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With genetic information available for hundreds of thousands of organisms in publicly accessible databases,
scientists have an unprecedented opportunity to meticulously survey the diversity and inner workings of life.
The natural product research community has harnessed this breadth of sequence information to mine
microbes, plants, and animals for biosynthetic enzymes capable of producing bioactive compounds.
Several orthogonal genome mining strategies have been developed in recent years to target specific
chemical features or biological properties of bioactive molecules using biosynthetic, resistance, or
transporter proteins. These "biosynthetic hooks” allow researchers to query for biosynthetic gene
clusters with a high probability of encoding previously undiscovered, bioactive compounds. This review
highlights recent case studies that feature orthogonal approaches that exploit genomic information to

rsc.li/npr specifically discover bioactive natural products and their gene clusters.
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1. Introduction

In the natural world, communication is largely chemical.
Organisms produce small chemical compounds, which we refer
to as natural products, to interact with the biological and
physical world around them." While much remains to be
discovered about the ecological roles of these compounds,
humankind has harnessed the incredible chemical intricacies
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produced by nature for a variety of purposes.” These molecules
have evolved over millennia to interact with a specialized bio-
logical target, resulting in complex chemical structures and
potent bioactivities that are difficult to replicate in the labora-
tory. Most famously, natural products play a critical role in
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modern medicine, serving as the source of and inspiration for
many lifesaving drugs.®

For decades, the discovery of natural products was largely
accomplished by a bioactivity-guided isolation approach. Since
bioactivity was used as the guiding force during isolation, this
method naturally had a very high success rate of identifying
bioactive natural products, but this approach also came with its own
set of challenges. Dereplication of an active compound from
a complex mixture can be incredibly time consuming, and this
untargeted approach often resulted in the re-isolation of the same
compounds.* However, the field of natural products discovery
underwent a fundamental shift in the early 2000s, when the first
Streptomyces bacterial genomes were sequenced.>® These genomes
revealed that the vast majority of small molecules produced by
microbes had yet to be discovered,” thus opening the door for future
discovery efforts by complementary genome-focused approaches.

Researchers have increasingly relied on genome mining
strategies to discover new natural products, which classically
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has referred to using genomic sequence data to identify and
predict genes that encode the production of novel compounds.®
While chemical structures can be remarkably diverse, nature
often converges on a few mechanisms to generate the same
chemical building blocks, thereby allowing researchers to
exploit genetic signatures of enzymes to identify new biosyn-
thetic pathways. Once the genetic basis behind production of
a molecule is identified, it opens the door to further discovery.
Scientists are now incredibly competent at surveying genomic
sequence, predicting whether or not it encodes a biosynthetic
gene cluster (BGC), and targeting that BGC for isolation of the
encoded product.”*® However, unlike the bioactivity-guided
isolation approach, genome-based methods to discovery do
not obviously reveal whether the encoded natural product is
likely to be bioactive. Bioactivity is in fact often the last feature
known about a molecule; only once it is isolated and charac-
terized does the compound get tested in a bioassay.
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While many recent reviews have focused on genome mining
strategies," ™ the purpose of this review is to highlight recent
examples in the literature that utilize genome mining strategies
that target molecules suspected to have bioactivity. We have orga-
nized this review into four sections, each encompassing a distinct
strategy commonly used for genome mining with the goal of
bioactive natural product discovery. Moreover, while there are many
genome mining reports that successfully mine a single bacterial
genome or a handful of genomes for the presence of a BGC
encoding a likely bioactive compound, this review instead focuses
on larger-scale genome mining efforts. We highlight examples
where researchers used targeted, hypothesis-driven approaches to
mine large datasets with the express purpose of identifying new
bioactive natural products. While not exhaustive, the examples
described here aim to cover a variety of bioactive chemical features,
compound families, and pharmacological properties.

2. Bioactive feature targeting

While natural products can be large and complex, they often
contain smaller chemical features that directly lead to bioactivity,
which we refer to as the “bioactive feature” of a molecule. For the
purposes of this article, we have categorized these bioactive
features into two distinct groups. The first group encompasses
reactive features, which includes functional groups with electro-
philic, radical, or nucleophilic reactivity that often result in
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Review

covalent binding of the ligand to the protein target (Section 2.1).
The second group includes structural features important for the
natural product’s ability to bind non-covalently to a biological or
chemical target, which can vary from a macromolecular protein to
small metal ions (Section 2.2). For both types of bioactive features,
reactive and ligand binding, detailed studies have shown how
a diversity of these chemical features are biosynthesized and
installed into natural products. These insights can be utilized for
genome mining efforts to identify orphan BGCs predicted to
produce natural products with the queried bioactivity-associated
chemical moiety (Fig. 1). The examples described here all
successfully utilize an enzyme responsible for the installation of
a bioactive chemical feature as a genome mining hook to discover
new natural products with that target moiety. Importantly, the
resulting molecule may exist in an entirely different compound
family (peptide versus polyketide, for example) but still contain
the cognate ligand feature (B-lactone, for example). We refer to
this strategy as “bioactive feature targeting”.

Because the diversity of bioactive functional groups is
particularly broad, we have tabulated a selection of reactive
chemical features commonly found in natural products and
their associated biosynthetic routes (Table 1). Some of these
chemical features (ie., enediynes, B-lactones, epoxyketones,
and disulfides) have been the target of large-scale genome
mining efforts, resulting in the discovery of new bioactive
molecules. Those are elaborated on in Section 2.1. However, for
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Fig.1 Overall scheme for genome mining new natural products with different target chemical features including (A) reactive chemical features,
(B) ligand binding features, and (C) compound family defining features. In each case, the diagnostic biosynthetic genes are used to bio-
informatically identify candidate gene clusters that putatively encode the production of a target natural product. Subsequent production,
isolation, characterization, and bioactivity assay tests validate the bioinformatic prediction.
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Table 1 Reactive chemical features found in natural products
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Reactive chemical feature Structure

