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Metagenomics provides access to the genetic diversity of uncultured

bacteria through analysis of DNA extracted from whole microbial
communities. Long-read sequencing is advancing metagenomic discovery
by generating larger DNA assemblies than previously possible. However,
harnessing the potential of long-read sequencing to access the vast
diversity within soil microbiomes is hampered by the challenge of isolating
high-quality DNA. Here we introduce a method that can liberate large,

high-quality metagenomic DNA fragments from soil bacteria and pair them
with optimized nanopore long-read sequencing to generate megabase-sized
assemblies. Using this method, we uncover hundreds of complete circular
metagenomic genomes from a single soil sample. Through a combination of
bioinformatic prediction and chemical synthesis, we convert nonribosomal

peptide biosynthetic gene clusters directly into bioactive molecules,
identifying antibiotics with rare modes of action and activity against
multidrug-resistant pathogens. Our approach advances metagenomic
access to the vast genetic diversity of the uncultured bacterial majority and
provides ameans to convert it to bioactive molecules.

Sequencing has primarily been driven by massively parallel short-read
methods, particularly lllumina sequencing. As adoption of this tech-
nology rose and costs were driven down, there was an explosion of
bacterial isolate whole-genome sequences’. The majority of bacteria,
however, remainrecalcitrant tolaboratory culture, preventing direct
analysis of their genetic diversity. While short-read-based 16S amplicon
profiling of metagenomes (that is, whole-DNA extracts of microbial
communities) hasbeen used to provide glimpses at microbial diversity
hiddeninthe uncultured majority?, akey limitation of direct short-read
exploration is the inability to deconvolute complex metagenomes
and reconstruct sequences of individual microorganisms within the
community. Binning of short-read assemblies by computationally
predicted similarity into metagenome-assembled genomes (MAGS)
asameans to explore the genetic potential of environmental bacteria

has nowbecome routine; however, MAGs tend to be smaller than bacte-
rialgenomes, fragmented and often contain sequence contamination
through erroneous binning"*~. Exploration of soil microbiomes pre-
sentsaparticularly difficult challenge because of not only theimmense
microbial diversity they contain but also the challenges associated
with isolating high-quality metagenomic DNA®. Efficient exploration
of environmental microbial genetic potential requires the develop-
ment of methods that can generate large contiguous assemblies. Thisis
especiallyimportant when exploring the biosynthetic potential of the
global metagenome, as biosynthetic gene clusters (BGCs) canbe tens
ifnot hundreds of kilobases long and are challenging to identify within
fragmented assemblies®. Long-read sequencing technologies have
advanced metagenomic sequencing by producing larger assemblies
that can be efficiently interrogated using bioinformatic algorithms
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Fig. 1| Capturing complete genome sequences from a complex soil
metagenome. a, The limitations of short-read technology restrict complete
genomic sequencing to cultured isolates; emerging long-read sequencing may
overcome this challenge. b, Nanopore sequencing read-length distribution
comparison of soil metagenomic DNA prepared by direct hot CTAB extraction
(old) and the newly developed and optimized nycodenz method (new).

¢, Assembly summary of high-quality nanopore soil metagenomic sequencing
atmetaFlye’sinput limit. d, Assembly length plot of >1 Mbp metaFlye generated
contigs with an estimation of genome completeness based on the presence of
allrRNA genes (5S, 16S and 23S) and at least 18 unique tRNAs. Plots are separated
into circular and linear assemblies.

(Fig.1a)° " and updated nanopore flow cells (R10.4) and sequencing
chemistries (V14) can now generate high-quality assemblies without
the need for short-read polishing'*".

Numerous methods have been developed to extract metagenomic
DNA'but the focus has been on DNA quality without the need to opti-
mize these protocols forisolating large DNA fragments. Here, we devel-
oped a nanopore long-read sequencing pipeline with size-optimized
DNA isolation and preparation that, when applied to a complex soil
metagenome, yielded read lengths with N50 > 30 kbp. This is 200
times longer than the commonly used 150-bp short-read technol-
ogy. The increased read size led to assemblies of contiguous DNA
sequences on the order of megabase pairs, including hundreds of
complete circular metagenomic genomes. Using a synthetic bioin-
formatic natural product (synBNP) approach, which couples bioinfor-
matics and total chemical synthesis to abiotically decode BGCs”, we
directly converted unearthed nonribosomal peptide BGCs within the
large contiguous assemblies into bioactive molecules. This led to the
discovery of a potent cardiolipin-binding broad-spectrum antibiotic
and a ClpX-targeting antibiotic.

Scalable access to microbial dark matter

A critical barrier to sequencing soils is the copurification of con-
taminants when isolating metagenomic DNA®’. To improve soil DNA
extraction, we developed amethod that first separated bacteriafrom
the soil matrix by nycodenz gradient centrifugation and then used
a skim-milk wash to remove impurities from the isolated cells. This
process generated a bacterial suspension that appeared similar to
alab-grown culture (Supplementary Fig. 1a). Using standard hot

CTAB metagenomic DNA extraction'® on this cell suspension yielded
acleaner metagenomic DNA extraction with far larger fragments com-
pared to direct soil extraction (Supplementary Fig. 1b). The ‘clean’
microbial suspension allowed us to test a variety of metagenomic
DNA extraction and size-selection approaches to maximize nanopore
read length (Supplementary Note 1, Supplementary Fig.1and Supple-
mentary Tables1and 2). Our final method used commercially avail-
able DNA extraction (Monarch’s high-molecular-weight (HMW) DNA
extractionkit) and size selection (Oxford Nanopore’s small fragment
eliminatorkit), allowing for simple and scalable DNA preparation. We
expanded our approach using the original test forest soil sample to
generate almost1 Tbp of sequence datawith an N50 of 32.82 kbp. For
comparison, a representative nanopore sequencing result using our
method and the direct soil hot CTAB extraction method is shown in
Fig.1b.Intotal, 2.5 Tbp of long-read sequencing data were generated
fromasingle forest soil sample during testing and scaling. All data were
pooled for bioinformatic analysis. A summary of all the sequencing
runsis given in Supplementary Table 2.

Assembly of large contiguous metagenomic
sequences from asoil metagenome

MetaFlye', the state-of-the-art algorithm for metagenomic assem-
bly, has an input limit of 2* bp (550 Gbp) and could not process all
the data simultaneously because of the high sequencing depth. We,
therefore, used twoindependent approaches to generate assemblies.
This included global assembly at metaFlye’s input limit using the
highest-quality and longest reads and a targeted approach that used
extraction and subassembly of reads containing sequences of interest.
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Global assembly

To gain broad insight into the metagenomic content of the forest
soil, we assembled a 528.5-Gbp subset of our data consisting of the
highest-quality and longest reads (Q20+ reads longer than 20,000 bp).
Assembly yielded almost 32 Gbp of sequence with an N50 of 262 kbp
(Fig.1c), including over 3,200 contigs > 1 Mbp. As a comparison, previ-
ous short-read sequencing explorations of soil metagenomes returned
assemblies with an N50 of -1.6 kbp even with over 3 Tbp of sequencing
data’*?. In addition, a recent PacBio long-read exploration of a soil
metagenome generated read lengths with a N50 of 4 kbp, leading to
assemblies with an N50 of 36 kbp (ref. 22). Our optimized nanopore
exploration substantially increased assembly length and provided a
unique opportunity to explore genome-sized contiguous metagen-
omic assemblies without the reliance on computationally inferred
MAG binning.

Exploration of long contiguous metagenomic assemblies
Wefocused our exploration onasubset of single contiguous assemblies
thatlikely captured complete or near-complete bacterial genomes. To
do this, we determined the subset of >1 Mbp of circular and linear assem-
blies that contained 5S,16S and 23S ribosomal RNA (rRNA) genes with at
least18 transfer RNAs (tRNAs) (Fig.1d). These combined criteriaare part
of the field benchmark for near-complete MAGs' and yielded 563 single
contiguous assemblies (Fig. 1d and Supplementary Table 3). These con-
tained 95% (206) of the circular assemblies in the >1-Mbp dataset, which
wasinline withthe expectation thatlarge circular assemblies represent
complete contiguous bacterial genomes (Fig. 1d). Among the group
of assemblies containing the requisite rRNA and tRNA, the circular
subset was onaverage 4.95 + 2.05 Mbpinsize with the linear assemblies
3.99 +1.88 Mbp in size. To put this advance into context, we collated
MAGs fromsoil-linked samples within the Genome Taxonomy Database
(GTDB) (Supplementary Table 4)*, the most up-to-date repository of
bacterial sequences. From 5,640 entries across 91 bioprojects, we only
identified two single-contig MAGs exceeding 1 Mbp that contained the
required repertoire of rRNA and tRNA genes. Infact, only 26 total MAG
bins contained anassembly over 1 Mbp, two orders of magnitude lower
than the >3,200 in our single assembly.

