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Abstract

Bacterial natural products display astounding structural diversity, which, in turn, endows them 

with a remarkable range of biological activities that are of significant value to modern society. 

Such structural features are generated by biosynthetic enzymes that construct core scaffolds or 

perform peripheral modifications, and can thus define natural product families, introduce 

pharmacophores and permit metabolic diversification. Modern genomics approaches have greatly 

enhanced our ability to access and characterize natural product pathways via sequence-similarity-

based bioinformatics discovery strategies. However, many biosynthetic enzymes catalyse 

exceptional, unprecedented transformations that continue to defy functional prediction and remain 

hidden from us in bacterial (meta)genomic sequence data. In this Review, we highlight exciting 

examples of unusual enzymology that have been uncovered recently in the context of natural 

product biosynthesis. These suggest that much of the natural product diversity, including entire 

substance classes, awaits discovery. New approaches to lift the veil on the cryptic chemistries of 

the natural product universe are also discussed.

Bacterial natural products (NPs) are specialized metabolites that encompass an extraordinary 

breadth of different biological activities, many of which are of considerable value to society. 

NPs or NP-inspired compounds represent ~65% of all small-molecule approved drugs1 used 

in medicine to treat infectious diseases, cancers or as immunosuppressants2, and they are 

also applied extensively in agriculture3. While NPs have been an extremely productive 

source of new leads for the chemicals that are integral to modern life, rapid increases in 

resistance to antibiotics, cancer chemotherapies and pesticides pose significant threats to 

medicine and agriculture4,5.
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The limited success of combinatorial libraries and high-throughput screening efforts to 

generate new drug candidates between 1995 and 2005 has led to renewed interest in 

academia in mining microorganisms for new bioactive compounds6. The range of 

bioactivities encountered in NPs is a direct consequence of the astonishingly diverse but 

distinct area of chemical space they occupy. Relative to synthetic compounds, NPs typically 

comprise complex ring systems, more stereogenic centres, more carbon, hydrogen and 

oxygen atoms and higher densities of functional groups (FIG. 1). The biosynthetic enzymes 

responsible for introducing such structural complexity have undergone many rounds of 

natural selection for the production of metabolites with chemical features that facilitate 

specific and effective interactions with important biological targets. Therefore, such 

enzymes represent particularly attractive synthetic tools for the development of novel 

therapeutics. As biocatalysts, they offer various advantages over conventional chemical 

catalysts and expand the synthetic chemist’s toolkit to include transformations for which 

total synthesis routes are currently limited (for example, selective C–H bond activation)7,8. 

Functional characterization of such enzymes is, therefore, a major area of research in the NP 

biosynthesis field. The search for new enzyme-catalysed chemistry promises access to 

ligands that modulate novel macromolecular targets9, critical to replacing the therapeutics 

and agrochemicals that have become ineffective. This Review explores the world of bacterial 

NP biosynthesis as a rich reservoir of untapped biochemical and structural novelty.

The biosynthetic genes encoding the pathways to NPs are usually co-located on the 

chromosome in biosynthetic gene clusters (BGCs). This paradigm facilitates their 

identification and characterization, and advances in next-generation DNA sequencing have 

created a massive data resource to mine for BGCs encoding novel NP structures and 

enzymology, a process greatly aided by a wealth of evolving bioinformatics tools10–15. 

However, such computational approaches are largely dependent on predefined rulesets that 

target known signature NP biosynthetic genes (BOX 1), thereby limiting the identification of 

pathways that employ uncharacterized enzymatic mechanisms. Novel NP biosynthetic 

enzymes have traditionally been identified by linking isolated NPs with unusual structures to 

their cognate BGCs using a retro-biosynthetic logic: well-characterized gene functions are 

allocated to specific biosynthetic steps and candidate genes for unusual chemical features are 

identified by a process of elimination from those that remain functionally unassigned.

When biosynthetic pathways are not active under a particular condition or their cognate NP 

cannot be detected (that is, they are ‘silent’), identifying genes or BGCs encoding novel 

chemistry can be extremely difficult, as they are either orphan or cryptic in nature. These two 

terms are frequently used to describe the status of BGCs with respect to the NPs they 

encode16 but can also be conversely applied to isolated NPs that have not been linked to 

their cognate biosynthetic loci. For the purposes of this Review, we have adapted both terms 

to reflect the status of discrete genes involved in NP biosynthesis. Biosynthetic genes 

defined as either orphan or cryptic can be thought of as being ‘hidden in plain sight’ — their 

Orphan
Biosynthetic genes that can be detected bioinformatically in a natural product biosynthetic gene cluster context but are functionally 
unassigned or have been assigned an incorrect or nonspecific function.
Cryptic
Functionally unassigned genes not previously recognized as belonging to natural product biosynthesis.
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function cannot be elucidated from in silico analysis alone. Such chemistry is not only 

‘hidden’ in the genomes of poorly studied bacteria such as those that are as-yet uncultivated 

but also in taxa that have been studied over many decades, suggesting that a wealth of 

enzymes for unprecedented chemistries await discovery.

In this Review, we highlight recently characterized examples of exciting new chemical 

transformations and NP families resulting from previously ‘hidden’ enzymes. All NPs 

discussed are illustrated in FIG. 1 and are numbered throughout the text. Within selected NP 

classes, where possible, we proceed from orphan or cryptic enzymes that introduce unusual, 

discrete chemical moieties into NP scaffolds to those that perform transformations that 

define entirely new NP families. In addition, we summarize studies demonstrating that 

further novelty remains to be uncovered in the NP universe. We conclude by considering 

new approaches for the identification of novel chemistry from in silico data alone and the 

future prospects of the field.

Thiotemplated NP biosynthesis

Nature has evolved two core logics for the biosynthesis of NPs17, either via the action of 

individual enzymes acting on free substrates or by modular enzymes that assemble small, 

covalently bound building blocks to longer product chains. In the latter case, thioesters are 

used to activate monomer acyl groups for subsequent nucleophile capture, and all substrates, 

intermediates and products remain covalently tethered to the enzyme during biosynthesis. 

Two major NP classes are assembled following such logic: polyketides, which are 

constructed from acyl-coenzyme A (CoA) monomers by polyketide synthases (PKSs), and 

nonribosomal peptides (NRPs), which are constructed from amino and carboxylic acids by 

NRP synthetases (NRPSs)18,19 (BOX 1). Modules minimally comprise three functional 

components that are necessary for catalysing extension of a specific tethered intermediate by 

one additional monomer unit and typically act in series to catalyse discrete, consecutive 

biosynthetic steps. This phenomenon, epitomized by the 6-deoxyerythronolide B synthase 

PKSs encoded in the erythromycin BGC20, is known as the collinearity rule and often allows 

the prediction of the resulting NP structure based solely on PKS or NRPS sequence data. 

However, exceptions that defy bioinformatic prediction and deviate from the canonical 

biosynthetic logic continue to be discovered, hinting at a wealth of as-yet-uncovered 

chemical diversity.

Noncanonical substrate biosynthesis

The use of alternative building blocks is an important mechanism for generating NP 

chemical diversity, particularly for NRPSs, which incorporate a broad range of 

nonproteinogenic amino and carboxylic acids19,21 that are often the products of rare or 

unprecedented transformations.

The β-lactone antibiotic obafluorin (1) produced by Pseudomonas fluorescens, for example, 

is assembled from 2,3-dihydroxybenzoic acid and an unusual (2S,3R)-2-amino-3-

hydroxy-4-(4-nitrophenyl) butanoate (AHNB) unit22,23. Although previously predicted to be 

generated via a thiamine-diphosphate-dependent mechanism24, AHNB is, in fact, the 

product of a rare, pyridoxal-phosphate (PLP)-dependent, L-Thr transaldolase (L-TTA), 
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ObaG, that catalyses sequential retro-aldol cleavage and crossed aldol reactions (FIG. 2a). 

Initially annotated as a putative serine hydroxymethyl-transferase, phylogenetic analysis 

revealed that ObaG forms a discrete evolutionary lineage22. The clade also contains LipK 

and its homologues and fluorothreonine transaldolase (FTase), the only two other 

characterized L-TTAs, responsible for the biosynthesis of the 5′-C-glycyluridine moiety in 

lipopeptidyl nucleoside antibiotics and fluorothreonine, respectively25,26 (FIG. 2a). This 

analysis also identified a putative L-TTA involved in the biosynthesis of the 5S-clavam 

antibiotic alanylclavam27 (OrfA), which was previously annotated as a glycine 

hydroxymethyltransferase, perhaps explaining why the biosynthetic step catalysed by this 

enzyme and its homologues has remained enigmatic in a number of clavam biosynthetic 

pathways28.

