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Antimicrobial resistance represents a major and growing 
healthcare problem and contributes annually to approxi-
mately 700,000 deaths worldwide1,2. The widespread emer-

gence of multidrug-resistant (MDR) pathogens necessitates the 
development of in vivo active antibiotics that differ in mode of 
action from those currently in clinical use3–5. In most anaerobic 
and Gram-positive bacteria, menaquinone (MK) plays an impor-
tant role in electron transport6. Humans are not capable of produc-
ing MK, making it an appealing target for antibiotic development7. 
Historically, inhibition of MK biosynthesis by synthetic small 
molecules has been the predominant mode of action explored to 
develop mechanistically new antibiotics7–9. Three closely related 
non-ribosomal peptide synthetase (NRPS)-derived bacterial cyclic 
lipopeptides (lysocin E, WAP-8294A2 and WBP-29479A1) have 
been shown to kill bacteria by binding directly to MK to induce 
membrane disruption and rapid cell lysis (Fig. 1)10–12. Recently, 
Santiago et al.13 reported that lysocin E also binds to Lipid II, a 
precursor for bacterial cell wall synthesis. Although WAP-8294A2 
(lotilibcin) progressed to phase I clinical trials, a dearth of addi-
tional chemical entities that can kill bacteria through MK binding 
has hindered the successful therapeutic development of this mecha-
nistically interesting class of antibiotics14.

The search for additional bacterially produced MK-binding anti-
biotics (MBAs) is limited by the fact that most of the biosynthetic 
diversity in the global microbiome is functionally inaccessible. This 
is because of our inability to culture most bacteria and because only a 
small subset of biosynthetic gene clusters (BGCs) found in cultured 
bacteria is expressed in laboratory fermentation studies15,16. While 
these factors limit direct functional screening for additional MBAs, 
next-generation sequencing methods are revealing high numbers of 

previously inaccessible bacterial BGCs from both cultured bacteria 
and diverse metagenomes17–19. The genetic information contained 
in a BGC has historically been decoded using biological processes 
(that is, transcription, translation and biosynthesis). This paradigm 
is limited by the fact that most BGCs are natively silent in laboratory 
fermentation studies and even the best activation strategies can only 
activate a small fraction of BGCs in native or heterologous organ-
isms15. The increasing accuracy of structural predictions derived 
from the bioinformatic analysis of BGCs presents the alternative 
possibility of accessing the metabolite encoded by a BGC using total 
chemical synthesis of its bioinformatically predicted product (that 
is, a synthetic bioinformatic natural product (syn-BNP))20,21.

In this study, we took two orthogonal bioinformatic approaches 
to guide the discovery of bacterial BGCs that encode structur-
ally new classes of MBAs (Fig. 1). First, in a culture-independent 
approach, sequence homology was used to identify predicted MBA 
BGCs from diverse soil metagenomes. A detailed analysis of BGCs 
that arose from this study led us to propose a minimal MK-binding 
motif (GXLXXXW). Next, in what we believe is a unique search 
strategy, we screened a large database of bioinformatically predicted 
natural product structures for this proposed minimal MK-binding 
motif to identify additional potential MBA BGCs in sequenced 
bacterial genomes. Total chemical synthesis of the structures pre-
dicted to arise from the BGCs we identified resulted in six struc-
turally diverse MBAs. All six MBAs were broadly active against 
MDR Gram-positive pathogens. Notably, we showed that a subset 
of MBAs is active against MDR Mycobacterium tuberculosis both 
in vitro and in a macrophage assay, defining MK-binding as an 
anti-M. tuberculosis mode of action. Among the antibiotics we iden-
tified, four fell into two new structural classes. Antibiotics from both 

Identification of structurally diverse 
menaquinone-binding antibiotics with in vivo 
activity against multidrug-resistant pathogens
Lei Li1, Bimal Koirala   1, Yozen Hernandez   1, Logan W. MacIntyre1, Melinda A. Ternei   1, 
Riccardo Russo2 and Sean F. Brady   1 ✉

The emergence of multidrug-resistant bacteria poses a threat to global health and necessitates the development of additional 
in vivo active antibiotics with diverse modes of action. Directly targeting menaquinone (MK), which plays an important role in 
bacterial electron transport, is an appealing, yet underexplored, mode of action due to a dearth of MK-binding molecules. Here 
we combine sequence-based metagenomic mining with a motif search of bioinformatically predicted natural product structures 
to identify six biosynthetic gene clusters that we predicted encode MK-binding antibiotics (MBAs). Their predicted products 
(MBA1–6) were rapidly accessed using a synthetic bioinformatic natural product approach, which relies on bioinformatic struc-
ture prediction followed by chemical synthesis. Among these six structurally diverse MBAs, four make up two new MBA struc-
tural families. The most potent member of each new family (MBA3, MBA6) proved effective at treating methicillin-resistant 
Staphylococcus aureus infection in a murine peritonitis-sepsis model. The only conserved feature present in all MBAs is the 
sequence ‘GXLXXXW’, which we propose represents a minimum MK-binding motif. Notably, we found that a subset of MBAs 
were active against Mycobacterium tuberculosis both in vitro and in macrophages. Our findings suggest that naturally occurring 
MBAs are a structurally diverse and untapped class of mechanistically interesting, in vivo active antibiotics.

NATuRe MIcRoBIoLogY | VOL 7 | JANUARY 2022 | 120–131 | www.nature.com/naturemicrobiology120

mailto:sbrady@rockefeller.edu
http://orcid.org/0000-0003-1806-7935
http://orcid.org/0000-0003-3349-8856
http://orcid.org/0000-0002-5693-9944
http://orcid.org/0000-0001-5967-8586
http://crossmark.crossref.org/dialog/?doi=10.1038/s41564-021-01013-8&domain=pdf
http://www.nature.com/naturemicrobiology


ArticlesNATurE MicrOBiOLOGy

new structural classes proved effective against methicillin-resistant 
Staphylococcus aureus (MRSA) in a murine peritonitis-sepsis 
model, thus providing two new MBAs for use in the development of 
antibiotics with different modes of action and activity against MDR 
pathogens. We believe the general approach presented in this study 
of searching a database of structures bioinformatically sequenced 
to identify BGCs that encode molecules with specific desired 
features is broadly applicable to the search for bioactive small  
molecules.

Results
Identification of BGCs predicted to encode MBAs. Metagenomic 
search for BGCs predicted to encode new MBAs. We began our search 
for BGCs that might encode MBAs by looking at the NRPS adenyl-
ation (A)-domain sequence data generated from soil metagenomic 
libraries. As part of our ongoing soil metagenome-guided natural 
product discovery programme, we created a collection of saturat-
ing cosmid-based soil metagenomic libraries for use in targeted 
BGC discovery studies22–25. The construction and screening of 
these libraries for A-domain sequences associated with a specific 
natural product family have been described in detail previously22,25. 
Briefly, for each library, DNA extracted directly from soil (envi-
ronmental DNA (eDNA)) was used to construct >2 × 107 unique 
cosmid clones in Escherichia coli. Each library was arrayed as a 
set of sub-pools containing approximately 5,000–25,000 unique 
cosmids each. DNA from each sub-pool was used as template in a 
PCR reaction with a unique set of barcoded A-domain degenerate 

primers. The resulting amplicons were sequenced using Illumina 
technology to generate a database of A-domain sequences (Natural 
Product Sequence Tags (NPSTs)) that can be used to track BGCs 
of interest to specific library sub-pools. Using the environmen-
tal Surveyor of Natural Product Diversity (eSNaPD) software26, 
each A-domain from a BGC that encoded one of the three known 
MBAs was compared to all of the library-derived A-domain NPSTs. 
Known MBAs shared six positionally conserved amino acids: l-Ser-
3; Gly-4; d-Phe-5; l-Leu-6; l-Glu-8; and d-Trp-10 (Fig. 1). NPSTs 
that returned low e-values (<10−12 to <10−60) for the A-domains that 
installed one of these six conserved residues were used to generate 
six A-domain-specific phylogenetic trees (Extended Data Fig. 1). 
eDNA cosmid clones containing BGCs associated with A-domains 
that fell into the same or a closely related clade as an A-domain from 
known MBA BGCs were recovered from the appropriate library 
sub-pools. Fully sequenced and annotated eDNA-derived NRPS 
BGCs were analysed for the potential to encode MBA-like peptides. 
The linear peptide encoded by each eDNA-derived BGC was pre-
dicted using the ten amino acid residues that line each A-domain 
substrate binding pocket (A-domain signature sequence)27,28. Based 
on this analysis, no predicted peptides contained all six residues 
that were conserved among known MBAs. However, in three cases 
where the eDNA-derived BGC showed a similar gene organization 
to that seen in known MBA BGCs, the predicted peptide products 
shared some sequence similarity to known MBAs (Extended Data 
Fig. 2), leading us to explore the possibility that the structures pre-
dicted to arise from these BGCs might be MBAs. As shown in the 
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Fig. 1 | Identification of Bgcs predicted to encode new MBAs. Using a sequence-based soil metagenome BGC discovery pipeline, three BGCs were 
identified that showed high A-domain sequence identity and similar overall gene organization to known MBA BGCs. We predicted that each of these 
encoded a new MBA. Using the conserved GXLXXXW motif that we detected in structurally diverse MBAs to search an in-house database of p-NRP 
structures, we identified three additional BGCs that we predicted would encode new MBAs. The GXLXXXW motif we found in all MBAs is predicted 
to represent the minimal MK-binding motif that is necessary for the antibacterial activity of this underexplored and structurally diverse class of natural 
antibiotics.
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bioactivity analysis presented below, each of these predicted pep-
tides in fact represents a new MBA (Fig. 2).

