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ABSTRACT: Nonribosomal peptide synthetases (NRPSs) repre-
sent a valuable yet underexplored resource for producing bioactive
natural products. However, most NRPSs remain silenced potentially
due to factors such as dysfunction of the initiation unit. The starter
condensation (Cs) domain of the initiation unit catalyzes the
lipoinitiation of nonribosomal peptides via the incorporation of an
N-terminal fatty acyl chain. The concept of initiation unit
engineering introduced herein encompasses the replacement of the
native initiation unit of NRPSs with a foreign and well-characterized
Cs domain-containing initiation unit to activate the NRPS and
optimize its expression. This strategy was employed herein to
successfully access three of the six previously silent NRPS pathways
in Mycetohabitans rhizoxinica HKI 454, a bacterium of the class β-
proteobacteria, resulting in the identification of three classes of
lipopeptides. This strategy was then extended to access two NRPS pathways in Pseudomonas syringae (γ-proteobacteria) and obtain
novel lipopeptides, thereby establishing a feasible complement to existing genome mining strategies for natural product discovery.
Furthermore, change of the initiation regions of biosynthetic pathways of nonlipidated chitinimide (β-proteobacteria) and
pseudotetraivprolide (γ-proteobacteria) with heterologous Cs-containing initiation units enabled the successful incorporation of fatty
acyl chains into the N-terminus of both peptide backbones, launching a workable approach to create artificial lipopeptides. Overall,
this study provides a practical strategy for the rational recovery of silent BGCs and introduction of fatty acyl chains into
nonribosomal peptides, at least in Proteobacteria, thereby enriching genome mining and combinatorial biosynthesis approaches for
accessing the underexplored biosynthetic potential of NRPSs from various bacteria.
KEYWORDS: nonribosomal peptide synthetase, initiation unit, starter condensation domain, lipopeptides, combinatorial biosynthesis

■ INTRODUCTION
Bacterial natural products (NPs) play a vital role in various
fields such as medicine and agriculture owing to their diverse
chemical structures and biological activities.1−3 With the rapid
development of genome sequencing technology, a large
number of microbial genome sequences have been pub-
lished.4−6 Nonetheless, the biosynthetic gene clusters (BGCs)
for most bacterial NPs are silent or poorly expressed under
standard laboratory conditions.7,8 Many NPs have hitherto
been successfully identified using genome mining strat-
egies,9−12 including OSMAC (one strain many compounds),13

promoter insertion,11,14 overexpression of the regulatory
gene,15 coculture,16 and heterologous expression.17−19 How-
ever, recent estimates reveal that only approximately 3% of
bacterial genomes with the potential to encode NPs have
hitherto been characterized.20 The vast realm of cryptic BGCs
represents a valuable source of novel bioactive compounds.

However, the likelihood of activating such gene clusters via
genome mining strategies remains low.10

The lack of success in activating silent BGCs via genome
mining strategies may be attributed to an insufficient
availability of suitable substrates or dysfunction of the relevant
biosynthetic enzymes.21−24 The initiation module serves as a
critical control point that contributes to the overall specificity
or functionality of the biosynthetic pathway.25,26 An inefficient
initiation module hampers the efficiency of the entire
biosynthetic pathway. If the initiation module is inefficient,
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then the entire biosynthetic process will not work well. By
contrast, an inefficient functioning of the elongation or
termination modules may lead to the premature release of
the product from the assembly line, which leads to the
accumulation of intermediate products. Consequently, stream-
lining the initiation module of silent biosynthetic pathways
may represent a feasible alternative to the current strategy of
activating silent BGCs for accessing their biosynthetic
potential.

Nonribosomal peptide synthetases (NRPSs) represent the
largest class of enzymes that participate in secondary metabolic
pathways of bacteria and fungi, and contain initiation,
elongation, and termination modules.5,27 A typical NRPS
generally contains three essential domains termed the
adenylation (A), thiolation (T) and condensation (C)
domains.25,27 The biosynthesis of nonribosomal lipopeptides
(NRLPs), defined by their N-terminal acyl chains, is initiated
via a dedicated starter condensation (Cs) domain, fatty acyl

ligase (AL)/fatty acyl-AMP ligase (FAAL), or polyketide
synthases (PKS) modules.28,29 The Cs domain introduces a
fatty acyl chain into the peptide by condensing substrates
synthesized by the precursor biosynthetic pathway,29 which are
typically activated by acyl carrier protein (ACP)30−33 or
coenzyme A (CoA).34−36 AL or FAAL selectively activates free
fatty acids, which are then loaded onto ACP or the T domain
and transferred to NRPS assembly lines.37,38 An analysis of
distinct biosynthetic pathways reveals that the initiation
modules of NRPS mainly consist of A-T, Cs-A-T, or AL/
FAAL-A-T architectures. Here, we introduce the concept of
the “initiation unit” to describe both the initiation modules and
their associated precursor biosynthetic pathways.29

Engineering the “initiation unit” of NRPS offers the
potential to improve yields, alter the relative proportion of
products, and generate new-to-nature peptides. Cheng et al.
increased the proportion of polymyxin B1 by exchanging the
Cs or A domains to modulate the relative abundance of

Figure 1. Evolutionary analysis of NRLPs. Groups 1 to 3 exemplify that the initiation module represents a hotspot for recombination. Cs: starter
condensation domain, A: adenylation domain; T: thiolation domain; TE: thioesterase domain. Cdual: dual condensation/epimerization domain43

that can change the configuration of upstream amino acid.
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polymyxin analogues.39 A previous study from our group
reported the successfully elucidation of the structure of the
complex of RzmA-Cs (R148A) with octanoyl-CoA, and
alteration of the length of fatty acid chains of three
lipopeptides via Cs-domain swapping, thereby establishing a
novel strategy for acyl chain modification.40 Kang et al.
replaced DptE, which loads medium-chain fatty acids, with a
heterologous FAAL homologue (HmqF) from Burkholderia
sp., resulting in the production of high-purity daptomycin.41

Engineering strategies targeting the initiation unit have been
explored and applied to some extent; nonetheless, genome
mining continues to be associated with a high risk of failure.
We speculate that this failure is mainly attributable to two
factors: (1) inadequate precursor supply and (2) dysfunction
of the initiation unit. To address these challenges, an “initiation
unit engineering” strategy for activating and optimizing NRPS
gene clusters has been introduced herein. This approach
employs initiation units that utilize well-known primary
metabolites as precursors to replace potentially malfunctioning
initiation regions, thereby overcoming the limitations asso-
ciated with genome mining based on modified regulatory

networks and enabling subsequent product optimization to
fully exploit the biosynthetic potential of NRPSs.

