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[ABSTRACT] Natural products derived from bacterial sources have long been pivotal in the discovery of drug leads. However, the
cultivation of only about 1% of bacteria in laboratory settings has left a significant portion of biosynthetic diversity hidden within the
genomes of uncultured bacteria. Advances in sequencing technologies now enable the exploration of genetic material from these meta-
genomes through culture-independent methods. This approach involves extracting genetic sequences from environmental DNA and ap-
plying a hybrid methodology that combines functional screening, sequence tag-based homology screening, and bioinformatic-assisted
chemical synthesis. Through this process, numerous valuable natural products have been identified and synthesized from previously
uncharted metagenomic territories. This paper provides an overview of the recent advancements in the utilization of culture-independ-
ent techniques for the discovery of novel biosynthetic gene clusters and bioactive small molecules within metagenomic libraries.
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Introduction

The environment serves as a rich reservoir of microbial
entities, with their secondary metabolites, widely recognized
as natural products, garnering considerable research interest
due to their varied and substantial medicinal properties. Over
the past few decades, the extraction of microbial-derived
drugs primarily relied on culture-dependent techniques, fo-
cusing on bacteria amenable to laboratory cultivation ™. This
process, encompassing cultivation, fermentation, and activity
screening, has been instrumental in identifying significant
drug leads. Despite its past efficacy, the primary limitation
currently lies in the minimal proportion of bacteria that are
cultured and the frequent rediscovery of known compounds,
which impedes the progress in novel drug discovery *. Ad-
vances in sequencing technologies have unveiled that over
99% of environmental bacteria elude cultivation under stand-
ard laboratory conditions ™
biosynthetic diversity within the genomes of these uncul-

, suggesting that a vast array of

tured bacteria remains largely unexplored.
Numerous strategies have been employed to access this
expansive resource, including the exploration of suitable me-
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dia for cultivating elusive bacteria ¥, the invention of tools to
culture these organisms in situ 51 and the adoption of culture-
independent methodologies. The advent of metagenomics,
bolstered by sequencing advancements, has facilitated access
to the genetic information of uncultured bacteria. Environ-
mental DNA (eDNA) is extracted from environmental
samples and processed through metagenomic libraries to
yield physical DNA sequences . In the absence of prior
knowledge about specific natural products, functional screen-
ing is applied to these metagenomic libraries to identify bio-
active compounds based on the properties of the molecules
screened . A sequence tag-based homology screening ap-
proach is employed to target biosynthetic gene clusters
(BGCs) within the vast metagenomic pool, focusing on con-
served regions within reference genes. This technique aids in
the retrieval of complete BGCs, which are subsequently in-
troduced into suitable model hosts for heterologous expres-
sion ™. Additionally, deep sequencing of eDNA from meta-
genomic libraries, coupled with bioinformatic algorithms, al-
lows for the prediction and subsequent chemical synthesis of
natural product analogs from targeted BGCs . This culture-
independent methodology not only circumvents the limita-
tions of bacterial cultivability but also broadens our under-
standing of microbial genetic diversity and enhances the po-
tential for novel natural product discovery.

The fundamental difference between culture-dependent
and independent approaches is the source of targeted mo-
lecules. The former relies on cultivating and screening native
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hosts to biosynthesize these molecules, whereas the latter in-
volves extracting genetic sequences from eDNA, expressing
them in model hosts, or employing chemical synthesis based
on bioinformatics predictions. This review aims to highlight
recent progress in culture-independent metagenomics, partic-
ularly in the discovery of bioactive natural products and nov-
el BGCs from environmental samples, providing valuable in-
sights and references for future advancements in the field of
metagenomics.

Metagenomic Library Construction

Bacteria are a prolific source of pharmaceutically relev-
ant natural products "'?. However, the inability to culture
the majority of natural bacterial species in laboratory settings
presents a significant challenge for obtaining these products th-
rough traditional isolation methods, such as fermentation (13-16]
Compared with other genetic materials like proteins and RNA,
which are produced by uncultured bacteria, environmental
DNA (eDNA) is more accessible in laboratory conditions.
The extraction of eDNA offers a feasible approach for explo-
ring the taxonomy and functional diversity of bioactive small
molecules encoded within the DNA of uncultured bacteria ",
The culture-independent method, which involves heterolog-
ous expression of eDNA in a culturable model host, stands
out as an innovative strategy to study the diversity of meta-
genome-derived natural products "'*. The eDNA samples can
be extracted using direct or indirect extraction methods .
The direct method involves lysing whole bacterial cells in en-
vironmental samples and precipitating the eDNA using an or-