Another example is the kutznerides (2), antifungal hexapeptidolactones produced by 

Kutzneria sp. 744 that consist of an unusual t-butyl glycolate monomer and five different 

nonproteinogenic amino acids29. Among these is l-piperazate, a six-membered, cyclic amino 

acid with an N–N bond, a feature found in various bioactive NPs30, yet no enzyme had been 

characterized that catalyses N–N bond formation. Recently however, the haem-dependent 

enzyme KtzT was shown to be responsible, catalysing the N–N bond-forming cyclization of 

L-N5-OH-Orn to generate L-piperazate31 (FIG. 2b). Homologues of ktzT have been 

identified in the BGCs of a number piperazate-containing NPs, including the 

cahuitamycins32, gerumycins33, matlystatins34, pandanamides35, sanglifehrins36 and 

himastatin37. An analogous mechanism involving an intermediate that is activated by N-

hydroxylation before intramolecular attack by an amino group has also been reported 

recently for s56-p1 (REF.38).

Divergent cis-acting domains

Once substrates are tethered as thioesters on PKS and NRPS carrier protein domains, further 

diversification is achieved during rounds of extension by additional accessory domains. 

While the canonical functions of these domains have been well characterized18,19, many 

have diverged to perform novel transformations that are extremely challenging to predict 

bioinformatically. Curacin A (3) is a potent anti-proliferative agent39 produced by the 

cyanobacterium Moorea producens that has provided unique insights into ‘hidden’ 

noncanonical PKS enzymology40–43. Curacin A contains a cyclopropyl ring, a cis-double 

bond and a terminal alkene, structural features that would not be readily predicted by 

analysing the BGC responsible for its production40. Remarkably, early enzymes of the 

curacin BGC share high homology with those of jamaicamide A (FIG. 3a), a sodium 

channel inhibitor that is also of cyanobacterial origin but comprises a different set of unusual 

moieties, including a vinyl chloride group and an alkynyl bromide44. During biosynthesis, 

an Fe2+/α-ketoglutarate-dependent halogenase (HAL) domain in CurA/JamE produces an 

acyl carrier protein (ACP)-bound γ-chloro-3-hydroxy-3-methylglutaryl intermediate (X) that 

is subsequently dehydrated by a discrete enoyl-CoA hydratase (ECH1), CurB/JamF, to afford 

an α,β-enoyl-γ-chloroglutaryl-ACP intermediate (Y)45–47 (FIG. 3a). The pathways diverge 

with subsequent decarboxylation activity of the CurF and JamJ ECH2 domains, which share 

59% sequence similarity, yet result in the formation of α,β-enoyl-γ-chloro-ACP (Z) and 

β,γ-enoyl-γ-chloro-ACP (Z′) products, respectively. In the curacin pathway, this process 
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sets the stage for subsequent modification by the CurF enoyl reductase (ER) domain via an 

atypical cyclopropanation reaction involving hydride addition from NADPH and substitution 

of chlorine. The homologous ER domain in JamJ has no apparent biosynthetic function. The 

origins of this exceptional cyclopropanase activity were localized to divergence in the amino 

acid composition of a 15-mer loop region found in the catalytic centre of the CurF ER 

domain, which otherwise appears to be a canonical PKS ER domain47. An Arg residue 

present within this loop is proposed to stabilize the chloride ion that is formed during ring 

formation, consistent with substitution experiments.

In addition to accessory domains, core catalytic domains have also evolved to perform new 

functions. Among domains homologous to NRPS condensation (C) domains, for example, 

are the well-characterized heterocyclization (Cy) and epimerization (E) domains19; however, 

further homologues have also diverged to catalyse unprecedented reactions. This is 

exemplified by the NocB C domain from Nocardia uniformis, which is responsible for 

synthesis of the integrated β-lactam pharmacophore present in the antibiotic nocardicin A48 

(4). This reaction is proposed to proceed via an initial E1cB (elimination unimolecular 

conjugate base) elimination of water from a seryl residue to generate a peptidyl carrier 

protein (PCP)-linked dehydroalanyl tetrapeptide thioester (X)49, mediated by a single 

additional His residue located directly on the N-terminal of the C domain H*HHxxxDG 

active-site signature (FIG. 3b). Subsequent β-addition of L-(p-hydroxyphenyl)glycine (L-

Hpg) results in C–N bond formation. The NocB thioesterase (TE) domain has also evolved 

an additional tailoring function, catalysing peptide epimerization before the cleavage of pro-

nocardicin G50 (FIG. 3b). This domain is highly selective for monocyclic β-lactam 

substrates and fails to hydrolyse linear peptide test substrates, underlining an important 

gatekeeping function during biosynthesis. The examples described here illustrate how subtle 

changes in primary amino acid can substantially alter domain functionality in thiotemplate-

based enzymes, highlighting the propensity for novel enzymatic transformations to be 

incorrectly functionally annotated.

Unusual trans-acting tailoring enzymes

In addition to modifications by functionally divergent domains, polyketides and NRPs are 

often subject to further tailoring events catalysed by discrete enzymes acting either in trans 
during assembly or following scaffold release chain termination19,51. The Diels–Alder 

reaction is a [4+2] cycloaddition that is of enormous synthetic value in the preparation of 

substituted, transannular, six-membered carbocycles. More than 400 natural compounds 

have been suggested to be biosynthesized by formal Diels–Alder reactions52, resulting in 

decades of speculation as to the existence of natural enzymes capable of performing this 

highly prized transformation. Very recently, several putative ‘Diels–Alderases’ have been 

characterized in PKS/NRPS pathways that originate from diverse evolutionary origins53–58. 

The spirotetramate pyrroindomycin (5) antibiotics are a notable example because two 

consecutive [4+2] transformations occur during their maturation (FIG. 4a). These 

cyclizations are catalysed by the dedicated cyclases PyrE3 and PyrI4 (REF.56), which act in 

tandem to convert two pairs of 1,3-diene and alkene groups in a linear intermediate (X) into 

the two cyclohexene rings of the dialkyldecalin system and tetramate spiro-conjugate 

moieties, respectively. PyrE3 and PyrI4 were initially identified on the basis that they were 
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functionally unassigned and shared homology with genes in the pathways of structurally 

related spirotetronate polyketides. PyrE3 belongs to the flavoenzyme superfamily, whereas 

PyrI4 resembles proteins of unknown function, again emphasizing the diverse, ‘hidden’ 

origins of Diels–Alderase candidates in nature. PyrI4 homologues from abyssomicin57 and 

versipelostatin55 biosynthesis have also been recently characterized as spirotetramate-

forming cyclases (FIG. 4a). SpnF, an enzyme purported to catalyse a [4+2] cycloaddition 

during the biosynthesis of the insecticidal macrolide spinosyn A (6) by Saccharopolyspora 
spinosa, possesses an S-adenosyl methionine (SAM)-dependent methyltransferase fold, 

representing yet another enzymatic origin for this desirable transformation53,54.

Post-assembly-line tailoring reactions are perhaps a less common source of chemical 

diversity in NRPS pathways but also hide exciting enigmatic chemistries. Just one recent 

example is a family of widespread flavin-dependent enzymes characterized in the 

biosynthesis of α,β-epoxyketone proteasome inhibitors (for example, TMC-86A, 7)59–62. 

These enzymes catalyse a remarkable decarboxylation–dehydrogenation–monooxygenation 

cascade that converts α-dimethyl-β-keto intermediates into the corresponding α,α-methyl-

α,β-epoxyketones (FIG. 4b), thereby installing the warhead critical to proteasome-inhibitory 

activity62.

NP family-defining PKS and NRPS transformations

Beyond catalysing discrete tailoring reactions during scaffold assembly, thiotemplate-based 

enzymes can also perform unique transformations that define completely novel NP families. 

The polycyclic tetramate macrolactams represent a prime example and are an emerging new 

family of PKS–NRPS hybrid products from phylogenetically diverse bacteria that exhibit a 

range of potent and selective inhibitory activities63–71. This family comprises a structurally 

characteristic tetramic acid moiety embedded in a macrolactam that is fused to a 

stereochemically complex polycyclic carbacycle66. Astonishingly, such structural 

complexity is the product of only three enzymes, as demonstrated recently for ikarugamycin 

(8) biosynthesis72–74. An iterative bimodular PKS–NRPS hybrid, IkaA, is responsible for 

performing 13 individual bond-forming reactions, assembling two distinct hexaketidic 

polyene precursors that are attached to the N-termini of L-Orn, before catalysing a 

subsequent cyclization to afford the tetramic acid moiety with concomitant intermediate 

release (FIG. 5a). The as-indacene moiety is subsequently introduced by the oxidoreductase 

IkaB and alcohol dehydrogenase IkaC, which together selectively define all the stereocentres 

in the ikarugamycin 5,6,5 tricycle (FIG. 5a). IkaABC are, thus, responsible for the 

construction of 15 C–C and two C–N bonds and create eight stereogenic centres.