In the current study, we first examined the possible
evolutionary trajectories of NRLPs via bioinformatics analysis
of conserved motifs and intermotif sequences of Cs domains
across characterized and unknown NRPSs. This analysis
enabled us to infer the underlying causes of NRPS inactivation,
suggesting the feasibility of “initiation unit engineering”.
Subsequently, we compared different fusion sites for in vivo
and in vitro modifications of Cs-domain-containing initiation
units. Harnessing the identified highly efficient fusion sites, we
used a native Cs-containing unit (derived from the same
strain) to replace the initiation modules of the endopyrrole
biosynthetic pathway (epy) and other previously silent NRPS
BGCs, leading to the generation of a new lipo-endopyrrole and
activation of three gene clusters, respectively. Subsequently, a
heterologous Cs domain was employed for replacing the
initiation regions of four NRPSs from three phylogenetically
distant species, which resulted in the successful activation of
these four BGCs and the identification of a new class of
lipopeptides. In particular, the addition of a heterologous Cs

Figure 2. Possible evolutionary pathways and activation strategies of NRPS. Based on these insights, we propose a supplementary activation
strategy�“initiation unit engineering”. OSMAC: one strain many compounds; P: promoter.
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domain to the initiation region of NRPSs from the
chitinimides (β-proteobacteria) and pseudotetraivprolide (γ-
proteobacteria) biosynthetic gene clusters yielded new-to-
nature products with an extra fatty acid chain. Thus, the
employment of “initiation unit engineering” strategy allowed us
to activate and modify silent or underexplored NRPSs and
unlocked their biosynthetic potential, providing a feasible
strategy of genome mining and combinatorial biosynthesis
aimed at discovering and engineering untapped NRPs.

■ RESULTS AND DISCUSSION

Possible Evolutionary Trajectories of NRLPs

Evolutionary analysis was first employed to identify recombi-
nation hotspots across 13 groups comprising 33 NRLP gene
clusters.42 The results revealed that the initiation module is
one of the major hotspots for recombination events (Figure 1,
Table S5). This suggests that the initiation module and its
associated substrate supply may represent critical limiting

Figure 3. Selection of ten fusion sites within the initiation unit containing the Cs domain. (A) Location of ten FSs and the corresponding initiation
regions. The initiation regions of RzmA were annotated using the NRPS Motif Finder. Conserved motifs of the Cs domain and the second C
domain are colored light green and dark green, respectively. Conserved motifs of the first A domain are shown in light purple and indicate the
positions of the ten sites (FS1−FS10). M1, M4, and M7 denote the initiation modules containing the Cs domains at sites FS1, FS4, and FS7,
respectively. (B) The rzmA and holA gene clusters from M. rhizoxinica HKI 454 and their major products, rhizomide A and holrhizin A. Schemes
depicting the biosynthesis of recombinant products generated by replacing the initiation region of RzmA with initiation units from HolA, HM4
(lipid chain exchange only, C), and HM7 (exchange of both the lipid chain and first amino acid, D) have been presented as examples.
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factors for the successful retention of function during the
evolution of NRLPs. Based on this observation, the concept of
the “initiation unit” within an NRLP biosynthesis gene cluster
was proposed herein; this unit encompasses both the initiation
module and its corresponding substrate supply pathway.29

Inactivation of a natural gene cluster following recombina-
tion has been hypothesized herein to arise from one or a
combination of the following causes: (1) malfunction of the
initiation module, which relies on a specialized substrate supply
pathway, thereby hindering access to the required substrate,
(2) promoter inactivation, and (3) incompatibility between
recombined initiation modules or disruption of their function
postfusion (Figure 2). Current mainstream activation strategies
for silent gene clusters often fail to address these challenges.
The “initiation unit engineering” strategy employed herein
offers several key advantages: (1) incorporation of exper-
imentally validated functional initiation modules capable of

accepting known or commonly available substrates, (2)
integration of strong and experimentally validated promoters,
and (3) use of proven fusion sites or exchange units for module
recombination. This approach represents a novel methodology
that bridges the activation of silent gene clusters with
combinatorial biosynthesis (Figure 2).
Poor Activity of Initiation Modules in Silent NRPSs

To test the above hypothesis regarding natural gene cluster
inactivation, the initiation module functions of several silent
NRPS gene clusters from Mycetohabitans rhizoxinica HKI 454
were experimentally characterized herein. Two classes of
lipopeptides, rhizomides and holrhizins, were identified from
M. rhizoxinica HKI 454 in our previous studies using in situ
insertion of the functional promoters upstream of the core
NRPS genes,44,45 but this method could not be applied to
other NRPS BGCs in this strain. To verify the functions of

Figure 4. Screening of efficient FSs for initiation of unit exchange. Yields of rhizomide A derivatives 1 (A) and 2 (B) were produced after exchange
with different HolA initiation units. R148A denotes RzmA-Cs*, a Cs-domain point mutant (R148A) capable of recognizing octanoyl-CoA (C8-
CoA). (C) HPLC analysis of the in vitro substrate condensation assay using the fusion proteins HM7−HM10-RzmA (C2) A2T2 and RzmA-
Cs*A1T1C2A2T2 in the presence of ATP, CoA, amino acids, Sfp, Mg2+, and C8-CoA at 30 °C for 3 h. Boiled protein was used as a control. (D)
Catalytic activities of wild-type RzmA-Cs*A1T1C2A2T2 and the fusion proteins. P values were calculated using the two-tailed unpaired t test. *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, n = 3 independent experiments.
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initiation modules in these silent NRPSs, six NRPS gene
clusters designated 2A, 2C, 3C, 5C, 7C, and 10C based on their
genomic locations and whose successful activation could not
be previously achieved were selected herein (Table S4). These
BGCs were directly cloned under the control of constitutive
promoters and transferred into heterologous host Caldimonas
brevitalea DSM 702946 (Burkholderiales, formerly Schlegelella
brevitalea DSM 7029) for expression analysis. The results did
not reveal any additional detectable peaks compared with the
control strain, further confirming that these BGCs are silent or
expressed at very low levels under laboratory conditions
(Figure S1).

