci., 2024, 15, 16567–16581 | 16571
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conserved in the P. megapolitana/acidicola clade and that also
contains polyunsaturated fatty acid (PUFA) genes. Because
assembly lines containing PKS, NRPS and PUFA gene clusters
are uncommon, we expected to uncover new products. We
named this BGCmgp for megapolipeptin (Fig. 3B and D and ESI
Table S7†). Examples of such hybrid BGCs include those
encoding polyamine antibiotics fabclavines from Xenorhabdus45

and zeamine from Serratia.46 However, the mgp BGC is distinct
from these polyamine clusters.

The mgp BGCs from P. megapolitana RL18-039-BIC-B
(genome #76, Table S1†) and P. megapolitana RL17-339-BIF-C
(#112) share 96.6% pairwise identity and 77% identity to the
BGC found in P. acidicola RL17-338-BIF-B (#103), with the BGC
from P. acidicola having a shorter mgpA PKS gene (Fig. 3D).
Zheng et al.47 previously identied the BGC with the longer
mgpA gene in P. megapolitana DSM 23488. Because the BGC was
silent, the authors activated gene expression using promoter
replacement in strain DSM 23488. Although mass spectrometry
features could be detected, low yields precluded attempts at
isolation and structure elucidation of any target molecules. We
were likewise unable to detect the products of this BGC in the
wild type strains from our collection. Thus, we cloned and
expressed the BGC in Burkholderia sp. FERM BP-3421, a host we
have been developing as an alternative synthetic biology
chassis.18,48 Obtaining the product of the mgp BGC in sufficient
quantity for characterization would allow the evaluation of the
host's performance with a complex BGC and advance current
knowledge of hybrid polyunsaturated fatty acid, polyketide, and
nonribosomal peptide systems.

The mgp BGC is located on chromosome 2 of the three
genomes (Fig. 4A, #76 shown) and it contains 14 open reading
frames (ORFs) spanning 54 kbp (Fig. 3D). The mgp BGC from P.
megapolitana RL18-039-BIC-B (#76) was cloned using a CRISPR-
Cas9 based methodology.49 The obtained plasmid pBS001 was
transferred into a spliceostatin-defective mutant (Dfr9A) of
Burkholderia sp. FERM BP-3421,19 and exconjugants were
conrmed by PCR (ESI Fig. S11†). Molecular networking was
performed to identify molecular features present only in
mutants harboring the mgp BGC but absent in strains con-
taining the empty vector pBS003 (ESI Fig. S12–S16†). The anal-
ysis identied m/z 984.538 and m/z 958.522 (Fig. 4B) that were
pursued for isolation. These features were the ones identied in
strain DSM 23488 aer promoter replacement, but quantities
had not been enough for isolation.47
Isolation and structure elucidation of megapolipeptin A (1)
and B (2)

Fermentation of Burkholderia sp. pBS001 (6.5 L) followed by
liquid extraction with organic solvent (2 : 1 CH2Cl2/MeOH),
solid-phase (C18) extraction, and mass-guided isolation by
HPLC-MS, yielded 3.7 mg of 1 and 9.8 mg of 2 as amorphous,
white solids (Fig. 5A). High-resolution mass spectrometry
(HRMS) of 1 suggested a molecular formula of C45H75N5O17

based on the protonated cluster ion at [M + H]+ m/z 958.52350
(calcdm/z 958.52307) (ESI Fig. S17†). Examination of the MS/MS
spectrum revealed two sequential neutral losses consistent with
16572 | Chem. Sci., 2024, 15, 16567–16581
threonine amino acid residues (Fig. 5B and S18†). This analysis,
coupled with a comprehensive set of 1D and 2D nuclear
magnetic resonance (NMR) spectra identied 1 as containing
six isolated spin systems: 4-amino-3,5-dihydroxypentanamide
(Ahpa), two threonine residues (1Thr and 2Thr), 3-amino-5,19-
dihydroxyicosa-10,14-dienamide (Adhda), 2-hydroxy-4-
oxoheptanedioic acid (Hoha), and a 2-methyl-propan-1-one
(Mpo) moiety (ESI Fig. S19–25†). The assembly of these
substructures was completed based on gHMBC correlations
between the amide carbon of 1Thr-1 and Ahpa-NH, 1Thr-NH and
2Thr-1, 2Thr-NH and Adhda-1, Adhda-19 and Hoha-2 (ESI
Fig. S26†).