1 ®7 In contrast, the indirect

ganic solvent like isopropano
method first isolates bacteria from environmental samples
through density gradient centrifugation. These bacteria are
then embedded in agarose gel for lysis, a technique designed
to minimize mechanical damage *. Although the indirect
method can yield larger eDNA fragments, it generally pro-
duces a lower quantity relative to the direct method and in-

volves a more complex and time-consuming library construc-

tion process.

Depending on the specific downstream applications, the
acquisition of metagenomic DNA can be categorized into two
primary methods: DNA entity sequence-dependent and DNA
entity sequence-independent methods. In the sequence-de-
pendent method, metagenomic DNA is physicochemically
captured using a shuttle vector, after which it is transformed
into an appropriate host. This process facilitates either long-
term storage or further analyses, such as functional and se-
quence-based screening for bioactive natural products (Fig.
1). Currently, cosmid, fosmid, and bacterial artificial chromo-
some (BAC) vectors are the three main types of vectors em-
ployed in constructing metagenomic libraries, each differing
in their DNA insert size capacity and copy number. Cosmid
and fosmid vectors incorporate phage mobilization elements,
allowing them to shuttle between a phage and an E. coli host.
A notable difference between these two vectors is the incor-
poration of an F-origin element in fosmids, which restricts the
number of fosmids to one per cell *?. This unique feature is
crucial as it prevents the recombination of highly repetitive
sequences within the host cell, thereby avoiding undesirable
deletions or cell death ™. Moreover, the lower copy number
of these vectors reduces the production of potentially toxic
metabolites. Due to their high efficiency in phage transfec-
tion, cosmid and fosmid vectors are adept at capturing a wide
range of BGCs with diverse biosynthetic capabilities. The
Brady group demonstrated this through a detailed protocol for
constructing metagenomic libraries using a commercial cos-
mid vector (pWEB), successfully generating millions of cos-
mid clones from less than 1 kg of soil ©!. Despite these ad-
vantages ™, a significant limitation of these vectors is their
insert size, typically 35—45 kb, which may not cover the full
length of larger BGCs that can extend beyond 100 kiloba-
ses ™’ To address this issue, several assembly strategies have
been developed for reconstructing complete gene clusters
from eDNA-derived cosmid clones, including restriction-site
ligation, Z-based recombination, and transformation-associ-
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Fig. 1 The workflow for metagenomic library construction. The eDNA samples collected from diverse environmental sources
are fragmented, ligated, and transformed into a model host for downstream analysis.
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ated recombination (TAR) ®**"\. The restriction-site ligation
strategy relies on the unique restriction sites present in over-
lapping clones, while Z-based recombination is beneficial for
assembling large BGCs **). Using the high recombination ef-
ficacy of Saccharomyces cerevisiae, the yeast-based TAR as-
sembly technology enables the in vivo assembly of eDNA-de-
rived overlapping cosmid clones with a pTARa-based vector
to form complete BGCs ™. Among these methods, TAR as-
sembly is particularly common for constructing large path-
ways involving more than two overlapping clones .
However, finding compatible overlapping clones in metagen-
omic libraries and the complexity of high-throughput as-
sembly of complete BGCs remain significant challenges. To
overcome the inherent shortcomings of the cosmid library,
BAC vectors, capable of inserting up to 300 kb of foreign
DNA, have been utilized in metagenomic library construc-
tion P”. Based on a modified F plasmid, BAC vectors have
found widespread use in constructing libraries for single or-

B2 and

ganism genomes, such as those of humans Y, plants
bacteria ™. A random shear strategy is employed in metagen-
omic DNA preparation to avoid biases associated with tradi-

tional restriction digestion-ligation ©*

. Libraries generated
using BAC vectors typically have an average insert size of
about 100 kb, sufficient to contain a complete natural product
BGC within a single clone. However, one drawback of BAC
cloning is that the resulting metagenomic libraries are smal-
ler by two to three orders of magnitude compared to those
produced using cosmid-based cloning strategies .