As described above (Figure 2), an inactive initiation module
(here, the Cs domain, which is responsible for loading a lipid
chain) or the lack of suitable substrates may render the NRPS
silent or incapable of synthesizing the corresponding product.
To test this hypothesis, the RzmA-Cs domain with a full-length
linker was replaced with Cs domains from several silent NRPSs
(2C, 3C, 5C, epy, and 10C) of M. rhizoxinicaHKI 454.
Derivatives were not detectable in the crude extracts (Figure
S2), suggesting that NRPS inactivation may be associated with
impaired initiation units. The potential reason for this was
investigated via sequence alignment of Cs domains from three
known and five silent NRPSs of M. rhizoxinica HKI 454. The
Cs domain contains seven conserved motifs (C1−C7), with
the catalytic sequence HHxxxDG located within motif C3.47,48

The analysis revealed that 2C-Cs, 3C-Cs, 5C-Cs, 7C-Cs, and
10C-Cs harbor residue variations in three (C1, C6, C7), four
(C1, C2, C4, C7), one (C5), five (C3−C7), and five (C1−C5)
motifs, respectively, suggesting that these substitutions may
lead to dysfunction of the corresponding initiation units
(Figure S3). Thus, the replacement of the silent initiation unit
with well-characterized counterparts may recover initiation
module functioning, thereby facilitating the exploration of the
biosynthetic potential of these NRPSs.
Screening of Efficient Fusion Sites for Initiation Unit
Exchange

Although methods such as exchange units (XU, XUT)49−51

and module or domain substitution (C-A-T, Cs, A)32,39,52 have
enabled the engineering of certain NRPs, fusion site (FS)
compatibility remains a critical factor in NRPS engineering.
The identification of optimal FSs for engineering the “initiation
unit” responsible for activation was therefore our first
endeavor. The “NRPS Motif Finder” platform,48 which
resolves motifs and intermotif structures of NRPS domains,
was used for generating a bioinformatics map of the initiation
region. Based on sequence alignment, ten conserved FSs
(FS1−FS10) were identified and used for defining ten Cs-
containing initiation units (M1−M10) for comparative analysis
(Figure 3A, Figure S4). These sites include re-engineering
points validated in previous studies on NRPS,40,50,52 with each
construct avoiding at least one coevolving sector.48 The
initiation units M1−M10 correspond to CsN (N-lobe, residues
1−188), Cs (with short linker, residues 1−350), CsXU
(residues 1−442), Cs (full-length linker, residues 1−479),
CsA (with short linker, residues 1−918), CsA (full-length
linker, residues 1−958), CsAT (full-length linker, residues
1−1043), CsATC2N (residues 1−1226), CsATC2XU (resi-
dues 1−1492), and CsATC2 (full-length linker, residues
1−1529). Exchange of the initiation units M1−M4 at
FS1−FS4 resulted in the alteration of only the acyl chain
(Figure 3C, Figure S4). By contrast, exchange of initiation

units M5−M10 at FS5−FS10 led to changes in both the acyl
chain and the first amino acid (Figure 3D, Figure S4).

RzmA and HolA, two activated NRPSs from M. rhizoxinica,
were chosen as templates. Their initiation units use precursors
from primary metabolism, and their shared origin with the
silent BGCs renders them suitable for “initiation unit
engineering”. The resulting lipopeptides, rhizomide A and
holrhizin A, contain fatty acid chains recognized by the Cs
domains of acetyl-CoA (C2-CoA) and octanoyl-CoA (C8-
CoA), respectively (Figure 3B). The initiation units M1−M10
of HolA (HM1−HM10) were used to replace the counterparts
in RzmA (Figure 3, Figure S5a). The recombinant plasmid was
transferred into E. coli GB05-MtaA53 for heterologous
expression, and the products were analyzed by high resolution
electrospray ionization mass spectroscopy (HRESIMS). The
expected products were detected with ten recombinant
mutants: compound 1 at m/z 816.4834 [M + H]+ (calc.
816.4866) with RzmA-HM1 to RzmA-HM4 and compound 2
at m/z 802.4689 [M + H]+ (calc. 802.4709) with RzmA-HM5
to RzmA-HM10, corresponding to the molecular formulas
C41H65N7O10 and C40H63N7O10, respectively (Figure 3C,
Figure 3D, Figure S17).

Relative quantification analysis revealed that product yields
were higher following substitution with HolA initiation units
HM4−HM8. Specifically, substitution with the full-length Cs
domain (HM4) to alter the acyl chain was more effective than
that with HM3 and resulted in slightly higher product yield
(Figure 4A). In the scenario with alterations in both the acyl
chain and the first amino acid, HM7 afforded the highest yield
among all of the test constructs (Figure 4B). Moreover,
extending the replacement from the Cs domain to the full-
length CsAT module (HM2 to HM7) increased product
yields. Further extension to include the C domain of the
second C2-A2-T2 module reduced yields, with HM9 and HM10
affording approximately 3-fold lower yields than HM8, whose
yield was comparable to that obtained with HM4 (Figure 4A,
B). These results reveal that FS4 and FS7 are preferable for
initiation of unit engineering strategies depending on the
specific objectives.

The recombinants across modules that exhibited significant
differences in yields in the in vivo experiments, we next
expressed and purified two modules from initiation regions:
RzmA-Cs*A1T1C2A2T2 (Cs* is an R148A mutant with
recognition of octanoyl- and acetyl-CoA40) and four fusion
proteins (HM7: HolA-CsA1T1-RzmA-C2A2T2, HM8: HolA-
CsA1T1C2N-RzmA-C2A2T2, HM9: HolA-CsA1T1C2XU-
RzmA-A2T2, HM10: HolA-CsA1T1C2-RzmA-A2T2) in vitro
for yield comparison (Figure S6a). A substrate condensation
assay was carried out by incubating the substrates octanoyl-
CoA (C8-CoA), L-Leu/L-Val, and L-Thr with the five proteins
(Figure 4C). The target product 3 was observed with the four
fusion proteins, and the highest yield was obtained with HM7,
which is consistent with the in vivo results (Figure 4C, Figure
4D, and Figure S6). Compound 4 synthesized by RzmA-
Cs*A1T1C2A2T2 was also detected, but the yield was relatively
low.
Verification of Initiation Unit Engineering in M. rhizoxinica
HKI 454

To evaluate the availability of the screened sites, this strategy
was first applied to alter the initiation region of endopyrrole A
(epy) in M. rhizoxinicaHKI 454. The pathway is activated upon
coculture with the fungal host,16 suggesting that an insufficient
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supply of specific pyrrole precursor may be responsible for its
silence (Figure 5A). The epy BGC was directly cloned under
the regulation of the constitutive promoters PApra and P13

54 to
drive expression of the core gene cluster and the gene
responsible for the biosynthesis of the specific precursor,
respectively (Figure S7). The heterologous expression of the
epy BGC was successfully accomplished in C. brevitalea DSM
7029 Δglb (glidobactin biosynthetic gene cluster inacti-
vated),46 resulting in the production of endopyrrole A with
m/z 1001.4858 [M + H] + (Figure 5C, Figure S7). Next,
EpyD-CsAValT was replaced with RzmA-Cs*ALeuT (RM7) as
the new initiation module such that the pyrrole-Val precursor
moiety was substituted with an octanoyl-Leu fragment (Figure
5B, Figure 5C).

