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a b s t r a c t 

Microbial natural products (NPs) and their derivates have been widely used in health care and agriculture during 

the past few decades. Although large-scale bacterial or fungal (meta)genomic mining has revealed the tremendous 

biosynthetic potentials to produce novel small molecules, there remains a lack of universal approaches to link 

NP biosynthetic gene clusters (BGCs) to their associated products at a large scale and speed. In the last ten 

years, a series of emerging technologies have been established alongside the developments in synthetic biology 

to engineer cryptic metabolite BGCs and edit host genomes. Diverse computational tools, such as antiSMASH and 

PRISM, have also been simultaneously developed to rapidly identify BGCs and predict the chemical structures of 

their products. This review discusses the recent developments and trends pertaining to the accelerated discovery 

of microbial NPs driven by a wide variety of next-generation synthetic biology approaches, with an emphasis on 

the in situ activation of silent BGCs at scale, the direct cloning or refactoring of BGCs of interest for heterologous 

expression, and the synthetic-bioinformatic natural products (syn-BNP) approach for the guided rapid access of 

bioactive non-ribosomal peptides. 
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. Introduction 

Microbial natural products (NPs) have intrinsic chemical complexity

nd intriguing biological profiles and have been widely used in human

edicine, agriculture and animal health during the last few decades

1–3] ; however, the discovery of NPs with novel structural scaffolds

resents a unique challenge to the continued discovery and develop-

ent of useful microbial NPs due to low production and high redis-

overy rates. Antimicrobial resistance has become a critical healthcare

roblem worldwide that contributes to ∼700,000 deaths annually [ 4 , 5 ].

ew chemical entities with distinct modes of action are urgently needed

o combat the growing challenge of antimicrobial resistance and other

ublic problems. 

The continuous development of low-cost, high-throughput DNA se-

uencing technology has allowed for large-scale microbial genome se-

uencing that has revealed highly diverse sets of biosynthetic gene clus-

ers (BGCs) in bacteria and fungi that contain a large portion of previ-

usly uncharacterized metabolites. Complex microbes, such as Strepto-

ycetes and Eurotiomycetes species, can have upwards of 30 BGCs within

 single genome, most of which encode for previously unknown metabo-

ites. In the last ten years, a variety of powerful bioinformatics tools,
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uch as PRISM or antiSMASH, have been developed to rapidly pre-

ict BGCs and their encoded chemical entities [ 6 , 7 ]. Repositories for

GCs with known compounds, such as IMG-ABC v.5.0 and MIBiG 2.0,

ave also been established to further facilitate the in silico analysis of

ovel BGCs [ 8 , 9 ]. Meanwhile, a panel of computational frameworks,

ncluding BiG-SCAPE and BiG-SLiCE, have created new possibilities to

xplore large-scale biosynthetic diversity [ 10 , 11 ]. These improvements

n genome sequencing technologies and bioinformatic analysis algo-

ithms have led to a renaissance in the discovery of microbially bioactive

Ps; however, a large number of BGCs are cryptic or silent under stan-

ard laboratory conditions, which remains a challenge. Thus, finding a

ethod to quickly link silent BGCs to small molecules on a large scale

s the key to revive NP discovery in the post-genomic era. 

Advances in synthetic biology have enabled a wide variety of novel

echnologies that can engineer BGCs in vitro or in vivo for next-generation

rug discovery from cultivatable microorganisms and metagenomes

12–14] . On one hand, CRISPR-based promoter drop-in or chemical

licitor libraries have been broadly used for large-scale BGC activation

n native producers. In addition, BGC cloning or refactoring combined

ith heterologous expression in versatile surrogate hosts has provided

 powerful pipeline to unlock the chemical potential of silent BGCs
 17 November 2022 
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Fig. 1. Outline for the accelerated discovery of microbial natural products. a. Activation of silent biosynthetic gene clusters (BGCs) in native or heterologous hosts; 

b . synthetic-bioinformatic natural product (syn-BNP) approach, which includes structural prediction followed by chemical synthesis. 
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 Fig. 1 a ). On the other hand, the increasing accuracy of BGC structural

redictions provides a potential route to rapidly access small molecules

ncoded by BGCs via the chemical synthesis of their predicted prod-

cts in the synthetic-bioinformatic natural products approach (syn-BNP;

ig. 1 b ). The syn-BNP pipeline completely skips bacterial cultures and

GC expression and has been widely used to rapidly mine bioactive non-

ibosomal peptides (NRPs). This review aims to provide an overview of

he high-throughput discovery of novel drug leads driven by advanced

ynthetic biology approaches and concepts. The innovative discovery

latforms discussed in this review could also facilitate the effective,

arge-scale unearthing of NP structural diversity. 