In addition to the rRNA and tRNA criteria, for a MAG to be con-
sidered near complete, it must be rated >90% complete with <5% con-
tamination by CheckM, a software tool designed to assess the quality
of genome bins. Irrespective of the rRNA and tRNA content, a MAG is
considered of high quality at >70% completeness and medium quality at
>50% completeness, both with <10% contamination®**. Of the 206 circu-
lar assemblies, only three were below 80% completeness, with79% (163)
matching the near-complete criteria (Supplementary Table 3). The
357 linear assemblies were splitinto 32%,29% and 21% near-complete,
high-quality and medium-quality MAGs, respectively. Only 15 (2.7%)
assemblies withinthe 563 complete or near-complete dataset exceeded
the contamination criteria, with many only by asmall margin (Supple-
mentary Table 3). Asacomparison, arecent lllumina-based large-scale
exploration of soil yielded a total of 679 MAG bins, of which 5% (33)
and 14% (92) were >90% and >70% complete, respectively?*. These
high-quality MAGs were on average 3.05 + 1.25 Mbp in size and com-
posed of 567 + 417 assemblies with an N50 of 11.8 + 9.8 kbp. Overall,
this analysis continued to demonstrate the advance in metagenomic
exploration provided by long-read sequencing, with our optimized
protocol greatly increasing the number of complete or near-complete
contiguous genomes that can now be assembled from a complex soil
metagenome.

16S profiling

To gain an estimate of the species diversity found ineach subset of our
data, we used 16S profiling. In total, we detected >4,500 unique spe-
cieswithinthe 2.5-Tbp dataset. Over 90% of these were detected inthe
global assembly data, 25% were detected in the >1-Mbp dataset and over

12% were detected in the complete or near-complete genome dataset
(Supplementary Table 5). Next, we sought to explore the complete or
near-complete genome dataset within the comprehensive phylogenetic
profiling of the GTDB framework.

Expansion of enigmatic bacterial taxa

Our complete and near-complete metagenome dataset resolved into
16 phyla (Fig. 2a), with only four sequences (0.7%) matched to known
species (Supplementary Table 3). To highlight underexplored bacterial
sequences within the dataset, we determined which underrepresented
and largely uncultured taxa within the GTDB were most expanded by
our assembled data (Supplementary Table 6). These taxaincluded the
UBP17 phylum, the Capsulimonadaceae family and the Lustribacter
and DAIDGSO01 genera from the Eremiobacterota phylum (Fig. 2b). In
addition, we also saw a notable expansion of diversity of the Palsa-744
genus within the well-represented Actinomycetota phylum (Supple-
mentary Fig.2), the fifth most sequence-rich phylumwithin the GTDB.
Apart from a single completely sequenced cultured representative
in the Capsulimonadaceae family, our data added the first complete
contiguous genomes for each of the abovementioned taxa. Of these, the
moststriking wasa12.56-Mbp circular assembly belonging to the UBP17
phylum, which stood out because this mysterious phylum consisted of
only tentotal MAGs that were on average much smaller and highly frag-
mented. The theme of highly fragmented MAGs being the only genetic
resource for ataxon was common throughout our comparisons (Fig. 2b
and Supplementary Fig. 2). Assembly of large contiguous sequences
provided notonly an unprecedented resolution of acomplex microbial
community butalso an opportunity for the bioinformatic exploration
of biosynthetic potential within microbial dark matter.

Biosynthetic potential of complete or near-complete
metagenome genomes

Generating complete BGC sequences within fragmented assemblies
generated by short-read technology is challenging. Furthermore, the
mobile nature and rapid evolution of BGCs* may hamper MAG bin-
ning where computational similarity would need to link core genomic
regions and varied BGC content. We rationalized that our long-read
sequencing datawould allow us to explore biosynthetic systems found
in complex microbiomes without these limitations. To gain a broad
overview of the biosynthetic content captured within our complete
and near-complete metagenomic genome dataset, we bioinformati-
callyidentified and summarized BGC content at the taxonomic family
level (Fig.2a). Onaverage, there were 1.3 + 0.7 BGCs per Mbp across the
families, with four families (UBA5704, Pseudonocardiaceae, Strepto-
mycetaceae and UBA11063) exceeding 3 BGCs per Mbp. UBA stands
for ‘uncultured bacteria or archaea’ and was coined to phylogeneti-
cally characterize MAGs that provided the first example of a bacterial
or archaeal lineage®. UBA5704 is a family within the Acidobacteriota
phylum under the order Multivoradales, while UBA11063 is a family
within the Pseudomonadota phylum under the order Burkholderi-
ales. UBA5704 contains five generaand UBA11063 only contains asin-
gle genus (Aquella), for which a cultured representative was isolated
and sequenced in 2019 (ref. 27). In Fig. 2c, we highlight the two most
BGC-rich assemblies within the taxa with >3 BGCs per Mbp, as well as
oneofthe five UBA11063 (Aquella) assemblies. Even with their relatively
small genome sizes, our dataindicated that Aquella species within our
dataset contained a disproportionally large biosynthetic repertoire.
Notably, the clusters were overwhelmingly nonribosomal peptide syn-
thase (NRPS)-type BGCs (Fig. 2d). Even though the GTDB contained 37
Aquellaentries (oneisolate and 36 MAGs), analysis of the total 76.4-Mbp
sequenceyielded only 85 total BGCs (1.1BGC per Mbp). This may indi-
cate that, because of difficulties in assembling NRPS BGCs using short
reads, this genus may have been previously overlooked as arich source
of natural products. Overall, our large contiguous assemblies offered
anavenue for natural product discovery by pointing toward BGC-rich
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taxa that have remained hidden or overlooked because of a lack of
quality assemblies. To access this previously hidden biosynthetic diver-
sity, we used a total synthesis approach of bioinformatically predicted
nonribosomal peptides.

Sequence-only discovery of bioactive molecules
from microbial dark matter

NRPS BGCs encode large modular proteins where each module
functions to incorporate a monomer building block into a growing
peptide-like structure?. The synBNP approach exploits this modular
organizationto predict the NRPS product by decoding which monomer
is selected by each NRPS module to predict the assembled peptide;
then, the predicted structure is accessed by total chemical synthesis.

Targeted assembly of NRPS BGCs
A small number of bacterial species dominate soil biomass* and
obscure the rare microbiome that contains the majority of genetic
diversity withina metagenome. To explore the complete set of genetic
diversity captured in our whole 2.5-Tbp dataset, we devised a parti-
tioned assembly approach where a hidden Markov model (HMM) search
was used to identify reads containing specific sequences of interest for
subassembly. While we targeted NRPS adenylation (A) domains, this
approach could be used to target any sequence of interest. The HMM
search identified 6.17 million reads containing an A-domain, which
assembled into 118,000 contigs with an N50 of 111 kbp (Fig. 3a). We
then narrowed our search to contigs that contained four or more A
domains to focus on large NRPS BGCs, which are generally problem-
atic for short-read assemblies to fully capture. This yielded 338 con-
tigs. BiG-SCAPE analysis of the captured NRPS BGCs on these contigs
revealed 366 clusters, of which only six could be found in the MiBig
database of characterized molecules (Fig. 3a). Notably, only 20.5% of
the clusters from our targeted assembly could be mapped to the global
assembly dataset, indicating that our partitioned assembly approach
didindeed access a larger proportion of the rare microbiome.
Apossiblelimitation of the targeted assembly approach was that
removing genomic context by restricting assembly to reads only con-
taining NRPS genes may haveled to erroneous or chimeric assemblies.
While it is not possible to know the extent to which this problem may
exist, we believe that it is unlikely to be pervasive because of two key

points. First, previously characterized NRPS BGCs identified in the
BiG-SCAPE analysis were correctly assembled. Second, as a control,
we cultured and sequenced a collection of microorganisms from the
same forest soil sample used in this study, which yielded multiple NRPS
BGCsthat matched those foundin our targeted assembly dataset (Sup-
plementary Table 7, Supplementary Fig. 3 and Supplementary Note 2).

NRPS BGC selection, prediction and synthesis

We selected 20 NRPS BGCs with diverse predicted phylogenic origins
for synBNP structure prediction and synthesis (Fig. 3b and Supple-
mentary Tables 8-10). While the peptide sequence generated by an
NRPSBGC canbe predicted through the A-domain signatures present
withineach module, the final product canbe released as either alinear
or cyclic peptide, which remains difficult to predict bioinformatically.
Therefore, for each of the 20 predictions, we synthesized a range of
possible products (Fig. 3¢c; linear (L), cyclized through the terminal
amine (H), cyclized through the 3-OH fatty acid (F) and cyclized through
anucleophilic amino acid side chain (C#)) to generate a library of 55
synBNPs (Supplementary Table 11). Myristic or hydroxymyristic acid
was used when lipidation was predicted to be present as it is the most
commonly seen lipid in characterized lipopeptides.