HPLC-MS analysis revealed a new compound 5, at m/z
1049.5896 [M + H]+ (C54H80N8O13), and a signature fragment
at m/z 240.1957 [M + H]+ (calcd 240.1958, octanoyl-Leu).
MS/MS fragmentation analysis comparison with endopyrrole
A indicates that compound 5 is a derivative of endopyrrole A
with an N-terminal octanoyl chain and Val → Leu substitution
(Figure 5B, Figure 5C, and Figure S18). Relative quantification
analysis showed that the production efficiency of compound 5
was slightly lower than that of endopyrrole A (Figure 5D).
These findings suggest that changing the initiation unit can
bypass its dependence on special substrates, underscoring the
potential of this strategy for activating silent NRPS pathways.

Changing Initiation Units to Access Silent NRPSs in M.
rhizoxinica HKI 454

Next, the activation of six silent NRPSs in M. rhizoxinica HKI
454 was attempted by applying the selected FSs (Figure 6A
and Table S4). Using recombineering,55 initiation units from
RzmA were used for replacing the initiation regions of NRPSs
in M. rhizoxinica HKI 454 Δrhi, containing inactivated rhizoxin
BGC.44 The specificity of the first A-domain of some NRPSs is
unknown; initiation units RM5−RM10, each containing Cs
and A domains, were therefore selected herein, with particular
emphasis on RM7. The HKI 454 recombinant strains
RM7−2A, RM7−2C, RM7−3C, RM8−5C, RM7−7C, and
RM8−10C were constructed (Figure S5b, Figure S5c). The C
domain in the second module of 10C is a bifunctional domain
(Cdual, condensation/epimerization) capable of catalyzing the
epimerization of an upstream amino acid. To avoid donor-
specific effects, the CsA1T1-C2A2T2-C3N region of 10C was
replaced with RM8 (CsATC2N). LC-MS analysis revealed
additional peaks in three recombinant strains harboring
RM7−2C, RM8−5C, and RM8−10C compared with the
control strain (Figure 6B). “Initiation unit engineering” of the
directly cloned BGCs 5C and 10C and heterologous expression
analysis were also carried out (Figure S5b). The results were
consistent with those observed in strain HKI 454 (Figure 6B),
and the same products were detected, indicating the successful
activation of the three silent NRPSs.

Figure 5. Modification of the initiation module of the BGC epy in M. rhizoxinica HKI 454. (A) BGC epy and its major product, endopyrrole A. (B)
Replacement of the initiation module using the fusion site (FS7) of RzmA-Cs*AT to generate compound 5. (C) HPLC-MS analysis of crude
extracts from the heterologous host C. brevitalea DSM7029-Δglb expressing epy recombinants generated via promoter insertion (P13-PApra-epy) or
RM7 replacement (PApra-RM7-epy). Extracted ion chromatograms reveal endopyrrole A at m/z 1002.4931 [M + H]+ and compound 5 at m/z
1049.5918 [M + H] +. Strain 7029-Δglb (Caldimonas brevitalea DSM 7029 with inactivated glidobactin BGC) and CYMG medium served as
controls. (D) Comparison of relative yields of derivative 5 and endopyrrole A.
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Figure 6. Changing the initiation unit to access previously silent NRPS BGCs in M. rhizoxinica HKI 454. (A) Predicted NRPS BGCs in M.
rhizoxinica HKI 454 using antiSMASH. Previously reported BGCs and the BGCs activated in the current study are shown in blue and red,
respectively. (B) HPLC-MS analysis of crude extracts from control strains and recombinant strains obtained by initiation unit exchange. HKI 454-
Δrhi denotes a rhizoxin-deficient strain of M. rhizoxinica; Δgbn::attB : represents the B. gladioli Δgbn::attB chassis strain used for heterologous
expression. Compound 6 was obtained via engineering of the gene cluster 2C (RM7−2C). Compounds 7−9 were obtained from the RM8−5C
mutant, whereas 10 and 13 were obtained from strains of RM8−10C and HM7−10C, respectively. Gene cluster 2C was processed in an
independent experimental batch distinct from the other groups. (C) Scheme depicting the biosynthesis of products generated upon modification of
gene cluster 2C with RzmA initiation module RM7. Genes A and B encode carbamoyltransferase and methyltransferase, respectively. (D) Scheme
depicting the biosynthesis of products generated upon modification of the gene cluster5C with the RzmA initiation module RM8. (E, H) Key
COSY and HMBC correlations of compounds 6, 7, 10, and 13. Biosynthetic scheme of products generated after modification of the gene cluster
10C using the RzmA initiation unit RM8 (F) or the HolA initiation unit HM7 (G).
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AntiSMASH analysis identified gene cluster 2C, whose core
biosynthetic genes encode four C-A-T modules. Its A1 and A4
domains were predicted to activate Ala and Ser, respectively,
whereas the substrate specificities of the A2 and A3 domains
could not be confidently assigned. The mutant strain
RM7−2C/HKI 454 Δrhi was constructed based on recombin-
eering at FS7. HPLC−MS analysis of the crude extracts
revealed the appearance of a new peak corresponding to
compound 6 (Figure 6B). The chemical formula of compound
6 was identified as C25H47N7O7 at m/z 558.3626 [M + H]+

(calc. 558.3610) (Figure S19). The 1H, 13C, DEPT, and
HSQC NMR data of 6 (Figures S30−S32, Figure S35, and
Table S6) revealed the presence of 25 resolved carbon signals,
including 4 methyl (one nitrogenated), 11 methylene (one
oxygenated and one nitrogenated), 4 methine (three nitro-
genated), and 6 nonprotonated carbons. Further analysis of the
HMBC and COSY spectra confirmed that 6 consists of an
octanoyl residue, a single Leu, Arg, Ser, and an N-
methylcarbamoyl group (Figure 6E, Figure S33−S34, and
Table S6). The complete sequence octanoyl-Leu1-Arg2-Ser3

was established based on correlations from α-protons and/or
α-NH protons to the carbonyl carbons of adjacent residues.
However, the precise site of attachment of the N-
methylcarbamoyl group could not be unambiguously deter-
mined due to weak HMBC signals. Gene A of BGC 2C
encodes a type III carbamoyltransferase, closely related to
TobZ,56 that catalyzes the ATP-dependent transfer of a
carbamoyl group to a hydroxyl acceptor, with subsequent
methylation of the resulting carbamoyl moiety mediated by the
methyltransferase encoded by gene B. The biosynthetic
function and common modification patterns of genes A and
B allowed us to propose that this group is linked to the
hydroxyl of the Ser.3 The absolute configurations of the amino
acid residues were determined to be L-Leu, D-Arg, and L-Ser
based on Marfey’s method and C-domain type analysis (Figure
6C, Figure S10).