. Rapid activation of silent BGCs in natural producers 

As microbial genome sequencing data accumulates, BGC prioritiza-

ion will be critical to the continued discovery of diversity within both

nown and unknown NPs. Although the simplest strategy for BGC pri-

ritization is to directly predict NP structures from genetic sequences,

nly a few classes of NPs with linear structures, including NRPs and ri-

osomally synthesized and post-translationally modified peptides, can

e partially or completely predicted with high confidence. Thus, other

trategies have been developed to access biosynthetic novelty and dis-

over new chemical entities, such as bioactive feature-guided and re-

istance gene-targeting (meta)genomic mining. Interested readers are

eferred to some recent reviews and articles on BGC prioritization using

uch approaches [15–18] . Identifying potential BGCs of interest is only

ne of the hurdles to overcome–more than 90 % of BGCs are function-

lly inaccessible under laboratory conditions due to tight control in their

ative hosts. Thus, the development of approaches that activate the ex-

ression of silent BGCs is key to the discovery of novel microbial NPs.

he progress toward this important goal is summarized below and re-

ent trends in the strategies used for targeted BGC activation in natural

roducers at scale are also highlighted. 
2 
.1. CRISPR-Cas9 knock-in strategy 

During the last decade, the universal genome editing tool known

s the class 2 CRISPR-Cas system, which includes CRISPR-Cas9 and

RISPR-Cas12, was developed and used for a broad spectrum of mi-

roorganisms due to its simplicity and versatility [19–21] . The Zhao

roup first used this CRISPR technology in 2017 to activate multiple

ilent BGCs in Streptomycetes , which encodes for the largest biosynthetic

iversity by far ( Fig. 2 a ) [22] . CRISPR-Cas9-mediated promoter knock-

ns enable upstream regulatory regions of pathway-specific activators

r main biosynthetic operons from multiple BGCs of different classes to

e replaced with constitutive promoters in a single step. For example, a

ovel pigmented compound was identified using this method in the en-

ineered, not wild-type Streptomyces viridochromogenes [22] . It is worth

oting that this strategy is potentially scalable to access the biosyn-

hetic potential of Streptomycetes ; however, the challenge remains that

he CRISPR-Cas system cannot be applied to some genetically intractable

trains, such as many non- Streptomycetes actinobacteria and filamentous

ungi. 

.2. Transcription factor decoy strategy 

Most BGCs are expressed either at low levels or not at all in stan-

ard culture conditions. One potential reason is that naturally occurring

lobal or cluster-situated regulators may bind to BGC promoter regions

nd repress their transcription. Based on this hypothesis, the Zhao group

eveloped a transcription factor decoy (TFDs) strategy to unlock silent

GCs ( Fig. 2 b ) [23] . Since TFDs are designed DNA molecules, they can

nterfere with gene expression by mimicking regulatory DNA and pre-

enting regulators from binding to their cognate DNA targets, which

esults in the de-repression of cryptic metabolite BGCs. The TFD strat-

gy successfully activated eight silent NRP synthase (NRPS) and polyke-

ide synthase (PKS) BGCs in multiple Actinomycetes and characterized a

ovel oxazole family compound [23] . The TFD strategy is distinct from
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Fig. 2. In situ activation of silent or cryptic biosynthetic gene clusters (BGCs) in native hosts. a . CRISRP-Cas9-mediated knock-in of active promoters; b . rapid 

activation of silent BGCs by transcription factor decoy (TFDs) sequestration of repressors; c. HiTES-imaging mass spectrometry workflow for the genetics-free 

discovery of genetically encoded small molecules. 
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he CRISPR-Cas9 knock-in strategy and does not require the introduc-

ion of recombinant DNA into native hosts, thus it has potential for use

n the large-scale activation of silent BGCs. 

