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The emergence of antibiotic resistance coupled with the scar-
city of new antibiotics is causing a global health crisis in the 
twenty-first century1. Nonribosomal peptides (NRPs), which 

are biosynthesized by large, modular, multifunctional enzymes 
known as nonribosomal peptide synthetases (NRPSs), are among 
the most widespread and structurally diverse antibiotics in nature. 
In addition to proteinogenic amino acids, NRPSs can also incor-
porate nonproteinogenic amino acids, such as d-amino acids  
(d-aa), dramatically expanding their bioactive chemical space2–6. 
The increasing problem of bacterial resistance to many current 
antibiotics has led to rising interest in the therapeutic potential of 
NRP antibiotics3. Current peptide antibiotic drugs, such as bacitra-
cin, daptomycin, polymyxin, and vancomycin, most of which are 
d-aa-containing NRP (DNRP) antibiotics, constitute very effective 
treatments for infections caused by drug-resistant pathogens2–4. 
However, overuse of these antibiotics over decades has inexora-
bly resulted in the widespread emergence of resistant bacteria7,8. 
Current resistance mechanisms to these peptide antibiotics mainly 
involve modifying bacterial cell walls or membranes and reducing 
drug binding affinity7–9. For instance, resistance to the DNRP van-
comycin is developed when dd-peptidases VanX and VanY catalyze 
the removal of the drug’s target in peptidoglycans of Gram-positive 
bacteria, thus reducing the binding affinity of vancomycin10. 
DNRPs that overcome established clinical resistance mechanisms, 
including ramoplanin, tridecaptin, lugdunin, and teixobactin, have 
been introduced as attractive therapeutic candidates4,11–13. However, 
as they possess a remarkable ability to rapidly adapt in response to 
antibiotics, bacteria will eventually evolve to harbor resistance to 
new antibiotics. These inevitable cycles of antibiotic discovery and 
resistance not only present the risk of overconfidence in peptide 
antibiotics, but also highlight the importance of elucidating emerg-
ing resistance mechanisms9.

Antibiotic producers harbor intrinsic resistance determinants 
that typically function with a specific class of small molecules for 
self-protection and are often associated with antibiotic biosyn-
thetic gene clusters (BGCs). BGCs constitute a source of emerging 

resistance that might possess clinical relevance14–16. In the present 
report, we describe a networking-associated global genome-mining 
approach that links the chemical building blocks of DNRPs to resis-
tance genes associated with their BGCs. By applying this approach 
to publicly available complete bacterial genomes, we identified 
a family of d-stereospecific peptidases that are phylogenetically 
widely distributed in nature. This mechanism of d-stereospecific 
resistance that was identified by global genome mining was experi-
mentally validated by a combination of chemical and enzymatic 
analyses. Additionally, these d-stereospecific resistance peptidases 
possess broad-spectrum resistance against current and new antibi-
otics, demonstrating their potential to pose a risk to human health 
if transferred to pathogens.

RESULTS
Linking d-aa to resistance elements by networking. Current 
genome-mining strategies rely heavily on comparing sequences 
with known BGCs to identify uncharacterized BGCs17,18, limiting 
the potential linking of chemistry with biology. Here we developed 
a global genome-mining platform that targets the specific underly-
ing biosynthetic logic of BGCs in 5,585 complete bacterial genomes 
available online by parsing the pattern depending on the presence 
or absence of biosynthesis elements, such as assembling and tailor-
ing domains and proteins (Supplementary Fig. 1). Our global analy-
sis of 6,879 NRPS BGCs through the application of this approach 
revealed 2,511 BGCs encoding DNRPs (36.5%) that are extremely 
diverse and widely distributed throughout the bacterial domain 
(Supplementary Figs.  2 and 3). In addition, the majority of these 
BGCs are uncharacterized and have the potential for novel natural 
product production.

We next sought to determine the hidden biosynthetic logic link-
ing the d-aa building blocks of DNRPs and their associated enzymes, 
transporters, and regulators by using global co-occurrence- 
network-based analysis of biosynthetic elements in pattern matrices, 
with the ultimate goal of identifying a set of resistance determinants 
that recognize and function specifically with DNRPs. The resulting  
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co-occurrence network revealed an unexpected finding: there are 
specific sets of BGC-associated resistance elements that are signifi-
cantly associated with the d-aa building blocks of DNRPs (Fisher’s 
exact test; P1 <​ 0.005, P2 <​ 0.05; Fig. 1a and Supplementary Fig. 4). 
d-Leu, d-Cys, and d-Glu were found to be frequent drivers of 
network connections with transporters and regulators, whereas  
d-Thr, d-ornithine (d-Orn), and d-Ser were mainly associated with 
enzymes, likely because d-aa that have hydroxyl and amine groups 
tended to be enzymatically modified by tailoring enzymes such as 
acyltransferases or glycosyltransferases.

Remarkably, the BGC-associated peptidases (E5), which are 
a cluster of the orthologous group of MEROPS S12 peptidases 
collected on the basis of seed alignment in AntiSMASH19, were 
connected to a range of different DNRPs. The two best-known 
representatives of MEROPS S12 peptidases are dd-carboxypepti-
dase and β​-lactamase. The former is involved in the synthesis and 
remodeling of bacterial cell walls, whereas the latter is well known 
to confer resistance to β​-lactam family antibiotics9,10,20,21. Global 

analysis of 26,344 bacterial BGCs detected 1,282 E5 enzymes, which 
are phylogenetically widely distributed in bacteria. Moreover, 218 
(8.7%) DNRP BGCs harbored a BGC-associated E5. Although clas-
sic β​-lactamases in pathogens are well known to confer resistance to 
β​-lactam-family antibiotics, the function of putative β​-lactamases 
in native microbial communities remains poorly understood20,21. 
The strong association between E5 and the total d-aa exhibited in 
Firmicutes (Fig. 1b) and the associations (6- to 12-fold above aver-
age) between E5 and individual d-aa blocks observed at the genus 
level (Fig.  1c) further suggest that the widely distributed DNRP 
BGC-associated E5s may be d-stereospecific peptidases that func-
tion specifically with DNRPs. In particular, the extremely strong 
association (of the 73 BGCs that encode D-Asn1-containing NRPs, 
72 of them harbor E5; P1 =​ 4.1 ×​ 10−83) between E5 and a d-Asn1  
building block corroborates recent findings of a widespread 
d-Asn1-specific activation mechanism of the N-acyl-d-Asn1 pre-
cursor22–24. In contrast to d-Asn1 activation peptidases, which are 
conserved across the bacterial domain, other peptidases correlated 
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Fig. 1 | Co-occurrence networks reveal the widespread distribution of BGC-associated d-stereospecific peptidases. a, Pairwise co-occurrence network 
between d-amino acid (d-aa) and resistance elements (enzymes, regulators, and transporters). Major lineages between d-aa of DNRPs and their  
BGC-associated resistance elements were extracted from the co-occurrence network (Supplementary Fig. 4). The thickness of each connection (edge) 
represents the relative proportion of d-aa associated with antibiotic determinants, and the size of each node represents the relative abundance of each 
biosynthesis element. Only BGC-associated enzymes discussed within this study are labeled. b, Relative proportion of DNRP BGCs in NRP BGCs with or 
without E5 in Firmicutes and its four genera (n =​ the number of NRP BGCs carrying E5). The result indicates a strong association of E5 with DNRP BGCs in 
Firmicutes (P values were determined using the two-sided Fisher’s exact test; ***P <​ 0.001). c, Heat map of the association between d-aa of DNRPs (n ≥​ 3) 
and E5 at the genus level. Colors in the heat map represent fold change of the proportion of DNRP BGCs carrying E5 in DNRP BGCs against the proportion 
of NRP BGCs carrying E5 in NRP BGCs.
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with d-aa were divergent and diverse (Supplementary Figs.  5–8).  
Taking into consideration the substantial differences in the putative 
d-aa arrangement patterns in DNRPs (Supplementary Figs. 9 and 10),  
we predicted that the other d-aa-correlated peptidases might be 
involved in d-stereospecific self-resistance of DNRPs rather than 
pro-drug activation. We therefore designated these peptidases as 
d-stereospecific resistance peptidases (DRPs).