GXLXXXW motif search of sequenced genomes for BGCs predicted 
to encode MBAs. In a second round of screening, we turned to 
sequenced bacterial genomes to see if we could identify BGCs that 
might encode additional MBAs. For this study, we analysed BGCs 
from approximately 10,000 bacterial genomes. The A-domain 
substrate binding pockets from NRPS BGCs in these genomes 

were compared to a manually curated list of A-domain signature 
sequences from characterized BGCs (Methods). Based on the 
A-domain substrate predictions that arose from this analysis, we 
generated a database of linear peptides that were predicted to arise 
from >36,000 NRPS BGCs (Fig. 1 and Supplementary Fig. 1). Our 
initial search failed to identify any BGCs that might encode a pep-
tide that contains the same six amino acid pattern seen in previ-
ously characterized MBAs. By including metagenome-derived 
MBA sequences in this study, we reduced the conserved resi-
dues observed across MBAs from the initial six residues to a 
proposed minimal MK-binding motif of just three residues 
(Gly-X-Leu-X-X-X-Trp, GXLXXXW; Fig. 1). A search of our data-
base of predicted NRPS-derived linear peptides with the simpler 
GXLXXXW motif identified one BGC in the genome of Dyella 
mobilis suggesting that it might encode a potential MBA (Fig. 1 
and Extended Data Fig. 3). Since NRPS BGCs are often truncated 
in genomes assembled using short-read sequence data, we also 
searched our database for subsequences of the GXLXXXW motif. 
GXL was found in 22 peptides and LXXXW was only found in the 
peptide from D. mobilis (Supplementary Table 1). A manual exami-
nation the remaining amino acids in these 22 peptides identified 2 
additional examples where peptides shared additional amino acids 
with newly predicted potential MBAs. One example was from a 
truncated BGC in Dyella tabacisoli and the other was found in par-
tially sequenced NRPS BGCs from four different Paracoccus strains 
(Extended Data Fig. 3 and Supplementary Table 1). To access the 
complete non-ribosomal peptide (NRP) sequence encoded by 
each of these BGCs, we resequenced the genomes of D. tabacisoli 
KCTC 62035 and Paracoccus alcaliphilus ATCC 51199. In both 
cases, A-domain analysis of resequenced BGCs predicted that they 
would encode GXLXXXW-containing peptides that might repre-
sent MBAs (Fig. 1).

Prediction and synthesis of ten potential MBA BGC products. 
In total, we identified six BGCs that we predicted might encode 
MBAs. Traditional natural product discovery methods that rely on 
biological systems to decode the information present in a BGC are 
hindered by a lack of BGC expression in laboratory fermentation 
studies and the time-consuming process of isolating and structur-
ally characterizing molecules from bacterial fermentation broths. In 
cases where the final product of a BGC can be bioinformatically 
predicted with confidence, total chemical synthesis of this product 
can provide an alternative and potentially more straightforward 
means of accessing the metabolite encoded by the BGC20,21. Each 
potential MBA BGC contains two large NRPS genes with a con-
densation start domain that is predicted to initiate NRPS biosyn-
thesis with a fatty acid29. As described above, A-domain substrate 
specificity analysis allowed us to predict with high confidence the 
amino acid incorporated by every A-domain found in these BGCs 
(Supplementary Fig. 2). With the exception of the MBA6 BGC, 
no BGCs were predicted to encode tailoring enzymes (Fig. 1 and 
Extended Data Fig. 3). The dioxygenase encoded by the MBA6 BGC 
was expected to be involved in the hydroxylation of the asparagine 
incorporated as the second amino acid in the peptide30. In the 
known MBA WAP-8294A2, the hydroxyl group on the asparagine 
at the same position (d-OHAsn-2) is not required for antibacterial 
activity11,31. Therefore, the unmodified linear lipopeptide produced 
by each NRPS system was predicted to be the direct precursor to the 
final biologically active cyclic lipopeptide produced by each BGC. 
Since we felt that the product of each potential MBA BGC could be 
bioinformatically predicted with confidence, and in each case the 
linear NRPS-derived peptide appeared to be the direct precursor to 
the final cyclic peptide product, we thought that total chemical syn-
thesis was likely to be the most straightforward means of accessing 
the bioactive metabolites encoded by the six potential MBA BGCs 
we identified.
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Fig. 2 | Synthesis and antibacterial activity of syn-BNPs based on Bgcs 
predicted to encode MBAs. The (R)-3-hydroxy-octanoic acid-derivatized 
linear peptides that are predicted to be encoded by potential MBA BGCs 
were cyclized through either the hydroxyl group of the fatty acid (cFA) or 
through a nucleophilic amino acid side chain (cSC). When the first amino 
acid was predicted to contain a nucleophilic side chain (that is, a serine 
or threonine) both the cFA and cSC analogues were synthesized (MBA2, 
MBA5 and MBA6). In the case of MBA5-cSC2, the serine at position 2 
was also used for cyclization. If the first amino acid of the peptide did 
not contain a nucleophilic side chain, only a cFA derivative was produced 
(MBA1, MBA3 and MBA4). syn-BNPs marked with an asterisk were the 
most active to arise from each BGC and were assumed to be the ‘naturally 
cyclized’ versions of the potential MBAs. All MIC assays were done in 
duplicate (n = 2).
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Two key structural features that cannot be bioinformatically 
predicted with high confidence from the primary sequence of 
these BGCs are the exact lipid used to initiate biosynthesis and 
the mode of peptide cyclization. Distinct from many other cyclic 
lipodepsipeptides32, changes in the fatty acid tail of known MBAs 
did not result in substantial differences in antibacterial activity10,33. 
(R)-3-hydroxy-octanoic acid, which is found in two of the three 
known MBAs (WAP-8294A and lysocins) was used in the synthe-
sis of all predicted BGC products10,33. The N-acylated linear peptide 
corresponding to the bioinformatically predicted product of each 
potential MBA BGC was generated by fluorenylmethyloxycar-
bonyl protecting group (Fmoc)-based solid-phase peptide synthesis 
(SPPS). (R)-3-hydroxy-octanoic acid-derivatized linear peptides 
can either be cyclized through the β-hydroxyl of the fatty acid 
(cyclized through fatty acid (cFA)) or through a nucleophilic amino 
acid side chain (cyclized through side chain (cSC)) (Fig. 2). When 
no nucleophilic side chain was present in the peptide, only a cFA 
derivative was produced from the linear peptide (MBA1, MBA3 
and MBA4). However, when the first amino acid was predicted to 
contain a nucleophilic side chain (that is, a serine or threonine), 
both cFA and cSC analogues were synthesized from the linear pep-
tide (MBA2, MBA5 and MBA6). In the case of MBA5, which was 
predicted to contain amino acids with a nucleophilic side chain at 
the first two positions, two distinct cSC peptides were generated. 
In total, we generated ten syn-BNPs for bioactivity screening (Fig. 
2). For use as controls, we synthesized (R)-3-hydroxy-octanoic 
acid analogues of the three known MBAs (Extended Data Fig. 4a, 
WAP-SA1, lysocin and WBP-A2).

Antimicrobial spectrum. MBAs are expected to have Gram-positive 
antibacterial activity because MK plays an important role in the 
electron transport system of Gram-positive bacteria6,7. We initially 
tested each syn-BNP against three Gram-positive bacteria (Bacillus 
subtilis, S. aureus and Staphylococcus epidermidis) to determine 
which had antibacterial activity (Fig. 2 and Supplementary Table 
2). In all cases where we synthesized differentially cyclized struc-
tures (MBA2, MBA5 and MBA6) from a single linear peptide, 
cyclization through the serine or threonine at the first position 
showed the most potent antibiotic activity. We believe that these 
more active structures are the likely products of these BGCs; there-
fore, they were used in all of the subsequent studies. We synthe-
sized ‘unnaturally cyclized’ versions of two known MBA analogues 
(lysocin and WAP-SA1); in both cases, these structures showed a 
comparable decrease or loss of antibacterial activity (Extended 
Data Fig. 4). In the case of syn-BNPs predicted from the MBA1, 
MBA3 and MBA4 BGCs, the only possible cyclization pattern was 
through the 3-hydroxy of the N-terminal fatty acid. All three com-
pounds showed good Gram-positive antibacterial activity (Fig. 2). 
Ultimately, this analysis resulted in six new and structurally diverse 
cyclic lipopeptide antibiotics (MBA1–6) that are only linked by a 
shared GXLXXXW motif, which we hypothesized was associated 
with MK binding as a mode of action.