Bioactivity screening

AllsynBNPs were assayed for antibiotic activity against Gram-positive
model organisms Bacillus subtilis and Staphylococcus aureus, as well as
the Gram-negative model organism Escherichia coli (Fig. 3d and Sup-
plementary Table 11). Five synBNPs, based on predictions from four
NRPS clusters, had notable activity (minimum inhibitory concentra-
tion (MIC) < 8 ug ml™) against at least one of these bacteria and were,
therefore, screened for wider activity against the ESKAPE pathogens
(Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter cloacae) and
for human cell toxicity (Fig. 3e). We then selected the two most potent
synBNPs for further characterization. SynBNP 25, inspired by the BGC
found on contig 112034, was a potent broad-spectrum antibiotic and
lacked cytotoxicity. This compound was named erutacidin after the
Latin erutus for ‘dug out’. SynBNP 27, inspired by the BGC found on
contig 97355, was selected for its potent activity against S. aureus
(MIC =2 pg ml™). This compound was named trigintamicin after the

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-025-02810-w

a b I
Trigintamicin versus ClpX Isomer versus ClpX
Time (min) Time (min)
0] 10 20 30 40 50 o 10 20 30 40 50
0 _ T _ e
HN o 97 o 97
— -0.04 4 — -0.04 4
HN ] ] @ ]
(0) m S -0.08 ] S -0.08
N oH NH oH & 9] 5 0129
-0.16 - -0.16 -
O
N oy
HN O 2 K]
£ 1.5 £ 154°
— - ° 00 ©
(0] § 2 ;8 2] 6° _°9° o0 %o
= K, =~4.8 uM = °0 o
T T
5 -25 T T T " g 25 T T T !
(0] 0.5 1 1.5 2 (0] 0.5 1 15 2
Molar ratio Molar ratio
c d e
OH 10 - 10 -
1 Apramycin
H Q
O\ S 84 - S. aureus = 87 MmiC
0 s c i € ~ Ox
? B £ - A. baumannii
i = i 0.5x
8 6 Erutacidin g 6 1x
.. NHHN O § 1 - S. aureus 2 | 2%
o 4 = o 4 f\ Ax
. £ | -~ A. baumannii <3
O O HN "I Ee] 2] Ke} e S - 8x
K/g NH K LO.D
=TNS0 T2 ]
l\:lH 0 T T T T T 0 —
o 0O 2 4 6 8 10 12 14 ] 1 2 3 4 5 6
Passage Time (h)
f g 16-BB-LOD
| 14
P o .
S 6.000 | 8 12 Molar ratio |1 0.5 1T M2
o [
~ i B ‘IO 4
3 £
£ 4,000 - o 81p
o — Erutacidin s
@D B L 6 -
o Gramicidin o
5 2,000 + — DMSO LE 4
= 4 /Compound added 2 @
/. 11 ) I
0 R ‘ 0 : : : : : —28
0O 2 4 6 8 10 12 CL PG PE PC LPE SH AS MK

Time (min)

Fig. 4| MOA studies for trigintamicin and erutacidin. a, Trigintamicin
structure. b, ITC (top) and isotherm curves (bottom) of S. aureus ClpX against
trigintamicin and its biologically inactive R-isomer. Data are representative of
atleast two independent determinations. ¢, Erutacidin structure. d, Resistance
changes of S. aureus and A. baumannii during serial passaging in the presence
ofeerutacidin or apramycin. e, S. aureuskill curve elicited by erutacidin at varied

concentrations. f, DiSC5(5) depolarization assay of S. aureus in the presence of
antibiotics at 2x MIC or DMSO. g, Fold change in erutacidin MIC against S. aureus
caused by exogenous supplementation of various lipids. LOD, limit of detection;
CL, cardiolipin; LPE, lysophosphatidylethanolamine; SH, sphingomyelin; AS,
N-acetylsphingosine; MK, menaquinone-4. Datain d-gare presented as the mean
values * s.d. (n =3 biologically independent replicates).

Latin word for ‘30’, the temperature at which activity was detected. In
ourinitial screen, racemic 3-OH myristic acid was used for the synthesis
of fatty acid cyclized synBNPs that included trigintamicin. Upon resyn-
thesis and more thorough purification, the two trigintamicinisomers
were resolved, with only the S-isomer showing antibiotic activity against
S. aureus (Supplementary Table 12).

Mode of action (MOA) determination

To determine the MOAs of erutacidin and trigintamicin, we first
attempted to raise resistant mutants. Direct plating of S. aureus on
trigintamicin (Fig. 4a) at 8x its MIC generated resistant mutants.
Genomic sequencing of resistant clones revealed mutations at two
geneticloci, ytrA and clpX (Supplementary Table 13). Mutations in ytrA
have been previously linked to nonspecific antibiotic resistance®**;
hence, we focused on clpX. ClpX is an ATPase that unfolds and trans-
locates proteins into the CIpP serine protease for degradation®. In
S. aureus, ClpXis essential at 30 °Cbut dispensable at 37 °C (ref. 33). Our
antibiotic activity assays were conducted at 30 °C and we found that
shifting the assay conditions to 37 °C abolished trigintamicin activity,
further suggesting ClpX as the target (Supplementary Table 12). We
then performed isothermal titration calorimetry (ITC) to confirm the

interaction between trigintamicin and ClpX. These studies found that
trigintamicin bound ClpX, whereas its biologically inactive R-isomer
did not (Fig.4b). No thermal changes were observed in the absence of
ClpX (Supplementary Fig. 4). Collectively, our MOA studies indicated
that trigintamicin was a ClpX-targeting antibiotic. The targeting of
ClpX by trigintamicin explains the narrow antibacterial spectrum, as
clpXis not essential in most bacteria. It also explains human cell cyto-
toxicity, as mitochondrial CIpXP is essential and an emerging target
for cancer therapy*.

Neither direct plating nor prolonged passage of S. aureus or
A. baumanniiinthe presence of erutacidin (Fig. 4c) generated resistant
mutants (Fig. 4d). Time-dependent killing curve analysis of S. aureus
treated with erutacidin showed a rapid bactericidal effect (<10 min
at >2x MIC) (Fig. 4e). This suggested disruption of membrane integ-
rity as a potential MOA. To test erutacidin for membrane depolariza-
tion activity, we used a DiSC,(5)-based fluorescence assay. Treatment
of S. aureus with erutacidin increased fluorescence similarly to the
known depolarizer gramicidin, confirming membrane depolariza-
tion (Fig. 4f). Antibiotics that depolarize the bacterial membrane
frequently interact with specific membrane components. For example,
the antibiotics telomycin and daptomcyin interact with cardiolipin
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(also known as diphosphatidylglycerol) and phosphatidylglycerol
(PG), respectively®*°. Ineach case, the activity of the antibiotic can be
suppressed by the addition of its binding partner to the growth medium
(Supplementary Fig.5)***. To further investigate erutacidin’s MOA, we
tested whether its activity could be suppressed by supplementation
with various membrane lipids. Erutacidin’s antibacterial activity was
strongly inhibited by the addition of cardiolipin, reducing its activity
eightfold atjusta 0.5:1 molar ratio of cardiolipin to erutacidin (Fig. 4g).
Supplementation of PG also caused a notable inhibition of activity, with
an eightfold decrease in MIC at a 2:1 molar ratio of PG to erutacidin.
Minor protectionwas provided by the supplementation of membrane
lipids related to cardiolipin and PG, including phosphatidylethanola-
mine (PE) and phosphatidylcholine (PC) but no effect was observed for
any other lipids tested or menaquinone (Fig. 4g). These data suggest
that erutacidin interacts strongly and preferentially with cardiolipin
but may alsointeract withrelated lipid structures. This may explain the
lack of observed in vitro resistance for erutacidin, as acquiring muta-
tions to overcome multiple inhibited molecular targetsis very difficult.
Cardiolipin bindingis arare MOA thatis not represented among clini-
cally used antibiotics. As such, we expected that multidrug-resistant
(MDR) isolates would not show cross-resistance to erutacidin. Indeed,
erutacidin maintained potent activity against all MDR S. aureus and
MDR A. baumannii clinical isolates we tested (Supplementary Table 14).