An equally remarkable example is the tetrahydroisoquinoline antibiotics produced by 

various soil and symbiotic marine bacteria75. During the biosynthesis of saframycin A (9), a 

monomodular NRPS, SfmC, catalyses a remarkable, seven-step transformation to assemble 

the complex saframycin scaffold76 (FIG. 5b). SfmC comprises C, adenylation (A), PCP and 

reductase (R) domains, which act iteratively to assemble the characteristic pentacyclic 

tetrahydroisoquinoline core of this compound family from different dipeptidyl substrates. 

The well-characterized R domain usually generates aldehyde intermediates by reductive 

chain release; however, the SfmC R domain is exceptional in that it reduces three 
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structurally different peptidyl thioesters (X–Z). The resulting intermediates are substrates for 

the SfmC C domain that catalyses iterative Pictet–Spengler cyclizations on consecutive 

reduced intermediates, completing this astonishing NRPS-catalysed transformation. 

Ikarugamycin and saframycin A illustrate the challenges associated with determining 

product structures for even seemingly canonical, thiotemplate-based enzymes, particularly 

when such systems act iteratively and utilize multiple, diverse substrates. However, such 

examples show that unprecedented transformations and entirely new, widespread NP 

families await discovery, even in systems that look relatively unexceptional based on 

primary sequence data.

Trans-acyltransferase PKS biosynthesis

The canonical biosynthetic model for complex polyketide biosynthesis has been expanded to 

include a second type of multi-modular polyketide system, termed the trans-acyltransferase 

(AT) PKSs77. Despite exhibiting multi-modular architecture, trans-AT PKSs lack AT 

domains, instead employing free-standing proteins acting in trans. Trans-AT PKSs evolved 

in a mosaic-like fashion, independently of so-called cis-AT PKSs, and exhibit enormous 

architectural diversity, including features such as unusual domain orders, unique domains, 

non-elongating modules, intermodular domain activity and split modules. Such architectures 

have historically made trans-AT BGCs difficult to identify, providing an additional 

interpretation to ‘hidden in plain sight’; the bacillaene BGC remained enigmatic for >10 

years owing to its confusing architecture suggesting a nonfunctional pathway78, and such 

BGCs continue to evade detection by current bioinformatics tools79. Trans-AT PKSs are 

replete with ‘hidden’ transformations that introduce even further chemical diversity into the 

final products. Recently published examples include a novel type of branching module 

involved during rhizoxin (10) biosynthesis that installs a δ-lactone by a Michael-type 

addition80,81, multiple examples of pyran synthases (domains and discrete enzymes) from 

diverse evolutionary origins that construct five-membered and six-membered cyclic ethers 

via oxa-Michael conjugate additions (for example, pederin, 11)82–84 and a domain of 

unknown function (DUF)/cysteine lyase (SH) didomain that generates a sulfur heterocycle 

during leinamycin (12) biosynthesis85 (FIG. 6a–c).

Evidence of further unusual chemistry in the PKS/NRPS realm

With the precipitous drop in genetic sequencing costs in recent years, we now have access to 

many thousands of bacterial (meta)genomes, which are beginning to reveal the extent of 

chemical novelty that remains to be explored within genomic dark matter. Sivonen et al. 

conducted a broad analysis of 2,699 genomes covering the three domains of life to assess the 

frequency and distribution of PKS and NRPS pathways86. They identified 3,339 BGCs (89% 

in bacterial genomes), the majority of which have unknown final products. Remarkably, 

10% of bacterial clusters also lacked modular architecture, hinting at the existence of 

overlooked NP families and raising the possibility that further cryptic PKS and NRPS 

systems might exist that evade detection by current bioinformatics tools. Examples like 

metatricycloene (13)87, which is the product of an iterative type II PKS, hint at the 

biosynthetic novelty that might be hidden in such non-modular pathways. In a more recent 

study of BGCs in the genomes of understudied soil bacteria88, 59% of predicted biosynthetic 
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proteins had no ≥50%-length homologue in the Minimum Information about a Biosynthetic 

Gene cluster (MIBiG) repository10, further highlighting the potential for chemical novelty.

For trans-AT PKS pathways, the search for novel chemistry is aided by the insight that 

evolutionarily related ketosynthase (KS) domains usually accept intermediates bearing 

similar moieties around the thioester α-to-γ region89. Phylogenetic analysis can thus be 

utilized to identify distinct ‘orphan’ KS domain clades for which the chemical structure of 

the substrate intermediate thioester region is unknown, thereby revealing candidates for 

possible novel enzymology in preceding modules. This approach is exemplified by the 

recent identification of a KS domain proposed to accept an ester function as a common 

progenitor moiety, and led to the biochemical characterization of an unusual Baeyer–

Villiger-type monooxygenase that catalyses a rare oxygen insertion during chain elongation 

during oocydin (14) biosynthesis by Serratia plymuthica90 (FIG. 6d). Many KS clades 

remain uncharacterized from orphan trans-AT BGCs and, although some will likely have 

evolved in parallel to those with known substrate types, many others might recognize new 

chemical moieties and lead to further expansions of the basic functional repertoire of PKSs.

Ongoing studies of thiotemplated pathways continue to reveal new, uncharacterized 

biosynthetic enzymes and domain types (for example, Alb04, albicidin, 15 (REF.91)), novel 

module compositions and domain organizations (for example, SxtA, saxitoxin, 16 (REF.92)) 

and single enzymes for multiple discrete scaffolds (for example, DynE8, dynemicin A, 17 
(REFS93,94)). In addition, the first known polyketide from a strictly anaerobic bacterium, 

Clostridium beijerinckii, was also recently described95,96. Clostrubin (18) is a pentacyclic 

polyphenol that comprises a benzo[a]tetraphene ring topology that is unprecedented among 

NPs and, therefore, represents a novel polyketide family with an as-yet-unknown BGC. The 

studies described here serve to illustrate that, even among the best-studied NP classes to 

date, there remains much biosynthetic diversity to be discovered.

Terpenes

In contrast to thiotemplate-based assembly lines, many other NP classes are constructed by 

discrete enzymes that catalyse independent biosynthetic steps. With ~60,000 described 

compounds from 400 distinct structural families97, terpenes are the most chemically diverse 

NP class, yet they are assembled from simple C5 isoprenoid building blocks (BOX 1). 

Chemical diversity is introduced through two key mechanisms: first, cyclization of 

polyisoprenoid intermediates by terpene cyclases (TCs) to form monocyclic or polycyclic 

terpene products, and second, downstream diversification by tailoring enzymes. The 

assignment of cyclization topologies to TCs remains beyond the capability of modern 

computational methods and the identification and characterization of the enzymes 

themselves can also be challenging98, creating the possibility of cryptic TCs that evade 

bioinformatic detection. However, among those that can currently be identified, recent 

biochemical investigations continue to reveal a wealth of new TC-catalysed transformations 

hidden in bacterial genomes99,100.

In addition to canonical TCs and their extraordinary array of cyclization patterns, unrelated 

enzymes can further expand the chemical diversity of terpenoids. Several noteworthy 
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examples occur in the context of hybrid pathways that cyclize prenylated precursors101, as 

exemplified by the hapalindole alkaloids (19) produced by members of the Stigonematales 

cyanobacterial order. These alkaloids are derived from 3-geranyl-3-isocyanylvinyl 

indolenine, which is the product of an aromatic prenyltransferase that couples cis-3-

isocyanylvinyl indole with geranyl diphosphate102–105. The resulting bicyclic intermediate 

(X) is the substrate for a new class of calcium-dependent ‘Stig’ cyclases that perform a 

remarkable series of transformations to yield the tricyclic and tetracyclic scaffolds of their 

respective NPs, including a rare Cope-like rearrangement, 6-exo-trig cyclization and an 

electrophilic aromatic substitution (FIG. 7a). This cascade provides a highly economical 

route to unique bioactive chemical structures with exquisite stereospecificity and 

regiospecificity.