All six syn-BNPs were broadly active against Gram-positive bac-
teria (Supplementary Table 2). Against a panel of S. aureus strains 
resistant to diverse clinically relevant antibiotics, the MBA MICs 
ranged from 0.25 to 8 μg ml−1. MBA3, which was predicted from 
a metagenome-derived BGC, was the most potent antibiotic with 
MICs against the S. aureus strain ranging from 0.25 to 2 μg ml−1. A 
subset of these syn-BNPs, MBA3 in particular, were active against 
M. tuberculosis (Supplementary Table 2). Lysocin E is active against 
Mycobacterium smegmatis34, but to the best of our knowledge, no 
MBA has been reported to have anti-M. tuberculosis activity. To 
begin to explore the relevance of MK to the activity of these antibi-
otics in more detail, we determined their MICs against a collection 
of Enterococcus and Streptococcus spp. that either natively produce 
or do not produce MK. The syn-BNPs were active against the two 

MK-producing strains we tested (Enterococcus casseliflavus and 
Streptococcus cremoris) but were inactive against all six MK-deficient 
Enterococcus and Streptococcus strains we tested (Supplementary 
Table 3)35,36. In contrast, all four known Lipid II binders (lysobactin, 
nisin, ramoplanin and vancomycin) we tested were active against 
all eight Enterococcus or Streptococcus strains (Supplementary 
Table 3)37,38. In broader bioactivity screening, no syn-BNP showed 
activity against any wild-type (WT) Gram-negative bacteria or 
fungi that were tested (Supplementary Table 2). Against outer 
membrane-permeabilized E. coli (E. coli BAS849), syn-BNP 
MICs ranged from 8 to 32 μg ml−1 (Supplementary Table 4)39. In 
Gram-negative bacteria, MK is produced under both aerobic and 
anaerobic growth conditions; however, it is produced at higher lev-
els in anaerobic growth conditions because of its key role in respira-
tion40,41. Under anaerobic growth conditions, syn-BNP MICs against 
E. coli BAS849 were two- to four-fold lower than under aerobic con-
ditions (Supplementary Table 4). The absence of activity against E. 
coli, and likely other Gram-negative bacteria, appears to be due to 
the inability of syn-BNPs to cross the outer membrane. Collectively, 
this spectrum of activity data provided our first experimental evi-
dence that all six new antibiotics were likely MBAs.

Mode-of-action studies. Known MBAs cause rapid cell death due 
to membrane lysis10,11. Therefore, we tested each active syn-BNP 
for the ability to lyse S. aureus. As shown in Fig. 3a, when added 
to S. aureus cultures each syn-BNP antibiotic caused a rapid 
decrease in the number of viable cells. Membrane depolarization 
and cell lytic activities by all six syn-BNPs were confirmed using 
3,3′-dipropylthiadicarboncyanine iodide (DiSC3(5)) and SYTOX 
fluorescence assays, respectively (Fig. 3b and Extended Data  
Fig. 5a).

The relevance of MK to the antibacterial activity of each 
syn-BNP was examined in four ways: (1) we assayed for the abil-
ity of MK to suppress antibiotic activity; (2) we tested for antibi-
otic activity against MK biosynthesis knockout strains; (3) we 
raised resistant mutants to each antibiotic; and (4) we accessed 
the binding of each active syn-BNP to MK directly using isother-
mal titration calorimetry (ITC). When MK was added to the assay 
medium, the minimum inhibitory concentration (MIC) of each 
syn-BNP against S. aureus increased in a dose-dependent man-
ner. The related structure, ubiquinone (UQ), had no effect on the 
antibiotic activity of any syn-BNP (Fig. 3c). We used two different 
S. aureus MK biosynthesis knockout strains (ΔmenA and ΔmenB) 
to test whether antibiotic activity was dependent on native produc-
tion of MK. In Gram-positive bacteria, MK is used as an electron 
donor in respiration. Although in the absence of MK S. aureus 
cannot respire, they can survive by generating ATP from sub-
strate phosphorylation. Both the menA and menB deletion strains 
are viable but they have small colony variant (SCV) phenotypes 
because they can only generate ATP from substrate phosphoryla-
tion42. All six syn-BNPs were inactive (MIC > 64 μg ml−1) against 
both S. aureus strains (Fig. 3d). Furthermore, we selected S. aureus 
(USA300) mutants that could grow on 4× the MIC of each anti-
biotic. At 4× each syn-BNP’s MIC resistant mutants appeared at a 
frequency of 0.7–5 × 10−6 for all syn-BNPs (Extended Data Fig. 5b).  
For each antibiotic, we sequenced multiple representative 
MK-resistant mutants. In all cases, the resistant strains contained a 
point mutation in an MK biosynthesis gene and in almost all cases 
no other mutations were detected in the genome (Supplementary 
Table 5). Finally, using ITC, an exothermic response was detected 
when liposomes (1,2-dioleoyl-sn-glycero-3-phosphocholine 
(DOPC):1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol 
(DOPG) = 1:1, mol:mol) containing MK were added into each 
syn-BNP. The calculated dissociation constants between MK and 
these antibiotics ranged from 0.09 to 0.30 μM (Extended Data Fig. 
6). In contrast, no syn-BNP induced an exothermic reaction when 
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UQ instead of MK was included in the liposomes (Supplementary 
Fig. 3). We also tested the interaction between MK and syn-BNP 
derivatives with cyclization modes that showed reduced antibacte-
rial activity (Fig. 2). All of these showed higher dissociation constants 
than their more active counterparts. For example, the calculated 
dissociation constant for the cFA version of MBA6, MBA6-cFA, was 
45.5 μM (Extended Data Fig. 7a). This was 175-fold higher than the 
dissociation constant observed for the interaction between MK and 
the active cSC MBA6. The strong correlation we observed between 
dissociation constant and antibiotic potency suggests a direct link 
between the binding of these antibiotics to MK and cell killing 
(Extended Data Fig. 7b). While the GXLXXXW motif containing 
the natural product lysocin E has been reported to bind Lipid II13, 
in the ITC experiments with liposomes containing Lipid II we did 
not observe an antibiotic-specific binding between syn-BNP MBAs 
and Lipid II (Supplementary Discussion and Supplementary Figs. 
4 and 5). Collectively, these data provided multiple distinct lines 
of evidence that the GXLXXXW motif-containing syn-BNPs spe-
cifically bound MK and their antibacterial activity was dependent  
on MK.

Anti-M. tuberculosis activity and mode-of-action analysis for 
MBAs. Tuberculosis is one of the deadliest infectious diseases in 
the world. Anti-M. tuberculosis agents with new modes of action 
are urgently needed due to the rapid emergence of MDR and exten-
sively drug-resistant M. tuberculosis mutants43,44. Although enzymes 
in the MK biosynthesis pathway have been explored as potential 
anti-M. tuberculosis targets45–47, to the best of our knowledge MK 

binding has not been tested as a mode of action for an anti-M. tuber-
culosis agent. We assayed MBAs 1 through 6 against a panel of M. 
tuberculosis strains that included WT H37Rv, two mutants that can 
be studied using biosafety level 2 containment (mc2 6206 and mc2 
7901) and four MDR strains (800, 4557, 10571 and 116) (Fig. 4a). All 
MBAs, with the exception of MBA5 and MBA6, were active against 
this panel of M. tuberculosis strains (MIC ≤ 10 μg ml−1). MBA3 was 
the most potent anti-M. tuberculosis compound among MBAs, with 
an MIC as low as 0.078 μg ml−1 against MDR M. tuberculosis.

We sought to confirm the mode of action of this class of antibiot-
ics against M. tuberculosis. As seen with S. aureus, when MK was 
added to the assay medium the MIC of MBAs against M. tubercu-
losis increased in a dose-dependent manner (Fig. 4b). UQ, which is 
structurally related and involved in electron transport in mamma-
lian mitochondria, had no effect on the anti-M. tuberculosis activity 
of MBAs (Fig. 4b). As seen with S. aureus, MBAs caused an increase 
in DiSC3(5) fluorescence indicating that they also induced mem-
brane depolarization in M. tuberculosis (Fig. 4c). Taken together, 
these data suggest that in M. tuberculosis, the antibacterial activity 
of MBAs is MK-dependent membrane disruption.