Biosynthetic and metabolic analysis of DNRPs. As the most 
extensive association was observed in Firmicutes (Fig.  1b,c), we 
focused our follow-up screening on NRPs with potential d-ste-
reospecific self-resistance enzymes in the genera Brevibacillus and 
Paenibacillus. To evaluate whether the putative DRPs possess d-ste-
reospecific cleavage activity, we selected putative DRP genes triF and 
bogQ (associated with tridecaptin and bogorol BGCs, respectively; 
Fig. 2a and Supplementary Figs. 9 and 10) for further investigation. 
Brevibacillus laterosporus DSM 25 and ATCC 9141, which harbor an 
active bogorol gene cluster (bogA–Q), and Paenibacillus polymyxa 
CICC10580, which harbors active tridecaptin gene clusters (triA–F 
and trbA), were selected on the basis of genome-mining and meta-
bolic analysis (Fig. 2). Both of these strains produced corresponding 
truncated products that were cleaved from bactericidal DNRPs, as 
established by MS/MS and NMR analyses of peptides isolated from 
fermentation broths12,25–28 (Supplementary Note). We predicted 
that truncated products were generated from parent tridecaptins 
(1​ and 2​) or bogorols (3​–8​) by cleaving the central amide bond at 
specific d-aa carbonyl groups. Compounds 9​–12​ were d-Orn4 and 

d-Lys8 hydrolytic products of bogorol A (3​), whereas compounds 
13​ and 14​ were d-Trp5 hydrolytic products of tridecaptin B (1​) 
(Fig. 2b–d and Supplementary Fig. 11). These hydrolytic products 
(9​–11​, 13​, and 14​) lacked antibacterial activity at concentrations of  
128 µ​g mL−1 (Supplementary Table  1), indicating that BogQ and 
TriF might be peptidases for antibiotic self-resistance.

The predicted biosynthesis of bogorol starts with two NRPS 
modules that introduce 2-hydroxy-3-methylpentanoic acid (Hmp), 
a carboxylic acid, and dehydroamino acid (Aba), a noncanoni-
cal amino acid. In accordance with the co-linearity rule, the other 
12 amino acids, including DRP-recognition residues d-Orn4 and  
d-Lys8, are introduced into the linear peptide, and the final product 
alcohol, bogorol, is reductively released by the reductase domain of 
BogF (Supplementary Fig. 10). Taken together, we anticipated that 
the d-Orn4- and d-Lys8-‘labeled’ antibiotic bogorols would be pro-
duced by their host to inhibit their competitors, and the putative 
DRP would be employed as an inactivation enzyme to modify anti-
biotics for self-protection. A similar self-protection strategy was also 
employed in the tridecaptin biosynthesis pathway (Supplementary 
Table 1 and Supplementary Fig. 12).

Biochemical characterization of DRPs BogQ and TriF. BogQ 
is a putative S-layer-associated protein, whereas TriF is a putative 
membrane-associated protein, and both of these harbor a signal 
sequence and a MEROPS S12 peptidase catalytic domain based 
on in silico analysis29,30. To evaluate whether DRPs BogQ and TriF 
are capable of cleaving DNRPs, we cloned the genes and expressed 

Tridecaptin A
(triA-F, 63.8 kb)

triF

Tridecaptin B
trbA, 42.3 kb

B. laterosporus
DSM 25 and ATCC 9141

bogQ

P. polymyxa CICC 10580

NRPS

Transporter

DRP

Other

Tailoring

Bogorol
(bogA-R, 63.9 kb)

a

c db D-Trp5

Tridecaptin B (1)

Bogorol A (3)

D-Orn4
D-Lys8 M+2H]2+

528.7

792.5

400 500 600 700 800

441.8

882.6

720.5

[M+2H]2+

[M+H]+

9

3

11

831.6 [M+H]+

730.0 [M+2H]2+

650 700 750 800 850 900 m/z

900 m/z

646.4 [M+H]+

13

1
14 1

13

14

d

4 6 8 10 Time (min)

P. polymyxa
CICC10580

2

4

0.5
1

4 6 8 10 12 Time (min)

3

0.5
1

d

10

11

9
B. laterosporus
DSM25

2
4

443.3 [M+H]+
10

Fig. 2 | Genetic and metabolic analyses reveal the d-stereospecific hydrolytic activities of DRPs. a, The BGCs of bogorol from B. laterosporus DSM 25 
and ATCC 9141, as well as tridecaptin A and tridecaptin B from P. polymyxa CICC 10580. BogQ from the strain DSM 25 and that from the strain ATCC 9141 
share 85% amino acid sequence identity. The intersecting dotted lines indicate genes shared by two gene clusters within the same host (Supplementary 
Fig. 10). b, Structures of DNRPs tridecaptin B and bogorol A, with DRP recognition motifs highlighted. c, Stacked overlay of the mass spectra (electrospray 
ionization) of parent compounds (black), C-terminal fragments (blue), and N-terminal fragments (red). Data are representative of two independent 
experiments. Top, tridecaptin B; bottom, bogorol A. d, Time-course analyses of corresponding compounds produced by P. polymyxa CICC 10580 (top) and 
B. laterosporus DSM 25 (bottom) at different fermentation times (representative of three independent experiments). For enzymatic cleavage patterns, see 
Supplementary Fig. 11.

Nature Chemical Biology | www.nature.com/naturechemicalbiology

© 2018 Nature America Inc., part of Springer Nature. All rights reserved.

http://www.nature.com/naturechemicalbiology


Articles NaTure CHemical BiOlOgy

the enzymes for in vitro characterization (Supplementary Fig. 13). 
The soluble periplasmic peptidase domain of TriF (TriFpep) without 
the signal peptide or four hydrophobic C-terminal transmembrane 
helices was overexpressed and purified. TriF and BogQ exhibited 
d-stereospecific hydrolysis activity against their correlated DNRPs 
in an in vitro assay (Fig.  3a–c). According to comparisons of the 
primary structures, the peptidase domain exhibits two conserved 
motifs (SxxK and Yxx) that characterize the catalytic center of the 
MEROPS S12 enzyme family29. The hydrolytic activity of BogQ 
mutants (S106A or Y200A) and TriF mutants (S95A or Y190A) was 
completely abolished, confirming that their activity is caused by 
the peptidase catalytic domain. TriF exhibited specific amide bond 
hydrolytic activity at the C-terminal side of d-Trp in both 1​ and 
oct-tridecaptin A (22​; Fig.  3b,c), whereas BogQ strongly targeted 
the C-terminal sides of d-Orn and d-Lys in 3​ (Fig. 3a) as expected.

The strong preference for d-Orn4 and d-Lys8 compared to l-
Lys11 in the bogorols (3​–8​; Supplementary Table  2) indicated 
the d-stereospecific selectivity of BogQ, which was further sup-
ported by the preference of BogQ for d-diaminobutyric acid 
(Dab)2 and d-Dab8 over the l-Dab7 of exogenous tridecaptin  
(1​; Fig.  3b). To ascertain the d-stereospecific selectivity of BogQ 
and TriF, we assayed a series of tridecaptin and bogorol derivatives 
(22​–36​ and 37​–44​, respectively) with varying recognition motifs 
(Supplementary Table 2). As anticipated, C- and N-terminal hydro-
lytic fragments corresponding to the l enantiomer motifs were not 
detected in BogQ assays against l-Orn-truncated bogorols (39​ and 43​)  
or l-Dab2 and l-Dab8 tridecaptins (23​ and 24​) or in TriFpep assays 
against an l-Trp5 tridecaptin derivative (25​; Supplementary 
Table 2). Comparison of the cleavage efficiencies of BogQ against 
d- or l-Orn-bogorol derivatives (Fig. 3d, 38​ vs. 39​ and 42​ vs. 43​), 

BogQ against d- or l-Trp-tridecaptins (Fig. 3e, 22​ vs. 23​ and 24​), 
and TriFpep against d- or l-Trp-tridecaptins (Figs. 3f, 1 and 22​ vs. 25​)  
further verified their d-stereospecific selectivity.