.3. High-throughput elicitor screening (HiTES)-imaging MS (IMS) 

latform 

Although the CRISPR-Cas9 knock-in and TFD strategies could be

idely used in genetically tractable bacteria, there are a large variety

f strains with genetic alterations that are too difficult for the use of

ither strategy. To overcome this obstacle, the Seyedsayamdost group

ecently developed a genetics-free method for the large-scale discovery

f cryptic secondary metabolites in diverse microorganisms ( Fig. 2 c )

24] . The HiTES–IMS method combines the HiTES platform with imag-

ng mass spectrometry (IMS) to avoid the genetic manipulation of nat-

ral producers (i.e., the introduction of a reporter system) and can ac-

ess small molecules encoded by silent BGCs in a rapid and untargeted

ashion. For example, the method has been used to visualize the global

econdary metabolome of Pseudomonas protegens in response to ∼500

onditions [24] . In another example, nine cryptic secondary metabo-

ites with potentially therapeutic bioactivities were found in Strepto-

ycetes and rare Actinomycetes , further demonstrating the power of this

ethod [24] . This method could be widely used in both sequenced and

nsequenced strains given its genetics-free characteristic. Recently, this

eneral method was extended to activate diverse cryptic metabolites in

ungi, including Rhizoctonia solani and Sclerotinia sclerotiorum [25] . This

ethod undoubtedly holds great promise in unearthing the vast biosyn-

hetic potential of microorganisms. 

. Large-scale cloning and refactoring of BGCs for heterologous 

xpression 

Studying microbial BGCs in their native context is often difficult.

eterologous expression provides an alternative route to access nature’s

bundance of small molecules. Advances in synthetic biology have en-

bled a variety of versatile surrogate heterologous bacterial or fungal

osts to be developed for the high-efficient expression of cloned or

efactored BGCs, which reduces the need for new genetic tools to en-

ineer native BGCs from each new species or genera [ 26 , 27 ]. For exam-

le, the genome-reduced Schlegelella brevitalea chassis exhibited allevi-

ted cell autolysis and was better at producing cryptic metabolites from

roteobacteria than the two commonly used Gram-negative chassis Es-

herichia coli and Pseudomonas putida [28] . Roux and Chooi developed a

anel of Aspergillus nidulans heterologous hosts harboring a chromoso-

al landing pad for Cre/loxP-mediated, site-specific recombination and

emonstrated the high-efficient integration of a 21 kb DNA fragment

29] . Critically, heterologous expression provides a culture-independent

trategy for discovery of bioactive NPs from obligate symbionts and en-

ironmental DNA (e.g., soil or ocean metagenomes). The development

f this method to identify BGCs of interest at a large scale and speed
3 
s key for the high-throughput characterization of novel NPs. Two dis-

inct strategies have generally been applied, including direct cloning and

ottom-up assembly, with the latter directly applied to refactor BGCs

ia the introduction of diverse regulatory elements, such as constitute

romoters, ribosomal binding sites, and terminators. 