Macrophages play a central role in recognizing and destroying 
invading pathogens. M. tuberculosis, however, is capable of replicat-
ing and surviving in macrophages48. In vitro macrophage infection 
models, which provide a window into the interaction of host and 
pathogen, have proved to be good initial predictors of drug effi-
cacy against M. tuberculosis. We examined the anti-M. tuberculo-
sis activity of MBAs in a murine macrophage model. In this assay, 
J774A.1 mouse macrophages infected with M. tuberculosis harbour-
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ing the mLux plasmid were treated with each M. tuberculosis-active 
MBA; then, residual bacterial cell viability inside the macrophages 
was determined by luminescence measurements. The three M. 
tuberculosis-active MBAs we tested inhibited M. tuberculosis growth 
in macrophages with a half-maximal inhibitory concentration (IC50) 
ranging from 0.14 to 2.1 μg ml−1 (Fig. 4d). As seen in other assays, 
MBA3 was the most potent MBA in this assay. Considering the sug-
gested correlation between activity in macrophages and potential 
activity in vivo49, in the future it will be interesting to explore the 
in vivo anti-M. tuberculosis activity of MBA3.

Two new MBA structural families. Although the six MBAs we 
identified share a conserved GXLXXXW sequence that we propose 
is important for MK binding, they exhibit substantial differences 
in overall peptide sequence as well as different modes of cycliza-
tion and antimicrobial potency. To visualize the structural rela-
tionships among these antibiotics more easily, linear MBA peptide 
sequences were aligned and a phylogenetic tree was generated (Fig. 
5a). This tree contains three distinct clades, one of which consists of 
known (lysocin E and WBP-29479A1) and new MBAs (MBA1 and 
MBA2), while the other two clades only contain the MBAs identi-
fied in this study (Fig. 5a). MBA1 and MBA2 are closely related to 
WBP-29479A1 and lysocin E, respectively. They differ from these 
known structures by only one amino acid in the case of MBA1 and 
three amino acids in the case of MBA2 (Fig. 5b). The four remaining 
antibiotics identified in this study make up two new MBA struc-
tural families. The first new family consists of MBA3 and MBA4 
(Fig. 5c). Both structures were cyclized between the hydroxyl on 
(R)-3-hydroxy-octanoic acid and C-terminal GABA to form an 
undeca-lipodepsipeptide. Beyond the conserved minimal MK 
binding sequence, these two structures share a distinct l-Pro-5 and 
d-Tyr-9. The l-Pro-5 replaces the d-N-Me-aromatic amino acid 
that appears in all other known or new MBAs between G and L in 
the conserved GXLXXXW motif. Proline, like N-methylated amino 
acids, can introduce discrete conformations into cyclic peptides50, 
suggesting that these two types of amino acids may play similar 

roles in MBAs. If we include this observation in our definition of a 
minimal MK binding motif, it would restrict the first X in the motif 
to being either an N-methyl-aromatic amino acid (NMeAAA) or 
proline (G(NMeAAA/P)LXXXW).

The second new family of MBA antibiotics consists of MBA5 and 
MBA6 (Fig. 5d). In addition to the conserved GXLXXXW motif, 
these two peptides share a serine, serine, asparagine, threonine and 
phenylalanine at positions 1, 3, 8, 9 and 11, respectively. Both pep-
tides are cyclized using the serine at the first position in the linear 
peptide. However, they differ by the size of the resulting macrocycle. 
MBA6 contains 12 amino acids, while MBA5 contains 14 amino 
acids, making it the largest MBA characterized to date. Unlike other 
MBAs, MBA5 and MBA6 do not contain any positively charged 
amino acids. Positively charged residues found in known MBAs and 
other classes of lipopeptide antibiotics have been proposed to inter-
act with the anionic polar head groups of the bacterial membrane 
and help induce rapid bacteriolysis51,52. Therefore, the absence of 
cationic residues in MBA5 and MBA6 is a key distinguishing feature 
of this new subclass of MBAs.

To explore the importance of the individual residues of the pro-
posed minimal MK-binding motif, we synthesized analogues of 
the most potent syn-BNP MBA, MBA3, where the three conserved 
amino acids (Gly-4, l-Leu-6 and d-Trp-10) were individually 
replaced with l-Ala or d-Ala. The resulting three analogues with 
one amino acid change each were assayed for both antibacterial 
activity and MK binding (Extended Data Fig. 8). Changing l-Leu-6 
to l-Ala decreased the antibiotic activity of MBA3 by 16–32-fold 
and its MK-binding affinity by 365-fold, while changing Gly-4 to 
l-Ala or d-Trp-10 to d-Ala completely abrogated its antibacterial 
activity (MIC > 64 μg ml−1) as well as its ability to interact with MK. 
Therefore, all three conserved residues of the proposed minimal 
MK-binding motif are critical for both potent antibacterial activity 
and high-affinity MK binding. How the G(NMeAAA/P)LXXXW 
sequence that is conserved across MBAs interacts with MK is to 
be determined. However, it is likely that the indole of tryptophan 
interacts with the quinone from MK53 and that the N-methyl aro-
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matic amino acid and the proline induce similar cyclic peptide 
conformations that help create an MK binding pocket. The hydro-
phobic glycine and leucine residues and the hydrophobic lipid tail 
seen in all MBAs are likely important for interacting with either the 
hydrophobic polyprenyl tail of MK or the lipid biolayer in bacterial 
membranes.

Additional sources of MBAs. Known MBAs are produced by the 
genus Lysobacter12,30,54. Interestingly, both new MBA families were 
inspired by BGCs that are found in bacteria from different taxa (Fig. 
5a and Supplementary Fig. 6). While the BGC for MBA3 was cloned 
from a soil metagenome and therefore its source is unknown, 
the BGC for MBA4 is found in the genome of P. alcaliphilus. The 
BGCs for MBA5 and MBA6 were found in the genomes of D. taba-
cisoli and D. mobilis, respectively (Fig. 5a and Supplementary Fig. 

6). Paracoccus and Dyella are genera of Proteobacteria that have 
not traditionally been part of bacterial natural product discov-
ery programmes55,56. P. alcaliphilus is an alkaliphilic, facultative, 
methanol-utilizing bacterium, while the genus Dyella was only 
first described in 2005 (refs. 57,58). As outlined in the metagenomic 
library screening studies described above, the l-Leu-6 A-domain is 
highly conserved across MBA BGCs. In fact, when eDNA A-domain 
NPSTs were compared to the known MBA BGC l-Leu-6 A-domain, 
all NPSTs that returned e-values ≤ 10−45 were found to arise from 
an MBA BGC (Extended Data Fig. 1). To explore MBA BGC diver-
sity in the environment more extensively, we screened an archived 
collection of A-domain NPSTs generated from diverse soil metage-
nomes for MBA BGC-like l-Leu-6 A-domain sequences22. One in 
every 25 soils we screened (80 out of 2,000) contained a unique MBA 
l-Leu-6-like A-domain NPST (that is, e-value ≤ 10−45). Therefore, 
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our studies not only identified additional cultured sources of struc-
turally diverse MBAs, but also suggest that there is a high number of 
as yet uncharacterized MBA BGCs in soil microbiomes.

Activity of MBA3 and MBA6 in a murine peritonitis-sepsis 
model. Using a mouse peritonitis-sepsis model we examined the 
in vivo efficacy of MBA3 and MBA6, which were the most potent 
analogues of the two new MBA families we identified in this study. 
As shown in Fig. 6, treatment of a methicillin-resistant S. aureus 
COL strain infection with either MBA3 (5, 10 and 30 mg kg−1) or 
MBA6 (10, 30 and 60 mg kg−1) dramatically decreased the mortal-
ity of infected mice compared to treatment with vehicle alone (30% 
Solutol). A minimal dose of 10 and 30 mg kg−1 for MBA3 and MBA6, 
respectively, was required for 100% survival. Collectively, our results 
suggest that MBA3 and MBA6 could be valuable candidates for the 
development of therapeutics for treating MDR S. aureus infections.

Discussion
In this study, we combined sequence-based metagenomic mining 
with a pattern search of bioinformatically generated natural product 
structures to identify BGCs that we predicted would encode MBAs. 
Synthesis of the structures bioinformatically predicted to arise from 
these BGCs produced six MK-binding cyclic lipodepsipeptides with 
diverse structures, anti-M. tuberculosis activity and potent in vivo 
anti-S. aureus activity. Although MBAs exhibited substantial dif-
ferences in peptide sequence and different cyclization modes, they 
shared a conserved GXLXXXW sequence that we propose is a mini-
mal MK binding motif. Notably, the most potent members of the two 
new MBA structural families we identified, MBA3 (metameb) and 
MBA6 (mobimeb), proved effective at treating methicillin-resistant 
S. aureus infections in a murine peritonitis-sepsis model. Our dis-
covery of new MBA structural families suggests that MBAs are a 
diverse and still underexplored class of naturally occurring antibi-
otics. Both the new MBA structures reported in this study and the 
MBA search tools developed in this study should prove useful in 
ultimately identifying a member of this mechanistically interesting 

class of antibiotics that can be successfully brought through thera-
peutic development into clinical use.