In order to overcome the challenges associated with identifying canonical TCs 

bioinformatically, profile-based hidden Markov models have been successfully applied to 

identify 262 TCs in bacterial genomes106. Not only are terpenoid BGCs widely distributed 

across bacteria but many TC families have been identified which comprise no characterized 

members, an observation also made during a recent phylogenetic analysis of 2,728 bacterial 

TC sequences107. Many of the TCs identified in these studies appear to be transcriptionally 

silent but their expression in an engineered Streptomyces heterologous host has enabled the 

identification of a number of unprecedented terpene NPs108, and novel TC families will 

surely continue to be discovered regularly. Indeed, it was recently shown that the organic 

volatile sodorifen (20) produced by S. plymuthica 4Rx13 is the product of a TC109,110, a 

remarkable finding given that every C atom in the bicyclic ring structure of the compound is 

substituted with either a methyl or methylene group, which previously obscured the 

biosynthetic origins of this molecule111. Unusual methylations of C5 building blocks have 

also been reported for the biosynthesis of a number of other structurally unique bacterial 

terpenes, with longestin112 (21) and the teleocidins113 (22) representing additional 

characterized examples.

Following cyclization, terpenoid NP scaffolds are commonly subject to further tailoring 

reactions, including acetylation, glycosylation and methylation. Oxidative tailoring steps are 

predominantly performed by members of the cytochrome P450 (CYP) superfamily, which 

are among the most versatile biocatalysts in nature114. CYPs have undergone significant 

divergent evolution to catalyse an extraordinarily broad range of transformations, the 

majority of which cannot be predicted bioinformatically115,116. One example is PntM, which 

catalyses the complex rearrangement of pentalenolactone F to pentalenolactone (23), a 

sesquiterpene antibiotic produced by >30 different Streptomyces species. The PntM-

catalysed transformation proceeds via an oxidatively generated neopentyl cation 

intermediate, following substrate hydrogen abstraction and subsequent electron transfer 

(FIG. 7b), which is unprecedented for known CYP-catalysed reactions117. This carbocation 

then undergoes stereospecific migration of a methyl group to complete this unusual 

rearrangement.
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RiPP pathways

The increasing accessibility of bacterial genomes and improvements in software algorithms 

for the identification of ribosomally synthesized and post-translationally modified peptide 

(RiPP) pathways12,15,118,119 have led to a rapid expansion in recent years in the number of 

previously cryptic, yet widespread, families120, all of which employ a common biosynthetic 

logic (BOX 1). However, many RiPP NPs carry extensive, NRP-like modifications that can 

obscure their ribosomal origins120–124 and small, unannotated, precursor peptide substrates 

remain difficult to identify. Consequently, the RiPP class might represent one of the largest 

untapped reservoirs of NP diversity120. Beyond variations in core peptide length and amino 

acid composition, a plethora of post-translational modification (PTM) enzymes can 

introduce chemical diversity into peptides. Such PTMs can confer considerable advantages 

over unmodified linear peptides, including improved target affinity and resistance to 

proteolytic degradation. This section focuses on two particular RiPP-associated enzyme 

families that have garnered a great deal of recent attention in the literature for their 

remarkable and synthetically challenging modifications.

YcaO proteins

While the majority of PTMs occur on amino acid side chains bearing nucleophilic functional 

groups, YcaO proteins represent a rare example of PTM enzymes that modify the peptide 

backbone125, catalysing reactions involving ATP-dependent amide activation126. The role of 

YcaO domain proteins in azole and azoline ring formation in a number of different RiPP 

families has been known for some time and the cyclodehydration reaction they catalyse 

(FIG. 8Aa) has been biochemically and structurally characterized in a number of RiPP 

family biosynthetic pathways126. Recently, however, several new peptide backbone 

modifications have been reported for YcaO enzymes.

The streptomycete antibiotic bottromycin (24) represents the first member of a RiPP family 

with characteristic macrocyclic amidine and thiazole functionalities, the latter likely the 

product of a YcaO cyclodehydratase. Intriguingly, the bottromycin BGC encodes two YcaO 

proteins, which suggests that the additional copy may perform macroamidine formation. 

Indeed, an untargeted metabolomics approach allowed the characterization of novel pathway 

intermediates and the order of reactions to be elucidated127, ultimately identifying the YcaO 

proteins BtmE and BtmF as being responsible for thiazole and macroamidine formation, 

respectively. The functions of both enzymes have also recently been confirmed 

biochemically128,129. The proposed macrocyclization catalysed by BtmF is analogous to 

cyclodehydration, with the terminal amide of the linear bottromycin precursor peptide 

serving as the nucleophile for attack of a downstream amide carbonyl (FIG. 8Ab). 

Remarkably, a recent example of a bifunctional YcaO protein, KlpD, was characterized in 

the biosynthesis of the ribosome inhibitor klebsazolicin (25) by Klebsiella pneumoniae130. 

The enzyme catalyses both azoline and macroamide formation, using a range of different 

nucleophiles to install three thiazole heterocycles, one oxazole cycle and a six-membered 

amidine ring131.

One final peptide backbone modification ascribed to YcaO family proteins during RiPP 

biosynthesis is the installation of thioamide bonds. During recent efforts to expand the 
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thiopeptide family of RiPPs, Mitchell and co-workers successfully isolated and 

characterized saalfelduracin (26) from Amycolatopsis saalfeldensis, a structurally unique 

thiopeptide bearing a rare thioamide moiety132. Heterologous expression experiments 

confirmed the role of a YcaO–TfuA-like protein pair in thioamidation (FIG. 8Ac), thereby 

decrypting the previously unknown origins of the thioamide moieties present in other 

peptides (for example, thiopeptin and Sch 18640)132 and consistent with the involvement of 

YcaO–TfuA-like protein pairs in the biosynthesis of thioviridamide (27)-like RiPPs133–137. 

Thioamide bonds are also present in a number of other non-RiPP NPs, such as closthioamide 

(28), a remarkable symmetrical peptide comprising six thioamide moieties138,139, and 6-

thioguanine (29), a guanosine nucleotide mimic with potent DNA-targeting and RNA-

targeting cytotoxicity140,141. In these examples however, thioamide formation is catalysed 

by members of a novel family of alpha hydrolase (AANH)-like proteins and not YcaO 

proteins139,141.

Although only characterized very recently, YcaO proteins catalyse diverse, exciting, new 

modifications of peptide backbones. In a recent bioinformatics survey of YcaO proteins, 

sequence similarity network (SSN) analyses revealed the existence of many potential, 

uncharacterized, isofunctional YcaO protein subfamilies129, a number of which were found 

to occur in a broad range of different BGC contexts, hinting at a treasure trove of novel 

transformations that remain to be uncovered.

Radical SAM enzymes

The radical SAM (rSAM) enzymes are a rapidly expanding superfamily that currently 

comprises >250,000 members142,143. They are known to catalyse a diverse array of 

chemically challenging transformations, many of which involve the selective activation of 

inert C–H bonds. Each transformation is initiated by a common mechanism of radical 

generation via an organometallic Ω intermediate144, in which a reduced [4Fe–4S] cluster 

cofactor homolytically cleaves the SAM 5′–C–S bond to generate Met and a highly reactive 

5′-deoxyadenosyl radical (dAdo·). This radical usually abstracts a substrate hydrogen, 

setting the stage for an incredibly diverse range of transformations that convert resulting 

substrate radicals into products. rSAM enzymes are ubiquitous in nature and are involved in 

many fundamental biochemical processes145 but have recently been recognized to also 

catalyse an astonishing range of PTMs in RiPP biosynthetic pathways146 (FIG. 8B), many of 

which define entire RiPP subfamilies. Here, we focus on select examples of novel 

chemistries that are radical in more than one sense of the word.

Nosiheptide (30) is a streptomycete thiopeptide antibiotic that comprises an unusual indolic 

side chain system, the biosynthesis of which involves a particularly remarkable succession 

of enzyme-catalysed transformations (FIG. 9). The indolic acid moiety is derived from an L-

Trp that undergoes a complex rearrangement to 3-methyl-2-indolic acid (MIA), involving an 

intriguing migration of the L-Trp carboxylate to the C2 position of the indole ring with 

concomitant elimination of formaldehyde and ammonia, catalysed by the rSAM enzyme 

NosL147 (FIG. 8Ba). Unusually, NosL initiates this intricate transformation by abstracting an 

H-atom from the α-amino group, rather than a carbon centre148–151. The subsequent 

formation of the indolic side-ring system from MIA involves the action of a novel, discrete, 
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indoyl thiolation protein that was previously unannotated (NosJ) and a unique α/β-hydrolase 

fold protein (NosK) that transfers the indoyl to a linear pentathiazolyl peptide intermediate 

Cys residue that remains selectively unmodified152–154 (FIG. 9). In order to close the ring, 

rSAM chemistry is again employed by NosN, a unique class C rSAM methyltransferase that 

catalyses not only C1 transfer to Cys-bound MIA at the C4 position but also subsequent 

ester bond formation between the resulting methylene moiety and Glu6 in the pentathiazolyl 

intermediate155. Thiopeptide BGCs have been known for almost a decade and represent one 

of the most extensively studied RiPP classes120; however, examples such as nosiheptide 

illustrate how many different novel functionalities can be harboured in just a single pathway, 

an enthralling prospect for future genome-mining endeavours.