Discussion

By achieving a substantial increase in read length, we show that it is
possible to resolve complete contiguous metagenomic genomes from
a complex soil sample. This not only advances our understanding of
the composition of environmental bacterial communities but also
provides a deeper understanding of encoded biosynthetic potential.
Notably, the number of NRPS BGCs uncovered in the global assembly
(0.53 Tbp) compared to thetargeted A-domain assembly accessing the
full dataset increased linearly, suggesting that even 2.5 Tbp was not
sufficient sequencing depth to saturate the diversity found in the soil
sample. Thedistribution of bacterial taxainsoil is uneven, with a small
number dominating the biomass®, and it is unclear what sequencing
depthwouldberequiredto fully uncover very rare microbial dark mat-
ter. However, similar to trends observed with short-read sequencing’®,
continued improvements in efficiency and accuracy should allow
deep long-read sequencing to increasingly become a routine tool in
metagenomics. As with therapid growth of short-read data’®, this will
necessitate the development of improved bioinformatic tools and
computation infrastructure to assemble and explore terabase-scale
long-read datasets. Nanopore specificassemblers are already becoming
increasing powerful, with a very recent preprint introducing nanoM-
DBG asafast and less computationally intensive assembly algorithm®.
Bioinformatic algorithms for predicting the chemical output of BGCs
are also improving, particularly with the incorporation of artificial
intelligence and machine learning methods***, and we expect that
the number and diversity of BGCs that can be decoded using asynBNP
approach will continue to increase. Evenin the small number of BGCs
examined in this study through the synBNP approach, we could iden-
tify abroad-spectrum antibiotic with no detected resistance and with
activity against very-difficult-to-treat MDR pathogens including the
Gram-negative A. baumannii. By combining improved long-read access
to metagenome sequence space withsynBNP discovery, we established
apipelinetoleverage the vast genetic diversity of microbial dark mat-
ter for the systematic detection, synthesis and screening of previously
inaccessible bioactive molecules. This represents a scalable strategy
toidentify molecules inspired by BGCs from within the near-limitless
uncultured bacterial majority.
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Methods

Bacterial strains and growth conditions

All strains, unless otherwise specified, were grown in Luria-Bertani
(LB)at30 °Cwith 200-rpmshaking. Antibiotic activity test strains and
ESKAPE pathogens were: B. subtilis 168, S. aureus SH1000, E. coli ATCC
25922, E. faecium COM15, K. pneumoniae ATCC 10031, A. baumannii
ATCC 17978, P. aeruginosa PAO1and E. cloacae ATCC13047.

Sample collection

Inlate May 2023, we collected samples from Rockefeller University’s
1,200-acre Center for Field Research in Ethology located in Dutchess
County, New York. In order of collection, these comprised soil from
a healthy forest (forest 1), sediment from a muddy bog, soil from the
edge of a lake (forest 2), soil from a grove of dead trees (forest 3),
decaying material from a dead tree and soil from a dry forest area
(forest 4). Soil from a maximum depth of 10 cm was collected from
anareaof 50 cm?intoagallon-sized Ziploc bag. A single collected bag
of forest soil 1 was used for testing and scaling. After collection, bags
were stored at4 °C.

Nycodenz isolation of soil microorganisms

Gradient centrifugation for separation of cells from the soil matrix
and testing washes for removal of copurified contaminants were moti-
vated by previous approaches in the field****. Soil (62.5 g) was added
to 200 ml of prechilled 10 mM sodium pyrophosphate (Sigma) and
blended (Hamilton Beach 10 speed) for 1 min using the LO/batter set-
ting. The container was then placed onice for 5 min. The1-minblending
and 5-minice break were repeated two more times. Blended soil was
then filtered through a cheesecloth (grade 90, bleached) to remove
large insoluble particles and the filtrate was gently layered onto 8 ml
of 36% w/v nycodenz (Accurate Chemical and Scientific Corporation)
to the top of 50-ml conicals (Sarstedt). The tubes were centrifuged
at4°C, 5,000g for 1.5 hin a swing bucket rotor yielding a fuzzy beige
celllayer at the interface of the top (aqueous) and bottom (nycodenz)
layer. The cell layer was gently aspirated and combined in a fresh 50-ml
conical. The cell suspension was mixed 1:1 with sterile water and the
mixture centrifuged at 4 °C, 5,000g for 1 h. The supernatant was dis-
carded and the cell pellet was washed twice with 40 ml of JSM buffer
(0.9% w/v NaCl and 1% w/v instant nonfat dry milk (Nestle)), followed
by two washes with 40 ml of TE lysis buffer (25 mM Tris, 25 mM EDTA
and 50 mM glucose). Lastly, the cell pellet was resuspended in a small
volume (1-5 ml) of lysis buffer, the optical density at 600 nm (ODq,)
was checked and the bacterial suspension diluted as necessary for the
desired DNA extraction protocol.

DNA extractions

Direct soil extraction. DNA extraction directly from soil was per-
formed as previously described™. Briefly, 2.4 ml of CTAB lysis buffer
(100 mM Tris-HCI, 100 mM Na EDTA, 1.5 M NacCl, 1% w/v CTAB and 2%
w/v SDS, pH 8.0) was added to 2 g of soil in a 5-ml tube and the slurry
wasincubated at 70 °C for 2 h. For the nycodenz-isolated bacteria, 3 ml
of a30-0D,, bacterial suspension was pelleted, thenresuspended in
4 ml of CTAB lysis buffer and incubated at 70 °C for 2 h. After incuba-
tion, the suspensions were centrifuged at 20,000g for 10 min and the
supernatant was moved to new tubes. Supernatants were combined
with 0.7 volumes of isopropanol and incubated at room temperature
for 10 min. Samples were centrifuged at 20,000g for 30 min and the
resulting DNA pellets was washed twice with1 ml of 70% ethanol. The
pellets were then air-dried for 1-2 h at room temperature and resus-
pendedin100-200 pl of 5 mM Tris pH 8 overnight at 4 °C.

Gel plug. This protocolis an adaptation of gel plug lysis described
by Walter et al.* Nycodenz-isolated bacteria were resuspended in
lysis buffer to 10 OD,,. The bacterial suspension was mixed 1:1with
1.5% UltraPure low-melting-point agarose (Thermo Fisher Scientific)

prepared in lysis buffer and cooled to 50 °C. The mixture was used
to cast gel plugs in CHEF Mapper XA system 50-well plug molds
(BioRad, 1703713). Gel plugs were then suspended in a solution of
5mg ml™ lysozyme and 1 mg ml™ achromopeptidase prepared in
lysis buffer and gently rotated at 37 °C overnight using a Roto-therm
plus (Benchmark Scientific). The buffer was decanted and the plugs
were topped up with TESP buffer (50 mM Tris, 100 mM EDTA, 1%
w/v SDS and 1 mg ml™ proteinase K) and incubated overnight with
gentlerotation at 50 °C. The gel plug suspension was decanted and
the plugs were topped up with fresh TESP and once againincubated
overnight with gentle rotation at 50 °C. TESP was then decanted and
the gel plugs were rinsed several times with milli-Q water before
being suspended in TIOE50 (10 mM Tris and 50 mM EDTA, pH 8) with
1 mM PMSF and incubated at room temperature for 2 h. The liquid
was decanted and the plugs washed four times with TIOE50 with
eachwash lasting1 honice. Gel plugs were then stored suspended
in TIOESO in the fridge.

Direct lysis. Cell lysis was performed similarly to previously estab-
lished approaches***’. Nycodenz-isolated bacteria were resuspended
inlysis buffer to 10 OD4,,and 500 pl of the suspension was pelleted by
centrifugation for 1 min at 20,000g. The cell pellet was resuspended
in 800 pl of lysis buffer containing 5 mg ml™ lysozyme and 1 mg ml™
achromopeptidase and the suspension was incubated at 37 °Cfor 2 h.
Afterincubation,1 mgof proteinase K powder was added, followed by
200 pl of 5% w/v SDS. The sample was very gently inverted to mix and
incubated for 3 hat 55 °C. The viscous solution was then layered onto
asucrose gradient for size selection.

Monarch HMW DNA extraction kit for tissue. About 1 ml of 10-OD,
nycodenz-isolated bacteria was centrifuged at 20,000g for 1 min and
the cell pellet was resuspended in 300 pl of TE lysis buffer contain-
ing 5 mg ml™ lysozyme and 1 mg ml™ achromopeptidase. The sam-
ple was incubated for 2 h at 37 °C and then carried forward using the
New England Biolabs protocol for HMW DNA extraction from bacteria
using the Monarch HMW DNA extraction kit for tissue (New England
Biolabs, T3060).Briefly, 20 pl of proteinase Kwas added and the sample
wasincubated at 56 °C with varied shaking speeds (1,900,1,700,1,400
or 650 rpm) using a Fisherbrand Heat/Cool Thermal Mixer Il (Fisher
Scientific). After 30 min, 10 pl of RNase A was added and the sample
was incubated a further 10 min with shaking at the same speed. Then,
300 pl of protein separation solution was added and the sample was
mixed by inversion for 1 min. The sample was centrifuged for 10 min
at 16,000g and the upper phase was then transferred to a Monarch
2-mltube using a wide-bore pipette tip. Two DNA capture beads were
added, followed by 550 pl of isopropanol. The sample was mixed by
gentlerotation using the Roto-therm Plus onthe lowest speed setting
for 5 min. The liquid was then discarded and the beads were washed
twice with 500 pl of genomic DNA wash buffer. Finally, DNA was eluted
by addition of 100 pl of elution buffer Il and incubation at 56 °C for
10 minwith 300-rpm agitation. The DNA solution was left to resuspend
at4°Covernight.