.1. Direct cloning and heterologous expression of BGCs 

The direct cloning of BGCs remains an overwhelming challenge

ue to their repetitive sequences, large size, and/or high GC con-

ents. With advents in recombinant DNA technologies, a variety of ap-

roaches have been developed to clone microbial BGCs, including yeast

ransformation-assisted recombination cloning and RecE/T-mediated

inear-linear homologous recombination. Interested readers are referred

o a recent review on BGC cloning [30] . These strategies use homolo-

ous recombination to capture target genomic regions, but the repetitive

NA sequences of many BGCs can interfere with recombination events,

hus resulting in the unsuccessful acquisition of the correct DNA frag-

ents. Recently, a variety of Cas12a-assisted approaches have been de-

eloped for targeted and precise BGC cloning, including CAT-FISHING

nd CAPTURE [ 31 , 32 ]. In 2021, the Zhao group developed a Cas12a-

ssisted precise targeted cloning method based on the in vivo Cre- loxP

ecombination system (CAPTURE) ( Fig. 3 a ) [32] . Cre- loxP site-specific

ecombination was used instead of homologous recombination to cre-

te circular DNA molecules using the CAPTURE method, which allows

or the cloning of targeted BGCs with repetitive regions. By combining

as12a digestion and T4 polymerase exo + fill-in DNA assembly, large

up to 113 kb) and high-GC BGCs can be successfully captured into vec-

ors in only 3–4 days. Using this robust approach, 47 BGCs from Acti-

obacteria and Bacilli were cloned with ∼100 % efficiency and 15 new

mall molecules were characterized in heterologous hosts [32] . Intrigu-

ngly, Hao et al. developed a natural competence-based large DNA frag-

ent cloning approach in the facultative anaerobe Streptococcus mutans

A159 and successfully identified an anti-infiltration compound from

naerobic bacteria in human oral microbiomes [33] . 

.2. Bottom-up BGC refactoring and cross-kingdom expression 

Although direct cloning and heterologous expression of novel BGCs

rovides important access routes to underexplored microbial sources,

he majority of BGCs are either expressed at a low level or not at all, even

n engineered heterologous hosts. The rapid advances in synthetic biol-

gy have enabled BGC refactoring to become the generalized strategy

o access these silent pathways under standard laboratory conditions. In

022, Patel et al., developed a series of synthetic genetic elements for the

ross-kingdom expression of biosynthetic pathways in Gram-negative

nd -positive bacteria and eukaryotes by decoupling biosynthetic po-

ential from host-range constraints to unlock cryptic BGCs. They used

omputer-aided design of the targeted BGCs to identify a new class of

uman microbiome-derived nucleotide metabolites [34] . As the cost of
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Fig. 3. Direct cloning or de novo assembly of 

biosynthetic gene clusters (BGCs) for heterol- 

ogous expression. a . Cre- loxP recombination- 

based Cas12a-assisted targeted cloning; b . het- 

erologous expression (Hex) platform for the 

discovery of fungal natural products in yeast. 
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ene synthesis continues to decrease and DNA assembly capacities be-

ome more powerful, it is expected that scientists will shift toward the

ottom-up BGC refactoring strategy to rapidly activate BGCs of interest.

.3. BGC refactoring for the large-scale discovery of fungal natural 

roducts 

Bottom-up DNA assembly provides is a powerful method to acquire

arget BGCs, generate complex libraries, and even reprogram entire mi-

robial genomes. In 2018, the Hillenmeyer and Tang groups developed a

eterologous expression (HEx) discovery platform for the high-efficient

xpression of large-scale fungal BGCs in engineered Saccharomyces cere-

isiae ( Fig. 3 b ) [35] . This platform consisted of three parts: (1) a set of

ioinformatic tools for BGC prioritization; (2) novel synthetic biology

ools for BGC refactoring and assembly; and (3) a series of optimized S.

erevisiae chassis strains. Using the integrated platform, 41 cryptic BGCs

rom diverse fungal species were heterologously expressed. Of these, 22

roduced detectable levels of compounds. Recently, the bottom-up as-

embly strategy was further improved using an automated biofoundry

orkflow for the high-efficient identification of bioactive fungal ter-

enoids using Aspergillus oryzae as a chassis [ 36 , 37 ]. Using this work-

ow, > 180 distinct terpenoids, including a type of novel non-squalene

riterpene, were identified by refactoring 38 BGCs into 208 engineered

trains [ 36 , 37 ]. These automated high-throughput platforms provide an

nnovative access route to the vast number of bioactive NPs with novel

tructural scaffolds found in bacteria and fungi. 