In the DNA entity sequence-independent method, meta-
genomic DNA is processed without the need for incorpora-
tion into a vector-based library. Instead, this method involves
randomly fragmenting the DNA into short sequences, which
are then directly sequenced using next-generation sequen-
cing (NGS) technologies (i.e., [llumina 03539 pacBio 7 Ton
Torrent ®* 1, MGISEQ ®”, and Nanopore " sequencing).
The sequencing reads are either mapped to reference gen-
omes or assembled de novo to form extensive contigs. Sub-
sequently, advanced binning algorithms are employed to or-
ganize these contigs into coherent genome bins “"*. This se-
quence-independent method differs from the sequence-de-
pendent method in several aspects. Its primary challenges lie
in the length and depth of sequencing reads, as well as the
overall quality of the assembly. The introduction of PacBio
and Nanopore technologies has been pivotal in this context,
markedly increasing the length of sequencing reads from a
few hundred bases to tens of kilobases °” *!. Moreover, the
rapid development of binning algorithms is progressively en-
abling the complete de novo assembly of metagenomes from
environmental samples “*"**.

Functional Screening-based Culture-independ-
ent Discovery of Metagenomic Natural Products

One of the main purposes of exploring metagenomes is
to discover the diversity of natural products encoded by the
genetic sequences of eDNA. The success of this endeavor

®

hinges on various factors that influence the activation of nat-
ural product gene clusters, such as the completeness of the
BGCs recovered from the metagenomic libraries, appropriate
selection of heterologous expression hosts, and suitable de-
tection methods ™. Several culture-independent methods
have been developed to explore these untapped resources,
with functional screening emerging as the most intuitive
method based on phenotypic variation. Functional screening
begins with the construction of metagenomic libraries using
shuttle vectors such as cosmid/fosmid or BAC. These vectors
are employed to capture eDNA sequences, which are then
transferred into suitable heterologous expression hosts, such
as E. coli and Streptomyces (Fig. 2). Once the libraries are es-
tablished, the next phase involves screening for clones that
demonstrate a wide range of bioactive natural productions "%,
Based on the characterizations of isolated molecules, func-
tional screening can be divided into colorization-based
screening (production of colorful pigments) and inhibition
zone-based screening (production of antimicrobial metabol-
ites). In the colorization-based screening method, the produc-
tion of visible pigments by eDNA-containing colonies serves
as a marker for the potential synthesis of previously un-
known natural products. A notable example of this method’s
effectiveness is the discovery of clone CSL51. This clone,
containing a four-gene BGC, was found to produce the broad-
spectrum antibiotic violacein and its derivative, deoxyvi-
olacein, from soil-derived eDNA libraries “”. Another in-
stance involved screening purple clones from forest soil-de-
rived libraries, leading to the identification of indirubin and
two related operons that produce pigments with antimicrobi-
al activity **!. This approach has also facilitated the discov-
ery of other bioactive compounds, such as turbomycin B and
metatricycloene 7 *! (Fig. 2).

Inspired by the discovery of penicillin ", inhibition zone-
based functional screening has become a widely used meth-
od in the field of metagenomic natural product discovery.
This technique involves distributing heterologous expression
hosts, each harboring different metagenomic clones, across a
soft agar plate. This plate also includes bacteria, such as Ba-
cillus subtilis, which serve as indicators for activity testing.
The emergence of inhibition zones around certain clones sig-
nals the production of antimicrobial natural products by these
clones. The isolation and purification of such colonies can
lead to the discovery of novel antibiotics. With this approach,
CSLG18, an eDNA clone that produced isonitrile functional-
ized indole antibiotic, was found in a cosmid library using a
top agar overlay containing Bacillus subtilis . Similarly,
Brady et al. employed this method to identify clones from
eDNA libraries that produced N-acyltyrosine "
palmitoylputrescine 7.