MBA resistance can arise from mutations in MK or haem biosyn-
thesis10,13. In both cases, these mutants show an SCV phenotype59. In 
addition, both MK- and haem-deficient mutants have shown reduced 
virulence in animal models10,59. When growth-compensatory 
mutants were directly selected using a menB point mutant back-
ground, all growth-compensatory mutants showed increased MK 
production60. When growth-compensatory mutants were selected 
by serial passage using either MK- or haem-deficient strains, 
approximately 96% of the mutants showed restored MK levels61. 
These studies suggest that while growth-compensatory mutations 
will undoubtedly arise, most of the mutants are likely to restore sus-
ceptibility to MBAs. When the mutation frequency is taken together 
with decreased virulence by these SCVs and the restoration of MK 
production in most growth-compensatory mutants, we believe that 
MBAs are likely to show a lower clinically relevant resistance rate 
than suggested by the resistance frequency seen in the laboratory. 
With that said, this will clearly be something that will need to be 
explored in more detail in the clinical development process.

Although we have previously used metagenomic mining meth-
ods to identify BGCs of interest22,23, we believe that identifying mol-
ecules with a desired mode of action by searching for a substructure 
among a large dataset of bioinformatically predicted natural prod-
ucts has not been described previously. The success of this approach 
for identifying new classes of MBAs suggests that bioinformatic 
structure prediction algorithms have developed to the extent that 
direct structure, or substructure, searches of collections of bioin-
formatically predicted natural product structures now represent an 
alternative generalizable approach to screen sequenced BGCs for 
the potential production of bioactive small molecules.

Methods
Chemical reagents, consumables and instruments. All reagents were purchased 
from commercial sources and used without further purification. Preloaded 
2-chlorotrityl resin for peptide synthesis was purchased from Matrix Innovation. 
Reagents for SPPS, dichloromethane (DCM), N,N-diisopropylethylamine 
(DIPEA), 4-dimethylaminopyridine (DMAP), N,N-dimethylformamide (DMF), 
O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate 
(HATU), hexafluoroisopropanol (HFIP), (7-azabenzotriazol-1-yloxy)
tripyrrolidinophosphonium hexafluorophosphate (PyAOP) and trifluoroacetic 
acid (TFA) were purchased from P3 BioSystems. Standard N-Fmoc amino 
acid building blocks were purchased from P3 BioSystems and Chem-Impex 
International. (R)-3-hydroxy-octanic acid and Fmoc-N-Me-d-Phe-OH were 
purchased from Enamine. Fmoc-N-Me-d-Trp(Boc)-OH was purchased from 
Alabiochem. Fmoc-N-Me-d-Tyr(tBu)-OH was purchased from 1Click Chemistry. 
Fmoc-GABA-OH was purchased from Sigma-Aldrich. All solvents used for 
chromatography were high-performance liquid chromatography (HPLC) grade  
or higher. Thiazolyl blue tetrazolium bromide (MTT) and type II mucin from 
porcine stomach were purchased from Sigma-Aldrich. The fluorescent dyes 
SYTOX Green and DiSC3(5) were purchased from Thermo Fisher Scientific and 
the assay results were recorded using a Tecan Infinite M Nano+ plate reader.  
DOPC and DOPG were purchased from Avanti Polar Lipids. Menaquinone-4 
(MK4) and ubiquinone-10 (UQ10) were purchased from Sigma-Aldrich and 
Gram-positive Lys-Lipid II was purchased from Antimicrobial Discovery  
Solutions Ltd.

For all liquid chromatography, solvent A = H2O (0.1% v/v formic acid) 
and solvent B = CH3CN (0.1% v/v formic acid). Ultra-performance liquid 
chromatography (UPLC)–low-resolution mass spectrometry (LRMS) data were 
acquired on a Waters ACQUITY system equipped with quadrupole Dalton and 
photodiode-array detection detectors, a Phenomenex Synergi Fusion-RP 80 Å 
column (2.0 mm× 50 mm, 4 µm) and controlled by the Waters MassLynx v.4.1 
software. The following chromatographic conditions were used for UPLC–LRMS: 
5% B from 0 to 0.9 min; 5–95% B from 0.9 to 4.5 min; 95% B from 4.5 to 5.0 min; 
95–5% B from 5.0 to 5.4 min; and 5% B from 5.4 to 6 min (flow rate of 0.6 ml min−1 
and 10 µl injection volume). HPLC–high-resolution mass spectrometry (HRMS) 
data were acquired on a SCIEX ExionLC HPLC coupled to an X500R QTOF 
mass spectrometer, equipped with a Phenomenex Kinetex PS C18 100 Å column 
(2.1 mm× 50 mm, 2.6 µm) and controlled by the SCIEX OS v.2.1 software. The 
following chromatographic conditions were used for UPLC–HRMS: 5% B from 0 
to 1.0 min; 5–95% B from 1.0 to 10.0 min; 95% B from 10.0 to 12.5 min; 95–5% B 
from 12.5 to 13.5 min; and 5% B from 13.5 to 17.0 min (flow rate of 0.4 ml min−1 
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and 1 µl injection volume). Peptide purification was performed using an Agilent 
1200 Series HPLC with ultraviolet detection and equipped with an XBridge Prep 
C18 130 Å column (10 × 150 mm, 5 μm). 1H and 13C nuclear magnetic resonance 
(NMR) spectra were acquired on a Bruker Avance DMX 600 MHz spectrometer 
equipped with cryogenic probes (The Rockefeller University). All spectra were 
recorded at 25 or 50 °C in dimethyl sulfoxide (DMSO)-d6. Chemical shift values 
are reported in parts per million (ppm) and referenced to residual solvent signals: 
2.50 ppm (1H) and 39.52 ppm (13C).

Identification of metagenomic MBA BGCs. Previously archived soil eDNA 
cosmid libraries were probed to recover BGCs predicted to encode new MBAs. 
Construction, PCR screening with barcoded A-domain degenerate primers, 
amplicon sequencing and read processing for these cosmid libraries have been 
described in detail previously22. Using A-domain sequences from the three 
known MBAs as references, the eSNaPD v.2 software was used to identify similar 
sequences among A-domain amplicon sequences generated from archived 
metagenomic libraries. The library well locations of hits found in this analysis were 
identified using the barcode parsing functionality of the eSNaPD v.2 software. 
Clones associated with select eDNA A-domain hits were then recovered from the 
appropriate library wells using a previously described dilution PCR strategy22. 
Recovered cosmids were sequenced using a MiSeq Reagent Nano Kit V2 on a 
MiSeq sequencer (Illumina) and the resulting reads were assembled into contigs 
using Newbler v.2.6 (Roche). Assembled complete and partial BGCs were analysed 
using antiSMASH v.5.1.2 and our manual in-house NRP predictor to predict 
the substrate specificity of each A-domain. In this analysis, building blocks were 
predicted by comparing the Stachelhaus code of predicted A-domains to that of 
A-domains from known NRPs.

Screening 2,000 soils to explore more potential MBAs. eDNA was extracted from 
approximately 2,000 ecologically and geographically diverse soil samples; NPSTs of 
soil metagenomes were generated using a previously established pipeline22. These 
NPSTs were then searched using the eSNaPD pipeline against the manually curated 
l-Leu-6 sequences from the three known and six new MBA BGCs. A-domain 
amplicons that matched MBA l-Leu-6 at an e-value ≤ 10−45 were considered as hits. 
A multiple sequence alignment of all qualifying hit sequences was generated using 
the multiple sequence comparison by using multiple sequence alignment algorithm 
MUSCLE in MacVector v.17.0.5; the resulting alignment file was used to generate a 
maximum likelihood tree in MacVector v.17.0.5.