Enzymatic route(s) to installation

Genome mining efforts using
reactive
chemical feature biosynthetic
enzymes

Enediyne // \\ PKS'®'” Large scale genome mining'®'®
o0 (1) B-Lactam synthetase (B-LS)*°
21
B-Lactam Ef 8 ICI?I\rII;ZZ? enam synthetase (CPS) Single genome mining®*
NH
(4) Condensation domain®®
1) B-Lactone synthetase®>>° .
b Lact 0 EZ; Ehioesteras}; (TE)®” Large scale genome mining?®
-Lactone r
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0 (1) Terpenes synthase®®
Michael acceptor: a,B-unsaturated (2) PKSs™
carbonyl ‘ (3) Hybrid NRPS-PKS**
0]
Epoxyketone /Uwo glifg;;;iﬂzggi}t decarboxylase-dehydrogenase- Large scale genome mining®®
o (1) P450 (epothilone)®® Single genome mining®’
Epoxide £\ (2) Flavin-dependent epoxidases®” Single genome mining*?
P (3) Dioxygenases (epoxyquinones)*®
(4) Non-heme iron-dependent epoxidases (fosfomycin)***
N
Aziridine Unknown
AR
0 (1) Flavin-dependent oxidase*®
(2) PKS-NRPS**
Maleimide NH
\
O
. O o0 . . . . ;45
Sulfonamide/sulfone \\S// (1) Radical-forming, SO, incorporating flavoprotein
o}
N s 3o 46 ss 47
Furan X\ /7 Terpene oxidation Large scale genome mining
Disulfide Hs—sH (1) FAD-dependent dithiol oxidase (holomycin, gliotoxin, Single genome mining®?
FK228)*#7°°
(2) DUF-SH didomain®* Large scale genome mining®?
Isothiocyanate HN=C=s Putative isonitrile synthase>* Large scale genome mining>*
o}
Carbamate )J\ Carbamoyltransferase®
HO” ~NH,

some well-known reactive chemical features, such as B-lactams
and o,B-unsaturated carbonyl Michael acceptors, dedicated
large-scale genome mining efforts have yet to be reported.

2.1 Reactive chemical features

2.1.1 Enediynes. Enediynes are a highly reactive class of pol-
yketide synthase (PKS)-derived natural products characterized by an
alkene flanked by a pair of alkynes within a 9- or 10-membered
ring.*® This reactive chemical feature undergoes a Bergman cyclo-
aromatization reaction to form an aromatic diradical species that

This journal is © The Royal Society of Chemistry 2021

can interact with the minor groove of DNA thereby facilitating
interstrand cross links or double strand breaks. Both actions are
mutagenic and lead to cytotoxicity. As of 2016, 11 enediyne-contain
natural products, such as calicheamicin y1 (1), had been charac-
terized with four either approved as drugs or as drug candidates in
clinical trials as antibody-drug conjugates.* This high translational
success rate motivated the Shen lab to search for new enediyne
natural products using a genome mining approach.” Previous
sequence alignments of enediyne biosynthetic gene clusters
revealed a conserved set of PKS genes responsible for installation of
the enediyne warhead."”*”*® An initial survey of the NCBI and JGI
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genomic databases using these biosynthetic genes suggested that
enediyne containing natural products are not especially rare as they
identified 87 putative enediyne BGCs across 78 bacterial strains.>
Using these insights, the Shen lab surveyed the 3400 strain actino-
mycete collection housed at the Scripps Research Institute (TSRI) to
prioritize strains for isolation of enediynes.” Because genomic
information was not available for the entire collection, a real-time
PCR method was employed to target two different enediyne
biosynthetic genes. This analysis revealed 81 producing strains, and
phylogenetic analysis of a 1 kb gene fragment suggested that many
of the clusters were distinct from known ones. To confirm this
observation, whole genome sequencing was completed for 31
representative strains, and a Genome Neighborhood Network
(GNN) composed of the newly sequenced clusters revealed the
potential for new chemistry. Of particular interest was a gene cluster
from Streptomyces sp. strain CB03234 that appeared to encode a 10-
membered enediyene related to uncialamycin.®® Subsequent isola-
tion work identified tiancimycin A (2) as a new uncialamycin analog.
As with other characterized enediynes, tiancimycin A was highly
cytotoxic with ICses in the subnanomolar range across different
cancer lines and with potential to be developed as an antibody-drug
conjugate. The potent activity of enediynes and presence of many
promising uncharacterized BGCs make this reactive feature
a promising target for future discovery efforts.
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2.1.2 B-Lactones. Electrophilic moieties in natural products
are often responsible for the bioactivity of a molecule due to their
ability to form covalent interactions with the nucleophilic centers
present in a wide variety of biological targets.®* Well known exam-
ples include Michael acceptor systems such as o,B-unsaturated
ketones, f-lactams, epoxyketones, and pB-lactones (Table 1). B-
Lactones are often referred to as “privileged” structures due to their
highly strained and reactive nature.** These electrophilic warheads
are particularly intriguing as they react with nucleophiles via ring
opening reactions and covalently bind their biological target.
Therefore, the presence of a p-lactone often endows a molecule with
bioactivity. However, this inherent reactivity has made their isola-
tion and characterization difficult, which has hampered efforts
towards understanding their biosynthesis. Three examples of -
lactone biosynthesis have been biochemically validated, and all
proceed via a different enzymatic mechanism (Table 1). The first
enzymatic route to B-lactone biosynthesis was discovered only
recently in the pathway for olefinic hydrocarbons.” The enzyme
OleC is a member of the Acyl-CoA ligases, Nonribosomal peptide
synthetases (NRPSs), and Luciferases (ANL) superfamily. In the
olefin pathway OleC instead acts as an ATP-dependent B-lactone
synthetase that converts syn- and anti-B-hydroxy acids into cis- and
trans P-lactones. Following this discovery, the Wackett group
generated a web-based predictive tool to take a genome mining
approach to discover novel B-lactone natural products that are
biosynthesized via similar B-lactone synthetase chemistry.”® Their
tool, AdenylPred, utilizes machine learning to predict ANL super-
family enzyme function and substrate specificity. Using AdenylPred,
they mined their collection of over 50 000 BGCs for [-lactone
synthetases and identified over 90 candidates. They proceeded to
experimentally validate one of these predicted enzymes found in an

0
A/\/\/\)O—JK/\/\/\/
OleC product

B-lactone strained ring is highly reactive

Genome mining target:
B-lactone synthetase (OleC)

3, nocardiolactone

B-lactone
antibiotic
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uncharacterized BGC in pathogenic Nocardia bacteria. In vitro
reconstitution of the four gene pathway led to the production of
nocardiolactone (3), a previously isolated natural product® but one
for which no BGC had yet been characterized. By focusing on the
enzyme responsible for the synthesis of the B-lactone warhead, the
Wackett group was able to use genome mining to not only link
a previously isolated natural product to its orphan gene cluster, but
also identify a treasure trove of uncharacterized pathways predicted
to encode novel p-lactone natural products that await discovery.

2.1.3 Epoxyketones. Epoxyketones are well known reactive
chemical features that perform covalent modifications of their
protein target. Natural products bearing epoxyketones may be
rare, but their potent bioactivity has been well recognized.**
Eponemycin and epoxomicin (4) were the first epoxyketone-
bearing proteasome inhibitors to be linked to their biosyn-
thetic genes,*°® and while neither of these compounds are used
clinically, derivatives such as carfilzomib are FDA-approved
chemotherapeutics.®”” With the discovery of a biosynthetic
route to epoxyketone construction established in 2014,**
genome mining for bioactive natural products containing
epoxyketones became possible.