Notably, both endogenous bogorols and exogenous tridecaptins 
were specifically hydrolyzed by BogQ at the site of positively 
charged d-Lys, d-Orn or d-Dab, implying that BogQ has broad 
substrate tolerance against cationic antibiotics. Comparison of the 
cleavage efficiency of BogQ against 28​–36​ and 37​–44​ not only con-
firmed its d-stereospecific selectivity but also revealed its broad 
range of recognition motifs (positively charged d-aa Lys, Orn, Dab, 
and Arg; Supplementary Table 2). Additionally, synthetic and nat-
ural peptides ranging from 2 aa to 13 aa were d-stereospecifically 
hydrolyzed by their corresponding DRPs and showed various cleav-
age efficiencies regardless of dynamic variations in the substrate 
residues S2 and S1’ (Supplementary Table  2). Our results suggest 
that the corresponding d-aa are the minimal recognition motifs; i.e., 
positively charged d-aa for BogQ and d-Trp for TriF. The minimal 
recognition motifs not only ensure the selectivity of d-aa but also 
enlarge their potential resistance spectra.

Intriguingly, the complete abolishment of BogQ hydrolytic 
activity against tri-Boc-protected bogorol (45​; Fig.  3g) and the 
dramatic decrease in hydrolytic activity against Gln2-substituted 
38​ (Fig. 3h, 37​ vs. 38​) revealed that a positively charged side chain 
is crucial for BogQ cleavage efficiencies. This positively charged 
feature of DNRPs may facilitate electrostatic interactions with 
BogQ, which has a negatively charged substrate-binding pocket, 
as predicted by homology modeling (Supplementary Figs.  14  
and 15). This implication was further supported by comparing 
cleavage efficiencies of peptides with various charges (Fig. 3g). The 
S-layer homology (SLH) domains of the putative S-layer-associated  
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BogQ are rich in negatively charged residues, with an isoelectric 
point of ~5, and may also promote favorable electrostatic inter-
actions with cationic peptides. The enzymatic activity of BogQpep 
without the negatively charged SLH domains is decreased dra-
matically compared to that of BogQ (Supplementary Table  2). 
Taken together, these results suggest that BogQ potentially targets  
peptides containing cationic d-aa, which is 31.1% of bacterial 
DNRPs (782/2,511).

The impact of DRPs in antibiotic resistance. To evaluate whether 
putative DRPs are involved in the self-resistance of DNRP antibi-
otics, we attempted to generate Δ​bogQ or Δ​triF mutant strains of  
B. laterosporus ATCC 9141 and DSM 25 or P. polymyxa CICC10580. 
However, only a mutant strain of B. laterosporus ATCC 9141 was 
successfully generated using the CRISPR–Cas9 gene-editing sys-
tem31,32 (Supplementary Fig.  16) after numerous attempts. No 
hydrolytic fragment corresponding to bogorol was detected in the Δ​
bogQ mutant strain, further supporting the in vivo function of BogQ 
(Fig. 4a). The minimum inhibitory concentration (MIC) was deter-
mined to establish whether the Δ​bogQ mutant presented increased 
susceptibility or resistance to bogorols (Table 1). The Δ​bogQ mutant  

was more susceptible (eight-fold) to bogorols than the wild-type 
strain, but it was not susceptible to kanamycin.

We next evaluated the catalytic efficiency of BogQ by determin-
ing its enzyme kinetics to further verify whether the BogQ hydro-
lysis of DNRPs was physiologically relevant to its self-resistance. 
In agreement with the high MIC value of 3​ against B. laterosporus 
expressing BogQ (Table 1) the enzyme had high catalytic efficiency 
(kcat/KM =​ 1.78 ×​ 105 M−1 s−1) against 3​ (Fig.  4b). S-layer protein, 
which may function as a protection barrier for cationic peptide anti-
biotics through electrostatic interaction, has been reported to confer 
resistance against cationic antimicrobial peptides30. Together, our 
results indicate that the putative S-layer-associated protein BogQ, 
with hydrolytic activity, functions as a self-protective barrier against 
antibiotic bogorols (Supplementary Fig. 12). However, the possible 
role of BogQ and other putative DRPs in bacterial peptidoglycan 
remodeling remains to be elucidated.

Given the potential of BogQ for broad-spectrum resistance, 
we investigated the presence of BogQ-like peptidases aside 
from the putative d-Orn-correlating BGC-associated pepti-
dases. In total, we identified 403 putative peptidases with similar 
domain compositions from publicly available bacterial genomes,  
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Fig. 4 | Biochemical analyses reveal the broad-spectrum resistance of BogQ against peptide antibiotics. a, LC–MS traces comparing wild-type  
B. laterosporus ATCC 9141 and the Δ​bogQ mutant (representative of three independent experiments). b,c, Kinetic analyses of BogQ-catalyzed hydrolysis 
of bogorol A (b; 3​) and bacitracin (c; 46​) v, reaction velocit. Data are mean ±​ s.d.; n =​ 3 independent experiments. d, Structure of the DNRP antibiotic 
bacitracin; colors highlight the cleavage sites of BogQ. e, LC–MS traces of in vitro assays of BogQ (2.0 µ​M) against 46​ (200 µ​M; representative of two 
independent experiments). Time-course cleavage products (47​–53​) of 46​ are labeled using the same color code as their d-aa cleavage sites in d. For 
enzymatic cleavage patterns, see Supplementary Fig. 22.

Table 1 | Antibiotic resistance of Brevibacillus laterosporus with BogQ against peptide antibiotics

MIC (µ​g/mL)

Strain and genotype Bs 3​ 46​ Enduracidin Ramoplanin Kanamycin

B. laterosporus DSM 25 512 512 2,048 4 4 16

B. laterosporus ATCC 9141 (WT) 512 512 2,048 4 4 8

B. laterosporus ATCC 9141(∆​bogQ) 64 64 512 4 4 8

B. subtilis 168 16 4 256 0.25 0.5 −​

S. aureus ATCC 43300 16 8 64 1 2 −​

MIC was determined by broth microdilution. Bs, total bogorols extracted from B. laterosporus ATCC 9141.
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consisting of a S12 peptidase domain and two or three SLH domains 
in the carboxy-terminal region, most of which are harbored by the  
genera Bacillus, Brevibacillus, and Paenibacillus of the Bacillales 
order. The strong association (Mann–Whitney U test) of BogQ-like 
peptidase with NRP BGCs, especially DNRP BGCs at the genome 
level, suggests that the widely distributed BogQ-like peptidases in 
the Bacillales order may be involved in resistance to NRP antibiotics 
(Supplementary Fig. 17).