The advent of advanced sequencing technologies has

and

dramatically reduced the cost of sequencing eDNA, paving
the way for more extensive metagenomic studies. However,
despite the vast scale of DNA sequences in metagenomic lib-
raries, often extending to terabytes, only a small fraction of
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Fig. 2 Functional screening-based culture-independent discovery of metagenomic natural products. (A) General pipeline of
functional screening. (B and C) Representative natural product structures obtained by functional screening methods.

the clones encode gene sequences with biosynthetic func-
tions %, Key among these are non-ribosomal peptide syn-
thetase (NRPS) and polyketide synthase (PKS), two major
classes of BGCs that produce pharmacologically significant
microbial secondary metabolites **>*). Therefore, it becomes
essential to implement BGC enrichment strategies to in-
crease the probability of identifying eDNA clones containing
NRPS or PKS BGCs. One crucial element in natural product
biosynthesis is phosphopantetheine transferase (PPTase), a
family of enzymes that post-translationally modifies the pep-
tidyl-carrier-protein (PCP) and acyl-carrier-protein (ACP) do-
mains in NRPS and PKS gene clusters . Leveraging this, a
PPTase-deficient Streptomyces albus strain, combined with
an indigodine expression system, was developed to screen
eDNA clones for PPTase genes, using color production as an
indicator. This innovative approach has led to the discovery
of a variety of NRPS, PKS, and NRPS/PKS hybrid BGCs, in-
cluding the natural product myxochelin A *”—a dihydroben-
zoate-containing siderophore first identified in myxobacte-

ria P*. For functional screening, metagenomic libraries con-
structed using cosmid or fosmid vectors are prevalently em-
ployed, with comprehensive protocols for eDNA extraction,
restriction digestion, and phage infection well-documented .
A significant challenge with these libraries is their limited ca-
pacity for inserting foreign DNA. Due to the limitation of
phage packaging, the cosmid ® and fosmid * libraries can
incorporate DNA fragments of less than 40 kb, a size that is
often inadequate to cover entire BGCs and, therefore, cannot
express corresponding metabolites. Natural product BGCs ty-
pically span 60—110 kb, like those of daptomycin (63 kb) "),
erythromycin (61 kb) ", and rifamycin (109 kb) “**. To
overcome this limitation, BAC vector-based metagenomic
libraries have been developed to discover bioactive natural
products. The average insert size of 120 kb in BAC libraries
increases the probability of harboring complete natural
product gene clusters. Using soil-derived metagenomic BAC
libraries, Rondon et al. ' identified a BAC clone with anti-
bacterial activity against Bacillus subtilis BR151 and Staphyl-
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ococcus aureus. Moreover, to avoid the biases introduced by
the restriction digestion of metagenomic DNA, a random
shear technology is applied in BAC library construction,
ensuring a more uniform fragmentation. Using this techno-
logy, Mark et al. ®* found chloramphenicol derivatives with
activity against methicillin-resistant Staphylococcus aureus
(MRSA), along with the broad-spectrum antibiotic turbomy-
cin B, complementing the earlier discovery of turbomycin A
from a fungus ),

The key step in functional screening is the selection of a
heterologous expression host that accurately transcribes,
translates, and biosynthesizes proteins from eDNA
quences. The ideal host for metagenomic libraries should not
only demonstrate high diversity in natural product synthesis
but also possess robust transformation capabilities for con-
structing large-insertion metagenomic libraries effectively.
Currently, E. coli is the most commonly used host for func-
tional metagenomics due to its rapid growth and genetic tract-
ability. However, it is also clear that most BGCs captured
from diverse environmental samples cannot be heterolog-
ously expressed in a single host, especially those eDNA isol-
ated from different families of bacteria. A variety of alternat-
ive hosts have been developed to accommodate a wide range
of eDNA-containing BGCs. For example, Pseudomonas aer-
uginosa, a Gram-negative soil bacterium, has shown promise
in producing inhibitory proteins from metagenome-derived
clones, which led to the discovery of two novel lactonase
family proteins with the capability to inhibit biofilm forma-
tion **. To increase the transcription efficiency of foreign
genes, the bifunctional cosmid vector pFX583, which en-
ables T7 RNA polymerase-directed transcription, has been
used for the construction and screening of metagenomic lib-
raries, promoting heterologous expression in both E. coli and
S. lividans > °". The use of diverse proteobacteria as hosts,

Se-

including Agrobacterium tumefaciens, Burkholderia grami-
nis, and Caulobacter vibrioides, has expanded the biosynthet-
ic diversity of eDNA clones obtained from functional screen-
ing . In addition, eukaryotes such as Saccharomyces
cerevisiae have been used to optimize the expression of exo-
genous DNA fragments ),

Apart from proteobacteria and eukaryotes, actinomyces
have been recognized as prolific hosts of therapeutically rel-
evant metabolites . Previous attempts at functional screen-
ing in streptomyces have been made using Streptomyces liv-
idans as the host " ™. To enhance the discovery of novel
secondary metabolites in Streptomyces, Iqbal et al. conduc-
ted a host screening of 38 species to identify species with the
best innate ability to heterologously express BGCs . Among
the screened species, S. albus was identified as the most effi-
cient host, facilitating the production of several novel natural
products, including metatricycloene ', nocardamine ),
myxochelin A BT malacidins *”, and cadasides ™.