To find new epoxyketone-bearing molecules, the Brady lab
utilized their previously developed informatics platform
eSNaPD (environmental Surveyor of Natural Product Diver-
sity).?>®® This platform compares PCR generated sequences
from metagenomes that target conserved biosynthetic
motifs, called natural product sequence tags (NPSTs), to
a reference set of gene clusters. This comparison reveals the
biosynthetic potential of the original metagenomic sample.
To apply this approach specifically to mine for epoxyketones,
they utilized the lone ketosynthase (KS) domain essential for
the biosynthesis of the conserved epoxyketone in eponemy-
cin and epoxomicin as their NPST target.** By using that
sequence as a genome mining hook, they used the eSNaPD
platform to mine 185 soil metagenomes, which likely include
tens of thousands of unique bacterial genomes. This search
returned 99 hits indicative of a sequence encoding an
enzyme capable of installing an epoxyketone moiety. Four of
the metagenomes with epoxyketone hits had cosmid
libraries that allowed the authors to identify 11 putative
BGCs that contained the hit sequence. Out of these 11 BGCs,
9 were suggested by in silico analysis to produce an
epoxyketone-containing natural product, which was further
verified by the proteasome inhibitory activity of culture
extracts of these BGCs. The Brady lab was ultimately able to
identify seven novel compounds from these strains, the
clarepoxcins (clarepoxcin A, 5) and the landepoxcins (land-
epoxcin A, 6), all nanomolar inhibitors of the human 20S
proteasome. Both series of compounds contain an epox-
yketone moiety attached to a hydrophobic peptidic back-
bone, but the structures differ from any previously described
molecule. This example demonstrates that enzymes
responsible for installation of a specific bioactive chemical
feature can prioritize BGCs of interest from even massive

This journal is © The Royal Society of Chemistry 2021
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metagenomic datasets, ultimately leading to the discovery of
new bioactive natural products.
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2.1.4 Disulfide bonds. Disulfide bonds are well recognized
structural components in proteins, but they can also serve as
highly reactive features in small molecules leading to
pronounced bioactivity.®® Disulfide bonds act as prodrugs - the
inactive disulfide bond can be readily transformed to an active
dithiol via cleavage in the cellular environment.” Leinamycin
(7) is one such disulfide-containing small molecule with potent
bioactivity.” Isolated from Streptomyces atroolivaceus, leinamy-
cin contains a unique 1,3-dioxo-1,2-dithiolane moiety spi-
rofused to a macrolactam ring and displays potent anticancer
bioactivity via an unusual mechanism of action.”™”> Because
leinamycin's bioactivity is directly linked to the reactive 1,3-
dioxo-1,2-dithiolane moiety, we will refer to this as the reactive
chemical feature. Cellular thiols reduce the 1,3-dioxo-1,2-
dithiolane moiety thereby forming an episulfonium ion
capable of alkylating DNA, ultimately resulting in DNA cleavage
and death.”>”
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7, leinamycin A

reactive disulfide cleaved to dithiol
episulfonium ion alkylates DNA
anticancer

Genome mining target:
DUF-SH domain

8, guangnamycin A

disulfide
episulfonium ion formation
anticancer

Despite its unusual chemical features and potent bioactivity,
leinamycin remained the only member of its family until 2017,
when the Shen lab aimed to add to the leinamycin family of natural
products via a genome mining approach.® Because they knew that
leinamycin's bioactivity was linked to the 1,3-dioxo-1,2-dithiolane
moiety, they used a bioactive feature mining-based approach to
identify new compounds containing this reactive chemical feature.
Previous biochemical work on the leinamycin pathway (lnm) had
revealed a domain of unknown function (DUF) and a cysteine lyase
domain (SH), referred to as the DUF-SH didomain, was responsible
for sulfur incorporation.®”* Therefore the authors mined all public
databases using the DUF-SH didomain and identified 19 potential
Inm BGCs. An additional 30 BGCs were selected by mining TSRI's
strain collection. Phylogenetic analysis of this DUF-SH protein
revealed 18 distinct clades containing 28 unique BGCs. A series of
bioinformatic analyses were used to make structural prediction and
aid in strain prioritization. Ultimately, two strains were chosen for
future analysis. Using gene knockouts, Shen and coworkers iden-
tified two series of leinamycin analogs, the guangnanmycins from
the gnm BGC and the weishanmycins from the wsm BGC. Guang-
nanmycin A (8) had the same reactivity towards oxidants as leina-
mycin, suggesting it could possess cytotoxic activity using a similar
episulfonium ion mediated DNA alkylating mechanism. Weishan-
mycin A lacks the disulfide bond found in leinamycin. Instead, the
free thiol may be activated by reactive oxygen species similar to
leinamycin E1.” After 30 years without the discovery of any
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leinamycin analog, a bioactive feature-based genome mining
approach ultimately resulted in the expansion of the leinamycin
family.

2.2 Ligand binding features

2.2.1 Diazeniumdiolates. Metallophores are small molecules
with electron-rich ligand features that bind metal ions, such as
iron and cobalt, that are critical for an organism's survival. While
this ecological role is well recognized, these compounds are also
important from a biomedical perspective. Their metal mobiliza-
tion abilities have been used clinically to treat metal toxicity,” and
are now utilized to create siderophore-antibiotic conjugates,
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capable of stealthily entering bacterial cells via the endogenous
metal transport system where they can then deploy an antibiotic
payload.””® Despite the fact that over 500 different siderophores
have been isolated, showcasing tremendous structural diversity,
these small molecule metallophores employ just a small set of
functional groups for binding trace metals,” which endow the
molecule with its bioactivity.

In 2018, Hertweck and coworkers discovered a new bacterial
siderophore with a novel iron-binding functional group
produced by plant-associated symbiotic bacteria.*® This metal-
lophone, named gramibactin A (9), is unusual among side-
rophores because it harbors two diazeniumdiolate (N-
nitrosohydroxylamine) moieties. The diazeniumdiolate moiety,
while never previously recognized as an iron-binding feature,
was shown to be directly involved in iron complex formation,
and thus represents the bioactive feature critical for the ligand's
metal-binding ability. Because of this important biological
activity and unusual chemical structure, the Hertweck group
took a genome mining approach to identify novel
diazeniumdiolate-containing siderophores.®**