. Synthetic-Bioinformatic Natural Products (syn-BNP) facilitated 

igh-throughput discovery of bioactive peptides 

Large-scale microbial genomic sequencing has revealed a large

mount of previously unidentified BGCs from both cultured bugs and

iverse metagenomes. The traditional methods that involves the fermen-

ation of producer microorganisms is too laborious and time-consuming

o identify BGC-encoded compounds. Additionally, even the best activa-

ion approaches can only unlock a small fraction of silent BGCs. Further-

ore, when interesting bioactivity is observed, the target compounds

ust be isolated at a large scale for further study, which is very difficult

ue to the low yield found in the native producers. In fact, low fer-

entation titers have caused many promising antibiotics to fall by the

ayside without undergoing further development. With the increased

nderstanding of biosynthetic enzymes, more accurate structural predic-

ions based on BGC sequences becomes possible, thus providing an alter-

ative route to access BGC-encoded products via prediction-guided total

hemical synthesis. This new methodology completely avoids the issues

f isolation and scalability of target compounds. Here, we discuss exam-

les that use this approach to discover new antimicrobial or anti-tumor

hemical entities from sequenced bacterial genomes or metagenomes,
4 
ith an emphasis on the de novo discovery of novel NRPs and targeted

meta)genomic mining to access biosynthetic diversity among a family

f clinically relevant antibiotics ( Fig. 4 a ). 

.1. De novo syn-BNP 

.1.1. Linear peptides 

Large-scale genomic sequencing indicates that NRPs are one of most

iverse families of complex bacterial secondary metabolites [38] . NRPs

re synthesized by modular enzyme complexes (e.g., NRP synthases;

RPSs), exhibit high structural diversity, and include many clinically-

sed drugs, such as colistin, daptomycin and bleomycin [39] . In the last

en years, increasingly accurate bioinformatics algorithms have resulted

n the successful in silico prediction of linear structures encoded by NRP

GCs based solely on the primary NRPS sequence. The predicted prod-

cts can be quickly accessed by solid-phase peptide synthesis. In 2016,

he Brady lab first explored NRPS BGCs from human microbiomes as test

ases for the syn-BNP approach [40] . Different filters were used to gen-

rate predicted peptides with high confidence, including the removal of

ncomplete BGCs, at least five building blocks, and less than two PKS

odules. This resulted in 25 NRP BGCs that were chosen for structural

rediction, with 25 of 30 predicted linear syn-BNPs successfully synthe-

ized. After bioactivity screening, two syn-BNPs (humimycin A and B),

howed promising activities against Staphylococcus aureus by inhibiting

ipid II flippase. Interestingly, the two peptides-related BGCs were not

xpressed in native hosts, which highlights the culture-independent fea-

ure of this syn-BNP approach [40] . In a second study, the approach was

xpanded to access 280 NRP BGCs from cultured bacteria and diverse

etagenomes. Two novel peptides were identified to be active against

iverse bacterial or fungal pathogens, thus further demonstrating that

rtificial libraries made by syn-BNPs can provide new resources to dis-

over antimicrobial agents [41] . 

.1.2. Cyclic peptides 

Previous studies based on the de novo syn-BNP platform only focused

n the synthesis of linear NRPs [ 40 , 41 ]; however, large numbers of

RPS-derived natural products are cyclized through head-to-tail (cHT),

ucleophilic amino acid side chain (cSC), or the hydroxyl group of fatty

cids (cFA) ( Fig. 4 b ). To better mimic natural products, the Brady lab

xpanded upon their initial work to NRPS-inspired cyclic structures. In

he first study, 72 syn-BNP cyclic peptides inspired by 25 NRPS BGCs

rom the human microbiome were synthesized [42] . Five cyclic peptides

licited an obvious response in the HeLa cell-based MTT assay. In the

econd study, a larger scale analysis of cyclic syn-BNPs was performed

sing 96 NRPS BGCs from ∼3000 bacterial genomes [43] . Instead of

andom cyclization for each cyclic syn-BNP, a panel of rules was used

y examining authentic NRPs. In total, 157 of 171 designed peptides

ere successfully synthesized and tested against a series of important
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Fig. 4. De novo synthetic-bioinformatic natu- 

ral products (syn-BNP). a . Different sources of 

non-ribosomal peptide biosynthetic gene clus- 

ters (BGCs); b. linear or cyclized syn-BNPs; c. 

syn-BNP cyclic peptide antibiotics with differ- 

ent modes of action. 
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athogens, with nine of the cyclic syn-BNPs showed promising antibac-

erial activities. These bioactive syn-BNPs inhibited bacterial growth via

iverse modes of action, including the inhibition of cell wall biosynthe-

is, membrane lysis or depolarization, and the dysregulation of the ClpP

rotease ( Fig. 4 c ). It is expected that further improvements in bioinfor-

atic algorithms for the structural prediction of different BGC types will

xpand the syn-BNP approach to access diverse classes of NPs. 