In addition to complex rearrangements of RiPP scaffolds, rSAM enzymes can also catalyse 

completely novel mechanisms of C–C bond formation at positions distinct from those 

achieved by nucleophilic mechanisms156. StrB from Streptococcus thermophilus performs 

an intriguing crosslinking reaction during the biosynthesis of the quorum-sensing-regulated 

signalling peptide streptide (31)157, the founding member of a new family of RiPP NPs from 

streptococci158–161. StrB crosslinks non-activated C atoms in a Lys and a Trp side chain in 

the StrA core peptide (FIG. 8Bb) via an electrophilic aromatic substitution mechanism162 to 

generate a cyclic peptide product. Structural data for the StrB homologue SuiB have 

provided additional insight into the key role of the substrate leader sequence in positioning 

the core peptide in the enzyme active site for cyclization158. The StrB mechanism of C–C 

bond formation is distinct from that employed by MftC. The latter involves two separate 

substrate hydrogen abstractions and proceeds via an initial oxidative decarboxylation step to 

install a Val–Tyr (tyramine) crosslink in the mycobacterial signalling metabolite 

mycofactocin163,164 (FIG. 8Bc). SSN analysis of streptide-like BGCs present in other 

Streptococcus species identified a number of discrete clusters that can be defined by 

conserved motifs present within precursor peptides160. Characterization of rSAM PTM 

enzymes associated with these precursors has unveiled even further transformations, 

including a remarkable cyclization reaction, in which two new C–C bonds between Lys and 

Trp are formed160, and β-thioether bond formation161 (catalysed by WgkBC and NxxcB, 

respectively; FIG. 8Bb,d). Previously, rSAM-installed thioether bonds were only known to 

occur at α carbons in RiPP NPs165–167 (FIG. 8Be). Diverse rSAM-mediated modifications 

are thus clearly hidden within even highly similar BGC contexts and further exploration of 

the streptococcal RiPP network will likely continue to yield unusual radical chemistry.

As a final example of rSAM-based chemistry previously ‘hidden’ in the dark matter of 

microbial genomes, our laboratory’s own work on uncultivated microbiota of marine 

sponges168,169 has revealed them to be a treasure trove of novel NP enzymology. The 

polytheonamides (32) are highly cytotoxic, pore-forming, β-helical peptides biosynthesized 

by a ‘Candidatus Entotheonella’ factor symbiont of the sponge Theonella swinhoei and are 

among the largest and most complex NPs characterized to date123,170. Owing to their 

complexity, the polytheonamides were initially thought to be NRPS products, but 

identification of the biosynthetic genes revealed that they originate from a ribosomal 

pathway123. The peptide substrates in these pathways comprise a nitrile hydratase leader 

peptide (NHLP)-like domain, the characteristic feature of members of the poorly studied 
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proteusin RiPP family. rSAM-based modifications are central to polytheonamide 

biosynthesis, which involves an astonishing cascade of ~50 PTMs that are distributed across 

a core peptide spanning 49 residues171. The rSAM epimerase PoyD encoded in the 

polytheonamide BGC is responsible for the introduction of 18 d-amino acid residues in the 

peptide backbone171–173 (FIG. 8Bf), resulting in an alternating l-amino acid and d-amino 

acid organization that allows polytheonamide to adopt its characteristic β-helical structure 

and is necessary for peptide solubility173,174. PoyB/C are cobalamin-dependent rSAM 

enzymes that, together, are predicted to catalyse 17 C-methylations on non-activated sp3 

carbon centres in the PoyA core171 (FIG. 8Bg). PoyC has further been shown to catalyse up 

to three methylations of an N-terminal Thr residue171, concomitant with PoyF-catalysed 

dehydration of Thr, which, together, are necessary for formation of the unusual 

polytheonamide N-terminal t-butyl group that improves membrane insertion and bioactivity 

of these pore-forming peptides.

The Structure Function Linkage Database175 contains 113,775 rSAM protein sequences, of 

which >50% comprise functional domains that are yet to be assigned to a specific family. 

This diversity indicates a wealth of as-yet-undescribed enzymatic transformations within this 

rapidly growing superfamily. Indeed, in a phylogenetic profiling study conducted in 2011 

(REF.176), a number of new candidate families of predicted rSAM maturation enzymes were 

identified, several of which remain to be functionally characterized, including a family 

predicted to utilize selenocysteine-containing substrates. rSAM NP PTM enzymes continue 

to be discovered and characterized with high frequency, and genome-mining efforts in our 

laboratory to uncover further proteusin-like BGCs in cyanobacterial species recently led to 

the discovery of a completely novel rSAM enzyme and RiPP family, the spliceotides177. 

These rSAM enzymes catalyse an unprecedented splicing reaction that results in the net loss 

of one tyramine equivalent from the peptide backbone and the introduction of an α-keto-β-

amino moiety (PlpX; FIG. 8Bh). With so many uncharacterized members within this 

enormous superfamily, newly discovered radical transformations will surely continue to 

redefine what we believe to be possible chemically in nature.

Untapped chemistry in the RiPP universe

How many more RiPP families remain to be discovered? This number is very difficult to 

estimate but new RiPP families continue to be regularly reported in the literature, suggesting 

that we are only beginning to appreciate the full extent of RiPP chemical diversity. In many 

cases, the discovery of novel RiPPs expand the chemical diversity known for previously 

characterized classes, as exemplified by nosiheptide. An even more recent example is 

microvionin (33) from Microbacterium arborescens, the first member of a new lanthipeptide 

subfamily that is N-terminally lipidated with an unusual guanidino fatty acid178. The 

proteusin family currently only comprises the polytheonamides as representatives, yet many 

sequenced cyanobacterial genomes contain proteusin-like BGCs, suggesting a large, diverse 

and virtually uncharacterized family of NPs173. The spliceotides (putative BGCs present in 

10% of cyanobacterial genomes)177 similarly represent a large family for which no end-NP 

is currently known, indicating vast areas of uncharted chemical space that remain to be 

explored in the NP universe.
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Completely novel RiPP classes also continue to be discovered regularly. The 

pyrroloquinoline alkaloids are intriguing examples179, the biosynthetic genetic determinants 

of which remained cryptic for many years. The BGC for ammosamide (34) in Streptomyces 
sp. CNR-698 features open reading frames typically associated with lantibiotic biosynthesis, 

a remarkable discovery given the relatively simple structure of the final product, which is 

composed of a single, modified Trp residue believed to be derived from the precursor 

peptide180. The biochemical role of many of the other genes in the BGC remain enigmatic 

but include a predicted F420-dependent oxidase involved in primary amide biosynthesis, a 

transformation not previously known for such enzymes. The pyrroloquinoline alkaloids and 

other newly discovered RiPP families (for example, crocagins181, 35) illustrate the challenge 

of identifying precursor peptides from primary sequence data, particularly when only a 

limited number of residues contribute to the final product, but represent an enticing prospect 

in terms of new RiPP families and chemistries that await discovery in microbial 

(meta)genomic ‘dark matter’.

Pathways lacking signature biosynthetic genes

Nature has evolved a plethora of mechanisms for the assembly of small bioactive 

compounds, the BGCs of which can often remain enigmatic owing to expectations that 

newly discovered metabolites belong to previously characterized NP types. NRPSs, for 

example, are traditionally considered to be nature’s go-to machinery for catalysing amide 

bond formation independently of the ribosome during NP biosynthesis, but in recent years, 

many pathways have been characterized that employ alternative strategies for assembling 

amino and carboxylic acid substrates182,183. Examples include a transglutaminase 

homologue that catalyses N-acyl-β-peptide link formation during andrimid (36) biosynthesis 

in various γ-proteobacterial species184, the use of ATP-grasp enzymes such as that involved 

in the assembly of the β-lactone belactosin (37)185 and cyclodipeptide synthases that utilize 

activated aminoacyl-tRNAs to biosynthesize diketopiperazine NPs, such as bicyclomycin 

(38)186–188.