Using a targeted knockout approach, two enzymes, GrbD and
GrbE, were identified as essential for graminine biosynthesis. In
the hopes of identifying novel natural products that contain the
diazeniumdiolate ligand, they used BLAST to query GrbD against
the non-redundant UniProt protein sequence database. Genome
neighborhood analysis identified 37 probable gene clusters.
Notably, all clusters were found in organisms from the Bur-
kholderiaceae family, but the strains harboring these BGCs were
divided into two distinct groups. One group of BGCs was found in
plant symbiotic bacterial strains, while the other group was found
in plant-pathogenic strains. The authors cultured a selection of
these strains and screened via MS/MS for the characteristic frag-
ment resulting from cleavage of the diazeniumdiolate moieties.
From the symbiotic bacteria, they ultimately identified a grami-
bactin congener, gramibactin B, and a new family of six peptide
compounds bearing the diazeniumdiolate moiety that they named
the megapolibactins A-F. From the culture extract of a strain from
the group of plant-pathogenic strains they isolated a new
compound they named plantaribactin. Bioactivity testing of meg-
apolibactin B (10) and plantaribactin (11) revealed that beyond just
iron chelation, these diazeniumdiolate-containing compounds are
also capable of serving as nitric oxide (NO) donors. The discovery of
new diazeniumdiolate siderophores from bacteria further suggests
that ligand binding-based genome mining is an attractive
approach for the targeted discovery of natural products with
specific bioactivities, and that this approach transcends the nature
of the ligand's target. As this example showed, bioactive feature
targeting is not limited to features important for macromolecular
binding but can be utilized to target bioactive features important
for metal ion binding as well.

2.2.2 FKBP12-binding compounds. Protein—protein interac-
tions have been seen as a promising target for new drugs.

This journal is © The Royal Society of Chemistry 2021
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Unfortunately, it has proven difficult to design or discover small
molecules that can alter how proteins interact with each other.*
This issue is so problematic that some promising targets are
considered “undruggable”.®® A particularly interesting strategy to
overcome this challenge is observed in the FK506/rapamycin
family of natural products.*® These NRPS/PKS hybrid natural
products possess immunosuppressive bioactivity by modulating
the kinase mTOR or phosphatase calcineurin. The bioactivity of
rapamycin (12)/FK506 (13) can be attributed to two structural
elements. The first is a conserved region that contains a key
pipecolate moiety. This portion of the molecule tightly binds to the
common cellular protein peptidyl prolyl isomerase FK506-binding
protein (FKBP12).** The rapamycin-FKBP12 binary complex then
displays the second structural feature of rapamycin, a PKS derived
variable region that directly interacts with mTOR and modulates its
activity. Changes to this variable region allow rapamycin-like
molecules to target different proteins, making this class of mole-
cules a promising source of new bioactive compounds. Critically,
rapamycin-like natural products cannot bind to their protein
targets, such as mTOR, alone. Instead, the initial binding to
FKBP12 via the pipecolate-containing conserved region is neces-
sary. Thus the conserved ligand binding motif is critically impor-
tant for the class defining bioactivity.

By exploiting the two structural features of rapamycin,
a recent study conducted by scientists at Warp Drive Bio sought
to use a genome mining approach to discover new FK506/
rapamycin family members with new bioactivity.*> To find
new FK506/rapamycin analogs, the authors focused on the
pipecolate moiety found in the ligand binding feature that
binds in the FKBP12 active site. The pipecolate residue is bio-
synthesized by lysine cyclodeaminase and is subsequently
incorporated as the final step of the NRPS assembly line.*® The
authors therefore reasoned that the lysine cyclodeaminase
would be an ideal search query for a genome mining based
discovery effort. With an inhouse strain database of ~135 000
Actinomycetes, it was not feasible to assemble and search each
genome for lysine cyclodeaminases in an efficient way. Instead,
the authors pooled between 40 and 480 strains at a time and
conducted initial high throughput sequencing and assembly.
The resulting contigs were then searched for the presence of
a lysine cyclodeaminase analog. Strains in the positive pools
were subsequently screened by PCR and followed up with
complete genome assemblies. This process rediscovered the
four known rapamycin family members along with seven
additional clusters that appeared to produce new analogs with
similar conserved regions and diverse variable regions. Five of
the clusters were over expressed and their products were
structurally characterized. A cluster that was designated as X1
from Streptomyces malaysiensis DSM 41697 proved promising.
X1 produced three new analogs (WDB001-003) with the pre-
dicted conserved and variable regions (14-16). Detailed studies
demonstrated that this series of natural products behaved
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13, FK506

conserved FKBP12 bindingregion
variable region targets mTOR or calcineurin

similar to FK506/rapamycin in that they tightly bind to FKBP12
via the conserved region. The variable region is then exposed to
interact with the protein target. Rigorous studies revealed the
target to be a coiled-coil region of a centrosome-associated
protein called CEP250. Cell-based assays demonstrated that
WDBO002 recruits FKBP12 to CEP250 in the centromere and
decreases centromere separation. A recent screening assay
indicated that CEP250 may interact with Nef13 from SARS-CoV-
2,% the virus responsible for COVID-19. This suggests that
WDB002 may warrant further study as antiviral.

2.2.3 Nucleotidyl phosphoramidates. Enzymatic reactions
often make use of chemically activated, high energy intermediates
to facilitate catalysis. This is most often observed with ATP-
dependent enzymes that utilize phosphorylated or adenylated
intermediates. Bioactive natural products that mimic these
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activated intermediates with non-hydrolyzable analogs of the labile
phosphoester bond can therefore tightly bind to and inhibit
a target enzyme.* For example, the ribosomally synthesized and
post-translationally modified peptide (RiPP) natural product
microcin C7 (McC, 17) utilizes this approach to inhibit aspartyl-
tRNA synthetase. McC is a seven amino acid long peptide that
contains a C-terminal aspartyl-adenylate formed with a stable
phosphoramidate bond, the critical ligand binding feature.* Upon
import of McC into the cell®* and its subsequent hydrolysis into
constitutive amino acids, the modified aspartyl residue is released
and specifically targets aspartyl-tRNA synthetase because it mimics
the aspartyl adenylate mechanistic intermediate.”® Mining for
amino acid nucleotidyl phosphoramidates should therefore reveal
new natural products that similarly target and inhibit tRNA-
synthetases.

This journal is © The Royal Society of Chemistry 2021
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Detailed study of the McC biosynthetic gene cluster revealed
that MccB, a ThiF-like adenyltransferase, is responsible for
installation of critical phosphoramidate bond from an essential
C-terminal asparagine residue of the precursor.”** Genome
mining for MccB, along with a peptide exporter, identified
homologs from diverse bacterial species.”®*® Sequence analysis
suggested that many of these clusters contained precursor
peptides with the obligate C-terminal asparagine, indicating
that these strains could be producing McC-like antibiotics that
still target aspartyl-tRNA synthetase.®® Some of these new clus-
ters appeared to contain additional enzymes that were not
present in the original Escherichia coli mcC operon, indicating
that further modifications to the precursor peptide could be
found in the resulting natural products. In particular, the
Severinov and Dubiley groups focused on a cluster found in
Bacillus amyloliquefaciens.”” Because metabolite analysis of B.
amyloliquefaciens DSM 7 did not indicate the presence of McC
analogs, the gene cluster was heterologously expressed in
Bacillus subtilis 168. Mass-spectrometric analysis revealed the
presence of a modified precursor peptide with an unknown
nucleobase. In vitro reconstitution of the biosynthetic pathway
revealed that B. amyloliquefaciens MccB favors CTP instead of
ATP to form an aspartyl-cytidylate mimic that retains the non-
hydrolyzable phosphoramidate bond (18). Moreover, this
nucleobase is further modified with a carboxymethyl group.
Activity assays demonstrated that the new McC analog was still
a potent aspartyl-tRNA synthetase inhibitor despite the change
in nucleobase due to the conserved ligand binding feature.