We next determined the potential impact of BogQ on d-aa-
containing peptide antibiotics. Inhibitors of bacterial cell wall 
biosynthesis, including bacitracin, polymyxin, teixobactin, endura-
cidin, ramoplanin, mannopeptimycin, hypeptin, and katanosin B, 
have already been intensively studied because the risk of resistance 
emerging from them is low11,12,33,34. Daptomycin, A54145, and ​lyso-
cin E, which target the bacterial cell membrane, constitute other 
antibiotics that are ideal for treating infections caused by drug-
resistant pathogens, as resistance acquisition also seems chal-
lenging for bacteria34. Most of these antibiotics possess a certain 
structural archetype in which they carry positively charged d-aa 
(Lys, Orn, Dab, Arg, and guanidine amino acids; Supplementary 
Fig. 18). Current resistance to these antibiotics is often associated 
with changes in the expression of regulators, which results in modi-
fication of cell walls or membranes and reduction of inhibitor bind-
ing9. In addition to preventing antibiotics from accessing targets 
or altering their targets, bacteria can inactivate antibiotics using 
modification enzymes.

Although the positively charged residues may play an essen-
tial role in the interaction with cell wall precursors or cell mem-
branes, they may also offer unique targets for inactivation enzymes, 
such as BogQ. Indeed, BogQ exhibited enzymatic inactivation 
against these selected peptide antibiotics containing cationic d-aa,  
showing especially high catalytic efficiency against bacitracin 
(46​) (kcat/KM =​ 8.34 ×​ 104 M−1s−1; Fig.  4c–e and Supplementary 
Figs. 19–23). B. laterosporus expressing BogQ had MICs that were 
2–128 times higher than those of Bacillus subtilis or Staphylococcus 
aureus for selected DRP antibiotics, whereas the Δ​bogQ mutant 
was four times more susceptible to bacitracin than the wild-type 
B. laterosporus (Table  1). The results support the view that BogQ 
acts as a broad-spectrum resistance determinant for cationic d-aa-
containing peptide antibiotics. Notably, as it exhibits d-stereospe-
cific cleavage activities at the site of other uncharged or negatively 
charged d-amino acids (Gln, Glu, Asp, and Thr), BogQ may pos-
sess a broader resistance spectrum than we originally expected. Low 
cleavage activity with daptomycin and truncated teixobactin were 
also observed (Supplementary Fig. 23).

An important question yet to be answered is whether or not 
these DRPs are transferable. Putative DRP resistance determi-
nants were found in the chromosome, and there is no evidence 
of flanking mobile elements. However, their relation (25.1%) with 
BGC-associated transposases, which were reported to be involved 
in the horizontal transfer of entire BGCs35, suggests that mobiliza-
tion is possible. Although the levels of resistance emerging from 
the hydrolytic activities of DRP (Supplementary Fig.  24) in host 
Escherichia coli and B. subtilis were low (one- to two-fold changes in 
MIC), the acquisition of DRPs could be advantageous for bacterial 
adaptation in environmental niches surrounded by DNRP antibi-
otic-producing organisms in which a gradient of antibiotic concen-
trations exists. The low resistance level could result from a number 
of factors, including enzyme expression level, transportation, and 
the locations of d-stereospecific resistance peptidases and binding 
targets of antibiotics. Taking into account their widespread distri-
bution in the environment and their functionality in heterologous 
hosts, we envision that DRP resistance elements could eventually 
make their way into pathogens under selective pressure either with 
assistance from the BGC-associated transposases or in combination 
with mobile elements.

DISCUSSION
Our networking-associated global genome-mining approach not 
only enables the uncovering of the bacterial biosynthesis capacity  
of natural products, but also provides insight into their hidden 
biosynthetic logic. Applying this approach to complete bacterial 
genomes available online, we demonstrated that the genes for puta-
tive DRPs clustered with BGCs were widely distributed in bacteria. 
Additionally, by integrating a series of biosynthetic, chemical, and 
enzymatic analyses, we demonstrated the d-stereospecific selectiv-
ity of DRPs and their broad-spectrum potential. Given this unique-
ness and the broad target spectrum, future work is envisaged to 
obtain atomistic structure information to elucidate the mechanism 
of peptide resistance. In addition to BGC-associated DRPs, micro-
organisms are known to express diverse d-stereospecific peptidases 
that are not associated with BGCs20, and their role in antibiotics 
resistance may have been overlooked because of scant informa-
tion available about their targets. The d-stereospecific enzymes 
screened from nature—β​-lactamases, d-aminopeptidases, alkaline 
d-peptidases, and dd-carboxypeptidases—possess the common 
feature of using synthetic peptides containing d-aa. However, lit-
tle is known about the function of the d-stereospecific peptidases, 
besides cell wall assemblage or β​-lactam antibiotic resistance in the 
native microbial community20. DRP BogQ, a family of surface pro-
teins from the MEROPS S12 peptidase, represents a new class of 
antibiotic resistance enzymes effective against peptide antibiotics 
via d-stereospecific cleavage of antibiotics. On the basis of our find-
ings, we can hypothesize that the d-stereospecific enzyme family 
may be involved in combating widely distributed antibiotics con-
taining d-aa for the survival of their host. We believe that finding 
DRPs in nature constitutes only the tip of the iceberg, which will 
lead to research on the use and development of peptide antibiotics 
to combat antibiotic resistance.

DNRPs that are widely distributed in bacteria represent a valu-
able source of antibiotics. Yet, little is known about the function of 
d-aa building blocks other than they provide architectural diver-
sity of bioactive small molecules5,6. Our data showed that d-aa may 
also be employed by bacteria to label DNRP antibiotics for d-ste-
reospecific self-resistance. Given the potential of DRPs for broad-
spectrum antibiotic resistance and their ability to target clinically 
important antibiotics containing d-aa, these widely distributed 
resistance genes are likely to be particularly dangerous if they are 
transferred to opportunistic pathogens. Our findings not only warn 
against becoming overconfident in the power of extant and new 
peptide antibiotics, but also offer guidance to pharmaceutical chem-
ists seeking to increase our collective antibiotic arsenal.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41589-018-0009-4.
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Methods
Statistical analyses. No statistical method was used to predetermine the sample 
size. The experiments were not randomized, and the investigators were not blinded 
to allocation during experiments and outcome assessment. Statistical significance 
of co-occurrences was determined by two Fisher’s exact test (both two-sided), 
while significance of association between BogQ-like peptidase with NRPS was 
determined by Mann–Whitney U test (two-sided). For co-occurrences with 
phylogenetic corrections, phylogenetic generalized linear mixed model (PGLMM) 
was implemented. All statistics were calculated in R.

Bacteria strains, plasmids, oligonucleotides and general materials. Bacterial 
strains and plasmids used in this study are shown in Supplementary Tables 3 
and 4. Oligonucleotide primers were synthesized by GenScript. Plasmid DNA 
was extracted with a TIANprep Mini Plasmid Kit from Tiangen. Gel extraction 
of DNA fragments and purification of ligation products were performed using a 
universal DNA Purification Kit from Tiangen. DNA sequencing was performed 
by BGI. Protino Ni-NTA Agarose was purchased from MACHEREY-NAGEL. 
SDS–PAGE gels were purchased from GenScript. Protein concentrations were 
determined by Quick Start Bradford Protein Assay from Bio-Rad. Optical densities 
of E. coli cultures were measured with a Thermo Scientific GENESYS 10 UV–Vis 
spectrophotometer at a wavelength of 600 nm. All bacterial strains used in the 
present study were routinely grown on a solid LB (pH 7.0) medium at 37 °C and 
in a liquid selected medium at 37 °C on a rotary shaker operated at 180 r.p.m. 
Minimum inhibitory concentration (MIC) determinations were performed in LB. 
For plasmid maintenance in E. coli, ampicillin (100 µ​g mL−1) or kanamycin (50 µ​
g mL−1) was used. B. subtilis recombinants were selected on LB medium containing 
spectinomycin (100 µ​g mL−1).