Indolmycin (39) is a potent antibacterial compound produced by various bacteria that is 

derived from the condensation of two nonproteinogenic amino acids, indolmycenic acid and 

D-4,5-dehydroarginine. However, this reaction is also not catalysed by an NRPS but by an 

unusual phenyl acetate CoA ligase homologue, Ind3, which additionally catalyses formation 

of the characteristic oxazolinone ring present in the final product189 (FIG. 10a). The 

pathway also comprises an unusual PLP-dependent aminotransferase, Ind4, which performs 

an unexpected, four-electron oxidation of L-Arg involving a non-activated C–C bond190. 

This O2-dependent activity is rare for PLP-dependent enzymes, which must typically protect 

carbanionic reaction intermediates from undesirable electrophilic attack. The indolmycin 

BGC remained elusive for >50 years and was finally identified not by a retro-biosynthetic 

rationale but by targeting the putative self-resistance gene for the antibiotic189. Resistance-

guided genome mining is becoming an increasingly popular strategy of tying compounds to 

their cognate BGCs191–193 and, moreover, can reveal the biological significance of unusual 

chemistries, which is central to their downstream application.
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In many cases, NPs are derived from the tailoring and modification of primary metabolites 

without any signature enzyme required for a dedicated assembly step and can thus be 

extremely challenging to identify. This is exemplified by the biosynthetic pathway to the 

antimetabolite roseoflavin (40) in Streptomyces species, which, surprisingly, only requires 

the activity of three enzymes to convert riboflavin-5′-phosphate (RP) into roseoflavin (FIG. 

10b): a SAM-dependent dimethyltransferase (RosA), a flavodoxin-type protein (RosB) and a 

cryptic phosphatase194–196. RosA was identified in cell-free extract biochemical assays and 

performs the two terminal methylations of the 8-demethyl-8-amino-riboflavin (AF) aromatic 

amino group to form roseoflavin194. The remaining biosynthetic genes remained elusive for 

some time however, because they do not cluster with rosA in the S. davawensis genome. 

Consequently, rosB was only discovered following extensive cosmid library screening and 

systematic deletion analysis196. Although RosB contains a putative RP binding site, no 

function could be ascribed to the enzyme. Remarkably, biochemical analysis of recombinant 

RosB revealed that it is the first member of a novel enzyme class that catalyses an incredible 

multistep reaction involving an oxidative cascade and decarboxylation and transamination 

steps that convert RP and L-Glu into 8-demethyl-8-amino-RP (AFP)195,196 (FIG. 10b). 

Clearly, even with a reference NP structure, novel enzymology can still remain hidden from 

us in the known genomes of producers. This is made especially challenging when 

biosynthetic genes involved in a single pathway are not clustered and/or if single 

uncharacterized enzymes perform multiple biosynthetic steps. This realization presents a 

great challenge in terms of uncovering such cryptic pathways but further highlights the 

exciting possibility that a far greater wealth of NP chemistry remains to be uncovered in 

bacterial genomes than expected.

Unlocking nature’s diversity

How much novel NP enzymology awaits discovery? This question of unknown unknowns is 

currently almost impossible to answer, yet examples that were previously ‘hidden in plain 

sight’ continue to be reported in the literature with high frequency, implying that a great 

wealth of uncharted chemistry remains in the bacterial NP world, consistent with recent 

predictions197,198. The use of classical and reverse genetics techniques to map known 

molecules to their cognate BGCs has already resulted in the discovery of many new 

biochemical transformations and will continue to be an important means of unlocking 

nature’s diversity. However, the post-genomic era has created a deluge of sequence data that 

has revealed significant unexplored potential encoded in the ‘dark matter’ of bacterial 

(meta)genomes lying dormant in ‘silent’ BGCs, which has led to a transitioning to genes-to-

molecules-based approaches to search for novel NPs.

The bottleneck of transcriptional silence continues to drive innovation and a plethora of 

different approaches exist to activate silent pathways199–201. Advances in analytical 

techniques (mass spectrometry, NMR imaging and data analysis software)202–205 allow us to 

better detect and characterize compounds produced in minute quantities, a major bottleneck 

in the field, lifting the veil on ‘silent’ NPs to further increase the number of unusual 

molecule leads, in addition to identifying critical pathway intermediates that may aid in 

deciphering cryptic pathways. The ability to isolate and characterize unstable, cryptic NPs 

such as colibactin206 is also improving with advances in our understanding of NP 
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biosynthesis and its regulation, in addition to the development of reactivity-based screening 

protocols that target specific functional groups207,208. The integration of proteomic and 

transcriptomic data provides us with further information about the differential expression of 

BGCs209, in addition to offering a potential means by which non-clustered cryptic 

biosynthetic pathways can be identified and characterized. Developments in cultivation 

techniques210 and cultivation-independent meta-omics approaches211,212 are also providing 

us with greater access to poorly studied taxa that possess distinct NP profiles that might 

harbour novel chemistry.

One important consideration is that there is no guarantee that silent BGCs will encode novel 

chemistry, raising the question of how to prioritize systems for further study given that we 

certainly cannot experimentally characterize all NP biosynthetic pathways. While current 

bioinformatics tools and databases such as MIBiG10 facilitate dereplication and allow us to 

identify NP BGCs that encode novel end-products11–15, a significant limitation is the paucity 

of reliable functional annotation143, which precludes the identification of candidate enzymes 

and domains that catalyse novel transformations during NP biosynthesis. As illustrated in 

this Review, subtle changes in active-site residue composition can significantly alter the 

chemistry and catalysis of an enzyme, and the extension of curated annotations to other 

database entries based on sequence homology alone can, therefore, lead to incorrect 

functional predictions that leave novel enzymology effectively ‘hidden’. How, then, can we 

mine specifically for NP biosynthetic pathways that comprise enzymes catalysing 

unprecedented transformations based on in silico data alone? Will we ever be able to decrypt 

all NP BGCs to achieve a ‘nowhere-to-hide’ scenario for NP enzymatic novelty?

Decrypting biosynthetic ‘dark matter’

In order to mitigate the possibility of overlooking novel enzymology owing to unspecific or 

incorrect annotation, several approaches have been implemented to identify enzymes that 

have evolutionarily diverged to perform alternate functions in the context of NP biosynthesis 

and even offer opportunities to access cryptic pathways — significant steps towards a 

‘nowhere-to-hide’ scenario.

Genomic enzymology strategies143 explore protein functional diversity in the context of 

entire enzyme superfamilies, allowing recognition of sequence and structure attributes that 

are conserved for specific functions. SSNs213 provide a holistic illustration of the pairwise 

relationships that result from all-by-all sequence comparisons of particular enzyme 

superfamilies and can be adjusted to permit the identification of isofunctional protein 

families. If these comprise no characterized members, then it can be indicative of a novel 

function. The integration of information regarding genomic neighbours can further begin to 

place members of uncharacterized protein families into functional contexts and could be a 

valuable tool for the future identification of novel BGC types214,215.

The ClusterFinder algorithm also employs a more global view to detecting NP pathways and 

is concerned with identifying genomic regions that are enriched in Pfam domains that occur 

frequently in known NP BGCs, rather than signature biosynthetic genes216. Cryptic clusters 

can be identified in this way because biosynthetic pathways that produce entirely different 
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products employ members of many of the same enzyme superfamilies115,116,146,217–220. 

This approach was successfully applied in a systematic effort to identify and characterize 

BGCs encoded across 1,154 diverse bacterial genomes and led to the identification of a 

previously unrecognized family of arylpolyene-encoding BGCs that are distributed across a 

wide range of bacterial phyla216.

EvoMining221 represents a final approach, which applies an evolutionary logic based on the 

notion that enzymes involved in NP biosynthesis represent paralogues of primary metabolic 

enzymes that have undergone duplication and divergence to identify novel enzymology. 

Phylogenetic analysis permits the identification of functionally divergent enzymes that have 

been repurposed in the context of NP biosynthesis, encoded both in BGCs that employ 

known biosynthetic mechanisms and also in cryptic pathways that currently evade genome-

mining tool detection. Using this approach, a completely novel biosynthetic pathway for 

arseno-organic metabolites was shown to be present in S. coelicolor and S. lividans221, 

indicating that chemical novelty remains to be discovered, even in the genomes of model NP 

producers.