The full planar structure could not be unambiguously
determined from the NMR data as no correlations were
observed between the Mpo moiety and the rest of the molecule.
Possible connections included the carbonyl groups at Adhda-21,
Hoha-1, or Hoha-7. To resolve this issue the molecule was
treated with TMS diazomethane to convert the carboxylic acid
groups to their corresponding methyl esters. LC-MS analysis of
the methylated product showed two peaks, each with an
increase inmass of 42 Da suggesting the addition of C3H6 which
was unexpected given the presence of only two carboxylic acid
moieties (ESI Fig. S27–29†). The derivatized products (3 and 4)
were isolated and analyzed by NMR. The 1H-NMR and gHMBC
spectra showed two methoxy signals correlating with Hoha-1
and Hoha-7. Closer inspection of the NMR data revealed that
Mpo-1 was no longer present. Instead, the gCOSY spectrum
revealed that this moiety had been converted to a 2-iso-
propyloxirane (Ipo), via a Buchner–Curtius–Schlotterbeck rear-
rangement between the ketone functional group of the Mpo
subunit and TMS-diazomethane (Fig. 5C). The complete planar
structures of 3 and 4 were determined using a full suite of 1D
and 2D NMR experiments (ESI Fig. S30†). Based on these data, it
was determined the Mpo moiety was attached to Adhda-21,
completing the planar structure of 1 (Fig. 5A and ESI Table S8†).

HRMS and MS/MS fragmentation data of 2 displayed
a protonated cluster ion at [M + H]+ m/z 984.53821 (calcd m/z
984.53872) and neutral losses of adjacent threonine residues
(1Thr and 2Thr) suggesting a molecular formula of C47H77N5O17

and a structural analog of 1 with a mass difference of 26 Da (ESI
Fig. S31 and S32†). Examination of the 1H-NMR spectrum
showed the presence of two additional vinylic methine protons
along the hydrocarbon chain (Fig. 5A and S33†). The NMR data
of 2 were comparable to 1 showing ve identical spin systems:
Ahpa, 1Thr, 2Thr, Hoha, and Mpo moieties. Further examina-
tion of the 2D NMR spectra revealed the nal spin system as 3-
amino-5,21-dihydroxydocosa-8,12,16-trienamide (Adhta)
(Fig. 5A, ESI Table S9 and Fig. S33–38†). The position of the Mpo
moiety was determined in similar fashion to 1 by treatment with
TMS diazomethane to generate the 2-isopropyloxirane motif
and identication of gHMBC correlations between Mpo-1 and
Adhta-23, completing the planar structure of 2 (ESI Fig. S39 and
S40†).

The congurational analysis of megapolipeptins A and B
represents a signicant analytical challenge. Megapolipeptin A
contains 9 chiral centers and two double bonds, for a total of
2048 possible congurations. Because many of these centers are
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Heterologous expression of themgp BGC from P. megapolitana RL18-039-BIC-B. (A) Genomemap of P. megapolitana RL18-039-BIC-B
with the two chromosomes oriented to replication gene dnaA. BGCs are color-coded according to biosynthetic class and numbered in
clockwise order from the replication gene (lane 1 from the outside in). Predicted open reading frames (ORFs) on the leading and lagging strands
are shown on lanes 2 and 3, respectively. A normalized and skewed plot of guanosine + cytosine (G + C) content (yellow/orange) is depicted in
lanes 4 and 5, respectively. (B) Heterologous expression of mgp (BGC 2.11) in Burkholderia sp. FERM BP-3421 Dfr9A. LC-MS analysis of strains
containing either the empty vector (pBS003, bottom trace) or the vector containing the mgp BGC (pBS001, top trace). Extracted ion chro-
matogram (EIC) of region m/z 950–1000.
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separated from one another by achiral regions it is not
straightforward to directly relate their relative or absolute
congurations. Instead, the absolute congurations of centers
in each region must be determined independently. The abso-
lute congurations of the threonine amino acid-derived ster-
eocenters (1Thr and 2Thr) in 1 and 2 were examined using
Marfey's analysis50 (ESI Fig. S41†) which revealed the presence
of L-threonine and L-allo-threonine in both molecules. To
determine the positions of each amino acid megapolipeptin B
(2) was subjected to partial acid hydrolysis (1 N HCl, 110 °C, 30
© 2024 The Author(s). Published by the Royal Society of Chemistry
minutes). UPLC-MS analysis of the hydrolysate revealed the
presence of a product consistent with hydrolysis between the
two threonine residues (Fig. 5D and S42†). HPLC purication,
full acid hydrolysis, and Marfey's analysis of this product
dened the conguration of the 2Thr residue as L-threonine
(Fig. 5E), which by extension dened 1Thr as L-allo-threonine.