Compound 6 contains three amino acid residues, whereas
gene cluster RM7-2C encodes four A domains. Cd2A2T2 and
C3A3T3 were then expressed for conducting in vitro
adenylation assays57 for the A domains; both were found to
selectively activate Arg (Figure S8a,b). Notably, the Cd2 is a
condensation/epimerization bifunctional domain that converts
upstream L-amino acids to the D configuration, whereas
Marfey’s analysis established an L-Leu residue in compound 6
(Figure S10). Replacement of the 2C−CsA1T1C2A2T2 with
RM7 resulted in HPLC−MS profiles similar to those observed
in the RM7−2C mutant (Figure S8c,d). This prompted us to
speculate that the module 2 function is skipped during the
formation of the tripeptide backbone of compound 6.

Gene cluster 5C contains three C-A-T modules starting with
a Cs domain. However, the amino acid recognized by the A1
domain is unknown, while the A2 and A3 domains were
predicted to recognize Val and Trp, respectively. Four
initiation units from RzmA (RM5 and RM7−RM9) were
selected for substitution, and the resulting plasmids were
transferred into heterologous hosts for product detection. All
of the mutant strains produced compounds 7 and 8, except for
the strain harboring RM5−5C (Figure S9a). In addition, a
cleaner metabolic background and higher yields were obtained
with Burkholderia gladioli Δgbn::attB58 compared to the chassis
strain DSM 7029 Δglb (Figure S9b). The products were
purified, and structural characterization was carried out by
using HRESIMS and NMR spectroscopy. Compound 7 was

isolated as a colorless oil, and its molecular formula was
established as C30H46N4O5 with m/z 543.3519 [M + H]+ (calc.
543.3541) through MS/MS analysis (Figure S20). 1H, 13C,
DEPT, and HSQC NMR analysis of 7 (Figures S36−S38,
Figure S41, and Table S7) indicated the presence of 30
resolved carbon signals, which were classified as 5 methyl, 8
methylene, 10 methine (five olefinic and three nitrogenated),
and 7 nonprotonated (four carbonyl and three olefinic)
carbons. The presence of signals corresponding to four
carbonyl (δC 173.3−176.6) and three nitrogenated methine
(δC 53.8−59.5) carbons reveals that 7 may be composed of
three amino acid residues and a fatty acid moiety. HMBC
correlations indicated that C-31 (the quaternary carbon of the
acyl moiety) is connected to Leu C-17 (tertiary carbon); Leu
C-30 (quaternary carbon) is connected to Val C-19 (tertiary
carbon) as well as Leu C-17 (tertiary carbon); and Val C-28
(quaternary carbon) is connected to Val C-19 (tertiary
carbon) and Trp C-18 (tertiary carbon), revealing 7 as the
linear lipopeptide octanoyl-Leu1-Val2-Trp3 (Figures S39−S40
and Table S7). The absolute configurations of the amino acid
residues were determined to be L-Leu, D-Val, and L-Trp using
Marfey’s method, in combination with the presence of a dual
condensation domain (Figure S10). In addition to compound
7 with an octenyl chain, two derivatives named compounds 8
and 9 with molecular formulas of C24H34N4O5 and
C31H48N4O5, with m/z 459.2602 [M + H] + (calc.
459.2594) and m/z 557.3674 [M + H]+ (calc. 557.3697),
were identified herein, respectively (Figure S20, Tables
S7−S9). Compared with compound 7, 8 contains an acetyl
chain in place of the octanoyl chain, whereas 9 features an O-
methylation Trp residue at the C-terminus (Figures S42−S53).

HRESIMS analysis of the crude extract from RM8-10C/
HKI 454 Δrhi revealed three additional peaks corresponding
to compounds 10−12 relative to the control (Figure 6B,F).
The molecular formula of 10 was identified as C30H55N5O8 at
m/z 614.4149 [M + H] + (calc. 614.4132), with a
characteristic fragment ion peak at m/z 240.1959 [M + H] +

(calc. 240.1958, octanoyl-Leu) (Figure S21). The NMR data
of 10 indicated the presence of 30 resolved carbon signals,
which were classified as 5 methyl, 13 methylene, 5 methine
(four nitrogenated), and 6 nonprotonated carbons (Table
S10). Further analysis of NMR spectroscopic data demon-
strated that 10 was composed of an octanoyl acid as well as a
single Leu, Val, Glu, and a Lys residue (Figures S54−S59).
HMBC correlations established the connectivity of the peptide
chain: C-27 (acyl quaternary carbon) to Leu 20-NH; Leu C-26
(quaternary) to Val C-23 (tertiary) and Leu C-20 (tertiary);
Val C-24 (quaternary) to Glu 22-NH; Glu C-25 (quaternary)
to Lys 21-NH; and Lys C-29 (quaternary) to Lys C-21
(tertiary) and C-13(secondary). On the basis of these
correlations, compound 10 was established as octanoyl-Leu1-
Val2-Glu3-Lys4 (Figure 6H, Figures S58, and Table S10). The
absolute configurations of L-Leu, L-Val, L-Glu, and L-Lys were
determined via Marfey’s method (Figure S10) and bio-
informatics analysis of the C domains. The molecular formulas
of 11 and 12 were ascertained to be C31H57N5O8 and
C32H59N5O8, with m/z values of 628.4288 [M + H] + (calc.
628.4280) and 642.4439 [M + H] + (calc. 614.4436),
respectively (Figure 6F, Figure S22), indicating the presence
of one (11) or two (12) more −CH2 groups than 10. MS/MS
fragmentation analysis indicated that 11 contains an O-methyl
group on the Lys carbonyl, whereas 12 harbors two O-methyl
groups on the carbonyl of Lys and Glu (Figure S21, Figure
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S22). O-Methylation of C-terminal residues is not uncommon
in Burkholderiales46 and may spontaneously occur during
sample preparation using acidified methanol/aqueous solutions
via the activities of a specialized TE domain of NPRS59 or a
genome-encoded O-methyltransferase.60