Construction of an in-house predicted NRP database. GenBank files for 38,933 
NRP BGCs representing 10,858 complete bacterial genome assemblies were 
retrieved from the antiSMASH database. Our predicted NRP (p-NRP) database was 
constructed from the BGCs by synthesizing data from five A-domain prediction 
resources: antiSMASH database62; Norine amino acid database63; and A-domain 
substrate predictions from MIBiG v.264, SANDPUMA65 and our own NRP BGC 
analyses (Supplementary Fig. 1). We analysed all BGCs using antiSMASH v.5.1.2 
(ref. 28) and the parallel job execution tool GNU Parallel v.366. After removing 
duplicate entries, we obtained a total of 36,957 NRPS antiSMASH v.5 regions. We 
downloaded the entirety of the ‘monomer’ dataset from Norine, which represents 
known A-domain substrates and other known amino acids, and we used it as the 
basis for our own A-domain ‘substrates’ table. We extended this table with the 
addition of auxiliary columns, such as the substrate’s charge, as well as normalizing 
the shorthand names of some substrates to follow convention in the NRP BGC 
community more closely. Lastly, we incorporated predictions for Stachelhaus codes 
using MIBiG, which stores curated information about well-characterized BGCs, 
and SANDPUMA, which maintains a table of known A-domain-to-substrate 
specificities. The A-domain substrate specificity codes obtained from our 
manual curation of characterized NRPs were also included. For any substrates 
not represented in the Norine database, a search was conducted in the PubChem 
database and the relevant data were imported67, including the PubChem ID, 
to ensure uniqueness. Substrates that did not appear in PubChem were still 
included in the database; however, other uniquely identifying information, such 
as International Union of Pure and Applied Chemistry name and simplified 
molecular-input line-entry system string, were relied on to prevent a substance 
being erroneously represented multiple times. When no substrate specificity code 
was identified for an A-domain, A-domain substrate specificity was predicted using 
the NRPSpredictor2 ‘small cluster prediction’68. Finally, based on this collection of 
curated substrate specificity codes, a table of linear peptide sequence predictions 
for each NPRS BGC was generated. The starting point of a p-NRP sequence was 
determined either by the presence of a condensation starter domain or the presence 
of an A-domain with no immediately preceding condensation domain. The end 
of the peptide sequence was defined by the presence of a thioesterase domain. 
Ultimately, for each BGC the order of the monomers predicted in our A-domain 
analysis followed the order of A-domains predicted by antiSMASH for that BGC. 
To identify potential MBA BGCs, the resulting p-NRP database was searched for 
the full GXLXXXW motif and two partial motifs: GXL and LXXXW.

Peptide synthesis. SPPS. All peptides were synthesized using standard Fmoc-based 
SPPS methods on 2-chlorotrityl chloride resin using commercially available 

Fmoc-protected amino acids. Peptide synthesis started from the conserved leucine 
seen at the sixth position of each peptide. Preloaded leucine on 2-cholorotrityl 
resin (0.3 g, 0.552 mmol g−1) was swollen in DCM for 20 min at room temperature 
then drained and washed with DMF (3 ml, 3×). Coupling of individual amino acids 
was carried out by using Fmoc-protected amino acids (2 equivalent relative to 
resin loading) mixed with HATU (2 equivalent) and DIPEA (2 equivalent) in DMF 
(5 ml). Coupling reactions were carried out for 1 h with occasional swirling then 
washed with DMF (3 ml, 3×). Fmoc deprotection was done using 20% piperidine 
in DMF (3 ml) for 7 min and repeated twice. The resin was washed with DMF 
(3 ml, 5×) and then coupled with a subsequent amino acid.

Ester bond formation. Ester bonds were formed either between the hydroxyl group 
on the N-terminal fatty acid or an amino acid-associated hydroxyl group and the 
C-terminal carboxyl group of the peptide. To carry out ester bond formation, the 
resin was mixed with amino acid (20 equivalent), DIPEA (40 equivalent), benzoyl 
chloride (20 equivalent) and DMAP (0.8 equivalent) in 10 ml of DCM and gently 
shaken for 72 h. After ester bond formation, the remaining amino acids were 
coupled as described above.

Peptide cyclization. Peptides were cleaved from the resin by treatment with 20% 
HFIP in DCM for 2 h. After air drying overnight, the cleaved linear peptide 
was cyclized without purification using PyAOP (8 equivalent) and DIPEA (30 
equivalent) in DMF (50 ml). After 2 h, DCM (100 ml) was added and washed 
repeatedly with 1% formic acid in water (5 ml, 10×). The extracted cyclic peptide 
was air-dried overnight.

Final cleavage. Air-dried cyclic peptide was dissolved in 3 ml of cleavage cocktail 
(95% v/v TFA, 2.5% v/v triisopropylsilane and 2.5% v/v water) for 1.5 h. A cold 
mixture of diethyl ether:hexane (1:1) was then added and kept at −20 °C for 10 min 
to precipitate the peptide. Peptide pellets were collected by centrifuging (2,500g) 
for 5 min, redissolved in 5 ml of methanol and dried under vacuum overnight.

Peptide purification by HPLC. Crude cyclic lipopeptides were purified on 
a XBridge Prep C18 HPLC column using a dual solvent system (A/B: water/
acetonitrile supplemented with 0.1% v/v formic acid). All peptides were eluted 
using a linear gradient from 30 to 50% gradient of B. Peptide purity was confirmed 
by UPLC. The identity of each peptide was confirmed by HRMS (Supplementary 
Fig. 7) and tandem mass spectrometry (Supplementary Figs. 8–13) analyses. 1H 
and 13C NMR spectra were recorded for each peptide (Supplementary Figs. 14–19). 
Pure peptides were dissolved in DMSO at 6.4 mg ml−1 for MIC measurements and 
mode-of-action studies.

Antimicrobial assays against Gram-positive and Gram-negative bacteria and 
yeast pathogens. All antimicrobial assays were run in 96-well microtitre plates 
using a broth microdilution method. Diluted overnight cultures were used in 
all assays. For yeast strains, overnight cultures were diluted 2,000-fold in yeast 
extract peptone dextrose broth. For Enterococcus faecium and S. aureus, overnight 
cultures were diluted 1,000- and 10,000-fold in lysogeny broth (LB), respectively. 
For Streptococcus strains, overnight cultures were diluted 5,000-fold in brain heart 
infusion broth. For other bacteria, overnight cultures were diluted 5,000-fold in 
LB. Then, 100 µl of each diluted culture was mixed with 100 μl of LB containing 
a syn-BNP at twofold serial dilutions across a 96-well microtitre plate row. The 
final concentration of each compound ranged from 64 to 0.25 μg ml−1. Plates were 
incubated at 37 °C (bacteria) or 30 °C (yeast) for 16 h. The lowest concentration 
that inhibited visible microbial growth was recorded as the MIC. All MIC assays 
were done in duplicate (n = 2).

Antibacterial assay against M. smegmatis mc2 155. M. smegmatis mc2 155 was 
shaken in 7H9 broth (supplemented with 0.2% glucose, 0.2% glycerol and 0.05% 
tyloxapol) for 48 h at 37 °C. The culture was then diluted to an OD600 of 0.005 and 
100 μl was added to 100 μl of 7H9 broth containing each syn-BNP at twofold serial 
dilutions across a 96-well plate row. The final concentration of each compound 
ranged from 64 to 0.25 μg ml−1. Plates were incubated for 48 h at 37 °C and then 
30 μl of alamarBlue Cell Viability Reagent (Thermo Fisher Scientific) was added. 
After an additional 24 h incubation, wells that remained blue by visual inspection 
were deemed to contain inhibitory concentrations of each antibiotic. All MIC 
assays were done in duplicate (n = 2).

Antibacterial assay against M. tuberculosis. M. tuberculosis mc2 6206, mc2 7901, 
WT H37Rv and 4 MDR strains (116, 800, 4557 and 10571) were passaged in 7H9 
broth (supplemented with oleic acid-albumin-dextrose-catalase, 0.2% glycerol 
and 0.02% tyloxapol) at 37 °C to an OD600 of 0.5–0.7. The culture was then diluted 
to an OD600 of 0.005 and 100 μl of the diluted culture was distributed in 96-well 
plates. Then, 100 μl of 7H9 broth containing each syn-BNP at twofold serial 
dilutions across a 96-well plate row was added to give final test concentrations 
ranging from 20 to 0.039 μg ml−1. Plates were then incubated at 37 °C and 5% CO2. 
After incubation for 6 d, 30 μl of alamarBlue Cell Viability Reagent was added, 
cultures were incubated for another 24 h and absorbance was read at 570 nm and 
normalized to 600 nM. All MIC assays were done in duplicate (n = 2).
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Murine macrophage infection. The activity of each MBA against intracellular M. 
tuberculosis was determined by infecting J774A.1 mouse macrophages (catalogue 
no. 91051511; Sigma-Aldrich) with M. tuberculosis mc2 6206 harbouring the mLux 
plasmid (M. tuberculosis mc2 6206/mLux). Macrophages were initially suspended 
at a concentration of 4–5 × 105 cells ml−1 in DMEM (Sigma-Aldrich) supplemented 
with FBS (10%) and l-glutamate (2 mM). Flat bottom 96-well white plates were 
seeded with 100 µl of the macrophage suspension and incubated overnight to allow 
cells to adhere to the plates. M. tuberculosis mc2 6206/mLux was grown to mid-log 
phase (OD600 = 0.5–0.7). M. tuberculosis cultures were then spun down, washed 
with PBS and resuspended in DMEM containing 10% FBS, l-glutamate (2 mM), 
pantothenic acid (50 µg ml−1) and leucine (50 µg ml−1). Assay plates were inoculated 
with 100 µl of M. tuberculosis mc2 6206/mLux at a multiplicity of infection of 
1:10 and incubated for 4 h to allow M. tuberculosis to infect the macrophages. 
Adhered macrophages were then washed twice with 100 µl of PBS and then 100 µl 
of DMEM was added to each well. After a 1 h incubation plates were washed 
twice with 100 µl of PBS. Then, 100 µl of each MBA serial diluted in DMEM (from 
64 to 0.0004 µg ml−1) was added to the assay plates. Plates were then incubated 
at 37 °C for 72 h. Residual M. tuberculosis cell viability inside macrophages was 
determined by luminescence measurement on a Spark multimode microplate 
reader (Tecan). Dose–response curves were generated by non-linear regression in 
Prism 8 (GraphPad Software) and plotted as the logarithm of concentration versus 
normalized percentage cell viability. The antibiotic concentration that led to 50% 
cell viability (IC50) was determined from the dose–response curves. Each treatment 
was carried out in duplicate (n = 2).