Sequence Tag-based Culture-independent Discov-
ery of Natural Products from Metagenomes

Functional screening, in combination with metagenomic

®

libraries, has produced numerous bioactive natural products
and functional enzymes. This approach is especially valuable
for identifying “unknown-unknown” molecules, which are ch-
aracterized by novel chemical scaffolds and unique biochem-
ical properties and are not reliant on known gene sequences
or molecule structures. However, the current technologies for
metagenomic library construction using cosmid/fosmid and
BAC vectors encounter limitations in meeting the insert size
requirements necessary to express complete BGCs encoding
natural products . Although the insert size is large enough
for screening bioactive enzymes and some short pathways, it
hardly covers the full-length natural product BGCs within a
single vector. This shortfall impedes the production of re-
lated metabolites in functional screening and contributes to
the dormancy of many natural product BGCs.

An alternative approach named sequence tag-based nat-
ural product discovery from metagenomes has been de-
veloped to uncover the metabolite diversity in nature (Fig. 3).
This method uses polymerase chain reaction (PCR) to screen
eDNA libraries with degenerate primers that target the con-
served regions of BGCs, enabling the targeted discovery of
specific types of natural products . Unlike functional
screening, sequence tag-based screening does not rely on the
functionality of inserted foreign DNA sequences. Instead, it
focuses on identifying short sequences or sequence tags that
target the desired gene clusters. The gene sequence encoding
special module in BGCs can be used as a searching tag.
These degenerate primers amplify the conserved regions of
the target sequences and screen against the entire metagen-
omic DNA library to find evolutionally related amplicons.
The resulting amplicon sequences are then analyzed for simil-
arities and evolutionary relationships with known reference
sequences. Next, the complete BGCs related to the amplicon
sequence are recovered from corresponding metagenomic lib-
raries. The recovered full BGCs are then transformed into an
appropriate host for expression. It is worth noting that the se-
quence tag itself is not expressive, so it needs to be com-
bined with a heterologous expression system or a synthetic-
bioinformatics natural product (syn-BNP) approach. This
combination is essential to decode the genetic information
and facilitate the biological or chemical synthesis of the final
molecules.

Microbial natural products, such as non-ribosomal pep-
tides (NRPS) and polyketides (PKS), are primary targets for
metagenomic research due to their significant medicinal po-
tential. These secondary metabolites are synthesized through
pathways involving specific biosynthetic domains, notably
the adenylation (A) and ketosynthase (KS) domains. Re-
searchers utilize degenerate primers targeting the conserved
regions of these domains to screen metagenomic libraries for
novel NRPS and PKS biosynthetic gene clusters (BGCs) re-
lated to reference sequences. Malacidins * and cadasides ™,
two new calcium-dependent antibiotics, were identified from
soil metagenomic libraries using an A probe targeting the
Asp4 motif of NRPS gene clusters. Both compounds showed
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potent antimicrobial activity via a calcium-dependent mech-
anism, yet they exhibit variations in their molecular struc-
tures and specific activities. Moreover, molecules containing
para-aromatic benzoic acid (PABA) are of significant in-
terest due to their backbone comprising multiple non-proteo-
genic amino acids, their capacity for topoisomerase inhibi-
tion, and their potent bioactivity. Utilizing A probes to target
PABA-encoding amplicons in soil-derived metagenomic lib-
raries has led to the recovery of several novel PABA-related
BGCs. Subsequently, this approach facilitated the synthesis
of various naturally inspired antibiotics and antiproliferative
compounds, including PABA34, PABA48, and lapcin © 7.
Additionally, a sequence tag targeting KSa or KSP was de-
signed to extract BGCs of polyketide compounds from soil
eDNA and led to the discovery of arixanthomycins A—C U,
calixanthomycin A ", and arenimycins C and D " as well