The A2 and A3 domains in 10C are predicted to recognize
Val, consistent with the first activated amino acid of HolA
(Figure 3B). Accordingly, the initiation region CsAT-C2AT of
10C was replaced with the HM7 module from HolA for
heterologous expression in B. gladioli Δgbn::attB. The resulting
product 13 was detected in the crude extract at m/z 600.3978
[M + H] + (calcd 600.3967, C29H53N5O8) (Figure 6G, Figure
S23). MS/MS analysis revealed a shift in the signature
fragment ion peak at m/z 240.1959 [M + H] + (octanoyl-
Leu) in 10 to m/z 226.1805 [M + H] + (octanoyl-Val) in 13
(Figure S23). The 1H, 13C, DEPT, and HSQC NMR analysis
of 13 (Figures S60−S62, Figure S65, and Table S11) indicated
the presence of 29 resolved carbon signals, which were
classified as 5 methyl, 12 methylene, 6 methine (four
nitrogenated), and 6 nonprotonated (six carbonyl) carbons.
Further analysis of HMBC and COSY correlations involving α-
protons and/or α-NH groups with the carbonyl carbons of
adjacent residues revealed that 13 corresponds to the linear
lipopeptide N-octanoyl-Val1-Val2-Glu3-Lys4 (Figures S63−S64,
Table S11). Both 10 and 13 are activated derivatives generated
by altering the initiation region of 10C with well-characterized
initiation units from two NRPSs, suggesting that exchange of
initiation units is a viable strategy for exploring the potential
biosynthetic capacities and structural diversity in NRPs.

The anti-inflammatory activities of four compounds (7, 8,
10, and 13) were evaluated herein. Compound 10 exhibited
anti-inflammatory activity to a certain extent, and its nitric
oxide levels were reduced by 10% at 40 μM relative to the LPS-
treated control (Figure S11). None of the compounds
exhibited antibacterial activity or cytotoxicity.
Possible Reasons for (Un)Successful Activation

The initiation of the Cs-A-T module in the NRPS is a highly
dynamic process. The Acore subunit activates the amino acid to
form aminoacyl-AMP and subsequently transfers it to the thiol
of the 4′-phosphopantetheine (Ppant) arm of the T domain to
generate aminoacyl-T (Figure S12). The flexible Asub subunit
then swings toward the Cs domain with aminoacyl-T, where
the Cs domain condenses the fatty acyl chain with aminoacyl-
T to form a peptide bond.27,61,62 Replacement with
heterologous modules often leads to a reduced yield or lack
of synthesis of the product, likely due to disruption of essential
interdomain interfaces. The highest product yield was observed
with HM7, indicating that this design preserves the effective
interactions among the C, A, and T domains of the initiation
module. Phylogenetic analysis and evolutionary distance
calculations of the donor and acceptor Cs domains revealed
acceptor Cs domains from the successfully engineered NRPSs
with their donor counterparts on the same branch and that
they exhibit shorter evolutionary distances than the un-
successful pairs (Figure S13a). Among the successfully
activated NRPSs, 5C-Cs exhibited a short evolutionary
distance from the donor RzmA-Cs*, with the highest score
(Figure S13b). Understanding dynamic interdomain inter-
actions and selecting native or phylogenetically related
initiation units for exchange facilitate efficient NRPS activation
and the engineering of lipopeptides with novel structures and
bioactivities.

For the remaining three BGCs, various FSs were tested for
swapping the initiation regions; however, the desired products
were not obtained in any case. Native and engineered initiation
units (2A-A1T1C2A2T2, 3C-CsA1T1C2A2T2, 7C-CsA1-MT-
T1C2A2T2, RCs*A1T1-2A-C2A2T2, RCs*AT-3C-C2A2T2, and
RCs*A1T1-7C-C3A3T3) were cloned and expressed in E. coli
BAP1 to see the reason of the unsuccessful activation by in
vitro analysis. Constructs RCs*A1T1(M7)-2A-C2A2T2 and
RCs*A1T1(M7)-7C-C3A3T3 showed higher expression than
the original CsA1T1C2A2T2, whereas two proteins from the
gene cluster 3C continued to be poorly expressed (Figure
S14a), suggesting that the still silence of gene cluster 3C may
be related to limitations in protein expression. Moreover, the
proposed dipeptide product could not be detected in in vitro
assays using RCs*A1T1-2A-C2A2T2, implying that the fusion
may impair domain interactions or module adaptation. In vitro
assays of RCs*A1T1-7C-C3A3T3 showed the production of the
target product (C8-Leu-Thr) with m/z 359.2525 [M + H]+

(calc. 359.2540), indicating successful activation of the
initiation region (Figure S14d). Thus, the gene cluster 7C
inactivation probably arises from deficiencies in the down-
stream elongation module.
Using Initiation Unit Engineering to Access
Underexplored NRPSs Containing Cs Domains in Other
Strains of Proteobacteria

The applicability of the “initiation unit engineering” strategy
was further explored in other Burkholderia-derived NRPSs.
Based on antiSMASH analysis, two NRPS BGCs, BgBGC7 and
BpBGC12, from Burkholderia sp. GL003845 and Burkholderia
plantarii PG163 were selected and predicted to synthesize a
pentapeptide and heptapeptide with FA-Thr-Thr-Tyr-X-X and
FA-Thr-Pro-Ser-Ala-Ile-X-Pro backbones, respectively (Figure
S15a). LC-MS analysis failed to detect the corresponding
products, indicating that both BGCs were silent under
laboratory conditions. The A1 domains from BgBGC7 and
BpBGC12 are predicted to recognize Thr. In our previous
study, two classes of lipopeptides, burriogladiodins (bgdd) and
haereogladiodins (hgdd), were mined from Burkholderia
gladioli ATCC 10248,64 also start with Thr, which was
subsequently dehydrated to dehydrobutyrine (Dhb), possibly
catalyzed by the downstream C-domain.26 The initiation units
of BgBGC7 and BpBGC12 were altered herein with the Cs
domains from Hgdd and Bgdd using FS4, respectively (Figure
S15b, Figure S15d). The recombinant plasmids were trans-
formed into DSM 7029 Δglb and B. gladioli Δgbn::attB for
heterologous expression; extra peaks (compounds 14−15 and
16−19) were observed in the crude extracts from strains
HM4-BgBGC7 and BM4-BpBGC12, suggestive of the
activation of the previously silent biosynthesis pathways
BgBGC7 and BpBGC12. The substrate prediction of A
domains combined with HRESIMS analysis allowed us to
determine that the products of HM4-BgBGC7 are haereogla-
diodin B (14) and A (15)64 and the products of BM4-
BpBGC12 are burrioglumin A (16)65 and three new
derivatives, burrioglumin C-E (17−19) (Figure S15c,d, Figure
S24−S25). These results suggest that the “initiation unit
engineering” strategy can be extended to phylogenetically
related Burkholderia-derived NRPSs.