This journal is © The Royal Society of Chemistry 2021
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Notably, B. amyloliquefaciens McC was active in the presence of
the acylating McC resistance gene mccE, allowing it to overcome
one of the two modes of McC resistance found in E. coli.*” This
combination of genome mining and biochemical study could
lead to the discovery of other novel McC antibiotics that use
modified peptidyl-nucleobases to inhibit tRNA synthetases.

2.2.4 Indolizidines. The examples discussed in this section
all showcase genome mining studies that targeted specific
features important for a ligand's ability to bind a known target,
whether that target be a cellular protein or extracellular iron.
However, in some cases a specific feature is identified as
important for ligand binding to a biological target, but that
target remains unknown. Such is the case for the indolizidine
alkaloids, a diverse class of compounds characterized by an
indolizidine ring system: fused 5- and 6-membered rings
sharing a nitrogen atom at the bridgehead position.?® This ring
structure is a privileged feature associated with bioactive
molecules,” and structure-activity relationship studies have
shown the bioactivity of indolizidine alkaloids is associated
with the indolizidine moiety.’® This potent bioactivity has
created tremendous interest in this family of natural products
and inspired the search for new members of this class of
compounds, resulting in the discovery of curvulamine (19) and
curindolizine, two compounds isolated from a fish-associated
fungi with antibacterial and anti-inflammatory activities,
respectively.'*1%

19, curvulamine

indolizidine ring critical for bioactivity
antibiotic

Genome mining target:
indolizidine ring
(CuaB)

20, bipolamine G

indolizidine ring
antibiotic
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Dai et al., identified the BGC responsible for curvulamine
production using a combination of antiSMASH, RT-PCR
experiments, and targeted gene deletions.'® Ultimately,
heterologous expression of a PLP-dependent aminotrans-
ferase, CuaB, revealed its role as a bifunctional amino-
transferase capable of both a Claisen condensation to form
new C-C bonds and the a-hydroxylation of an amino acid.
The unusual biosynthetic ability of this enzyme to install
a potent pharmacophore prompted the authors to use it as
a genome mining hook to discover new antibacterial indo-
lizidine alkaloids. By searching the NCBI and JGI databases,
they uncovered five distinct BGCs that encode CuaB homo-
logs as well as other putative biosynthetic enzymes. These
included a BGC from Bipolaris maydis ATCC 48331 that they
referred to as the bip cluster. Upregulation of the putative
transcription factor bipF using a strong promoter resulted in
the production of nine new polyketide indolizidine alkaloids
they named bipolamines A-I. Antibacterial bioactivity assays
revealed that many of the bipolamines were bioactive, with
bipolamine G (20) exhibiting even more potency than cur-
vulamine, the small molecule that initially originated this
search. This work thus demonstrates that even when
a ligand's binding partner is unknown, genome mining
using a bioactive feature targeting approach can still be
effective for the discovery of new bioactive natural products.

3. Compound family mining

The bioactivity-guided isolation approach that dominated
natural product discovery for decades, while untargeted and
time consuming, resulted in the discovery of a tremendous
number of bioactive small molecules, many of which are still
used clinically today.'** This discovery work revealed that
specific compound families have proven time and time again
to likely possess bioactivity. We define ‘compound families’
as a structurally related group of compounds that share
a biosynthetic origin. With the advent of genome mining,
researchers can now utilize a targeted, hypothesis-driven
approach to search for a new member of a bioactive
compound family, with the assumption that related
members of this compound family will also be bioactive and
likely have the same molecular target.

In a compound family genome mining approach,
biosynthetic genes responsible for the overall chemical
structure of a bioactive molecule are used as genome mining
hooks to identify related analogs (Fig. 1C). This differs from
the bioactive feature mining approach (Section 2) because
the goal is to extend a structural series of compounds to
better understand and optimize structure-activity relation-
ships around a lead molecule rather than to mine for the
presence of a specific functional group. To search for new
analogs of a known bioactive compound family, the genome
mining hook might be a single gene, a small biosynthetic
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cassette, or even an entire BGC. In the case of single gene
hooks, sequence similarity networks such as a those gener-
ated by the Enzyme Function Initiative Enzyme-Similarity
Tool (EFI-EST) can rapidly identify protein homologs for
consideration.'>'*® While not inclusive, the diversity of
examples included in this section is intended to highlight
the utility of this genome mining approach to discover new
bioactive molecules across compound classes.

3.1 Glycopeptide antibiotics

Glycopeptide antibiotics are an important family of natural
products and include the clinically valuable drugs vancomycin,
teicoplanin, and their semi-synthetic derivatives.'”” These NRPS
derived products are composed of seven amino acids that are
modified into typically tri- or tetra-cyclic structures. Additional
tailoring reactions, such as glycosylations and halogenations,
are also common.'® Glycopeptide antibiotics often have
a conserved mode of action wherein they bind to lipid II of the
bacterial cell wall, inhibiting the transpeptidation or trans-
glycosylation reactions required for bacterial cell wall synthesis.
Because of this potent bioactivity, the Wright lab sought to
identify new glycopeptide antibiotics that function via a novel
mode of action instead of the well-known lipid II binding
activity.'”

To accomplish this, Wright and coworkers focused on 71
glycopeptide antibiotic BGCs. Hypothesizing that phyloge-
netic diversity leads to molecular diversity, they generated
phylogenetic trees that were based on condensation
domains of the C-2 module rather than the phylogeny of the
organism itself.**''® The presence of known antibiotic
resistance genes in the cluster was then mapped onto the
phylogenetic tree, revealing a large conserved clade of
traditional glycopeptide antibiotics with the anticipated
lipid II binding mode of action. Further examination of the
tree revealed two divergent clades that lacked an identifiable
resistance gene. One of these produced the known molecule
complestatin (21),"** while the other produced a novel
compound that was named corbomycin (22). Even though
these compounds belonged to a known family of glycopep-
tide alkaloids, the lack of a recognizable resistance gene
suggested a novel mode of action. Indeed, corbomycin and
complestatin do not bind to lipid II and inhibit peptido-
glycan biosynthesis. Instead, they bind to peptidoglycan
itself and prevent cell wall remodeling by peptidoglycan
hydrolases called autolysins.'*> These enzymes are essential
for cell growth and division, and their inhibition represents
anovel mode of action. Overall, this study demonstrates that
a combination of genome mining and knowledge of the
resistance mechanism can facilitate discovery of new
molecules from a known compound family with unprece-
dented modes of action.