Computational analysis of biosynthesis gene clusters (BGCs). A total of 
5,585 complete bacterial genomes (with a cut-off date of 20 October 2016) 
were retrieved from the NCBI Genome and subjected to BGC analysis using 
the standalone version of antiSMASH v3.0.5 (refs.19,36). To save time, only one 
additional annotation was performed, namely, smCOG analysis for the functional 
prediction and phylogenetic analysis of genes, whereas other analyses such as 
Blast comparison were not conducted. In total, 26,344 BGCs, including 6,879 
NRP BGCs, were identified from complete bacterial genomes spanning the entire 
domain of bacteria. To investigate the associations between BogQ-like proteins and 
DNRP BGCs at the genome level, we performed a BGC analysis of 1,503 genomes 
(complete and draft) of the genera Bacillus, Brevibacillus, and Paenibacillus. 
The full list of genomes used in the present study is given in the Supplementary 
Dataset 1. In total, 403 BogQ-like proteins were harbored by 296 genomes of 
selected genera.

Pattern-based global genome mining. To gain insight into the biosynthesis 
capacity of bacterial natural products and their diverse biosynthesis logics, we 
created a series of scripts to collect information for all BGCs from the antiSMASH-
annotated files, generating a large pattern matrix based on the presence or absence 
of the biosynthesis elements of all BGCs. The extracted biosynthesis information 
in the matrix contained 301 biosynthesis protein orthologs grouped by smCOG 
analysis, 40 NRPS/PKS domains, and 37 monomers. Amino acid monomers of 
NRPs, as determined by the substrate specificity of the adenylation (A) domains 
predicted by Minowa prediction algorithms, were further distinguished into d/l-aa 
based on the presence/absence of an epimerization domain (E) or a dual-functional 
condensation domain (Cdual) in the same module2,5. The potential of impact of bias 
issues related to A domains prediction algorithm on genome mining could not be 
excluded. BGCs encoding DNRPs were confirmed by the presence of an epimerase 
domain or a dual-functional domain in NRPS modules. As this approach does 
not appear to be applicable to nonmodular standalone adenylation enzymes, only 
modular A domains with other adjacent domains in the same module were selected 
in the present study. To globally target the BGCs of specific biosynthesis elements 
following biosynthesis logic, pattern searching was performed in the matrix. For 
instance, to target BGCs following the d-Asn specific activation mechanism, we 
searched for BGCs with the presence of both a d-Asn1 monomer incorporated by 
a typical Cs-Asn1-T-E starting module and E5 (ref. 23). To target BGCs following 
the putative d-Orn/d-Trp specific inactivation mechanism, we searched for BGCs 
with both the d-Orn/d-Trp monomer and E5 present. By applying this approach to 
1,503 genomes of the genera Bacillus, Brevibacillus and Paenibacillus, we targeted 
the bacteria strains harboring bogorol or tridecaptin BGCs (Supplementary Fig. 9).

Phylogenetic analyses. The phylogenetic tree of bacteria was built by 
PhyloPhlAn37 using complete genomes for each species of bacteria and visualized 
by the interactive tree of life (iTOL)38. To obtain the phylogenetic tree of presumed 
d-aa-correlating peptidases, multiple sequence alignment was performed with 59 
selected d-aa-correlated putative peptidase sequences using ClustalW, and this 
alignment was then employed to generate a phylogenetic tree based on maximum 
likelihood clustering by Mega7 (ref. 39). A protein domain architecture data set 
was exported from HHMER40. The resulting phylogenetic tree was visualized 
using iTOL online tool. BogQ-like peptidases were identified by BLASTP and 
domain architecture searches in the NCBI database using the protein sequence 

of BogQ (WP_018673858.1) from B. laterosporus DSM 25 (ARFS00000000.1) 
as a query. The phylogenetic tree of BogQ-like peptidases was built by Mega7. 
Amino acid sequences for the species and their accession numbers are given in the 
Supplementary Dataset 4.

Co-occurrence networks. By applying network analysis tools widely used to 
explore interactions and associations between entities, we could assess the co-
occurrence patterns of biosynthesis elements to investigate the biosynthesis logic 
of natural products. A co-occurrence network between the d-aa monomers and 
BGC-associated resistance determinants was built based on the observed co-
occurrences between d-aa monomers of DNRPs and the selected orthologs for 
putative antibiotic resistance determinants (49 enzymes, 30 transporters, and 32 
regulators) in 6,879 NRPS BGCs. The antibiotic resistance determinants were 
manually selected based on the Comprehensive Antibiotic Resistance Database41 
(for the full list of biosynthesis elements and selected resistance determinants, see 
the Supplementary Dataset 2). To ensure that the associations observed here were 
not random and to minimize false-positive predictions, we restricted our analysis to 
co-occurrence in at least 10% of d-aa ( >∩ 10%A

A

B
), and all observed co-occurrences 

were tested through two pairwise comparisons. The first step was to evaluate the 
statistical significance (P1) of the co-occurrence between d-aa monomers and the 
associated resistance elements via pairwise comparison of NRPs with d-aa (D) vs. 
NRPs without d-aa (ND). The second step was to determine the significance (P2) 
of d-stereospecific co-occurrence (P2) via pairwise comparison of NRPs with d-aa 
(D) vs. NRPs without d-aa, but with their l enantiomers (L). The co-occurrences 
were tested using the two-sided Fisher’s exact test, with the P value further adjusted 
using the Benjamini–Hochberg correction. (Supplementary Data Set 3) The n value 
for P1 was 6,879, whereas that for P2 varied with monomers (Abu: 3; Ahp: 14; Ala: 
964; Alaninol: 247; Arg: 344; Asn: 418; Asn1: 111; Asp: 581; Bht: 32; Cys: 1119;  
Dab: 391; Gln: 335; Glu: 476; Gly: 1094; His: 24; Hpg: 127; Ile: 256; Leu: 932; Lys: 
770; Orn: 822; Phe: 437; Pro: 371; Ser: 2559; Thr: 1424; Trp: 506; Tyr: 335; Val: 
1149). A significant co-occurrence was defined as one with P1 <​ 0.005, P2 <​ 0.05,  
RR (Risk ratio)1 >​ 1.5, and RR2 >​ 1.5. The entire co-occurrence network was 
visualized by Gephi42. The significant co-occurrence between d-aa and E5 was 
further tested after systematically correcting for phylogenetic relatedness using the 
phylogenetic generalized linear mixed model (PGLMM) for binary data in the ‘ape’ 
package in R43–45.

Metabolic analysis by UPLC-MS. For UPLC–ESI–MS analysis, all samples 
dissolved in 100 mL of MeOH were analyzed by the Waters ACQUITY UPLC 
system (Waters ACQUITY, USA) coupled with a Bruker microTOF-q II mass 
spectrometer (Bruker Daltonics GmbH, Bremen, Germany). A 2-μ​L aliquot of 
each sample was injected into a Waters BEH C18 reversed-phase UPLC column 
(1.7 μ​m, 150 mm ×​ 2.1 mm inner diameter) and washed by a gradient elution  
(A, CH3CN with 0.1% formic acid (FA); B, H2O with 0.1% FA; gradient: 5% 
A over 2 min, 5–100% A from 2 to 22 min, 100% A from 22 to 25 min, and 
100–5% A from 25 to 27 min; flow rate, 0.25 mL/min). TOF–MS settings during 
the UPLC gradient were as follows: acquisition, mass range m/z 200–2,000 Da; 
source, gas temperature 200 °C, gas flow 8 L/min; nebulizer 4 bar, ion polarity 
positive; scan source parameters, capillary exit 140 V, skimmer 50 V. MS data 
was acquired with HyStar chromatography software (Bruker Daltonik) and 
processed with Bruker Compass DataAnalysis 4.0 software (Bruker Daltonik). 
High-resolution (HR)–ESI–MS spectra were recorded on a Bruker microTOF II 
ESI–TOF–MS spectrometer.