DNA size-selection methods

Electroelution. The electroelution protocol was performed as previ-
ously described'® with minor modifications. Briefly, a 0.9% agarose
gel was run in 0.5x TBE (VWR) at 6 V.cm™ for 2 h to size-select crude
DNA extracts. The compression band containing HMW DNA was
then excised, the gel slice was placed in dialysis tubing (Spectra/Por;
12,000-14,000-kDamolecular weight cutoff (MWCO)) and topped up
with 0.5x TBE. DNA was then electroeluted in 0.5x TBE at 6 V.cm™ for
2 h. The gelslice was removed from the dialysis bag and the remaining
liquid was concentrated to dryness against 25% PEG 8000 with 5 mM
Tris pH 8. DNA was then rehydrated in the dialysis bag against 5 mM
Tris pH 8 for isolation.
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Sucrose gradient. Linear 10-40% sucrose gradients, with10 mM Tris
pH 8, were prepared using the freeze-thaw method*®. Gradients were
prepared by liquid nitrogen flash-freezing at the end of the day and
immediately placed to thaw at 4 °C until use 22-24 h later. Two sizes
of polypropylene tubes were used, 25 x 89 mm and 14 x 95 mm (Beck-
man), with 8-ml and 2.9-ml sucrose layers, respectively. Larger tubes
were centrifuged using an SW28 rotor, while the smaller tubes were
centrifuged usingan SW40 Tirotor. Inboth cases, centrifugation was
at4°C, 40,000g for 16 h. After centrifugation, fractions were gently
pipetted from the top of the tubes using wide-bore tips. Pulse-field gel
electrophoresis was used to analyze the fractions. For shorter-fragment
purification (that is, DNA from hot CTAB and Monarch 1,900 rpm),
analysis was conducted using 0.9% agarose with 1x TAE at 6 Vcm™ for
4 hwith a5-s switch time. For ultralarge DNA, analysis was conducted
using 0.9% agarose with 1x TAE at 6 V. cm™ for 16 h with a linear 3-7-s
switch time. Ultralarge DNA from direct lysis was isolated using large
tubes from fractions at 14 ml to 32 ml. Hot CTAB DNA was purified
using smalltubes from fractions at 2.5 mlto 4.5 ml. DNA from Monarch
1,900 rpm was purified using large tubes from fractions at 6 ml to
8.5ml, aiming toisolate DNA -40 kb in size.

Short fragment eliminator (SFE) kit. DNA size selection with the SFE
kit (Oxford Nanopore EXP-SFEOO1) was performed according to the
manufacturer’sinstructions.

A-domain survey

DNA from gel-plug-extracted metagenomic DNA was isolated using
the NucleoSpin geland PCR cleanup kit (Macherey-Nagel) according to
the manufacturer’sinstructions. A-domain amplicon sequencing was
performed as previously described*. Read counts were 1,424,301 for
forestsoil 1,923,413 for forest soil 2, 551,873 for forest soil 3,1,965,137
forforestsoil 4,717,416 for the muddy bog and 467,043 for the decaying
tree. A-domain amplicons were trimmed to remove primer sequences
using vsearch (version 2.28.1)°° fastx_filter and then assembled into
operational taxonomic units (OTUs) clustered at 95% nucleotide simi-
larity using vsearch cluster_size. A-domain OTUs for each soil were then
compared across all samples at 95% similarity. Parallel processing was
achieved using GNU parallel (version 20230922)".

Nanopore ultralong DNA sequencing

Ultralong DNA sequencing kit V14 (SQK-ULK114) preparation was
performed according to the manufacturer’sinstructions. Three DNA
inputs were attempted, one following Oxford Nanopore directions
on the Monarch HMW DNA extraction kit for tissue extraction, the
manufacturer-recommended protocol for Monarch HMW DNA extrac-
tion kit for tissue and sucrose gradient purification. An additional
attempt using the Monarch extracted DNA input was tried with a
slightly altered protocol; instead of heat-killing the fragmentation
mix, proteinase K was added to 1 mg ml™ for 1 hat room temperature,
followed by the addition of 3 mM PMSF for 1 hat room temperature to
inhibit the proteinase K before continuing the protocol.

Nanopore ligation kit sequencing

Oxford Nanopore’s ligation sequencing kit V14 (SQK-LSK114) was
used to prepare sequencing samples, with DNA extraction and size
selection as indicated, according to the manufacturer’s instructions
and minor modifications. Input DNA was increased to 3 pg, blunt-
ing and end-repair mix reaction incubation times were extended to
15 min at 20 °C and 10 min at 65 °C and adaptor ligation incubation
time was increased to 30 min. Library solution was used for all sam-
ples and the DNA concentrations loaded are indicated in Supple-
mentary Table 2. On the basis of our optimization experiments, the
1,700-rpm Monarchisolation and SFE size-selection protocol applied
to 62.5 g of the forest soil would be sufficient to generate >2 Tbp
of'sequence.

Bioinformatic analysis

Sequencing. PromethlON R10.4.1 flow cells were used to generate all
of the sequencing data. Nanopore sequencing was conducted using
a P2 solo with MinKnow 23.04.6 (ultra kits) or 23.11.4 (Ligation kits)
and a P24 with MinKnow 23.07.12 (scaled ligation). All raw data were
duplex-basecalled with standalone Dorado 0.4.1+ 6¢c4c636 for sub-
sequent analysis.

Global assembly. The longest, highest-quality reads (>20 kbp, Q20+)
were extracted fromthe 2.5-Tbp sequence dataset using Chopper (ver-
sion 0.6.0)*>. The resulting 528.5-Gbp dataset was assembled using
Flye (version 2.9.3-b1797) in metagenomic mode (metaFlye) with
parameters ‘--nano-hq--i 0 --threads 64 --meta’ (ref.19). The assembly
was run on Rockefeller University’s large-memory high-performance
computing node (64 cores, 3 TB of RAM) and took just under 8 days
to complete with RAM usage peaking at 845 GB. The assembly was
polished once (the emerging best practice®) with Medaka (version
1.11.3; https://github.com/nanoporetech/medaka) and annotated by
Bakta (version 1.10.4)**. Assembled contigs >1Mbp were extracted
and their taxonomy assigned using the GTDB toolkit (GTDB-tk version
2.4.0)% classify workflow with GTDB release 09-RS220. The presence
of rRNA was detected within the Bakta annotation using a GNU AWK
script (version 5.3.0), while tRNAscan-SE (version 2.0.9) was used to
quantify total unique tRNAs. A set of 563 contigs > 1 Mbp were identi-
fied containing all rRNAs and at least 18 unique tRNAs to establish
the complete or near-complete metagenomic genome dataset. The
dataset was then frame-shift-corrected using proovframe*® and com-
pleteness was estimated by CheckM (version 1.2.3)”". The taxonomic
classification of these contigs was plotted as aSankey diagram using the
networkD3 R package 0.4 (Fig. 2a). AntiSMASH (version 6.1.1)* results
from the output JSON files were used to generate the appended BGC
summaries. Subtrees expanding previously underexplored clades were
generated by extracting the alignment information from the GTDB-tk
classify workflow for desired sequences and plotting with FastTree
(version 2.1.11)*° using default settings. Additional information was
then manually added.

Targeted NRPS assembly. HMMER (version 3.1b2)°° was used to
scan the total sequencing dataset for AMP-binding domainsusing an
available HMM (AMP-binding, Pfam PF00501.23). Reads containing
AMP-binding domains were assembled (metaFlye), polished (Medaka)
and annotated (Bakta), as described above. The AMP-binding domain
search using HMMER was repeated on the assemblies to extract the
subset containing at least four AMP-binding domains. Similar to the
complete and near-complete genome assembly dataset, frameshifts
were minimized using proovframe and then the subset was analyzed
by antiSMASH (version 6.1.1). For analysis of NRPS content, the ant-
iSMASH results were analyzed by BiG-SCAPE (version 1.1.5) to gener-
ate Fig. 3a. The phylogeny of NRPS containing BGCs was determined
using the mmseqs2 (ref. 61) toolkit’s easy-taxonomy workflow and
the National Center for Biotechnology Information nonredundant
protein database.

16S rRNA analysis. Reads containing 16S rRNA sequences were
extracted from the 2.5 Tbp of sequencing data using barrnap 0.9
(https://github.com/tseemann/barrnap). The 16S rRNA read subset
was then assembled (metaFlye), polished (Medaka) and annotated
(Bakta) as described above. Annotated 16S rRNA gene sequences were
thenextracted and, using vsearch, dereplicated and clustered at 99%,
the recommended threshold for clustering full-length 16S sequences®.
Lastly, to ensure full-length sequences, only OTUs between 1,400 and
1,700 bp were retained. The same extraction, dereplication and clus-
tering process was used to identify 16S rRNA genes within the global
assembly dataset. Phylogeny was assigned using mmseqs2 and the
SILVA database (release 138.2)%.
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Forest soil 1 cultured isolates

Culturing. Forest soil 1 microorganisms were isolated using the
nycodenz method with the last two washes replaced with Dulbec-
co’s PBS (DPBS; Gibco). The purified suspension was diluted to
0.05 0D, in DPBS and 200 pl was spread on individual agar plates
(150 mm x 15 mm). Ten plates each were used with three different
media: R2A agar (Fisher Scientific), which was previously used toisolate
the Aquella species”, and two versions of dilute nutrient broth (Crite-
rion).Inone case, nutrient broth was diluted 200-fold compared to the
manufacturer’s recommendation; in the second case, dilute nutrient
broth was with supplemented 1:1 (v/v) with soil extract®. In all cases,
nystatin (50 pg ml™) was added to limit fungal growth. Plates were
incubated at 30 °C with R2A colonies picked after 3 days and nutrient
broth colonies picked after 10 days. Attempting to maximize isolate
diversity, colonies were picked to maximize different morphologies.
Liquid R2A or unmodified nutrient broth were used to culture isolates
for sequencing (3 ml, 30 °C, 200-rpm shaking).