This journal is © The Royal Society of Chemistry 2021
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3.2 Cationic nonribosomal peptides

Recently, a major public health crisis has revolved around
Gram-negative bacteria and their growing resistance to many
antibiotics. Cationic non-ribosomal peptides (CNRPs) have
become a prominent contender for treatment of these patho-
gens."™® Members of this natural product family are rich in
positively charged amino acids, allowing them to cross the outer
membrane and interact with anionic targets. To discover new
NRPS products rich in cationic residues, the Qian group utilized
an antiSMASH® based genome mining approach.”* They
analyzed roughly 7400 complete or draft bacterial genomes
from public databases using antiSMASH to search for putative
NRPS biosynthetic gene clusters. Based on the predicted
substrate specificity of the adenylation domains found in the
gene clusters, they anticipated that 807 of the non-ribosomal
peptides could be classified as CNRPs. They were all at least 6
amino acids in size and contained at least two positively
charged amino acids, such as arginine, lysine, and histidine.
Using the results from the antiSMASH data, the Qian group
generated a protein sequence similarity network (SSN) of the
predicted peptide sequences and concluded that 91% of these
cationic peptides were not closely related to a known CNRP.***
Amongst all CNRPs, some N-acylated CNRPs (cationic

This journal is © The Royal Society of Chemistry 2021

lipopeptides), such as the tridecaptins, hold particular promise
as a treatment for Gram-negative pathogens.™* A specific search
for cationic lipopeptides revealed that they represent 32% of all
cationic non-ribosomal peptides and 85% of these did not
cluster with a known CNRP. Following this genome mining, the
Qian group focused their isolation efforts on clusters from two
bacilli, Brevibacillus laterosporus and Paenibacillus alvei. They
successfully isolated and characterized two cationic lip-
opeptides, later named brevicidine (23) and laterocidine (24).***
Both consist of a linear, positively charged section with three
ornithine residues and a small hydrophobic peptide ring, rep-
resenting a novel class of cyclic cationic peptides.

To fully characterize these newly isolated compounds,
bioactivity assays were completed against ESKAPE pathogens,
which are often the cause of nosocomial infections.*® Both
brevicidine and laterocidine showed significant in vitro efficacy
against these Gram-negative pathogens with no resistance
development. Further in vivo studies in a mouse model
demonstrated these compounds were effective in treating an E.
coli infection. While the exact mechanism by which they operate
is still being researched, brevicidine and laterocidine appear to
be promising leads due to their in vivo efficacy, selectivity, and
a low rate of bacterial resistance.
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3.3 Cinnamoyl-containing nonribosomal peptides

In some cases, an unusual chemical moiety is not the phar-
macophore itself, but is often associated with bioactive
natural products, and therefore becomes the defining feature
of a compound family. An interesting example of this
correlation is the 2-[1-(Z)-propenyl]-cinnamoyl moiety. This
substructure is found in only a small number of PKS/NRPS
natural products, but each compound in this family has
a different bioactivity. For instance, skyllamycin (25) is
a platelet-derived growth factor inhibitor,"” WS9326 is
a tachykinin receptor agonist,’® mohangamides inhibit
isocitrate lyase,"® and coprisamides enhance quinone
reductase activity."® The Ge Lab capitalized on the bioac-
tivity of this compound family and conducted a study to
search for new cinnamoyl-containing nonribosomal
peptides.**® The cinnamoyl moiety itself is constructed from
a type II PKS as a linear polyene that is isomerized and then
cyclized."”**»**> To mine for new examples of this family of
natural products, a series of SSNs were created that included
different PKS subunits from polyene producing type II PKSs,
type I PKSs, aromatic type II PKSs, and type II fatty acid
synthases (FASs). The Ge Lab found that not all the polyene
PKS subunits that generate the cinnamoyl structure are
consistently clustered together. Instead, only the KSa

212 | Nat. Prod. Rep., 2021, 38, 2100-2129

subunit was a reliable predictor. In addition to the PKS
architecture, they found that both the isomerase responsible
for introducing the cis bond into the polyene chain and
ketoreductase domain was diagnostic of the cinnamoyl motif
compared to simple linear polyenes. Using these three
domains, the Ge Lab then conducted a bioinformatic search
for bacteria in the NCBI and JGI databases that contained
both the KSa subunit and isomerase. These three genes were
present in 192 bacteria and further filtering with antiSMASH
identified 51 gene clusters that contained an intact type II
PKS adjacent to an NRPS. A GNN was then generated and
revealed that only two of the 51 gene clusters appeared
similar to known natural products and suggested there were
opportunities for discovery of novel bioactive molecules. The
Ge Lab chose to focus on a glycosyltransferase containing
cluster from Kitasatospora sp. CGMCC 16924. Gene knockout
and isolation studies lead to the discovery of six compounds
named kitacinnamycin A-F. The isolated kitacinnamycins
A-F along with intermediates obtained from the knockout
and biosynthetic studies were tested for stimulator of inter-
feron genes (STING) activation. One of the intermediates,
kitacinnamycin H (26) was an effective activator of the STING
signaling pathway. These results further solidify the value of
targeting the cinnamoyl containing NRPS family for the
discovery of diverse bioactive molecules.

This journal is © The Royal Society of Chemistry 2021
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3.4 Calcium dependent antibiotics

Calcium dependent antibiotics are NRPS derived natural
products that require calcium for activity."® They typically
contain an aspartate rich motif that is responsible for
calcium binding, which is required for penetration of the
bacterial cell membrane."* Because calcium binding defines
this class of peptidic natural products, members have diverse
modes of action including targeting of cell wall biosynthesis
or cell membrane integrity.'*® They also hold great promise
as new antibiotics. The most well-known calcium dependent
antibiotic, daptomycin, has been clinically proven to be an
effective treatment of Gram-positive bacterial infections***
and has been classified as a critically important antimicro-
bial for human medicine by the World Health.
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A recent study by the Brady Lab sought to discover new
calcium dependent antibiotics by mining soil metagenomes for
BGCs that should produce non-ribosomal peptides with the
characteristic Asp-X-Asp-Gly calcium binding motif."**
However, simply shotgun genome sequencing each soil sample
would not provide enough sequencing depth to reliably detect
low abundance BGCs. Instead, the Brady lab used a PCR based
approach to enhance the sensitivity of detection of target
biosynthetic gene clusters within a particular soil sample.**”***
Specifically, they targeted conserved regions in the adenylation
domains of non-ribosomal peptide synthetases to generate
next-generation sequencing reads."® Using eSNaPD,® the Brady
lab analyzed the sequencing data for a conserved adenylation
domain responsible for the first Asp in the Asp-X-Asp-Gly
calcium binding sequence. Phylogenetic analysis indicated
numerous sequencing tags fell into new clades, suggesting
novel products. For detailed study, they decided to pursue
a particularly abundant clade found in 19% of the meta-
genomes and named it the malacidins (metagenomic acidic
lipopeptide antibiotic-cidins). Traditional cloning followed by
cosmid screening led to the recovery of the malacidin gene
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cluster. Heterologous expression permitted isolation and
structure elucidation of malacidin A and B (27 and 28), cyclic
lipopeptides that typically differ by a methylene on the lipid tail
terminus and four non-coded amino acids at the core. Although
the malacidins were found to be calcium dependent, they do
not contain this conserved Asp-X-Asp-Gly motif, but rather
have a different motif, 3-hydroxylAsp-Asp-Gly. Further
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experiments demonstrated that the malacidins target lipid II,
have a low rate of developed resistance, and could be effective
against multidrug resistant Gram-positive pathogens.**®