[78]

as clinically relevant arimetamycin A ' and antibiotic fasa-

mycins A and B 7,

To investigate the diversity of bacterial secondary meta-
bolites in metagenomic libraries sourced from various soil en-
vironments, researchers have adopted probes targeting both
the AD domain of NRPS and the KS domain of PKS. This

method was particularly effective in analyzing a collection of

®

marine sediment-derived actinobacteria, and it enabled a
bioinformatic assessment of the biosynthetic potential of sec-
ondary metabolites, even in the absence of fully assembled
pathways or complete genome sequences, helping identify
strains that possess the highest potential to produce similar or
new secondary metabolites. Intriguingly, this study un-
covered that metagenomes from ecologically similar environ-
ments, even those with comparable phylum-level 16S rRNA
gene distributions, can possess almost completely distinct sets
of biosynthetic gene sequences . In summary, utilizing se-
quence tags facilitates an in-depth analysis of the diversity of
secondary metabolites without the need to express the mo-
lecules involved. In addition to targeting the biosynthetic do-
mains of NRPS/PKS, focusing on tailoring enzymes implic-
ated in post-modification processes can lead to the discovery
of natural products with distinct bioactivities and structures.
Isonitrile A was the first characterized isonitrile enzyme that
catalyzed free primary amine in tryptophan to an isonitrile
group. Researchers designed degenerate primers targeting the
isonitrile synthase (isnA) gene to scan both fully sequenced
bacterial genomes and eDNA, resulting in the identification
of 12 eDNA clones containing operons homologous to isnA.
The heterologous expression of these operons in E. coli and
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Pseudomonas aeruginosa led to the discovery of several nat-
ural products encoded by isnA-contained operons ®'!. To ex-
pand the genetic source of self-sufficient cytochrome P450
monooxygenases (CYPs), researchers identified the first CYP
gene, SYK181, with significant hydroxylase activity from a
soil-derived metagenomic library based on CYP sequence ho-
mology screening . Furthermore, the investigation into the
diversity of microviridin gene clusters, directed by homolog-
ous sequences of the ATP grasp-type ligase MdnB, enabled
the discovery of novel tricyclic depsipeptides **.

Tryptophan dimers (TDs) are a group of structurally and
pharmacologically diverse natural products that have
garnered significant interest ™. Their unique substructures
make them compelling targets for sequence-guided screening
in the quest for bioactive natural products. Employing soil-
derived metagenomic libraries and homology-based screen-
ing of targeted TD BGCs, researchers have successfully iden-
tified a variety of natural products containing TD structures,
each exhibiting a range of biological activities *>*. A key
strategy in isolating unique TD BGCs within expansive soil
metagenomic libraries involves using the oxy-tryptophan di-
merization gene as a sequence tag. This approach has facilit-
ated the discovery of several bioactive compounds, such as
BE-54017, a substance with antitumor properties ™", borrego-
mycin A, an antiproliferative agent, and a series of com-
pounds including borregomycins B—D, which have shown
potential as anticancer and antibiotic agents ™. In addition,
researchers have explored the chromopyrrolic acid (CPA)
synthase gene as a navigational tool for uncovering novel
TDs from environmental samples. By probing eDNA librar-
ies for CPA synthase genes and constructing phylogenetic
trees, they have been able to pinpoint and express specific
gene clusters heterologously in E. coli, which has led to the
characterization of erdasporines, a group of cytotoxins with a
novel carboxy-indolocarbazole TD substructure and hy-
droxysporine/reductasporine with antifungal activity ™.

As a significant challenge in metagenomic natural
product discovery, the size limitations of cosmid/fosmid and
even BAC vectors are noteworthy. These vectors often fall
short in covering the entire length of BGCs, particularly when
used to recover clones containing targeted probe genes. After
a target synthetase or synthase gene has been identified and
amplified from eDNA libraries using homologous sequences,
the subsequent step involves the reassembly of overlapping
clones to reconstruct a complete BGC. Several recombina-
tion techniques, both in vivo and in vitro, have been de-
veloped to address this challenge, such as TAR and Red/
ET, which have been reported thoroughly in previous re-