.2. Targeted syn-BNP 

Congener structures for known NRPs can generally be predicted with

igh confidence due to our understanding of the biosynthesis of these

nown NRPs, including tailoring modification and cyclization. Recently,

he Brady lab used this approach to unlock the biosynthetic diversity of

 panel of known antibiotics and a new antibiotic family from previ-

usly sequenced bacteria and metagenomes, including 𝜌-aminobenzoic

cid (PABA)-based antibiotics [ 44 , 45 ], menaquinone-binding antibi-

tics (MBAs) [46] , and cationic lipopeptides (CATs) [47–49] . 

.2.1. Menaquinone-binding antibiotics (MBAs) 

Menaquinone (MK) is essential in electron transport and ATP gen-

rator in most Gram-positive bacteria. Humans are not capable of de

ovo MK biosynthesis, making it an appealing target for the develop-

ent of therapeutically effective agents. Three known MBAs, includ-

ng WAP-8294A2, WBP-29479A1, and lysocin E, have been shown to

apidly kill bacteria by MK-dependent membrane lysis [50] . In 2022,

he Brady lab used two orthogonal bioinformatic approaches, includ-

ng sequence-based metagenomic mining and the motif search of the

redicted NRP database to discover any potential BGCs that encode for

tructurally diverse classes of MBAs ( Fig. 5 a ) [46] . The predicted NRP

atabase contains > 36,000 linear peptides and was built with improved

ioinformatic algorithms from > 10,000 bacterial genomes, which pro-

ides a new source for the discovery of bioactive peptides. Six new MBA

GCs were identified and their encoded products were rapidly synthe-

ized via two specific cyclization modes that were previously observed

n known MBAs. Among these six novel MBAs, two were active against

ethicillin-resistant S. aureus (MRSA) in a mouse infection model. No-

ably, MBAs were first found to display potent activities against a panel

f multi-drug resistant Mycobacterium tuberculosis strains in vitro and

n macrophages with the same mode of action. Identifying NPs with

 desired mode of action by finding a structure or substructure among

 database of predicted structures provides a generalizable and high-

hroughput approach for the discovery of novel bioactive NPs. 
5 
.2.2. Cationic lipopeptides 

Cationic lipopeptides (CATs) are one of the most widespread and

tructurally diverse NPs. Since they carry the unique chemical features

f at least two positively charged amino acids, CATs are generally capa-

le of penetrating the outer membranes of Gram-negative bacteria and

nteracting with different anionic intracellular targets. Thus, most CATs

e.g., polymyxin/colistin, octapeptin, and tridecaptin) have been shown

o be effective against a variety of MDR Gram-negative pathogens. In-

riguingly, some CATs (e.g., paenipeptins) show broad-spectrum activ-

ties against both Gram-negative and Gram-positive bacteria. A few

ATs, such as lysocin E and WAP-8294A2, have been shown to possess

arrow-spectrum activity against Gram-positive pathogens by unique

odes of action [50] . Their diverse modes of action further make CATs

n appealing class of antibacterial agents for in-depth genome mining.

n 2017, the Qian group first performed the large-scale genomic mining

f novel bioactive CATs. They identified two new molecules (brevicidine

nd laterocidine) from 5585 complete bacterial genomes via traditional

ermentation and showed that brevicidine was active against colistin-

esistant E. coli in a mouse infection model [51] . 