Membrane lysis assay. Membrane lysis assays were done in 384-well black 
microtitre plates. An overnight culture of S. aureus USA300 was collected by 
centrifugation and resuspended in PBS to give an OD600 of 0.5. SYTOX Green 
(5 mM, 1 μl) was added to the cell suspension (2.5 ml), which was then incubated 
in the dark at room temperature for 10 min. Fluorescence intensity of the mixture 
was recorded continually at 2 s intervals (excitation/emission 488/523 nm). When 
the signal stabilized the appropriate amount of each antibiotic (6.4 mg ml−1 DMSO 
stock solutions) to give 2× its MIC was added and immediately mixed by manual 
pipetting. Vancomycin and lysocin were used as negative and positive controls, 
respectively. Data were presented as the relative intensity with regard to the 
average fluorescence signal before the addition of the MBA. All assays were done 
in duplicate (n = 2). A representative fluorescence recording for each antibiotic is 
shown in Fig. 3b.

Membrane depolarization assay. Membrane depolarization assays were done 
in 384-well black microtitre plates. An overnight culture of S. aureus USA300 
was collected by centrifugation and resuspended in PBS to give an OD600 of 0.5; 
100 μl of this cell suspension and 20 μM of DiSC3(5) (50 μl) were added to 300 μl 
of PBS and then incubated in the dark at room temperature for 15 min. KCl (2 M, 
50 μl) was added and the culture was incubated for another 15 min. Fluorescence 
intensity of the mixture was recorded continually at 2 s intervals (excitation/
emission 643/675 nm). When the signal stabilized the appropriate amount of 
each MBA (6.4 mg ml−1 DMSO stock solutions) to give 2× its MIC was added and 
immediately mixed by manual pipetting. Vancomycin and lysocin were used as 
negative and positive controls, respectively. Data were presented as the relative 
intensity with regard to the average fluorescence signal before the addition of the 
MBA. All assays were done in duplicate (n = 2). A representative fluorescence 
recording for each antibiotic is shown in Extended Data Fig. 5a.

Antibiotic-resistant mutant selection. A single S. aureus USA300 colony was 
inoculated into LB and grown overnight at 37 °C. A portion of the overnight 
culture containing approximately 109 cells was diluted (1/10× or 1/40×) into LB 
containing each antibiotic at 4× its MIC. The resulting mixtures were distributed 
into microtitre plates at 5 μl per well. After incubating statically at 37 °C overnight, 
colonies that appeared were transferred into fresh LB agar plates. The MICs of 4–8 
individual colonies were then determined using the microtitre dilution method 
described above. DNA was extracted from cultures of colonies that showed an 
elevated MIC relative to WT and the resulting DNA was sequenced using the 
MiSeq Reagent Kit V3 (catalogue no. MS-102-3003; Illumina). Single-nucleotide 
polymorphisms for each new MBA were identified using Snippy v.4.6.0 (https://
github.com/tseemann/snippy) by mapping MiSeq reads to the reference genome of 
S. aureus USA300_FPR3757 (Reference Sequence database assembly accession no. 
GCF_000013465.1) (Extended Data Fig. 5b).

ITC. For MK and UQ binding, a 1:1 mixture of DOPC and DOPG containing 
either 1.25 mol per cent MK4 or UQ10 was dissolved in chloroform. A lipid film 
was generated by drying this material under a stream of nitrogen followed by 2 h of 
vacuum drying. The resulting film was hydrated using 10 mM of HEPES (pH 7.5) 
with 100 mM of NaCl to give a final total lipid concentration of 5 mM. Using an 
Avanti Mini Extruder, this suspension was passed through a 100 nm polycarbonate 
filter 10 times. For ITC, the sample cell was filled with 400 μl of 25 μM of MBA 
prepared in 10 mM of HEPES buffer. The syringe (150 μl) was loaded with a 5 mM 
lipid suspension with 1.25 mol per cent MK4 or UQ10. For Lipid II binding, 10 mM 
of DOPC containing 1 mol per cent Lipid II was dissolved in chloroform. The 

resulting film was hydrated using 50 mM of Tris (pH 7.5) with 100 mM of NaCl 
and passed through a 100 nm polycarbonate filter 10 times. For ITC, the sample 
cell was filled with 400 μl of 25 μM of an MBA prepared in 50 mM of Tris buffer. 
The syringe (150 μl) was loaded with a 10 mM DOPC suspension with 1 mol per 
cent Lipid II. Data were collected by using an Auto-iTC200 (Malvern Panalytical) 
and processed by the web-based application AFFINImeter for ITC using the ‘one 
binding site’ model.

MK extraction and identification in S. aureus. MK extraction was performed 
using a previously reported lysozyme-chloroform-methanol extraction method69. 
Cultures of the menA deletion mutant (ΔmenA), the hemB transposon insertion 
mutant (tn:hemB) and S. aureus Newman and USA300 were grown overnight 
in LB. Cultures of the menA and hemB mutants were adjusted to the same 
OD600 as the S. aureus Newman and USA300 cultures. Cells from 20 ml of each 
density-normalized culture were collected by centrifugation. The resulting cell 
pellets were suspended in 50 ml of 10 mM of Tris-HCl buffer (pH 7.4) containing 
5 mg of lysozyme and then incubated at 37 °C for 1 h. This mixture was then 
centrifuged for 10 min at 2,500g to collect the lysozyme-treated cells; 10 ml of 
chloroform/methanol (2:1, v/v) was added to the cell pellets to extract MK. 
This extraction process was repeated three times. The chloroform/methanol 
extracts were combined and evaporated under vacuum. The dried material was 
suspended in 50 μl of chloroform/methanol (2:1, v/v) for analysis by thin-layer 
chromatography (TLC). MK extracts were spotted on LuxPlate TLC silica gel 60 
F254 (Merck Millipore) plates and plates were developed in a mixture of hexane and 
diethyl ether (85:15, v/v). MK was visualized by ultraviolet exposure and the plates 
were photographed. Finally, MK bands were collected from the TLC plates and 
eluted using isopropanol. Isopropanol-eluted MK was analysed by HPLC–HRMS 
and MK4 was used as a standard.

M. tuberculosis membrane depolarization assay. M. tuberculosis membrane 
depolarization assays were done in a 384-well black microtitre plate. M. tuberculosis 
mc2 6206 was grown to exponential phase (OD600 = 0.5–0.7), washed twice with 
HG buffer (5 mM of HEPES and 5 mM of glucose, pH 7.2) and resuspended in 
HG buffer (OD600 = 0.1). DiSC3(5) (4 μM) was added to the cell suspension and 
incubated in the dark at room temperature for 2 h. The fluorescence intensity  
of the mixture was recorded continually at 2 s intervals (excitation/emission 
622/670 nm). After fluorescence intensity had stabilized, each antibiotic 
(6.4 mg ml−1 DMSO stock) was added to give a final concertation of 2× its M. 
tuberculosis MIC and immediately mixed by manual pipetting. Rifampicin and 
verapamil were used as the negative and positive controls, respectively. Data were 
presented as the relative intensity with regard to the average fluorescence signal 
before the addition of each MBA. All assays were done in duplicate (n = 2). A 
representative fluorescence recording for each antibiotic is shown in  
Fig. 4c.

Cytotoxicity assessment. HEK293 human cells (catalogue no. CRL-1573; ATCC) 
were grown at 37 °C in a 5% CO2 atmosphere in DMEM supplemented with FCS 
(10% v/v), l-glutamate (2 mM), penicillin (10 U ml−1) and streptomycin (10 U ml−1). 
HEK293 cells were seeded into 96-well flat bottom microtitre plates (target density 
of 2,500 cells per well) and incubated in DMEM at 37 °C for 24 h to allow cells to 
adhere. The DMEM medium was then removed by aspiration and replaced with 
100 μl of fresh DMEM medium containing each antibiotic at 10 serially diluted 
concentrations ranging from 32 to 0.0625 μg ml−1. After 48 h at 37 °C, the DMEM 
medium was removed and 100 μl of an MTT solution (10 μl of 5 mg ml−1 MTT in 
PBS premixed with 100 μl of DMEM) was added to each well. After 4 h at 37 °C, 
the solution was aspirated from each well. Precipitated formazan crystals were 
dissolved by adding 100 μl of solubilization solution (40% DMF, 16% SDS and 2% 
glacial acetic acid in H2O). OD570 readings were used to calculate relative growth 
(%) based on the positive (2 μM taxol) and negative (DMSO) controls. Dose–
response curves were generated by non-linear regression in Prism v.8. Cytotoxicity 
assays were performed in triplicate (n = 3).