Genomic DNA extraction and sequencing. Bacterial cells were pel-
leted from turbid cultures (1-1.5 ml) by centrifugation for 1 min at
20,000g. The supernatant was removed and the cell pellets were caried
forward for genomic DNA isolation using the PureLink microbiome
DNA purification kit (Thermo Fisher Scientific) as per manufacturer’s
instructions for soil samples with elution volume lowered to 50 pl.
Oxford Nanopore’s native barcoding kit 24 V14 (SQK-NBD114.24) was
used as per the manufacturer’s instructions to prepare sequencing
samples. From R2A medium culturing, 22 genomes were individu-
ally barcoded and sequenced. From nutrient medium culturing, 20
genomeswereindividually barcoded and 12 were barcoded as pools of
three. Each medium set was sequenced using a PromethlON flow cell.

Bioinformatics. Isolate genomes were assembled using Flye with
Medaka polishing and Bakta annotation. Genome assemblies were
dereplicated by extracting 16S rRNA genes, clustering sequences at
99% identity and then selecting a single assembly per cluster. This
yielded 30 genomes (Supplementary Table 7). BGCs were identified
in each dereplicated cultured genome using antiSMASH. Large NRPS
BGCs (thatis, >4 A domains) were compared to those from the targeted
metagenomic assembly using mmseqs2. Matches are shown in Sup-
plementary Fig. 3.

SynBNP predictions

SynBNP prediction was carried out according to our standard work-
flow®. Briefly, ‘bioinformatically tractable clusters’ were identified
and their products were predicted as follows. BGCs were scanned for
NRPS domains and modules. The order in which these domains are
likely to function was predicted on the basis of canonical NRPS module
organization combined with the principle of collinearity. The following
BGCs were then removed: (1) BGCs lacking predicted initiation or ter-
mination domains; (2) BGCs with modules that do not follow canonical
NRPS domain organization (that is, condensation domain, A-domain
and thiolation domain); (3) BGCsrichintailoring genes; and (4) BGCs
having fewer than four Adomains, as these make poor synBNP targets.
Structure predictions were then generated on the basis of A-domain
specificity and derived structural modifications predicted on the basis
of an analysis of additional domains present in the BGC (for example,
epimerization and N-methylation). These data were combined on the
basis of the initial domain order analysis to generate the linear struc-
ture encoded by a BGC. Specificity codes were compared to both the
antiSMASH output and anin-house specificity code table collated from
previously characterized natural products. The highest A-domain
matches were solely considered for predictions. In rare cases where
multiple amino acids share the same code, one was selected from the
consensus of predictions generated by NRPSPredictor2 within ant-
iSMASH. If multiple predictions were tied after the consensus stage, one

wasselected at random. The set of bioinformatically tractable clusters
considered and their corresponding predictions are given in Supple-
mentary Table 8. This represented roughly 19% of detected NRPS BGCs.
Onaverage, Adomainsmatchedat 90.1% + 13.9%. The average A-domain
match per peptide was 89.9% + 8.0%. From the subset of predictions
that contained at most one <70% A-domain specificity code (-83% of the
predictions passed this cutoff), we randomly selected 20for synthesis.
These covered arange of phylogenetic classifications (Fig. 3b and Sup-
plementary Table 9). Contig_44957 had two mismatched codes but was
retained as the codes were closely related and predicted to specify the
same amino acid. While we used a cutoff of NRPs containing at most
a single A-domain that matched <70%, this can be loosened or more
restrictiveif desired. Abreakdown of predictions that passed different
cutofflevelsis provided in Supplementary Table 10.

SynBNP synthesis

Reagents and solvents used for synthesis were obtained from com-
mercial sources and used without further purification. Chromatog-
raphy solvents were of high-performance liquid chromatography
(HPLC) grade or higher. Peptides were purified using a CombiFlash
EZ Prep purification system with ultraviolet detection and equipped
with a RediSep gold HP C18 column (30 g), RediSep gold HP C8 col-
umn or Phenomenex Luna 5 pm C18 prepHPLC column using a 5-95%
acetonitrile-water gradient supplemented with 0.1% formic acid.
High-resolution mass spectrometry (HRMS) data were acquired on
a SCIEX ExionLC ultra-HPLC (UPLC) instrument coupled to an X500R
quadrupole time-of-flight mass spectrometer with a Phenomenex
Kinetex PS C18100-A column (2.1 mm x 50 mm, 2.6 pm) and analyzed
using SCIEXOS software.'H and *C nuclear magnetic resonance (NMR)
spectrawere obtained on aBruker Avance DMX 600-MHz spectrometer
equipped with cryogenic probe (Rockefeller University) and all spectra
were analyzed using MestRe Nova software.

Linear peptides were synthesized using standard Fmoc-based
solid-phase peptide synthesis (SPPS) methods. 2-Chlorotritylchloride
resin (0.1 mmol) was swollenin dichloromethane (DCM) at room tem-
perature for 30 min. After draining, the resin was washed with DCM
(three washes, 5 mleach). The C-terminal Fmoc-protected amino acid
(four equivalents, 0.4 mmol) was dissolvedin5 mlof DCM and treated
with N,N-diisopropylethylamine (DIPEA; five equivalents, 0.5 mmol).
This mixture was added to the swollen resin and agitated for 1h. The
solutionwas drained and the resin was washed with DCM (three washes,
5 mleach). The resin was then capped by treatment with a 17:2:1 mix-
ture of DCM, methanol and DIPEA. The resin was agitated for 30 min,
drained and washed with DCM (three washes, 5 ml each) and dimeth-
ylformamide (DMF; three washes, 5 ml each). For peptide couplings,
the Fmoc group wasremoved by treating the resin with 20% piperidine
in 5 ml of DMF for 7 min. The solution was drained, the deprotection
reaction was repeated and the resin was washed with DMF (five washes,
5 mleach). The next Fmocamino acid to be coupled (three equivalents,
0.3 mmol) and hexafluorophosphate azabenzotriazole tetramethyl
uronium (HATU; three equivalents, 0.3 mmol) was dissolved in 4 ml
of DMF and treated with DIPEA (three equivalents, 0.3 mmol). This
solution was added to the resin and agitated for 45 min. The solution
was drained and the resin was washed with DMF (three washes, 5 ml
each). This deprotection and coupling process was repeated for each
subsequent amino acid. Finally, the N-terminal Fmoc amino acid was
deprotected with20% piperidine in DMF (two cycles of 5 mlfor 7 min)
and reacted with myristic acid (three equivalents, 0.3 mmol), HATU
(three equivalents, 0.3 mmol) and DIPEA (three equivalents, 0.3 mmol)
in DMF (4 ml). The reaction was agitated for 45 min, at which point
the resin was washed with DMF (three washes, 5 ml each) and DCM
(three washes, 5 ml each). The peptide was cleaved from resin and the
side-chain-protecting groups were removed by treating the resin with
atrifluoroaceticacid (TFA) cleavage cocktail containing 95% TFA, 2.5%
water and 2.5% triisopropylsilane for 2 h. The solution was evaporated
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under air flow and the resulting residue was purified on a CombiFlash
EZPrep system (30-g HP C18 column, water-acetonitrile with 0.1% v/v
formic acid 5%-95%).

Peptides cyclized through the side chain of an amino acid were
synthesized starting from the penultimate amino acid following the
same Fmoc SPPSloading, Fmoc deprotectionand coupling procedures
described above. Side-chain serine and threonine residues at which
cyclization was predicted to occur were added to the peptide with the
side chain unprotected. After the N-terminal amino acid was depro-
tected, myristic acid was coupled to the terminal amine as described
above (for peptides not predicted to have alipid tail, the Boc-protected
N-terminal amino acid was coupled). Next, the C-terminal amino
acid was esterified onto the free serine or threonine side chain by
adding a solution of Fmoc amino acid (15 equivalents, 1.5 mmol),
N,N’-diisopropylcarbodiimide (DIC; 15 equivalents, 1.5 mmol) and
4-dimethylaminopyridine (DMAP; 0.5 equivalents, 0.05 mmol) in 5 ml
of DMF to the resin and agitating for 16 h. The solution was drained
and theresin was washed with DMF (three washes, 5 mleach) and DCM
(three washes, 5 mleach), followed by deprotection of the Fmoc group
using 20% piperidine in DMF (two cycles of 5 ml for 7 min). The linear
precursor peptide was gently cleaved from resin by treating with a
solution of 20% hexafluoroisopropanol in 6 ml of DCM for 45 min.
The solution was collected and the process repeated once more. After
removal of solvent under air flow, the resulting peptide was dissolved
in DMF (50 ml, 0.002 M) and treated with (7-azabenzotriazol-1-yloxy)
tripyrrolidinophosphonium hexafluorophosphate (sevenequivalents,
0.7 mmol) and DIPEA (30 equivalents, 3 mmol). After stirring for 2 h, the
solution was diluted with ethyl acetate and washed with brine (three
washes, 100 ml each). The organic layer was dried (Na,SO,), filtered
and concentrated in vacuo. The resulting cyclic peptide was globally
deprotected by treatment with TFA cleavage cocktail for 2 h. After
evaporation under air flow, the crude cyclic peptide was purified ona
CombiFlash EZ Prep system as described above.