Outlook

Post-genomic methods have created a new era of NP research that offers unprecedented 

opportunities for pharmacological and biochemical discoveries. A wealth of previously 

unexpected chemistry is evidenced by the examples in this Review and by recent estimations 

of the large numbers of structurally unique NPs that remain to be uncovered197,198. The 

continuous evolution of innovative bioinformatics algorithms and tools to analyse the ever-

increasing volumes of sequence and spectral data we generate will be critical for the success 

of these efforts11 and will benefit greatly from global, community-based endeavours to 

effectively catalogue and curate these data and to experimentally link them to biochemical 

functions10,222,223. Besides investigating chemical and enzyme functions, it will be 

important to understand the role of NPs in bacterial ecology. Such insights will also help to 

reveal novel cellular targets, ecosystems that are hot spots of metabolic diversity and 

resources of orthogonal chemistry that create new opportunities for downstream applications 

in pharmacology and biotechnology.
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Box 1

Signature natural product biosynthetic enzymology

Natural products (NPs) are traditionally classified according to the type(s) of enzymes 

employed for their biosynthesis, and these signature enzymes direct biosynthetic gene 

cluster identification by genome-mining bioinformatics tools.

Polyketides are assembled from small acyl-coenzyme A building blocks by polyketide 

synthases (PKSs)18,224,225. PKSs can be classified into various types based on their 

architecture and functionality: type I refers to multi-enzyme complexes composed of 

linearly arranged and covalently attached catalytic domains, type II systems consist of 

discrete and monofunctional enzymes, and chalcone-synthase-like enzymes are 

designated as type III. In bacteria, polyketide NPs are commonly assembled by type I 

PKSs that are organized into modules, with each module being responsible for a single 

extension of the growing polyketide chain by one malonyl unit. Minimally, chain 

extension requires the activity of three characteristic domains present in each module: 

acyltransferase (AT) domains load malonyl units onto acyl carrier protein (ACP) 

domains, which tether substrates and polyketide intermediates, and ketosynthase 

domains, which catalyse Claisen-type condensation reactions between the growing 

polyketide chain and an extender unit. Trans-AT PKSs77 lack AT domains, instead 

employing free-standing proteins that act in trans. Further structural and stereochemical 

diversity can be introduced into the growing polyketide scaffold by additional accessory 

domains that alter the substituents and oxidation states of ACP-tethered intermediates. 

Thioesterase domains are typically found as the terminal domain in PKS systems, in 

which they catalyse polyketide release by hydrolysis or macrocyclization.

Nature has evolved multiple mechanisms of constructing peptidic NPs, many of which 

are derived from the post-translational modification (PTm) of ribosomally synthesized 

peptides120. These peptides typically comprise a core peptide fused to a leader or 

follower peptide (or both). The leader or follower serves as the recognition element for 

various PTM enzymes that install new structural features. Subsequent proteolytic 

cleavage yields the mature core peptide, sometimes with concomitant N-to-C cyclization 

and/or export out of the cell. Independently of the ribosome, nonribosomal peptide 

synthetases (NRPSs) are also responsible for the biosynthesis of numerous bioactive 

peptide NPs19. They exhibit modular architecture analogous to type I PKSs, with each 

NRPS module comprising three core domains responsible for extending the growing 

peptide chain by a single amino acid or carboxylic acid extender unit. Adenylation 

domains activate substrates, peptidyl carrier protein domains tether substrates and peptide 

intermediates, and condensation domains catalyse amide bond formation between them. 

Structural and stereochemical diversity is typically achieved via two mechanisms: the use 

of a wide range of noncanonical amino acid substrates and peptide tailoring reactions 

catalysed by additional NRPS accessory domains and/or trans-acting tailoring 

enzymes19.

Terpenes are typically derived from the prenyltransferase-catalysed extension of a 

dimethylallyl phosphate starter unit by one or more isopentenyl diphosphate extender 
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units. The resulting polyisoprenoid intermediates are subsequently transformed by 

terpene cyclases, the signature enzymes for this class. Terpene cyclases catalyse 

diphosphate release from their linear substrates, promoting a wealth of cationic 

cyclization and rearrangement cascades that result in an astonishingly diverse range of 

monocyclic and polycyclic hydrocarbon scaffolds97,100.
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Fig. 1. Bacterial natural product chemical diversity.
Natural product (NP) examples described in this Review are illustrated. Compounds are 

coloured according to the section within this Review in which they are discussed. Orange, 

polyketide synthase/nonribosomal peptide synthetase-derived NPs; purple, terpenes; cyan, 

ribosomally synthesized and post-translationally modified peptides (RiPPs); magenta, NPs 

with non-signature biosynthetic origins. Note that closthioamide (28) and 6-thioguanine (29) 

are coloured magenta but are not RiPPs. 1, Obafluorin; 2, kutzneride 1; 3, curacin A; 4, 

nocardicin A; 5, pyrroindomycin A; 6, spinosyn A; 7, TMC-86A; 8, ikarugamycin; 9, 
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saframycin A; 10, rhizoxin; 11, pederin; 12, leinamycin; 13, metatricycloene; 14, oocydin B; 

15, albicidin; 16, saxitoxin; 17, dynemicin A; 18, clostrubin; 19, 12-epi-hapalindole U; 20, 

sodorifen; 21, longestin; 22, teleocidin B; 23, pentalenolactone; 24, bottromycin; 25, 

klebsazolicin; 26, saalfelduracin; 27, thioviridamide; 28, closthioamide; 29, 6-thioguanine; 

30, nosiheptide; 31, streptide; 32, polytheonamide B; 33, microvionin; 34, ammosamide; 35, 

crocagin A; 36, andrimid; 37, belactosin C; 38, bicyclomycin; 39, indolmycin; 40, 

roseoflavin.
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Fig. 2. Remarkable transformations during nonribosomal peptide synthetase substrate 
biosynthesis.
a | Proposed mechanism for the L-Thr transaldolase (L-TTA), ObaG, during obafluorin 

biosynthesis22. Grey panel: pyridoxal-phosphate binds L-Thr to form an external aldimine 

that undergoes retro-aldol cleavage to yield a glycine enolate. An aldol-type reaction with 4-

nitrophenyacetaldehyde (4-NPA) yields (2S,3R)-2-amino-3-hydroxy-4-(4-

nitrophenyl)butanoate (AHNB). The new bond formed in this transformation is indicated in 

red. Blue panel: other natural products that incorporate L-TTA-derived, β-OH-α-amino acid 
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substrates (proposed for alanylclavam)25–27. In each case, aldehyde and L-Thr-substrate-

derived moieties are highlighted in orange and blue, respectively. b | The KtzT-catalysed 

haem-dependent cyclization of L-N5-OH-Orn to form l-piperazate31 (grey panel). KtzI is an 

l-Orn N-hydroxylase. Blue panel: other natural products that are purported to employ a KtzT 

homologue or a mechanism involving N-hydroxylation to generate an activated intermediate 

susceptible to intramolecular attack by an amino group in the formation of N–N bonds 

during their biosynthesis32–38. The relevant corresponding moieties are highlighted in blue.
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Fig. 3. Noncanonical polyketide synthase/nonribosomal peptide synthetase reactions involving 
tethered thioester intermediates.
a | Enoyl reductase (ER)-catalysed cyclopropanation during curacin biosynthesis. The 

curacin and jamaicamide biosynthetic pathways diverge at the β-branching step, which is 

initiated by decarboxylase (ECH2)-catalysed decarboxylation, resulting in α–β double-bond 

and β–γ double-bond formation in respective curacin and jamaicamide enoyl-γ-chloro-acyl 

carrier protein (ACP) intermediates45,46. Subsequent activity of an unusual cis-acting ER 

domain in CurF catalyses cyclopropane ring formation (highlighted in orange)47. The 
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homologous ER domain in JamJ is unreactive towards its respective ECH2 product 

(unmodified ECH2 thioester product, highlighted in blue). The new bond formed to close the 

cyclopropane ring is highlighted in red. b | On-line tailoring reactions catalysed by divergent 

condensation (C) and thioesterase (TE) domains during nocardicin biosynthesis. The 

terminal C domain in NocB catalyses initial elimination of water, followed by cyclization to 

yield the β-lactam pharmacophore48. The resulting thioester intermediate is subsequently 

transferred to the NocB TE domain, which performs an unprecedented epimerization of the 

L-(p-hydroxyphenyl)glycine (L-Hpg) moiety, before canonical hydrolysis to release 

nocardicin G50. Nonribosomal peptide synthetase domains catalysing the specific 

transformations illustrated are highlighted and new bonds formed to generate the β-lactam 

ring by the C domain are shown in red. Polyketide synthase domains and nonribosomal 

peptide synthetase domains are highlighted in red and blue, respectively. Trans-acting 

enzymes are highlighted in purple. A, adenylation; AT, acyltransferase; ECH1, dehydratase; 