Nonribosomal lipopeptides are abundant secondary metab-
olites in Pseudomonas strains.66 The “initiation unit engineer-
ing” strategy was therefore applied for investigating two NRPSs
(PsBGC10 and PsBGC9A) of Pseudomonas syringae 1.3070.
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Sequence alignment identified several substitutions at con-
served motifs in the Cs domains of PsBGC10 and PsBGC9A.
In PsBGC10, the conserved Glu residue in the C1 motif is
replaced by Gly (which has a substantially different structure
and physicochemical property), and the conserved Gln residue
in the C6 motif is substituted with Glu (Figure S16). In
PsBGC9A, the conserved nonpolar Leu residue in the C2 motif
is replaced by the polar residue Thr, and the conserved Met in
the C5 motif is replaced by His. These substitutions at highly
conserved positions may be associated with the compromised
performance of the initiation region. AntiSMASH analysis
indicated that PsBGC10 and PsBGC9A encode six and eight
C-A-T modules, corresponding to the structural scaffolds
FA−Leu−Ser−X−X−β-Ala−Ser and FA−X−Leu−Gln−-
Leu−Thr−Val−Leu−Leu, respectively. Detailed substrate
predictions by PARAS suggested that the A3 and A4 domains
of PsBGC10 recognize homoserine (Hse) and Leu/Val,
respectively, whereas the A1 domain of PsBGC9A is likely
specific for Leu/Ile. Using double crossover recombination, the
native Cs domains of PsBGC10 and PsBGC9A were
successfully substituted with the RzmA-Cs* (RM4) and Ico-
Cs (Ico-M4, the first Cs domain of the icosalide biosynthetic
pathway in B. gladioli ATCC 1024867), respectively (Figure
7A,C). HPLC-MS and MS/MS analysis of the crude extracts
enabled the detection and identification of the products of
RM4-PsBGC10 to be 20−22 and the product of IcoM4-
PsBGC9A to be 23, a derivative of syringafactin A66 (Figure 7,

Figures S26−S27). These results indicate the efficacy of the
initiation unit engineering strategy for accessing the Proteobac-
teria-derived NRPSs and redirecting the assembly of non-
ribosomal lipopeptides while preserving the integrity of the
core peptide scaffold.
Creating Artificial Lipopeptides by Heterologous Initiation
Unit Exchange

Lipid chains are critical determinants of NRP bioactivity.28,66

The fatty-acid moiety anchors the lipopeptides to the
phospholipid bilayer, thereby prolonging target engage-
ment,68,69 while chain length modulates the balance between
biological activity and cytotoxicity.70 Initiation unit engineer-
ing provides a strategy for enhancing yields while concom-
itantly converting nonlipidated NRPs into lipopeptides. The
addition of a fatty acyl chain at the N-terminus of NRPs,
achieved via the introduction of a Cs-containing initiation unit,
can alter its chemical properties and enhance its biological
activity and drug-like potential.

In our previous study, heterologous expression of a cryptic
chm BGC from Chitinimonas koreensis DSM 17726 (family
Burkholderiaceae) in C. brevitalea DSM 7029 resulted in the
discovery of novel NRPs called chitinimides.46 ChmA catalyzes
the formation of a ureido-bond between the first Phe and the
second Dhb in charge of the fragment in a head-to-head
manner via the first ureido-bond-forming Cu domain (Figure
8A). To add an N-terminal lipid chain, the native APhe-T-Cu
initiation region was replaced with a Cs-containing initiation

Figure 7. Engineering the initiation unit to access underexplored gene clusters in Pseudomonas syringae 1.3070. (A, C) Scheme depicting product
biosynthesis following the engineering of PsBGC10 with RzmA-Cs* (RM4) and PsBGC9A with Ico-Cs (IcoM4). (B, D) HPLC-MS analysis of the
crude extracts of wild-type P. syringae 1.3070 and the recombinant strains obtained upon PsBGC10 and PsBGC9A initiation unit exchanged.
Extracted ion chromatograms (EIC) are shown at m/z 703.4236 [M + H]+ (20), m/z 717.4393 [M + H]+ (21), m/z 685.4131 [M + H]+ (22), and
m/z 1054.7122 [M + H]+ (23).
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unit that preferentially loads Dhb, thereby preventing ureido
bond formation and improving compatibility between the
exogenous Cs and target NRPS. This Cs domain was selected
due to the Dhb residue in the lipopeptide burriogladiodin
(bgdd) from B. gladioli ATCC 1024864 and integration via the
optimized fusion site FS4 (Figure 8B,C). The engineered chm
BGC plasmid (BM4-chm) was integrated into the genome of
C. brevitalea DSM 7029 Δglb for subsequent fermentation and
product detection.

Metabolic profiling of the crude extract revealed three
distinct absorption peaks at 254 nm, corresponding to
products 24, 25, and 26, with compound 26 exhibiting the
highest yield (Figure 8D). HRESIMS analysis determined the
molecular formula of 26 as C41H66N10O10S2 with m/z
923.4473 [M + H]+ (calc. 923.4478) (Figure S28). Detailed
NMR analysis in combination with MS/MS data showed that
26 consists of a β-hydroxydecanoate chain and seven amino
acid residues (Dhb, L-Ser, Dhb, L-Arg, L-Pro, L-Cys, and L-
Met), representing a derivative of lipo-chitinimide A (Figures
S66−S71, Table S12). HRESIMS and MS/MS analysis further
indicated that 24 (C53H86N12O13S2, at m/z 582.3033 [M +
2H]2+, calc. 582.3012) and 25 (C40H64N10O10S2, at m/z
909.4319 [M + H]+, calc. 909.4321) are lipidated derivatives of
chitinimides C and E, respectively (Figure 8C, Figure S28).
The yield of the engineered compound 26 was nearly 5-fold
higher than that of chitinimide A (Figure 8E), underscoring

the potential of this engineering approach for facilitating
scalable production. Cytotoxicity assays showed that 25
exhibited moderate cytotoxicity against the cell lines of
HepG2 and A549 tumors, with IC50 values of 8.36 and
12.02 μM, respectively, surpassing those of 24 and 26 as well
as chitinimide A (Table S13). Due to its extremely low yield,
chitinimide E could not be purified for comparative evaluation.