(2628 ¥ However, despite the efficiency of se-

searches
quence tag-based approaches in identifying targeted natural
product gene clusters, these methods are not without limita-
tions. Significant challenges include the inherent bias associ-

ated with degenerate PCR and the “silence” of recovered

BGCs ",

Natural Product Structure Prediction and Total
Chemical Synthesis

The advancements in next-generation sequencing (NGS)
technologies have significantly revolutionized bacterial gen-
omic sequencing """ *> *1. Although numerous BGCs have
been identified through these technologies, the secondary
metabolites they produce often remain elusive. Traditionally,
the biosynthesis of natural products has been the primary
method for unraveling the genetic codes of these BGCs and
producing the corresponding metabolites. However, this ap-
proach faces significant challenges: most bacteria cannot be
cultured under laboratory conditions, and many gene clusters
remain silent and unexpressed during fermentation processes,
hindering the discovery of potentially valuable natural
products. To bypass these obstacles, researchers have com-
bined bioinformatics prediction with total chemical synthesis
methods. This innovative approach, known as synthetic-
bioinformatics natural product (syn-BNP) discovery, enables
the acquisition of natural product small molecules without the
need for culturing bacteria or heterologously expressing
BGCs (Fig. 4) ® *. The process involves obtaining the
primary DNA sequences of relevant BGCs from bacterial
genomes or assembled metagenomic sequences and then ana-
lyzing the encoded chemical structures using bioinformatics
algorithms. The syn-BNP method is particularly adept at pre-
dicting BGCs related to NRPS. NRPS-derived secondary
metabolites are synthesized through repetitive modules, al-
lowing for precise bioinformatic predictions. Various al-
gorithms have been developed to predict the substrate spe-
cificity of the A domains in NRPS ®*'". The critical aspect
of these predictions hinges on the ten essential binding-pock-
et residues (positions 235, 236, 239, 278, 299, 301, 322, 330,
331, and 517) in the active center of the A domain “°.
However, it has been observed that expanding the number of
binding residues or using the entire A domain sequence does
not enhance prediction efficiency. This approach has been
found to decrease the precision of predictions . To im-
prove the accuracy of predictions for A domains that lack ex-
act matches in the training data, an evolutionary-based phylo-
genetic algorithm known as SANDPUMA has been incorpor-
ated into these prediction models """,

The discovery of humimycin, achieved through syn-BNP
technology, represents a significant advancement in drug dis-
covery. Humimycin is a synthesized lipopeptide antibiotic
notable for enhancing the efficacy of f-lactam antibiotics
against MRSA, specifically targeting lipid II flippase, a vital
component in bacterial cell wall synthesis. Brady and his
team used bioinformatic tools to analyze the human microbi-
ome pool. They successfully identified 25 complete NRPS
gene clusters, each encoding peptides composed of more than
five amino acids. The team then deduced the amino acid
structures and sequences encoded by each A domain in silico,
employing established bioinformatic algorithms, such as
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Pipeline of synthetic-bioinformatics natural product (syn-BNP) approach. (B) Representative structures of identified natural

products using the syn-BNP approach.

Stachelhaus, Minowa, and NRPSPredictor2, now integrated
into the antiSMASH software. The predicted structures were
then synthesized using solid-phase peptide synthesis (SPPS)
technology °”'°" "% The resulting molecules were tested
against a panel of common human commensal and pathogen-
ic bacteria, leading to the discovery of antibiotic compou-
nds ¥, Expanding upon this method, Vila-Farres et al. then
screened syn-BNPs against diverse microbial pathogens and
discovered two novel antibiotics, syn-BNP1 and syn-BNP2,
which showed antibacterial and antifungal activity, respect-
ively '), Although the specificity of the A domain in NRPS
can be predicted using bioinformatic algorithms, the cycliza-
tion site of each NRP cannot be predicted at the genetic level.
To figure out the correct cyclization pattern, the researchers
synthesized various cyclic peptides using three common cyc-
lization methods: head-to-tail (cyclizing the terminal carbo-
xylic acid to the free amine of the first amino acid), head-to-
lipid chain (cyclizing the terminal carboxylic acid to a hy-
droxyl group on a lipid chain), and head-to-middle (cyclizing
the terminal carboxylic acid to an amine/hydroxyl group of
middle amino acids in the peptide chain). The most bioactive
variant was then determined through screening for biological

®

activity.