Instead of the time-consuming, culture-dependent fermentation

ethod, the Brady lab recently used the targeted syn-BNP approach to

iscover two novel CATs against MDR pathogens [47–49] ( Fig. 5 b ). To

vercome polymyxin/colistin resistance, they first set out to identify

GCs that encode for the polymyxin/colistin congeners from the pre-

icted NRP database used in the MBA study [47] , because nature may

gure out how to diversify the antibiotic structures to overcome an-

imicrobial resistance. For instance, rifamycin congeners kanglemycins

ave been shown to be active against rifamycin-resistant pathogens via

 distinct mechanism [52] . In total, 35 polymyxin/colistin-like BGCs

ere identified, with the predicted product encoded by one of these

GCs rapidly synthesized via Fmoc-based chemistry, which the authors

amed macolacin. Macolacin possessed potent activity against a vari-

ty of colistin-resistant clinical isolates. To facilitate its interaction with

he bacterial membrane, the authors further optimized macolacin’s lipid

oiety and found that biphenyl-macolacin, one of the improved deriva-

ives, was active against a panel of highly colistin-resistant pathogens,

uch as intrinsically colistin-resistant Neisseria gonorrhoeae . More impor-

antly, biphenyl-macolacin has been shown to be active against the ex-

ensively drug-resistant Acinetobacter baumannii , which contained mcr-1

n a mouse thigh infection model, thus providing an important drug lead

or further clinical development. In the second study, the same research

roup identified a distinct lipopeptide BGC via phylogenetic analysis

f the condensation start domain that is involved in the incorporation
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Fig. 5. Targeted synthetic-bioinformatic nat- 

ural products (syn-BNP). a . High-throughput 

discovery of menaquinone-binding antibi- 

otics (MBAs) based on two orthogonal 

(meta)genomic mining approaches; b. targeted 

discovery of cationic lipopeptides (CATs; e.g., 

macolacin and dilagicin) and synthesis of their 

analogs. Known CATs include polymyxin, 

paenibacterin, octapeptin, pelgipeptin, tride- 

captin, brevicidine, synBNP1, and mucilasyn. 
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f the N -terminal lipid in lipopeptide biosynthesis [49] . The predicted

roduct, which they named cilagicin, was also synthesized and found to

e active against a series of Gram-positive pathogens. The authors also

ound that cilagicin causes cell death by directly binding to both unde-

aprenyl phosphate (C55-P) and undecaprenyl pyrophosphate (C55-PP).

otably, they did not detect cilagicin resistance in a 25-day serial pas-

age experiment due to its dual mode of action. To reduce high levels of

erum binding to cilagicin, the biphenyl moiety was also used to gener-

te cilagicin-BP, which was proved to be effective against MDR S. aureus

nd Streptococcus pyogenes in a mouse study. The targeted syn-BNP ap-

roach provides an inspirational interdisciplinary and high-throughput

ipeline for future antibiotic discovery to overcome antimicrobial resis-

ance. 

. Conclusions and outlook 

The study of microbial NPs can not only help to better understand

heir functions in the native environment, but also to discover additional

rug leads with novel structural scaffolds or distinct modes of action.

uring the last two decades, large-scale microbial genome sequencing

ombined with powerful bioinformatics tools have birthed a renaissance

n microbial NP discovery. In addition to the re-investigation of well-

nown producers, more underexplored sources, such as human micro-

iomes or obligate symbionts, have exhibited promising chemical po-

ential [ 53 , 54 ]. Major bottlenecks in accessing the hidden chemistry of

icrobial NPs will be overcome by the increasing development of syn-

hetic biology approaches, innovative culturing strategies, and improved

hemical analytics [55–57] . 

This review focused on three synthetic biology strategies used by

esearchers for the high-throughput discovery of microbial NPs. Two

f these strategies, in situ BGC activation and heterologous expression,

equire previously isolated chemistry to screen for potentially interest-

ng bioactivity. Although a variety of strategies have been developed to

ctivate silent BGCs, compound isolation and structure elucidation are

till major bottlenecks in the discovery of novel NPs [58] . As an impor-
6 
ant complement, the syn-BNP strategy only relies on sequence data to

irectly predict a peptide structure ultimately made via chemical syn-

hesis, which provides a culture-independent manner to rapidly access

iosynthetic diversity. The high-throughput approaches discussed in this

eview combined with continued future developments will facilitate the

iscovery of unlimited chemical entities and enable us to expand the

epertoire of therapeutic effective agents in the years to come. 
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