Peptides cyclized through the fatty acid were synthesized start-
ing from the penultimate amino acid residue following the Fmoc
SPPS method described above. After synthesis of the linear precur-
sor was completed, the N-terminal Fmoc group was removed using
20% piperidine in DMF (two cycles of 5 ml for 7 min) and reacted with
(+)-3-hydroxymyristicacid (three equivalents, 0.3 mmol), HATU (three
equivalents, 0.3 mmol) and DIPEA (three equivalents, 0.3 mmol) in
DMF (4 ml). The reaction was agitated for 45 min, at which point the
resin was washed with DMF (three washes, 5 ml each) and DCM (three
washes, 5 ml each). Next, the C-terminal amino acid was esterified
onto the hydroxyl group of the fatty acid by adding a solution of Fmoc
amino acid (15 equivalents, 1.5 mmol), DIC (15 equivalents, 1.5 mmol)
and DMAP (0.5 equivalents, 0.05 mmol) in 5 ml of DMF to the resinand
agitating for 16 h. The solution was drained and the resin was washed
with DMF (three washes, 5 mleach) and DCM (three washes, 5 mleach),
followed by deprotection of the Fmoc group using 20% piperidine in
DMEF (two cycles of 5 ml for 7 min). The linear precursor was cleaved
fromresin, cyclized, deprotected and purified as described above.

Successful peptide synthesis was confirmed by UPLC, HRMS and/
or NMR (Supplementary Table 15 and Supplementary Figs. 6-9). All
compounds that displayed antibacterial activity were confirmed to
have >95% purity.

MIC assay

To avoid solubility issues, each synBNP concentration was prepared
individually in DMSO before addition to LB. A series of eight concentra-
tions were tested, with the last one being a DMSO only control. First,
thesynBNP wasdiluted to 3.2 mg ml™inDMSO and thenserially diluted
twofold six timesin DMSO. Then, 4 pl of each concentration was added
to 100 pl of LB dispensed across a 96-well plate (Costar, 3370). Test
bacteria were grown overnight shaking at 200 rpm at 30 °C and the
culture was diluted to an OD,, of 0.005. Next, 100 pl of the dilution

wasadded to the antibiotic dilution series, yielding a test range of 64 to
1pg mi™along with a control (O pg mi™). The plate was thenincubated
statically at 30 °C for 18 h, followed by visual inspection. The MIC was
determined as the lowest concentration within the dilution series that
did not exhibit turbidity. MICs were determined by two biologically
independent replicates for the initial synBNP screen and three inde-
pendent replicates for all other determinations.

Human cell toxicity assay

The inhibitory activity of synBNPs was assessed using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay®®.
HEK239 and HeLacells were cultured in DMEM supplemented with10%
FBS, 10 pg ml™ penicillin-streptomycin, 2 uM glutamine and nones-
sential amino acids. Cells were passaged and seeded in 96-well plates
at the exponential growth phase, inoculated at -1 x 10° cells per ml
and maintaining a cell density below 1x 10° cells per ml. The plates
were incubated at 37 °C with 5% CO,. All assays were performed using
5,000 cells per well, with 50 pl of a homogeneous cell suspension at
1x10° cells per ml seeded in each well. For screening, synBNPs were
diluted to 6.4 pg ml™ in DMSO to prepare a 200x stock solution. For
the high-concentration assays (32 pg ml™), 1.5 ul of synBNP stocks were
used to prepare a master solution by dilution in 150 pl of DMEM with-
out phenol red. Two 50-pl aliquots of the master solution were added
to cell-seeded plates, obtaining duplicate 100-pl wells with synBNPs
at 32 pg ml™ (0.5% DMSO). For the low concentrations (3.2 pg ml™),
15 plof the master solution was diluted to 150 pl with DMEM and 50 pl
was added to cell-seeded plates to obtain duplicate wells of 100 pl at
3.2 ug mi™(0.05% DMSO). DMEM solutions containing 0.5% and 0.05%
DMSO were used as vehicle controls to define 100% cell viability. Camp-
tothecin at 40 pg ml™ was used as a positive control to define 0% cell
viability. After treatment, plates were incubated for 48 h followed by
addition of 10 pl of 5 mg mI MTT solution in DPBS and the plate was
incubated for an additional 4 h (SK-N-SH was incubated for 5-6 h).
After incubation, 90 pl of solubilization solution (40% DMF, 16% SDS
and 2% aceticacid) was added to each well and formazan crystals were
allowed to dissolve overnight. The absorbance of each well was meas-
ured at 570 nm using a TECAN Infinite M NANO+. Absorbance values
were normalized to the positive and negative controls and percentage
survival values were calculated.

Kill curve assay

S. aureus SH1000 was streaked onto a LB agar plate and incubated
overnightat30 °C. Threeindependent colonies were theninoculated
into 3 mlof LB and grown overnight at 30 °C with shaking at200 rpm.
The cultures were diluted 1:100 and grown at 30 °C and 200 rpm until
theyreached an OD,y,between 0.4 and 0.6. The growing cultures were
then diluted into a preprepared series of 3 ml of LB containing the
indicated antibiotic concentrations to -6 x 10° colony-forming units
(cfu) per ml using the expectation that 1 ODg, of S. aureus contained
5x 108 cfu per ml. When a series was inoculated, a 100-pl sample was
taken, representing1 min of treatment. The cultures were then placed
shakingat200 rpmand 30 °Cand samples were takenat10 min,30 min,
1handthen every subsequent hour for a total of 6 h. For cfu quantifi-
cation, 100-pl samples were placed immediately into the top well of a
96-well plate and serially diluted tenfold (20 plinto 180 pl of LB) down
to107. Then, 6 plof each dilution from the series was spotted onto LB
agar, thespots were air-dried and the plate was incubated overnight at
30 °C.Resulting colonies were enumerated to calculate the cfu per ml.

Mutant isolation

Direct plating. S. aureus SH1I000 was streaked onto an LB agar plate
andincubated overnight at 30 °C. A single colony was inoculated into
3 ml of LB and grown to confluence overnight at 30 °C. The culture
was then diluted to roughly 1x 107 cells per mlin LB containing antibi-
otic at 8x MIC. Five 96-well plates were then seeded with 100 pl of the
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dilution and grown stationary overnight at 30 °C. Mutants appeared
as small colonies at the bottom of the well and were picked into fresh
8x MIC medium to ensure resistance. The confirmation culture was
then streaked onto LB agar and incubated overnight at 30 °C; two
colonies per mutant were inoculated for an overnight culturein LB at
30 °C. The MIC of each mutant was checked to confirm resistance. For
erutamicin, noresistant colonies appeared and the direct plating was
repeated at4x and 2x MIC concentrations, which also did not produce
resistant mutants.

Passaging. S. aureus SH1I000 and A. baumannii ATCC 17978 were
streaked onto LB agar and incubated overnight at 30 °C. Three inde-
pendent colonies for each of the bacteria were then inoculated into
3 mlof LB and grown overnight at 30 °C with shaking at 200 rpm. The
cultures were used to prepare aMIC assay as described above with the
indicated antibiotics. The following day, 1 pul was taken from the well
containing the highest concentration of antibiotic exhibiting turbid
growth and mixed into 1 ml of fresh LB. This dilution was used to seed
anew MIC assay. This was repeated for each subsequent day and the
change in MICwas plotted.

Mutant sequencing and identification

Genomic DNA from resistant mutants was extracted for sequenc-
ing using the PureLink microbiome DNA purification kit (Thermo
Fisher Scientific) per the manufacturer’s instructions. Isolated DNA
was thenlllumina-sequenced using standard Nextera preparation and
the MiSeq reagent kit v3 with 2x 300-bp reads. Reads for both parent
and mutants were mapped to a reference genome using minimap2
(version 2.28-r1209)“". Changes detected in the parent strain were
eliminated from consideration and mutations were uncovered using
snippy (https://github.com/tseemann/snippy).

ClpX expression vector

The clpX gene was amplified from S. aureus SHI000 genomic DNA by
PCRusingthe primers CIpXF (TATTACTCGAGATGTTTAAATTCAATGAA-
GATGAAG) and CIpXR (TAATAGGATCCACATCAATGATTAAGCTGATG).
The pET19b (Sigma) vector backbone was amplified by 19BF (TAATAG-
GATCCGAAAGGAAGCTGAGTTGG) and 19BR (TATTACTCGAGCATAT-
GCTTGTCGTCGTCGTC). The two PCR products were then digested
with Xhol and BamHI and ligated together; the ligation reaction was
transformedinto £. coli EPI300 for colony screening on LB agar plates
containing 100 pg ml™ carbapenem. The successful construction of the
ClpX expression vector pHisClpX (which added a10x His tag to the N
terminus of ClpX) was confirmed by Sanger sequencing performed by
Genewiz using the universal T7 primer.