In addition to obtaining NRPS BGCs through a cultured
bacterial genome database, biosynthetic instructions are used
to guide the synthesis of natural products involved in meta-
genome-derived BGCs. One successful example of this ap-
proach is the targeting of PABA-specific A domains to ex-
tract PABA-containing BGCs from complex eDNA libraries.
This strategy, coupled with bioinformatics prediction and
total chemical synthesis, led to the discovery of several bio-
active PABA-containing molecules. Among these, PABA34,
PABA48 ™, and lapcin ' stand out, with lapcin showing po-
tent cytotoxicity against a range of cancer cells and a unique
mechanism of action through dual topoisomerase I/II enzyme
binding. The ability to decode genetic information from se-
quenced metagenomes has allowed researchers to uncover the
metabolite diversity hidden under previous unknown gene
cluster pools. In a related study, Wang et al. I'*"
BNP methodology to analyze the functionality of previously
unknown colistin-related BGCs and found a natural way to

utilized syn-

overcome antibiotic resistance, a growing concern in clinical
settings. By analyzing the evolutionary relationships of col-
istin-related BGCs in sequenced bacterial genomes, they
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identified a novel colistin BGC predicted to encode a distinct-
ive colistin structure. Employing syn-BNP, they synthesized
macolacin, a novel nature-inspired antibiotic against extens-
ive drug-resistant Acinetobacter baumannii with colistin res-
istance. Building on this evolutionary idea, Wang et al. used
the conserved condensation starter (Cs) domain as a common
sequence tag to analyze the evolutionary relationships among
known lipopeptide antibiotics. This exploration led to the
identification and synthesis of cilagicin, a naturally inspired
lipopeptide antibiotic demonstrating potent activity against
Gram-positive pathogens. Its mechanism, targeting crucial
undecaprenyl phosphates in cell wall biosynthesis, combined
with an absence of detectable resistance in laboratory tests,
positions cilagicin as a promising candidate in combating an-
tibiotic-resistant pathogens ™!
(MK) has been identified as an attractive target for address-
ing infections caused by multidrug-resistant bacteria "'*”. Us-
ing the conserved minimal MK binding motif GXLXXXW
detected in structurally diverse MK-binding antibiotics
(MBA), researchers have identified potential BGCs pre-

dicted to encode new MBAs with in vivo activities against
107]

. Additionally, menaquinone

multidrug-resistant pathogens |

Advances in bioinformatics, particularly in BGC analys-
is, combined with growing expertise in chemical synthesis,
have enabled scientists to more accurately deduce and syn-
thesize the structures of natural products encoded by BGCs
identified within metagenomic sequencing pools. While
metabolites synthesized via the syn-BNP method may not be
exact replicas of naturally biosynthesized compounds, they
often closely approximate the structures and biological activ-
ities of these natural products. The identification of bioactive
metabolites using the syn-BNP approach has opened new av-
enues for the discovery of novel, pharmaceutically relevant
drug candidates without relying on natural product biosyn-
thesis. However, despite its promise and achievements, the
syn-BNP approach faces challenges that need to be ad-
dressed to fully realize its potential. Enhancing the accuracy
of prediction algorithms is one of the primary areas for im-
provement. Additionally, the scope of chemical synthesis also
presents limitations.

Conclusion

Secondary metabolites produced by uncultured microor-
ganisms represent a new, vast, and diverse reservoir of thera-
peutic microbial drugs. The development of NGS technology,
metagenomics, and syn-BNP approach has revolutionized the
discovery of microbial drugs derived from uncultured envir-
onmental microbes. By applying these culture-independent
approaches, the biosynthetic information hidden in those un-
tapped microorganisms can be captured by either metagen-
omic libraries or eDNA sequencing. The acquired BGCs are
then decoded using heterologous expression and total chem-
ical synthesis. However, the field of metagenomics-based
natural product discovery still faces several challenges. A
primary issue is the limited capacity of current metagenomic

libraries to cover the full length of complex BGCs. Addition-
ally, successfully identifying BGCs does not always translate
to the production of the corresponding natural products, espe-
cially considering the presence of silent or cryptic gene
clusters. Therefore, the development of metagenomic librar-
ies capable of larger insertions, innovative methods for activ-
ating BGCs, enhanced algorithms for structure prediction,
and broader breakthroughs in molecular biology techniques
are all expected to address the current bottlenecks in metage-
nomics technology. Looking forward, metagenomics, en-
riched by multidisciplinary collaboration, is poised to be-
come a mainstay in microbial natural product research.
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