Isolation of compounds bogorols and tridecaptins. In the genera of Brevibacillus 
and Paenibacillus, three strains with complete genomes that harbor DNRP BGCs 
and the putative corresponding DRP genes, as well as another seven strains with 
draft genome data that harbor similar BGCs were purchased from bacterial 
collection centers. The selected strains were cultivated in 5 mL of a modified tryptic 
soy broth medium (MTSB, 30 g/L tryptic soy broth (Sigma), 20.0 g/L starch, 2.0 g/L 
MgSO4·7H2O, 10.0 g/L CaCO3) and then incubated at 30 °C or 37 °C on a shaker 
(250 r.p.m.). After 12–48 h of incubation, each culture supernatant was extracted 
with Diaion HP-20 (0.5 g; Sigma–Aldrich) and eluted with 20% isopropyl alcohol 
(IPA, 4.0 mL) and 80% IPA with 0.1% trifluoroacetic acid (TFA; 0.50 mL). The 
second partition collected was evaporated to dryness using a vacuum concentrator. 
Each extract prepared was re-dissolved in 100 μ​L of MeOH and centrifuged at 
15,000 r.p.m. for 10 min before UPLC–MS analysis as described above. Metabolic 
analysis of the selected strains, led to the identification of B. laterosporus DSM 25, 
ATCC 9141 and P. polymyxa CICC 10580 that produced DNRPs and their putative 
truncated products.

P. polymyxa CICC10580 was cultivated in two 2.5 L flasks containing 1.0 L of 
a glucose starch calcium carbonate (GSC) medium (20 g/L glucose, 20 g/L starch, 
20 g/L (NH4)2SO4, 10 g/L yeast extract, 2.6 g/L K2HPO4, 0.1 g/L FeSO4·7H2O, 
0.5 g/LMgSO4·7H2O, 0.25 g/L NaCl, 9.0 g/L CaCO3) at 30 °C for tridecaptin B 
production. The culture supernatant was extracted with Diaion HP-20 (50 g; 
Sigma-Aldrich) and eluted with 20% IPA (2.0 L), 40% IPA (2.0 L) and 80% IPA 
with 0.1% trifluoroacetic acid (TFA; 1.0 L). The third partition collected was 
evaporated to dryness using a vacuum concentrator and then separated by a 
semipreparative RP-HPLC column (Waters 600 apparatus using a semi-preparative 
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C-18 Phenomenex Luna 5 μ​m (10 mm ×​ 250 mm) and monitored by a UV detector 
(Waters 2475)) with 40% MeCN in water to yield tridecaptin B (1​,2​).

B. laterosporus DSM 25 was cultivated in two 2.5 L flasks containing 1.0 L of a 
modified tryptic soy broth medium at 30 °C for 2 d for bogorol production. The 
culture supernatant was extracted with Diaion HP-20 (50 g; Sigma-Aldrich) and 
eluted with 20% IPA (2.0 l), 40% IPA (0.5 l), 60% IPA (0.5 l), and 80% IPA with 
0.1% trifluoroacetic acid (0.5 L). All partitions were evaporated to dryness using a 
vacuum concentrator and dissolved in methanol for HPLC purification. The 40% 
IPA partition was then separated by the semipreparative RP-HPLC column with 
30% MeCN in water to yield truncated bogorol analogs (9​,10​) at 12–26 mg L−1. 
The 80% IPA partition was separated by the semipreparative RP-HPLC column 
with a gradient of 35–55% MeCN in water with 0.1% trifluoroacetic acid to yield 
mixture of bogorol A,B (3​,4​) at 1.6 mg L−1. As B. laterosporus ATCC 9141 produced 
a higher yield of bogorols based on UPLC–MS analysis results, bogorols were 
extracted from B. laterosporus ATCC 9141 cultured in 2.0 L of a MTSB medium at 
30 °C for 2 d following the same extraction and partition methods described above. 
The 80% IPA partition was subjected to open C-18 column and eluted with 60% 
MeOH (200 mL), 80% MeOH (200 mL), 100% MeOH (200 mL), and 100% MeOH 
with 0.1% trifluoroacetic acid (200 mL). The partition of 100% MeOH with 0.1% 
trifluoroacetic acid was subjected to UPLC–MS analysis and identified to be total 
bogorol fraction. The Bs (Bs: total bogorols extraction from B. laterosporus ATCC 
9141) was further separated by semipreparative RP-HPLC column with a gradient 
of 30–50% MeCN in water with 0.1% trifluoroacetic acid to yield pure bogorols 
A–E (3​–8​).

Structure elucidation. 1H, 1H-1H-COSY, 1H-13C-HSQC, and 1H-13C-HMBC NMR 
spectra for compounds 9​ and 10​ were recorded on a Bruker AV500 spectrometer 
(500 MHz) using MeOH-d4 (1H-NMR MeOH-d4: δH =​ 3.31 p.p.m.; MeOH-d4: 
δC =​ 49.00 p.p.m.). Amino acid configurations of 3​, 9​, and 10​ were determined 
using the advanced Marfey’s method46. The purified compounds 3​, 9​, and 10​ 
(0.1–0.2 mg) were hydrolyzed in 6 M HCl at 120 °C overnight. Each solution was 
evaporated to dryness under a stream of dry N2, and the residue was dissolved in 
100 μ​L water and divided into two portions. Each portion was treated with 20 μ​L  
of NaHCO3 (1 M) and 50 μ​L of 1-fluoro-2, 4-dinitrophenyl-5-l-leucinamide  
(l-FDLA) or d-FDLA (1 M) at 40 °C for 2 h. The reaction was quenched with 5 μ​L 
HCl (1 M) and diluted with 200 μ​L of MeOH. The stereochemistry was determined 
by comparison of the l-/d FDLA derivatized samples using UPLC–MS analysis.

Heterologous expression and in vivo cleavage assay of BogQ and TriF. The gene 
bogQ was PCR amplified from the genomic DNA of B. laterosporus DSM 25 and 
ATCC 9141 using the primers BogQ-B-NheI-F/BogQ-B-SphI-R and BogQ-9141-
B-NheI-F/BogQ9141-B-SphI-R. The resultant products were digested and cloned 
into NheI and SphI sites of pDR111 (ref.47), generating pDR111-bogQ and pDR111-
9141-bogQ, respectively. The triF gene was PCR amplified from the genomic DNA 
of P. polymyxa CICC 10580 using the primers TriF-B-SalI-F and TriF-B-SphI-R. 
The resulting product was digested and cloned into SalI and SphI sites of pDR111, 
generating pDR111-triF. The purified plasmids pDR111-bogQ, pDR111-9141-
bogQ and pDR111-triF from an ampR clone of E. coli was then transformed into 
B. subtilis via natural competence transformation for in vivo cleavage assay of 
BogQ and TriF. B. subtilis 168/pDR111-bogQ, B. subtilis 168/pDR111-9141-bogQ, 
B. subtilis 168/pDR111-triF and B. subtilis 168/pDR111 (as the control) were 
cultivated in duplicate in a 2 mL LB medium supplemented with spectinomycin 
(100 μ​g mL−1) in a 15 mL Falcon tube at 30 °C with shaking on a rotary shaker 
operated at 180 r.p.m. The experiments were started with inoculation of 2 mL of  
4 h-old pre-culture (OD600 =​ 0.2–0.4) and administration of 0.04 mg of compounds 
1​ and 3​ dissolved in DMSO. 1-mL samples were taken at 12 h and extracted with 
1 mL of EtOAc. The organic layer was evaporated to dryness and re-dissolved in 
50 μ​L of MeOH for analysis by UPLC–ESI–MS.