Traditionally, the congurations of disubstituted olens are
determined from the 3JHH coupling constant between the two
olenic signals (15–17 Hz = trans, ∼10 Hz = cis). However, in
pseudosymmetrical systems such as the megapolipeptins the
Chem. Sci., 2024, 15, 16567–16581 | 16573
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Fig. 5 Structure elucidation of megapolipeptins from P. megapolitana RL18-039-BIC-B. (A) The structures of megapolipeptin A (1) and meg-
apolipeptin B (2). (B) Key MS/MS fragments showing neutral losses of threonine amino acid residues on the peptidic terminus of 1 and 2. (C)
Reaction scheme with TMS diazomethane in DCM/MeOH affording two diastereotopic epoxide-containing products via the Büchner–Curtius–
Schlotterbeck reaction. (D) Structure of partial hydrolysis product used to determine configuration of threonine residues. (E) EIC traces of
Marfey's derivative of threonine (m/z = 400.15) for partial hydrolysis product, and L-threonine and L-allo-threonine standards.

16574 | Chem. Sci., 2024, 15, 16567–16581 © 2024 The Author(s). Published by the Royal Society of Chemistry
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olenic 1H signals are oen highly overlapped. Fortunately,
both the olenic carbons (Adhda C10, C11, C14, C15) and the
adjacent allylic carbons (Adhda C9, C12, C13, C16) possess
diagnostic chemical shis between cis and trans systems. In
both 1 and 2 the olenic carbons were all in the range 129.7 ±

0.7 ppm, indicative of an all-trans arrangement. This contrasts
with cis olens, where 13C shis are ∼128.0 ppm.51 Further
supporting evidence for the all-trans arrangement was provided
by the allylic carbon chemical shis centered around 32.0 ppm.
In cis olens these values center around ∼27.3 ppm.

Finally, as will be discussed in the following section on the
proposed biosynthesis, the congurations of several centers
could be inferred from the biosynthetic gene cluster. Analysis of
the module responsible for the installation of the ketide-
extended serine (Ahpa) indicated the installation of L-serine,
followed by extension and reduction by the associated A-type
ketoreductase (KR) to install a hydroxy group with L-orienta-
tion at position Ahpa-3. The KR in MgpA responsible for
installing the hydroxyl group at C5 of the fatty acid (Adhda-5 (1)
and Adhta-5 (2)) is also A type. The hydroxy groups at Adhda-19
(1) or Adhta-21 (2) are predicted to have D-orientation based on
the B-type KR within MgpE. The conguration at Adhda-3 was
not determined.

Bioactivity testing

Compounds 1 and 2 were tested for antimicrobial susceptibility
against a panel of 17 bacterial pathogens (ESI Table S10†) in our
previously developed BioMAP antibacterial proling platform.52

No growth inhibition of pathogenic organisms was observed up
to a maximum concentration of 128 mM (ESI Table S11†).
Compounds 1 and 2 exhibited no antimycotic activity against
Candida albicans or Saccharomyces cerevisiae in microbroth
dilution assays up to a maximum concentration of 100 mM.
Additionally, neither compound was active against Aspergillus
niger or Purpureocillium lilacinum in qualitative lamentous
screening assays up to a maximum concentration of 100 mM
(ESI Tables S11 and S12†).

Proposed biosynthesis

We propose the following working biosynthetic hypothesis,
based on the elucidated structures and the content of the mgp
BGC (Fig. 6A).