3.5 Thioamide RiPPs

Typically used by synthetic chemists to form stable isosteres,
thioamides are a rare functional group in natural products, but
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32, aeronamide A
pore forming proteusin, cytotoxic

Residues in orange are methylated,

but the exact location is unknown.

A possible location of the methylation is shown.

one with recognized bioactivity.””>*** Famously thioamide-
containing drugs have been used to treat thyroid disorders.***
Because of this, the biological activity tied to thioamide moie-
ties found in natural products is currently under investigation.
Thioviridamide (29) is one such thioamide-containing RiPP
natural product with potent anticancer activity.”*> Due to the
unusual chemical structure and intriguing bioactivity of thio-
viridamide, two research groups in 2017 almost simultaneously
undertook very similar genome mining approaches to expand
the thioviridamide family of natural products.****3*

The Truman group chose to mine bacterial pathways using
a YcaO domain protein, TvaH, found in the recently identified
thioviridamide BGC (tva) as a genome mining hook."***** While
TvaH was not fully functionally characterized at the time, YcaO
proteins are typically involved in the biosynthesis of thiazoline
and (methyl)oxazoline moieties via an ATP-dependent cyclo-
dehydration reaction, and so TvaH was predicted to play a role in
thioamide biosynthesis."*® A BLAST search for TvaH homologs
followed by MultiGeneBlast ultimately identified 14
thioviridamide-like BGCs from bacterial genomes. Five publicly
available strains were selected for fermentation, and three
thioviridamide-like molecules were isolated and structurally
characterized. These compounds were designated thioalbamide
(30), isolated from Amycolatopsis alba DSM 44262, and thio-
streptamides S4 and S87, isolated from Streptomyces sp. NRRL S-
4 and NRRL S-87, respectively. All three compounds contained
characteristic thioamide moieties present in the peptide back-
bone. Importantly, thioalbamide was found to be highly

This journal is © The Royal Society of Chemistry 2021

bioactive, with an ICs, in the nanomolar range, but with high
levels of selectivity for tumor cells as opposed to healthy human
cells.

Concurrent with this study, the Miller group utilized
a similar approach to identify novel members of the thiovir-
idamide compound class.*®* Rather than genome mining using
the TvaH enzyme putatively involved in thioamide synthesis,
they utilized the thioviridamide precursor peptide TvaA to
probe sequence databases. This mining effort yielded 13 hits
that resembled the thioviridamide BGC, and they obtained four
of these strains for further investigation. Notably, three of these
four strains were also identified by the Truman group. However,
fermentation of the fourth strain, Streptomyces malaysiense
MUSC 13657, resulted in the production, isolation, and struc-
tural characterization of two novel compounds, thioholgamide
A and B. Thioholgamide A (31) showed anticancer activity more
pronounced than that of thioviridamide A. Both groups were
thus independently able to use a genome mining-based
approach, utilizing different biosynthetic enzymes, to expand
a family of bioactive compounds.

3.6 Proteusins

Some bioactive natural products do not have a single important
chemical feature, but instead the entire structure acts in concert
to produce the observed bioactivity. An example of natural prod-
ucts that fall into this category are pore forming molecules, such
as the polytheonamides. These highly modified peptides were first
isolated from sponges and shown to be highly cytotoxic.**”**°
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Polytheonamide B

'X5'N'X5 L
Fig. 2 NRM solution structure of polytheonamide B (PDB: 2RQO)
reveals N-methyl Asns are found on one face of the B-helix. This
repeating N—-Xs—N motif was targeted for genome mining efforts.

'X5'N'X5'N

While initially hypothesized to be biosynthesized by NRPS
machinery, they were later demonstrated to actually be members
of the proteusin class of RiPP natural products.***** These long
peptides are nearly 50 amino acids in size with extensive epime-
rizations and methylations that promote formation of a -helix."*?
This lipophilic structure can act as a cation-channel that inserts
into membranes.'* However, efforts to study and engineer the
entire biosynthetic pathway were hindered by the fact that the
producing organism, Candidatus Entotheonella factor, is a bacte-
rial sponge symbiont and unculturable. To solve this problem, the
Piel lab sought to find alternative sources of proteusins from
culturable organisms that still retained the potent cytotoxicity
observed in polytheonamide."** Previous NMR** and molecular
dynamics'* studies indicated that the bioactive B-helix structure
is stabilized by evenly spaced N-methylated Asn residues defined
by an N-X5-N motif (Fig. 2). Therefore, the Piel lab conducted
a bioinformatic search for clusters that contained an N-X;—-N-
proteusin precursor along with an epimerase and methyl-
transferase."** Three clusters from diverse bacteria were identi-
fied, one of which came from the culturable bacteria Microvirgula
aerodenitrificans. After establishing a conjugation-based plasmid
system, production of the expected aeronamide A (32) product
was confirmed using a hybrid in vivo/in vitro production system.
Because aeronamide A contained the critical repeating N-X5;-N
motif that promotes p-helix formation, it possessed high cytotoxic
activity (ICs, of 1.48 nM in HeLa cells). Moreover, the ability to
create a genetic system for M. aerodenitrificans enabled processing
of alternative precursor peptides to make non-native products.