ClpX expression and purification

The pHisClpX vector was transformed into E. coli Rosetta 2(DE3) (Sigma)
and a single colony was inoculated into 5 ml of LB containing carbap-
enem to grow overnight at 37 °C and 200-rpm shaking. The overnight
culture was thenadded to1L of LB + carbapenem prewarmed to 37 °C
and grown at 37 °C and 200-rpm shaking until an OD,, of 0.2-0.4.
Once the desired OD range was achieved, the culture was transferred
to 16 °C and 200-rpm shaking for 30 min, after which IPTG was added
to1mM to induce protein expression, which continued overnight at
16 °Cand 200 rpm. The culture was pelleted by centrifugation at4,000g
for 45 min and the cell pellet was resuspended in 10 ml of protein lysis
buffer (50 mM Tris pH7.5,100 mM NaCl, 5 mMimidazole, 0.1 mM EDTA
and 1mM B-mercaptoethanol). The suspension was sonicated using a
Fisherbrand sonicator for atotal of 7.5 min of sonicationtime, with 45 s
on and 45 s off at 45% amplitude. The sonicated suspension was then
centrifuged at4,000gfor 30 min. The supernatant was then centrifuged
at23,000g for an additional 30 min. The His-tagged ClpX was isolated
fromthe cleared supernatant using Ni-NTA agarose (Quiagen) accord-
ing to the manufacturer’s instructions. Briefly, a column containing

2 ml of Ni-NTA was washed with 20 ml of protein lysis buffer, followed
by passage of the cleared lysate. Bound ClpX was then washed with
20 ml of increasing concentrations of imidazole in protein lysis buffer
(10 mM, 20 mM and 30 mM), followed by elution with protein lysis buffer
containing 250 mM imidazole, while collecting 0.5-ml fractions. The
protein content in the eluted fractions was checked by absorbance at
280 nm, with any fractionsatan OD > 0.6 pooled together. About 1 mlof
the pooled fractions were then dialyzed (MWCO:12,000-14,000 kDa;
Spectra/Por) against 1L of protein storage buffer (50 mM Tris pH 7.5,
200 mMKCI, 25 mM MgCl,,1 mM 3-mercaptoethanol and 10% glycerol)
for 3 hat 4 °C, followed by an additional dialysis against 3 L of protein
storage buffer overnight. The protein concentration was then deter-
mined to be 5.83 mg ml™ (117 uM) by spectroscopy at 280 nm with the
calculation of 10D corresponding to 3.69 mg ml™ of His-ClpX. Asample
(50 ml) of the 3-L storage buffer after dialysis was saved for resuspending
trigintamicin and its isomer for ITC.

ITC

ITC measurements were carried out at 25 °Cusing aMalvern ITC PEAQ
system. The ligands (trigintamicin and its biologically inactive isoform)
were dissolved in storage buffer taken post dialysis of CIpX. The concen-
tration of ClpX was adjusted to ~30 pM and the ligand concentrations
were adjusted to ~300 puM using the postdialysis storage buffer batch.
Then, 300 plof ClpX solution was placed in the sample cell and titrated
by ligand solution through19 successive injections of 2 pl with a2.5-min
interval between injections and areference power of 5 pcal s, Titration
datawere analyzed using the PEAQ-ITC analysis software (version1.41).
Theisotherm curves were best fitted to a single-site binding model.

Depolarization assay

An overnight culture of S. aureus SH1I000 was pelleted, washed twice
in equal volume of DPBS (Thermo Fisher Scientific) and diluted to
0.35 0D, in DPBS. Then, 100 pl of the dilution was added to 300 pl
of DPBS, followed by the addition of 50 pl of 20 uM DISC;(5) dye in
DPBS. The mixture was incubated at room temperature in the dark
for 15 min, followed by the addition of 50 pl of 2 M KCl and another
15-minincubation. The samples were then transferred into a384-well
flat, clear-bottom black microtiter plate with 30 pl per well. The initial
fluorescenceintensity of each well was recorded using a TECAN Infinite
MNANO' (excitation, 620 nm; emission, 675 nm) at 10-s intervals until
the baseline stabilized. After signal stabilization, 30 pl of test com-
pounds diluted in DPBS were added to the indicated concentrations
and readings resumed. Gramicidinat 16 pg ml™ (2x MIC) wasused as a
positive control for depolarization.

Lipid antagonism assay

Test lipids were dissolved in the manufacturer’srecommended solvent
to 0.5-1 mg ml™. An aliquot containing the appropriate amount of
lipid for the desired molar ratio to a target antibiotic was transferred
toal.5-mlEppendorfand dried under vacuumfor1h. The dried pellet
was then resuspended by pipetting with 6 pl of the test antibiotic dis-
solved in ethanol at 1.28 pg ml™. The suspension was then topped up
with 114 pl of LB and the sample was mixed by pipetting. Then, 100 pl
was transferred to a 96-well assay plate and 50 pl was transferred down
a column to generate a 1:2 dilution series. An overnight culture of
S. aureus SH1000 was diluted 1:1,000 into LB and 50 pl was added to
the dilution series to generate a final antibiotic concentration range
of 0.25 to 32 pg ml™. The plate was then incubated overnight at 30 °C
for 18 h, after which growth was visually inspected. For experiments
with telomycin and daptomycin, all LB was supplemented with Ca* to
50 mg L™ (183 mg L™ CaCl,).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The 563 high-quality metagenomic assemblies, the 338 large NRPS
assemblies, the genomes of the 30 culturedisolates and the extracted
16SrRNA datasets were deposited to Zenodo (https://doi.org/10.5281/
zenodo.16782139)°, Publicly available GTDB release 09-RS220 was
used for taxonomic assignment and comparison. Publicly available
AMP-binding protein (Pfam PF00501.23) was used for HMM searches.
Publicly available SILVA database release 138.2 was used for taxonomic
assignment of 16S rRNA sequences. Source data are provided with
this paper.

Code availability

Nanopore sequencing was performed using a P2 solo with MinKnow
23.04.6 (ultra kits) or 23.11.4 (ligation kits) and a P24 with MinKnow
23.07.12 (scaled ligation). All raw data were duplex-basecalled with
standalone Dorado 0.4.1+6c4¢636. Publicly available vsearch 2.28.1,
GNU parallel 20230922, Chopper 0.6.0, Flye 2.9.3-b1797, Medaka1.11.3,
Baktal.10.4, GTDB-tk 2.4.0, GNU AWK script 5.3.0, tRNAscan-SE 2.0.9,
networkD3 R package 0.4, antiSMASH 6.1.1, FastTree 2.1.11, HMMER
3.1b2, proovframe 0.9.7, CheckM 1.2.3, Barrnap 0.9, BiG-SCAPE 1.1.5,
minimap22.28-r1209 and Snippy 4.6.0 were used for sequence assem-
bly and analysis. PEAQ-ITC analysis software 1.41 was used for ITC
analysis.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Data collection  Nanopore sequencing was done using a P2 solo with MinKnow 23.04.6 (ultra kits) or 23.11.4 (ligation kits), and a P24 with MinKnow 23.07.12
(scaled ligation). All raw data was duplex basecalled with standalone Dorado 0.4.1+6c4c636

Data analysis Publicly available vsearch 2.28.1, GNU parallel 20230922, Chopper v0.6.0, Flye v2.9.3-b1797, Medaka v1.11.3, Bakta v1.10.4, GTDB-tk v2.4.0,
GNU AWK script 5.3.0, tRNAscan-SE v2.0.9, networkD3 R package 0.4, antiSMASH v6.1.1, FastTree v2.1.11, HMMER v3.1b2, proovframe-
v0.9.7, CheckM v1.2.3, Barrnap 0.9, BigSCAPE v1.1.5, minimap2 2.28-r1209 and Snippy 4.6.0 were used for sequence assembly and analysis.
PEAQ-ITC analysis software 1.41 was used for ITC analysis.
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The 563 high-quality metagenomic assemblies, the 338 large NRPS assemblies, the genomes of the 30 cultured isolates, and the extracted 16S rRNA datasets have
been submitted to GenBank under Bioproject PRINA1226572. Publicly available Genome Taxonomy Database release 09-RS$220 was used for taxonomic assignment
and comparison. Publicly available AMP-binding protein PFAM PFO0501.23 was used for Hidden Markov Model searches. Publicly available SILVA database release
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Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293 (ATCC, CRL-1573), origin of Hela is unknown
Authentication cell lines were not authenticated
Mycoplasma contamination MycoAlert detection kit (Lonza Bioscience)

Commonly misidentified lines  n/a
(See ICLAC register)
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