Hal, halogenase; HMGS, 3-hydroxy-3-methylglutaryl CoA synthase; KS, ketosynthase; 

PCP, peptidyl carrier protein.
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Fig. 4. Unusual post-polyketide synthase/nonribosomal peptide synthetase enzymology.
a | Enzymatic [4+2] cycloadditions during pyrroindomycin biosynthesis. Grey panel: Diels–

Alder-type cyclizations catalysed by PyrE3 (orange) and PyrI4 (blue)56. New bonds formed 

are highlighted in red. Blue panel: six-membered rings (highlighted in blue) installed by 

PyrI4 homologues during abyssomycin57 and versipelostatin55 biosynthesis. b | Grey panel: 

TmcF catalyses a remarkable decarboxylation–dehydrogenation–oxygenation transformation 

to generate the epoxyketone moiety present in TMC-86A62. The new bond formed to close 

the epoxide ring is highlighted in red. Blue panel: select examples of natural product 

proteasome inhibitors that are proposed to employ TmcF homologues during their 

biosynthesis to install α/β-epoxyketone warhead moieties59–62. Epoxyketone moieties 

introduced by TmcF and its homologues are highlighted in orange.
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Fig. 5. Polyketide synthase-catalysed and nonribosomal peptide synthetase-catalysed 
transformations that define novel natural product families.
a | Members of the polycyclic tetramate macrolactam family of polyketides are produced by 

the activities of only three enzymes, as illustrated for ikarugamycin72–74. New bonds formed 

during successive cyclizations are highlighted in red. Steps 1–3 illustrate amide bond 

formation between thioester intermediates X and Y by the IkaA C domain (step 1), transfer 

of the resulting thioester intermediate to the IkaA thioesterase domain active site Ser residue 

(step 2) and thioesterase-catalysed intramolecular attack to yield the pyrroline moiety with 
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concomitant release of intermediate Z (step 3). It is not clear whether formation of the six-

membered ring is spontaneous or enzyme-catalysed. The timing and nature of the 

isomerization event that results in the introduction of a cis double-bond in the final 

ikarugamycin pathway product is also not clear; however, the IkaC homologue OX4 is 

proposed to be responsible for cis double-bond introduction during the biosynthesis of heat-

stable antifungal factor, a polycyclic tetramate macrolactam produced by Lysobacter 
enzymogenes226–228. b | A single nonribosomal peptide synthetase module catalyses 

iterative Pictet–Spengler-type cyclizations and reductions of structurally different 

intermediates to assemble the characteristic scaffold of the tetrahydroisoquinoline 

antibiotics76. Structurally different SfmC reductase (R) domain peptidyl thioester 

intermediates are indicated by X–Z. Adenylations of 3-OH-O,5-dimethyl-L-Tyr residues 

before condensation (C)-domain-catalysed cyclization by the SfmC adenylation (A) domain 

are indicated in grey. New bonds formed by the C domain are highlighted in purple. 

Individual substrates are highlighted in different colours so that their fate can be tracked 

through the mechanism illustrated. ACP, acyl carrier protein; AT, acyltransferase; DH, 

dehydratase; KR, ketoreductase; KS, ketosynthase; PCP, peptidyl carrier protein; TE, 

thioesterase.
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Fig. 6. Newly characterized on-line trans-acyltransferase polyketide synthase transformations.
a | Ketoreductase (KS)-catalysed vinolygous β-branching and lactonization during rhizoxin 

biosynthesis80,81. New bonds formed during this transformation are highlighted in red. b | 

Pyran synthase (PS)-domain-catalysed cyclic ether formation during pederin biosynthesis82. 

The new bond formed to close the pyran ring is highlighted in red. c | Sulfur insertion 

catalysed by the sequential activities of cis-acting domain of unknown function (DUF) and 

rare cysteine lyase domains during leinamycin biosynthesis85. d | Oxygen insertion into the 

growing oocydin polyketide backbone catalysed by the trans-acting Baeyer–Villiger 
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monooxygenase, OocK90. OocK and its flavin cofactor are coloured purple. Further 

processing of the OocK-modified moiety is proposed to be due to additional enzymatic 

activities in the oocydin producer. Trans-acyltransferase polyketide synthase domains 

catalysing the specific transformations illustrated and the resulting chemical moieties 

generated are highlighted in orange. ACP, acyl carrier protein; B, branching domain; DH, 

dehydratase; KR, ketoreductase; SH, cysteine lyase; TE, thioesterase.
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Fig. 7. Unusual transformations from terpene biosynthesis.
a | Cyclization of the common 3-geranyl-3-isocyanylvinyl indolenine intermediate (X) 

catalysed by Stig cyclases. The remarkable transformation catalysed involves a rare Cope-

like rearrangement, a 6-exo-trig cyclization and an electrophilic aromatic substitution102–105. 

Different Stig cyclases possess specific stereoselectivity and regioselectivity, as illustrated 

by the different products generated by HpiC1, FamC2 and FimC5. b | Proposed mechanism 

of oxidative rearrangement in the conversion of pentalenolactone F into pentalenolactone by 
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the cytochrome P450, PntF117,229. The mechanism of transient neopentyl cation 

intermediate formation remains to be experimentally verified.
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Fig. 8. Post-translational modifications of ribosomally synthesized and post-translationally 
modified peptide natural products.
A | The three characterized ATP-dependent, amide backbone modifications currently known 

to be catalysed by members of the YcaO superfamily. Grey panel: azole and azoline 

formation (part Aa, orange), amidine formation (part Ab, blue) and thioamide formation 

(part Ac, magenta). Blue panel: examples of ribosomally synthesized and post-

translationally modified peptides (RiPPs) comprising one or more of the above YcaO-

catalysed modifications are also illustrated and each modification has been highlighted with 
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its respective colour. B | Summary of post-translational modifications catalysed by members 

of the radical S-adenosyl methionine (rSAM) superfamily in the context of RiPP 

biosynthesis. Colours are used to highlight new bonds formed and/or the fate of particular 

atoms following (rSAM) enzyme activity.
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Fig. 9. Formation of the side-ring system during the biosynthesis of nosiheptide.
3-Methyl-2-indolic acid (MIA) is formed by the rearrangement of L-Trp catalysed by NosL 

and is subsequently introduced into the nosiheptide side-ring system by NosIJK147–154. 

These enzymes transfer the MIA moiety to an unmodified Cys residue in a linear 

pentathiazolyl nosiheptide intermediate. NosN is proposed to methylate MIA at the C4 

position to generate a key methylene radical intermediate that is subsequently linked via an 

ester bond to Glu6 in the pentathiazolyl intermediate (X)155. The S-adenosyl methionine 

(SAM)-derived methyl group introduced by NosN is highlighted in blue and the bond 

formed with Glu6 to close the nosiheptide side-ring system is highlighted in red.
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Fig. 10. Unusual enzymology from natural product pathways that lack signature biosynthetic 
genes.
a | Biosynthesis of indolmycin from L-Arg and indolmycenic acid. Following Ind4 oxidation 

of L-Arg, the resulting unstable imine product is selectively reduced by the D-specific, 

NADH-dependent reductase Ind5, preventing off-pathway reactions, such as deamination, 

from occurring190. Ind3 catalyses an ATP-dependent condensation of D-4,5-dehydroarginine 

with indolmycenic acid, resulting in the formation of the indolmycin oxazoline ring (new 

bond highlighted in red)189. Ind6 (embedded in a complex with Ind5) performs an unusual 

gatekeeping role to ensure release of the correct leaving group, again to prevent the 

generation of off-pathway products. Ind5 and Ind6 are highlighted for their respective 

transformations. The N-methyltransferase Ind7 completes biosynthesis. b | Roseoflavin 
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biosynthesis from riboflavin196. The ATP-dependent flavokinase RibC first catalyses 

riboflavin-5′-phosphate (RP) formation. RosB (orange) performs the subsequent three 

transformations to generate 8-demethyl-8-amino-riboflavin-5′-phosphate (AFP) in the 

presence of thiamine and l-Glu, with 2-oxoglutarate (2-OG) produced as a by-product195,196. 

The RibC-installed phosphate group is subsequently removed by a cryptic phosphatase, 

before sequential N-methylations catalysed by the S-adenosyl methionine (SAM)-dependent 

dimethyltransferase RosA194 (blue). X represents a cryptic hydrogen acceptor. Modifications 

catalysed by RosA and RosB have been highlighted in their respective colours.
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