Cloning, overexpression, and purification of BogQ, TriFpep and their variants. 
The genes for BogQ, bogQpep, and their variants were PCR amplified from  
B. laterosporus DSM 25, ATCC 9141, while the genes for TriF, TriFpep, and their 
variants were PCR amplified from P. polymyxa CICC 10580 genomic DNA using 
the primer shown in Supplementary Table 4. Sequences encoding the signal 
peptide were removed to facilitate cytoplasmic expression and protein purification. 
TriFpep is the soluble periplasmic peptidase domain (residues 32–500) without the 
signal peptide or the four hydrophobic transmembrane helices. BogQ is the full-
length sequence of the peptidase without signal peptide, whereas BogQpep is the 
soluble periplasmic peptidase domain (residues 36–470) without the sequences 
for the signal peptide or three S-layer homologous domains. Amplified fragments 
and expression vectors were digested with the appropriate restriction enzymes 
(New England BioLabs) shown in Supplementary Table 4, and then ligated into 
linearized expression vectors using the Quick Ligation Kit (New England BioLabs). 
The ligated constructs were then electrotransformed into competent E. coli BL21 
for recombinant protein expression and stored at−​80 °C as frozen LB/glycerol 
stocks. BogQ, bogQpep, triF, and their variants were ligated into the pET-28a vector 
to encode N- and C-terminal His6-tagged constructs, whereas triFpep and its 
variants were ligated into the pET-24a vector to encode C-terminal His6- 
tagged constructs.

The recombinant strain E. coli BL21 carrying pET-28a-bogQ was cultured 
overnight at 37 °C in LB medium in the presence of 50 μ​g/mL kanamycin. 6 mL 
of the overnight culture was diluted 1:100 into 600 mL of LB medium containing 
50 μ​g/mL kanamycin and incubated at 37 °C until an OD600 =​ 0.5–0.6 was 
reached. The culture was incubated at 15 °C for 30 min, and isopropyl β​-d-1-
thiogalactopyranoside (IPTG) was added to a final concentration of 187 μ​M to 
induce BogQ expression. After incubating at 15 °C overnight with shaking at 150 
r.p.m., the cells were harvested by centrifugation (4,000 r.p.m. for 20 min at 4 °C) 
and resuspended in a lysis buffer containing 50 mM NaH2PO4, 300 mM NaCl, 
10 mM imidazole and lysed by sonication. The lysate was clarified by centrifugation 
(10,000 r.p.m. for 40 min at 4 °C). The supernatant was incubated with 0.8 mL of 
Ni-NTA resin for 4 h at 4 °C. The mixture was centrifuged (2,000 r.p.m. for 3 min) 
and the unbound fraction discarded. The Ni-NTA was resuspended in 10 mL of 
wash buffer (50 mM NaH2PO4, 300 mM NaCl, and 50 mM imidazole, pH 8), and 
loaded into a column under gravity flow. The mixture was then washed four times 
with 10 mL washing buffer. The protein was eluted three times with 1 mL elution 
buffer (50 mM NaH2PO4, 300 mM NaCl, and 250 mM imidazole), collected in three 
tubes and analyzed by SDS–PAGE to ascertain the presence and purity of proteins. 
Fractions containing the desired protein were dialyzed twice against 2 L of storage 
buffer (20 mM Tris–HCl, 50 mM NaCl, 10% (v/v) glycerol, pH 8). BogQpep and 
BogQ mutants were purified under the same conditions mentioned above.

The recombinant strain pET-24a-tirFpep E. coli BL21 was cultured overnight 
at 37 °C in an LB medium in the presence of 50 μ​g/mL kanamycin. 8 mL of the 
overnight culture was diluted 1:100 into 800 mL of LB medium containing  
50 μ​g/mL kanamycin and incubated at 37 °C until OD600 =​ 0.5–0.6 was reached. 
The culture was incubated at 15 °C for 30 min, and IPTG was added to a final 
concentration of 500 μ​M to induce TriFpep expression. After incubating at 15 °C 
overnight with shaking at 150 r.p.m., the cells were harvested by centrifugation 
(4,000 r.p.m. for 20 min at 4 °C) and resuspended in lysis buffer containing 50 mM 
NaH2PO4, 300 mM NaCl, and 10 mM imidazole and lysed by sonication. The lysate 
was clarified by centrifugation (10,000 r.p.m. for 40 min at 4 °C). The supernatant 
was incubated with 1.0 mL of Ni-NTA resin for 4 h at 4 °C. The mixture was 
centrifuged (2,000 r.p.m. for 3 min) and the unbound fraction discarded. The 
Ni-NTA was resuspended in 10 mL of wash buffer (50 mM NaH2PO4, 300 mM 
NaCl, 50 mM imidazole, pH 8) and loaded into a column under gravity flow.  
The mixture was then washed four times with 10 mL wash buffer. The protein was 
eluted three times with 1 mL of elution buffer (50 mM NaH2PO4, 300 mM NaCl, 
and 250 mM imidazole), collected in three tubes and analyzed by SDS–PAGE to 
ascertain the presence and purity of proteins. Fractions containing the desired 
protein were dialyzed twice against 2 L of storage buffer (20 mM Tris–HCl,  
50 mM NaCl, 10% (v/v) glycerol, pH 8). TriFpep protein was ultimately  
concentrated to ~35 mg/mL by Amicon Ultra centrifugal filters (Millipore)  
and stored as stock at −​20 °C. TriFpep mutants were purified with the same 
conditions mentioned above.

Biochemical characterization of BogQ, TriFpep and their variants. The predicted 
catalytic functions of BogQ, TriFpep, and their variants were confirmed with 
UPLC–MS analysis of enzyme reactions. The assay mixture (total volume 30 μ​L 
in 25% phosphate-buffered saline (PBS) buffer, pH 7.4), which contain purified 
proteins (final concentration: BogQ or its variants, 2.0 μ​M; TriFpep or its variants, 
2.0 μ​M), and in DMSO dissolved tridecaptins, bogorols or synthetic analogs (final 
concentrations: 20–200 μ​M), was incubated for 15 s–24 h at 37 °C. Three volumes 
of cold methanol (90 μ​L) was added to samples, which were then incubated 
at −​80 °C for 1 h to precipitate protein. The samples were centrifuged at 15,000 
r.p.m. for 10 min, and the supernatant (2 μ​L) was injected into the same UPLC–
MS system described above. The relative cleavage efficiency of enzymes for test 
compounds was determined from UPLC–MS-extracted ion chromatogram traces: 
the remaining peak area of a digested derivative (AICsample) was divided by the peak 
area obtained from a control sample incubated under the same conditions but in 
the absence of test proteins (AICcontrol) to obtain cleavage ratios (1 −​ (AICsample/
AICcontrol)).Note that a cleavage ratio value of 0.00 corresponds to that not 
corresponding hydrolytic fragment was detected. Each assay was independently 
performed in triplicate.

Kinetic analysis of BogQ. To determine the kinetics of BogQ, the assays were 
performed at the 40 μ​L scale with 100 nM BogQ and an 1.56–400 μ​ M substrate 
(3​ and 46​) in 25% phosphate-buffered saline (PBS, pH 7.4) at 37 °C for 100 s. 
The reactions were quenched by adding 160 μ​L methanol. After centrifugation, 
the supernatant was analyzed by UPLC–MS as mentioned above. Velocities were 
calculated and plotted as a function of substrate concentrations. This allowed the 
determination of KM and kcat by nonlinear regression with OriginPro 8.0 software 
using the Michaelis-Menten equation: v =​ Vmax ×​ S/(KM +​ S). where v is the reaction 
velocity, S is the substrate concentration. KM and kcat values represent mean ±​ s.d. of 
three independent replicates.