Four proteins have been implicated in PUFA biosynthesis in
bacteria, PfaA-PfaD, in addition to a phosphopantetheinyl
transferase PfaE that may or may not be present in PUFA clus-
ters.53,54 MgpE is homologous to PfaA that displays a KS-AT-
(ACP)n-KR domain organization. MgpF appears to be a variation
of PfaBC containing a KS-KS-AT-DH-DH domain organization,
and MgpH encodes an ER domain, resembling PfaD. We
propose MgpE, MgpF and MgpH catalyze biosynthesis of the
fatty acid portion of megapolipeptins from acetyl-CoA and
either 7 or 8 malonyl-CoA units leading to 16 : 2(6,10) or 18 :
3(4,8,12) unsaturated fatty acids, respectively. Based on the
predicted B-type KR (ESI Fig. S43†) within MgpE, the hydroxyl
group would possess the R conguration. Additionally, a 4-
oxoheptanedioic moiety decorates the terminal u-1 hydroxyl
© 2024 The Author(s). Published by the Royal Society of Chemistry
group. Biosynthesis of the potential precursor 1,5-dicarboxy-3-
oxopentyl phosphate might be catalyzed by the putative pyr-
uvyl transferase MgpK and thiamine pyrophosphate-dependent
lyase MgpL.55 Alternatively, the 4-oxoheptanedioic moiety may
derive from lipid peroxidation.56 Either way, the acyl-CoA
synthetase MgpN would activate the fatty acid component for
loading into MgpA (Fig. 6B).

MgpA is a PKS with a KS-KR-T organization that we propose
extend the fatty acid chain with one malonate unit followed by
reduction of the b-keto group to a hydroxyl. Based on the pre-
dicted A-type KR (ESI Fig. S43†), the hydroxyl group would
possess the S conguration. MgpB and MgpC are hybrid PKS-
NRPS enzymes containing unusual domain organization.
MgpB (KS-AT-T-TA-C-A-T) would catalyze another C2 extension
with malonate, followed by reductive amination of the b-
carbonyl catalyzed by the transaminase (TA) domain as has
been described for MycA in the biosynthesis of mycosubtilin.57

The A domain in this module is predicted by antiSMASH to load
a proline, however seven residues are different from the ex-
pected proline code.58,59 We propose this A domain may load a-
ketoisovaleric acid according to the structures of mega-
polipeptins, although the keto-acid code is also not conserved
(ESI Table S13 and Fig. S44†).60

Based on sequence and phylogenetic analyses (ESI Fig. S45
and 46†), four of the six C domains clade with LCL domains,
indicating that they process L-amino acids (the one within
MgpB, the rst and the third within MgpC and the rst within
MgpD). The rst module in MgpC (C-C-A-T-C-A-T-KS-KR-DH)
appears to catalyze the iterative addition of two L-threonine
units (Fig. 6B), which agrees with the A domain code (ESI Table
S13†). As determined by partial hydrolysis of megapolipeptin B
followed by Marfey's analysis (Fig. 5D and E and S39†), L-thre-
onine is incorporated rst followed by L-allo-threonine. The
second module in MgpC would add L-serine, followed by
a ketide extension using malonate by an AT-less PKS module.
The A-type KR in this domain would then reduce the b-carbonyl
to a (S) hydroxyl group (Fig. 6B and S43†). The DH is predicted to
be inactive as the catalytic histidine and aspartate residues are
mutated (ESI Fig. S47†). Accordingly, no dehydration is ex-
pected, and the hydroxyl group is maintained in the nal
structure. The second C domain in MgpD (C-A-T-E-C-T-TE)
clades with DCL domains in accordance with the presence of
an epimerization domain in this module, suggesting that the L-
valine selected by the A domain (ESI Table S13†) is epimerized
to D-valine (Fig. 6B).