The BGC pip responsible for pseudotetraivprolide synthesis
has been recently identified and activated in Pseudomonas.71 Its
biosynthesis begins with an A domain (Arg) but lacks a Cs
domain (Figure 9A), and this BGC is also found in P. syringae
1.3070 (PsBGC6). Using double crossover recombination, the
Cs domains (PApra-BM4, Bgdd-Cs) were added upstream of
the A1 domain of PipA (Figure 9B). This modification resulted
in the addition of a fatty acyl chain at the N-terminal of
pseudotetraivprolide to yield derivative 27 (Figure 9C), with a
molecular formula of C41H69N9O9S2 at m/z 448.7430 [M +
2H]2+ (calc. 448.7403), and the structure was verified by MS/
MS fragmentation analysis (Figure 9C, Figure S29).

Cs domains play a crucial role in loading lipid chains during
the biosynthesis of nonribosomal lipopeptides and display
variability in the properties of substrate selection and
specificity across various NRPS BGCs. Some recognize and
condense a single fatty acyl substrate from primary metabolism
or with different modifications, whereas others exhibit
substrate-tolerance and the ability to synthesize diverse lipid

Figure 8. Introduction of an N-terminal fatty acyl chain by engineering the initiation region of ChmA. (A, B) Schematic representation of the
BGCs bgdd and chm from B. gladioli ATCC 10248 and C. koreensis DSM 17726, respectively, and their major products, burriogladiodin A and
chitinimide A, C, and E. (C) Scheme depicting the biosynthesis of products obtained upon engineering BGC chm with the Bgdd-derived initiation
unit BM4. (D) UV spectra (254 nm, ii) and HPLC-MS analysis of crude extracts from strain DSM 7029Δglb/BM4-chm. Base peak chromatograms
are shown at m/z 1163.5951 [M + H]+ (24), m/z 909.4321 [M + H]+ (25), and m/z 923.4478 [M + H]+ (26). (E) Comparison of relative yields
of derivative 26 and chitinimide A.
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chains.33,72,73 Recent studies have increasingly focused on Cs
domain engineering approaches for modulating its selectivity
toward lipid chain substrates.39,40,74 Our study showcases the
incorporation of lipid chains into the typically nonlipidated
chitinimides and pseudotetraivprolides derived from β- and γ-
Proteobacteria to generate non-natural lipopeptides, providing a
new perspective for NRPS engineering and optimizing.

■ SUMMARY
This study introduces the concept that the engineering
initiation unit can activate and optimize the expression of
silent or underexplored NRPS, successfully accessing three
previously silent NRPSs pathways in a Burkholderiales strain.
Furthermore, the application of this strategy to previously
unexplored NRPSs of Proteobacteria resulted in the activation
of four BGCs, yielding derivatives and a class of new
lipopeptides. This strategy provides a feasible complement to
the current genome mining approaches. The initiation unit
engineering strategy integrates the principles of both gene
cluster activation and combinatorial biosynthesis. This method
enables the revival of NRPS BGCs in a manner in which
existing regulation-based genome mining strategies cannot
readily be achieved. Moreover, N-terminal lipid chains are
crucial for the activity of lipopeptides. To enhance the
properties of NRPs lacking these lipid chains, a heterologous
initiation unit was employed for replacing or supplementing
the original initiation region, thereby facilitating the creation of
artificial nonribosomal lipopeptides and ultimately yielding

four novel lipo-derivatives. This study presents an effective
approach for achieving the activation and optimization of
nonribosomal peptides and offers profound insight into the
exploration of bacterial biosynthetic pathways.

■ METHODS
A detailed description of the methods mentioned in the text�
including bacterial strains, reagents and growth conditions, plasmid
construction, bioinformatics analysis, the design and replacement of
the initiation unit, in situ modification of the initiation units of NRPS
in M. rhizoxinica HKI 454, fermentation and subsequent HPLC-MS
analysis of crude extracts from various strains, purification and
characterization of compounds, Marfey’s analysis, biological activity
screening and purification, sequence alignment and distance analysis,
and characterization of enzymes�are provided in the Supporting
Information.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.6c01193.

Bacterial strains, mutants, plasmids, primers, and gene
clusters used in the study (Tables S1−S4); Evolutionary
analysis of 13 groups containing 33 NRLP gene clusters
in this study (Tables S5); The 1H (600 MHz), 13C
NMR (150 MHz), HMBC, and COSY data of
compounds in this study (Tables S6−S12); IC50 values
of compounds 24−26 using seven cancer cell lines in

Figure 9. Introduction of an N-terminal fatty acyl chain in pseudotetraivprolide via engineering of the initiation region of PipA. (A) Schematic
representation of BGC pip and its product pseudotetraivprolide 5a from Pseudomonas. (B) Scheme depicting the biosynthesis of product 27
following the addition of Bgdd-Cs (BM4) to PipA. (C) HPLC-MS analysis of crude extracts from P. syringae 13070 mutants generated upon the
insertion of PApra-BM4.
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Tables S13; Multiple alignment of the NRPS initiation
module (Figure S3, Figure S4, and Figure S16);
Workflow diagram of direct cloning (Figure S1),
heterologous expression and modification of initiation
module of BGCs in this study (Figure S5, Figure S7, and
Figure S15); Functional validation of the initiation
module of the silent BGCs in M. rhizoxinica HKI 454
(Figure S2), in vitro analysis yields compound 3 and
compound 4 (Figure S6), comparison the yields of
compound 8 (Figure S9), evaluation of the anti-
inflammatory activities of compounds 7, 8, 10,and 13
(Figure S11); Marfey’s analysis of the amino acid
constituents of various compounds (Figure S10). In vitro
adenylation assays of 2C-C2A2T2 and 2C-C3A3T3 and in
vitro protein expression and functional characterization
of silent NRPSs (Figure S8, Figure S14); HRESIMS
spectra and MS/MS fragmentation data of products
(Figures S17−S29); NMR spectra of compounds used
in this study (Figures S30−S71) (PDF)
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