Gene deletion using the CRISPR–Cas9 system. Vector pJOE8999-bogQ was 
constructed to delete 1.8 kb of gene bogQ in chromosomes using the CRISPR–
Cas9 system32. With the help of the sgRNA Designer tool provided by the 
Broad Institute48, candidate sgRNA sequences were identified and chosen for 
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oligonucleotide synthesis. In the first step, the plasmid pJOE8999 was cut with BsaI 
and the lacZ α​ fragment was replaced by the two complementary oligonucleotides 
BogQ-41-sgRNA-F/R. In the second step, two fragments flanking bogQ with 
lengths of about 400 bp were amplified by PCR using primers BQ-41-Up-F/R 
and BQ-41-Do-F/R from B. laterosporus ATCC 9141 chromosomal DNA as the 
template and then cut with SfiI and inserted between the two SfiI sites to give 
pJOE8999-bogQ (Supplementary Fig. 16a).

Plasmid pJOE8999-bogQ was transformed into B. laterosporus ATCC 9141 
according to the electroporation method. First, an overnight culture of B. 
laterosporus ATCC 9141 in a tryptic soy broth containing 0.5 mol/L d-sorbitol was 
diluted 20-fold in growth medium (a 50 mL LB containing 0.5 mol/L d-sorbitol) 
and incubated at 37 °C on a shaker until the cell density reached an OD600 of 
0.80–1.0. The cultures were collected and cooled with ice water for 10 min, and the 
cells were harvested by centrifugation at 4,000 g for 10 min at 4 °C. After washing 
the cells four times with an ice-cooled electroporation buffer (250 mmol/L sucrose, 
1 mmol/L MgCl2, 1 mmol/L HEPES, and 10% glycerol), the competent cells were 
resuspended in electroporation buffer at a concentration of about 2.0 ×​ 1010 cfu/
mL. These competent cells were mixed with 100–500 ng of the pJOE8999-bogQ 
vector DNA, transferred to 1 mm cuvettes, and placed on ice for at least 10 min. 
The sample was pulsed using a Gene Pulser with a voltage of 16 kV cm−1, a 
capacitance of 25 mF, and a resistance of 200 Ω​. The cell suspension was then 
immediately mixed with 1 mL of recovery medium (LB containing 0.5 mol/L 
d-sorbitol), incubated at 30 °C for 3 h, and plated on the selective LB agar plates 
containing 25 g ml L−1 kanamycin and 0.2% mannose for induction of cas9. After 
incubation at 30 °C for 2 d, kanamycin-resistant transformants were confirmed 
by colony PCR of the cas9 gene. The positive colonies with knockout vector were 
streaked onto LB plates without antibiotics and incubated at 50 °C for plasmid 
curing. On the next day, these colonies were streaked on LB plates to obtain single 
colonies at 42 °C. The colonies cured of plasmid were confirmed by streaking them 
onto LB plates containing kanamycin (25 mg/L); colonies cured of plasmid failed 
to grow at 37 °C. The plasmid-cured cells were confirmed by colony PCR using the 
outer primers from the homology templates. In the case of a successful deletion, 
the fragment size would be reduced from 2.6 kb to 0.8 kb (Supplementary Fig. 16a).

Antibacterial assays. B. laterosporus DSM 25, ATCC 9141, ATCC 9141/∆BogQ,  
S. aureus ATCC 43300, UST950701-005, B. subtilis 168, E. coli Top10 and  
P. aeruginosa PAO1 were grown at 30 °C with continuous shaking overnight in 
LB medium. Overnight-grown bacteria were grown to early stationary phase 
and adjusted in LB to 5.0 ×​ 105 cfu/mL in 96-well microtiter plates, mixed with 
varying concentrations (2048, 1024, 512, 256, 128, 64, 32, 16, 8, 4, 2, 1, 0.5, 0.25 and 
0.125 μ​g mL−1) of test compounds and incubated at 30 °C for 24 h. Cell growth was 
evaluated by measuring the optical density at 595 nm (Thermo Scientific Multiskan 
FC multiplate photometer; Waltham, MA, USA), and the lowest compound 
concentrations, which displayed no bacterial growth, were defined as the MIC.

The antibiotics inactivation assay of BogQ was performed using a Kirby–
Bauer assay, 100 μ​L of a PBS buffer containing bogorol (2.5 mg mL−1), bacitracin 
(10 mg mL−1), enduracidin (0.50 mg mL−1) or ramoplanin (0.50 mg mL−1) was 
inoculated with or without 2.0 μ​M BogQ and incubated at 37 °C for 12 h. 5 μ​L of 
each reaction product was dropped onto filter paper and dried. The indicator strain 
B. subtilis 168 or S. aureus ATCC 43300 was swabbed uniformly across a culture 
plate. A filter-paper disk, impregnated with the compound to be tested, is then 
placed on the surface of the agar and cultured at 37 °C for 24 h.

Homology-based BogQ protein models. Electrostatic fields around the surface 
of enzymes play a crucial role in molecular recognition because of the attractive 
or repulsive effect of the coulombic potential49. We therefore calculated the 
electrostatic potential molecular surface of BogQ enzymes based on protein 
structure homology modeling. For SWISS-MODEL50 calculation, the closely 
related d-Asn1-specific activation peptidase ClbP (PDB entry 4E6X) from E. coli 
was selected as an appropriate template with a known three-dimensional structure. 
The PDB2PQR program51 (version 2.0.0.) was used to calculate the electrostatic 
surface potential map of protein models, which were visualized with the Chimera 
program. On the side harboring a catalytic groove, we observed in BogQ a putative 
strong negative electrostatic potential surface restricted to the catalytic groove.

Substrate synthesis and characterization data. Using 3​ as the starting material, 
we synthesized the corresponding tri-Boc-bogorol A (45​) via a standard Boc 
protection procedure. Di-tert-butyl dicarbonate (2.0 equivalent) was added to a 
solution of 3​ (2 mM) and NaHCO3 (0.1 M) in methanol (0.2 mL). The mixture was 
shaken at 150 r.p.m. for 2 h at 25 °C, and the resultant reaction mixture was further 
purified by HPLC.

Synthetic peptides (22​–44​, 17​, and 18​) were purchased through the custom 
peptide synthesis service of GenScript Biotech Corporation. Solid-phase peptide 

synthesis was performed according to standard Fmoc SPPS methods. Peptides 
were assembled on a Wang resin and isolated using the solid-phase extraction 
method52. Peptides from GenScript were delivered as lyophilized materials that 
had been purified by HPLC. All purified peptides were examined by HPLC–MS 
(electrospray ionization; ESI). Peptides purified by HPLC to a purity of >​90% were 
used for in vitro assay. All pure peptides were dissolved in DMSO at 32 mg mL−1 
as stock solutions and stored at −​20 °C. For compound characterization see 
the Supplementary Note.

Code availability. Source code for BGC analysis and networking analysis will be 
made available upon reasonable request.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. All data sets generated or analyzed in the current study are 
included in this published article (and its Supplementary information) or are 
available from the corresponding author upon reasonable request. The biosynthesis 
gene cluster for bogorol has been deposited in GenBank under accession  
number KY810814.
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    Experimental design
1.   Sample size

Describe how sample size was determined. Sample size for BGC analysis was chosen on the basic of  online available bacterial 
complete genome in Genbank (cut-off date October 20, 2016). 

2.   Data exclusions

Describe any data exclusions. no data were excluded

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

All attempts at replication were successful

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

No randomization, not studies involving animals or human research participants

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

 No blinding,  not studies involving animals or human research participants

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.
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   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

OriginPro 8.0, standalone version of antiSMASH v3.0.5., Gephi, PhyloPhlAn, iTOL 
and Mega7

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

 All bacterial strains generated for this study will be provided to other 
researchers upon request. 

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

No antibodies were used 

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. No eukaryotic cell lines were used

b.  Describe the method of cell line authentication used. No eukaryotic cell lines were used

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

No eukaryotic cell lines were used

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No eukaryotic cell lines were used

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

No animals were used

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

don't involve human research participants
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