MgpD may be involved in terminal amide biosynthesis and
perhaps in providing a-ketoisovaleric acid. Terminal amide
biosynthesis has been described for myxothiazol and meli-
thiazol (MtaG/MelG) frommyxobacteria.61,62 MtaG/MelG display
a C-A-MOX-A-T-TE domain organization where the A domain is
split with a monooxygenase (MOX). Condensation with glycine
followed by hydroxylation of the a-carbon catalyzed by MOX and
dealkylation of the alcohol amide is proposed to yield the
terminal amide, while the TE domain releases the a-ketoacid.
Analogously, MgpD could add valine which followed by
hydroxylation could result in the terminal amide and into a-
ketoisovaleric acid to be condensed with the free amine product
Chem. Sci., 2024, 15, 16567–16581 | 16575
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Fig. 6 Biosynthetic proposal for mgp BGC from P. megapolitana RL18-039-BIC-B. (A) Megapolipeptin biosynthetic gene cluster from P.
megapolitana RL18-039-BIC-A (genome #76). (B) Biosynthetic hypothesis based on gene/domain content and the observed structures. The
configuration of chiral centers containing hydroxyl groups was predicted based on KR domain type (ESI Fig. S43†). The KR type is indicated with
red A, B letters.
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of MgpB (Fig. 6B). Although MgpD does not contain a MOX
domain, MgpG encodes a standalone cupin-family hydroxy-
lase63,64 that we propose may act in trans. Alternatively, MgpG
could catalyze a-hydroxylation of the valine unit and deal-
kylation aer product release from the NRPS by the TE domain.
The second condensation domain of MgpC clades with starter C
domains and may be the one responsible for capping of the free
amine with the a-ketoisovaleric acid. All C domains possess the
conserved catalytic motif HHxxxDG motif65,66 except for this
second C domain in MgpC which contains the variation
HHxxxDR (ESI Fig. S45†). All KS domains contain the catalytic
triad of Cys-His-His essential for decarboxylative condensation
and are thus predicted to be active (ESI Fig. S48†).
16576 | Chem. Sci., 2024, 15, 16567–16581
Finally, MgpI encodes a thioesterase that could have proof
reading function67 as it is common for PKS-NRPS systems. MgpJ
encodes a phosphopantetheinyl transferase that likely serves to
activate PUFA, PKS and NRPS carrier proteins. The role of
MgpM, a putative metallophosphoesterase is unclear.

Conclusion

In this study, we aimed to harness recent advancements in
complementary technologies to establish a robust pipeline for
natural product discovery from Burkholderiales bacteria. This
approach is designed to be applicable not only to Burkholder-
iales but also to other bacteria (Fig. 1). The P. megapolitana/P.
acidicola clade exhibited the highest ratio of number of BGCs to
genome size and the highest number of BGCs per strain (Fig. 2A
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and ESI Table S5†). Despite these promising features, strains
from this clade were rarely isolated from culture plates and
consequently had low representation in the nal library. To
address this limitation, future isolation efforts should account
for the slower growth characteristics of this clade.

In terms of the biosynthetic capacity of our collection, terpene,
and phosphonate BGCs are themost conserved (Fig. 3). NRPS and
RiPP BGCs are also abundant but tend to show monophyletic
distribution; thus, to nd new NRPS and RiPP BGCs, taxonomic
diversity is important. In contrast, PKS and PKS-NRPS gene
cluster families are the rarest in the collection (Fig. 2B and C). The
largest diversity of PKS-NRPS BGCs was found in the P. mega-
politana/acidicola clade, where each strain contained two such
BGCs, with the mgp BGC being conserved in all three strains in
this clade. Because we did not detect potential products of the
mgp BGC in the wild-type strains, we turned instead to heterolo-
gous expression in a Burkholderia sp. strain (Fig. 4) which resulted
in the discovery of megapolipeptins A (1) and B (2) at 0.6 and
1.5mg L−1 isolated yields, respectively (Fig. 5). This work expands
recent genome mining efforts in P. megapolitana/acidicola.27,47,68