Mouse peritonitis-sepsis model. Female outbred Swiss Webster mice (6 weeks 
old) were used in all experiments. Mice were housed on a 12 h light cycle (7:00 
on and 19:00 off) with a temperature of 21 °C and a relative humidity of 30%. S. 
aureus COL was grown in Mueller–Hinton broth at 37 °C overnight and diluted 
with 7% type II porcine stomach mucin supplemented with 0.2 mM of FeNH4 
citrate. Cultures were diluted to provide a challenge inoculum of approximately 
5 × 108 colony-forming units (c.f.u.) in 0.2 ml; 0.2 ml of the challenge inoculum 
was administered via intraperitoneal injection. Thirty-five mice were randomly 
grouped into 5 per cohort (n = 5) and each cohort was given a single dose of either 
vehicle (30% Solutol), MBA3 at 5, 10 or 30 mg kg−1 or MBA6 at 10, 30 or 60 mg kg−1 
1 h after infection via subcutaneous injection.

Ethics statement. The Rockefeller University Animal Care and Use Committee 
approved all animal procedures under protocol no. 19032. Mice were maintained 
in accordance with the American Association for Accreditation of Laboratory Care 
criteria.
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Statistics and reproducibility. Unless stated otherwise, three independent 
biological replicates (n = 3) were used for each measurement. Data were reported 
as mean values ± s.e.m. No statistical method was used to predetermine sample size 
but our sample sizes are similar to those reported in previous publications9,10,20,22. 
No data were excluded from the analyses. With the exception of the mouse 
experiments, experiments were not randomized. Investigators were not blinded to 
allocation during the experiments and outcome assessment.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The biosynthetic gene clusters for MBA1–6 have been deposited in GenBank under 
accession nos. MZ146900 and MZ146905, respectively. All other data are available 
in the main text or as supplementary information. The following five publicly 
available resources were used in this study: antiSMASH (https://antismash-db.
secondarymetabolites.org/); MIBiG (https://mibig.secondarymetabolites.org/); 
Norine (https://bioinfo.lifl.fr/norine/); SANDPUMA (https://bitbucket.org/
chevrm/sandpuma); and PubChem databases (https://pubchem.ncbi.nlm.nih.
gov/). Source data are provided with this paper.
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Extended Data Fig. 1 | Phylogenetic analysis of eSNaPD hits from six conserved A-domains found in the Bgcs of the three known MBAs. Phylogenetic 
analysis of eSNaPD hits (a) and predicted peptide sequences of recovered clones (b). All the hits at an e-value ≤10–45 from A-domain analysis of l-Leu-6 
encoded new MBAs and formed a separate, well-defined clade with A-domains of three known MBAs, which suggested that l-Leu-6 in the proposed 
minimal MK-binding motif were encoded by the most highly conserved A domain in MBA-family peptides.
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Extended Data Fig. 2 | Three potential MBA Bgcs from eSNaPD-guided soil metagenomic mining. Comparison of NRPS gene organization (a) as well as 
amino acid substrates (b) between the three known MBA BGCs and the three potential MBA BGCs we cloned from soil metagenomes. The blue residues 
represent building blocks that are conserved across all MBAs. The green circles represent residues that are shared between known and potential MBAs.
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Extended Data Fig. 3 | Predicted MBA peptide sequences identified in a motif search of the p-NRP database (a) and the Bgcs associated with these 
predicted peptides (b). The blue residues represent building blocks that are conserved across all MBAs.
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Extended Data Fig. 4 | The structures (a) and anti-bacterial activities (b) of the N-acylated peptides associated with known MBAs cyclized in two 
different ways. The (R)-3-hydroxy-octanoic acid analogs of lysocin E, WBP-29479A1 and the deoxy version of WAP-8294A1 shown here were synthesized 
in this study. B. subtilis 168 1A1, S. aureus USA300, S. epidemidis RP62A and M. tuberculosis H37Rv were used as tested strains. The blue residues represent 
building blocks that are conserved across all MBAs.
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Extended Data Fig. 5 | Membrane depolarization activity and resistance frequency of MBAs 1 through 6. a, The effect of each MBA on S. aureus 
membrane potential was measured using 3,3′-Dipropylthiadicarbocyanine iodide [DiSC3(5)]. Vancomycin (Van) and lysocin were used as the negative 
and positive controls, respectively. b, Resistance frequency of MBAs 1 through 6 against S. aureus USA300 in the presence of 4x the MIC of each antibiotic.
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Extended Data Fig. 6 | Isothermal titration of 1:1 (mol/mol) DOPC:DOPG vesicles containing MK into each MBA.
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Extended Data Fig. 7 | correlation between antibiotic activity and MK binding affinity for active or inactive syn-BNP MBAs. a, Isothermal titration of 1:1 
(mol/mol) DOPC:DOPG vesicles containing MK into the four additional syn-BNPs we generated in Fig. 2. b, Comparison of Kd values and MICs against S. 
aureus USA300 for all syn-BNP MBAs in Fig. 2.
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Extended Data Fig. 8 | Antibiotic activity and MK binding of MBA3 with single point mutations in the proposed minimal MK-binding motif. MIC in μg/
mL, highest concentration tested was 64 μg/mL.
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Data collection Cosmid or genome sequencing data was collected using an Illumina Miseq sequencer. NMR spectra were acquired on a Bruker Avance DMX 
600 MHz spectrometer equipped with cryogenic probes. Murine macrophage infection data was collected using a Spark multimode 
microplate reader. Membrane depolarization/lysis and cytotoxicity data was collected using a Tecan Infinite M Nano+ plate reader. ITC data 
was collected using an Auto-iTC200 microcalorimeter.

Data analysis eSNaPD 2.0 was used for metagenomic mining of biosynthetic gene clusters.  
Newbler 2.6 was used to assemble Illumina sequencing reads. 
MacVector 17.0.5 was used for analyzing biosynthetic gene clusters and building phylogenetic tree. 
antiSMASH v5.1.2 was used for ORF detection. 
GraphPad Prism v8 was used to generate dose response curves. 
SNIPPY (https://github.com/tseemann/snippy) were used to identify Single-nucleotide polymorphisms (SNPs) for resistant mutants. 
The web-based application Affinimeter ITC (https://www.affinimeter.com/site/itc/) was used to process ITC data based on the “one binding 
site” model.
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- Accession codes, unique identifiers, or web links for publicly available datasets 
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- A description of any restrictions on data availability

Biosynthetic gene clusters for MBAs 1 through 6 have been deposited in GenBank under Accession numbers MZ146900 to MZ146905, respectively. All other data 
are available in the main text or supplementary information. Source data are provided with this paper. The following five publicly available resources were used in 
this study: antiSMASH database (https://antismash-db.secondarymetabolites.org/), MIBiG (https://mibig.secondarymetabolites.org/), NORINE database (https://
bioinfo.lifl.fr/norine/), SANDPUMA (https://bitbucket.org/chevrm/sandpuma) and PubChem database (https://pubchem.ncbi.nlm.nih.gov/).
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Life sciences study design
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Sample size We selected the number of independent biological replicates based on our previous experience with equivalent experiments, feasibility and 
level of variability between replicates. Sample size was indicated as "n" in the corresponding figure legends. No statistical methods were used 
to determine sample size.

Data exclusions No data was excluded from analyses reported in this manuscript.

Replication All attempts at replication were successful. The number of independent biological replicates for each experiment are provided in the Figure 
legends.

Randomization For animal studies, Female Swiss Webster (6 week old) mice were assigned randomly to the experimental and control groups. With the 
exception of the mouse experiments, experiments were not randomized. 

Blinding For all experiments in this study no blinding was necessary as the magnitude of the effect observed preclude inadvertent human influence 
over the interpretation of the results.
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Methods
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Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) The human cell line HEK293 was purchased from ATCC (CRL-1573) and the mouse cell line J774A.1 was purchased from 
Sigma-Aldrich (91051511).
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Authentication The human cell HEK293 and mouse cell J774A.1 were authenticated externally by commercial vendor using STR profiling 
approach. The two cell lines were then inspected visually in-house.

Mycoplasma contamination Cell lines were verified to be free of mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified lines used.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Female Swiss Webster (6 week old) mice were used in this study.

Wild animals This study did not include wild animals.

Field-collected samples This study did not include field-collected samples.

Ethics oversight The Rockefeller University Animal Care and Use Committee approved all animal procedures under the protocol 19032. Mice were 
maintained in accordance with American Association for Accreditation of Laboratory Care criteria.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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