Megapolipeptins are bolaamphiphilic lipopeptides, that is,
they exhibit a hydrophobic center and hydrophylic groups at
each end of the molecule, such as the recently discovered
bolagladins.69,70 We proposed biosynthetic hypotheses based on
the structural features of megapolipeptins and the genetic
information within the encoding BGC (Fig. 6), which serves as
a starting point for future studies aimed at unraveling novel
mechanisms of PKS-NRPS-PUFA biosynthesis. Despite choosing
a gene cluster encoding an unusual enzyme combination for
novelty, the isolated megapolipeptins 1 and 2 did not exhibit
signicant activity in the assays tested. Due to the low similarity
of megapolipeptins to known compounds, it is difficult to
predict their bioactivity. The top NP Atlas hits (ESI Table S14†)
include herbicidal rotihibins (Tanimoto similarity score of 0.58)
from Streptomyces scabis and siderophores crochelin (0.57) from
Azotobacter chroococcum and megapolibactins (0.56) from Par-
aburkholderia megapolitana, none of which are bolaamphi-
philes. Bolaamphiphile bolagladins showed antibacterial
activity but display an even lower Tanimoto similarity score of
0.39. Future studies should aim at expanding the scope of tested
assays beyond the ones conducted in this study. By doing so, we
may uncover hidden aspects and functionalities of PKS-NRPS-
PUFA products.

In summary, the low structural similarity of megapolipeptins
to known natural products supports our Burkholderiales
genomics-driven and synthetic biology-enabled pipeline for
uncovering novel natural products from silent BGCs.

Experimental
General cultivation conditions

E. coli was routinely cultured in Lysogeny-Broth (LB) at 37 °C
unless otherwise stated. Burkholderia sp. FERM BP-3421 and
Burkholderiales strains isolated in this study were routinely
cultured in LB at 30 °C unless otherwise stated. For plasmid
selection, kanamycin at either 50 mg L−1 (E. coli) or 500 mg L−1

(Burkholderia) was used. For megapolipeptin analysis, a 20 mL
© 2024 The Author(s). Published by the Royal Society of Chemistry
aliquot of Burkholderia sp. FERM BP-3421 cryo stock containing
either pBS001 or pBS003 was inoculated into 5mL seedmedium
(10 g L−1 polypeptone, 5 g L−1 yeast extract, 5 g L−1 sodium
chloride) and incubated for 48 h in an orbital-shaker at 220 rpm
and 30 °C without antibiotics. An aliquot of the seed culture (1
mL) was transferred into 50 mL of 2S4G production medium
(40 g L−1 glycerol, 20 g L−1 soytone, 2 g L−1 ammonium sulfate,
0.1 g L−1 magnesium sulfate heptahydrate, 2 g L−1 calcium
carbonate) contained in 250 mL Erlenmeyer asks and cultured
at 25 °C, 220 rpm for ve days. To induce gene expression, L-
arabinose at 100 mM was used.

Burkholderiales strain isolation

Rhizosphere microbial samples were collected by removing soil
around the rootstock of each selected plant using a sterile
scoopula and cutting a small (∼3 cm) section of root material
with attached soil using sterile scissors, which was placed in
a 15 mL centrifuge tube. Sterile 1× phosphate-buffered saline
(PBS) solution was added, the tube was vortexed for 30 s, and
then allowed to settle for 30 min. Next, 100 ml aliquots of the
supernatant were spread onto agar plates containing six
different selectionmedia (PCAT, BIB, BIC, BID, BIE, BIF)15 using
plastic spreaders and incubated for 5 to 7 days at 30 °C. Colo-
nies of interest were selected using a sterile plastic loop and
grown in LB liquid medium (10 mL) with shaking at 200 rpm
overnight. For long-term storage, 500 mL of each culture was
added to a sterile solution of 1 : 1 glycerol/water in cryo-
microcentrifuge tubes and stored at −80 °C.

IDBac analyses and strain prioritization

See ESI† for sample preparation and analysis (ESI Table S15†).
An example of strain prioritization is shown in ESI Fig. S1.†

Genome sequencing and assembly

Genomic DNA was isolated as described under ESI† and
submitted for short-read Illumina sequencing at the SeqCenter
(Pittsburgh, PA). Obtained reads were quality controlled and
adapter-trimmed using bcl2fastq (v. 2.20.0.422). Eight genomes
were also sequenced with Oxford Nanopore for which reads
quality control and adapter trimming was performed with
porechop v0.2.3_seqan2.1.1. Genomes were assembled de novo
using Unicycler (v 0.4.8)71 and statically recorded with QUAST (v
5.0.2).72 Annotation was carried out using a standard Prokka73

(v1.14.5) workow. The annotation results were further evalu-
ated by Rapid Annotations Subsystems Technology (RAST)
server annotation. The assembly and annotation les were
deposited in NCBI's GenBank. See ESI Tables S1–S3† for
genome statistics, accession codes, and collection geolocation
for all strains.

Phylogenomic tree construction

The phylogenomic tree presented in Fig. 3A, S4 and S5† was
created by using the ‘Insert Genome into SpeciesTree – v2.2.0’
app available at the KBase server74 and using a set of 49 core,
universal genes (ESI Table S6†) dened by Cluster of
Chem. Sci., 2024, 15, 16567–16581 | 16577
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Orthologous Genes (COG) families. In addition to genomes
provided by the user, closely related, publicly available genomes
were automatically included in the tree. The multiple sequence
alignments (MSAs) were trimmed using GBLOCKS to remove
poorly aligned sections, and the MSAs concatenated before the
tree was constructed. SpeciesTree applied a heuristic variant of
neighbor joining followed by a mix of nearest-neighbor inter-
changes and subtree-prune-regra moves. For nucleotides
sequences, SpeciesTree uses the Jukes-Cantor distance −0.75 ×

log(1–4/3d), where “d” is the proportion of positions that differ.
Gene cluster analyses

All genomes were analyzed with antiSMASH v 6.0 (ref. 21) to
predict BGCs. BiG-SCAPE23 was then used to cluster the iden-
tied BGCs into GCFs using .gbk les. The BiG-SCAPE analysis
was supplemented with Pfam database version 32.0. The
Singleton parameter in BiG-SCAPE was selected to ensure that
BGCs with distances lower than the default cutoff distance 0.4
were included in the output data. The MIBiG ag (–mibig) in
BiG-SCAPE was set to include the repository version MIBiG v 1.4
of annotated BGCs. The hybrids-off ag was selected to prevent
hybrid BGC redundancy. The generated network les were
recorded for raw distance cutoffs of 0.1–1.0 in increments of 0.1.
Results of BiG-SCAPE were processed for visualization using
Cytoscape version 3.9.1.75
Cloning of the mgp BGC to yield pBS001

Cloning of the mgp BGC from Paraburkholderia megapolitana
RL18-039-BIC-B (genome #76, Fig. 3D and ESI Table S7†) was
performed by Terra Bioforge (Wisconsin, USA) using a CRISPR-
Cas9 strategy,49 followed by isothermal DNA assembly with
a linearized vector to yield pBS001 as described under ESI.† To
be used as a negative control, the empty vector pBS003 was
generated as described under ESI.†
Heterologous expression of themgp BGC into Burkholderia sp
FERM BP-3421

Plasmids pBS001 and pBS003 were each transferred into Bur-
kholderia sp. FERM BP-3421 via conjugation from E. coli S17-1/
pACYC184_MBurI_MBurII as previously described48 and as
detailed in ESI.† Obtained clones were conrmed by PCR as
shown for pBS001 (ESI Fig. S11†).
Comparative metabolite analysis, isolation, and structure
elucidation of megapolipeptins

Burkholderia sp. containing either pBS001 or pBS003 were
analyzed by LC-MS/MS as described under ESI (Fig. 4B and S12–
16†). The structures of 1 and 2 were elucidated using HRMS,
chemical derivatization, and 1D (1H and 13C) and 2D NMR
(COSY, TOCSY, ROESY, phase sensitive HSQC, HMBC) experi-
ments recorded in DMSO-d6 as described under ESI (ESI Tables
S8 and S9 and Fig. S17–S42†).
16578 | Chem. Sci., 2024, 15, 16567–16581
Data availability

The genome data that support the ndings of this study are
available in NCBI GenBank database under accession codes
listed in ESI Table S1.† The NMR data for megapolipeptins A
and B have been deposited in the Natural Products Magnetic
Resonance Database (NP-MRD; https://www.np-mrd.org/)
under accession numbers NP0332797 and NP0332798. Mass
spectrometry data for MS/MS analysis of pure compounds has
been deposited at the Global Natural Products Social molecular
networking repository (https://gnps.ucsd.edu) under accession
numbers MSV000094914.
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