3.7 Meroterpenoids

Meroterpenoids are hybrid natural products that arise from
a combination of terpenoid biosynthesis coupled with struc-
tural features originating from alternative biosynthetic
origin."****® These compounds are ubiquitous in nature, found
across all domains of life, and comprise a tremendous variety of
structural diversity.**® Importantly, many of these compounds
are well recognized for their bioactivity. Fungal meroterpenoids,
such as the clinically used immunosuppressant mycophenolic
acid (33), demonstrate the potential utility of this compound
class.™® Because of the tremendous structural diversity and
high rate of bioactivity in this compound class, Zhang et al.,
decided to capitalize on the known biosynthetic origins of this
family to discover likely  bioactive, fungal
meroterpenoids.

new,
150
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The fungal biosynthesis of meroterpenoids includes the co-
clustering of genes encoding polyketide synthases, prenyl-
transferases (PTs), and terpenoid cyclases (TCs).*** By exploiting
this knowledge, the authors were able to mine fungal genomes
from their extensive strain collection for the co-occurrence of
these genes, which led to the discovery of two homologous
BGCs containing all three required biosynthetic elements.'®
Fermentation of these strains resulted in the production of ten
related meroterpenoids, eight of which represent novel
compounds. These molecules were then definitively linked back
to their gene clusters via gene inactivation experiments. Six of
these meroterpenoids, isolated from Arthrinium sp. NF2194,
were named arthripenoid A-F and were used as a model system
to explore the biosynthesis of this compound family. A series of
gene inactivation experiments coupled with in vitro protein
expression and enzymatic activity assays were used to parse out
the biosynthetic route to these compounds. Finally, assays
demonstrated that arthripenoid C (34) is capable of immuno-
suppressive activity on CD4+ T cells. By targeting proximal
genes for meroterpenoid biosynthesis, the authors were able to
identify two similar BGCs in phylogenetically distinct fungi and
isolate bioactive natural products. Thus, genome mining using
the key enzymes that biosynthesize a compound family previ-
ously recognized for its bioactivity as a hook has proven
successful in prioritizing BGCs of interest in the hunt for novel
therapeutics.

3.8 Phosphonates

The phosphonate class of natural products are characterized by
the presence of a stable C-P bond that mimics the labile phos-
phoester bond found in numerous phosphorylated primary
metabolites.” These natural products have diverse bioactivities

This journal is © The Royal Society of Chemistry 2021
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including antifungal, antimalarial, antibacterial, and herbicidal.
Several commercial products, such as the clinical antibiotic fos-
fomycin (35), are also members of this class. While the presence
of a phosphonate bond defines this class, this molecular feature
is not necessarily a pharmacophore unlike the microcin C7
compounds where the stable phosphoramidate serves as the
critical ligand binding feature for bioactivity (Section 2.2.3). For
example, the epoxide ring in fosfomycin serves as an electrophile
to form a covalent adduct with UDP-GIcNAc enolpyruvyl trans-
ferase (MurA),"* thereby granting the molecule its potent bioac-
tivity. In contrast, FR900098 and fosfomidimycin are tight
binding competitive inhibitors of p-1-deoxyxylulose-5-phosphate

reductoisomerase, in the non-mevalonate
154

a key enzyme
pathway for isoprenoid biosynthesis.
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Because phosphonates have been a prolific source of potent
natural products that utilize diverse modes of action, there have
been concerted efforts to identify novel members of this natural
product family. Genome mining for phosphonates relies on the
first committed step of the biosynthesis which is nearly always
catalyzed by phosphoenolpyruvate mutase (PepM)."** A detailed
investigation and discovery by the Metcalf group effort revealed
that the phylogeny and sequence identity of this single gene can be
diagnostic for identifying new classes of phosphonates. Specifi-
cally, pepM genes that share at least 80% sequence identity are
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likely to be found in gene clusters that produce related
compounds.****” This observation led to strain prioritization and
discovery of several new bioactive phosphonates.™” A recent report
from the Ju lab applied this observation using a genome first
approach. They first mined pepM sequences from all public data-
bases to identify 448 putative phosphonate producing gene clus-
ters.”™® A SSN was then generated using the 80% sequence identity
threshold to generate 113 gene cluster families predicted to
produce novel compounds. The PepM reaction is thermodynami-
cally unfavorable and requires a coupled secondary reaction, such
as decarboxylation, to push the reaction forward.'”>'** Therefore, to
identify a novel phosphonate scaffold, the Ju lab examined each of
the 113 gene cluster families for enzymes that catalyze the ther-
modynamically favored biosynthetic step. In 6% of gene cluster
families, no candidate enzyme was identified. Examination of the
largest of these, an 11-membered gene cluster family, lead to the
discovery of the phosphonoalamides (36), a new class of phos-
phonates that contains a phosphoalanine moiety and demon-
strates antibacterial activity.

4. Target directed genome mining

Both the bioactive feature targeting approach (Section 2) and the
compound family strategy (Section 3) take a “chemistry first”
approach to genome mining, where a bioactive chemical feature or
family is known prior to any genome mining attempts. However,
researchers can also take a “gene first” approach to genome
mining to prioritize specific BGCs over others for further investi-
gation. In this strategy, there is no known compound guiding the
genome mining. Instead BGCs are prioritized from sequence data
alone that portend function or bioactivity. Recent prioritization
methods have relied on the fact that bioactive molecule producing
organisms must be resistant to their own products to avoid inad-
vertent suicide.’>'* Microorganisms typically utilize three main
strategies to avoid self-toxicity: (1) product detoxification, (2)
binding and removal of the product via transports and (3) target
duplication or modification, where an organism encodes a dupli-
cated but resistant copy of the target gene. In each case, genes
encoding these resistance strategies are often colocalized in the
cognate BGC. The third mechanism described above has led to
a new strategy for genome mining that enables prioritization of
BGCs with potential bioactivity. By searching for duplicated
housekeeping genes located near BGCs, it is possible to identify
BGCs with predicted bioactivity towards that target (Fig. 3). This
approach is therefore chemistry independent, as the BGC is not
identified for any specific chemical feature, but rather by the

y Bioactivity
Testlng

ll ; Proteasome

oMﬁ Inhibition
Isolati;; c:f Valldatlon of
Natural Product Target

Fig. 3 By mining for the presence of duplicate housekeeping genes, it is possible to discover natural products and their biological target

simultaneously.
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presence of a colocalized duplicated housekeeping gene. This
method to prioritize BGCs with potential bioactivity has been
termed “target-directed genome mining” as well as “resistance-
gene genome mining”. In this section we will discuss four exam-
ples of target-directed genome mining that led to the directed
discovery of natural products with anticipated bioactivity.

4.1 Thiotetronic acid

In 2015, the Moore lab successfully used a target-directed
genome mining approach with the express purpose of natural
product discovery for the first time.'** They proposed that by
identifying gene clusters that also contained a duplicated copy
of a housekeeping gene that serves as a mechanism of self-
resistance, they could prioritize bioactive BGCs and discover
natural products with bioactivity towards that particular
target.’®>'* By querying the genomes of 86 Salinispora strains,
the Moore group was able to identify 912 orthologous groups
(OGs) that were both duplicated copies of core housekeeping
genes and were associated with previously identified BGCs. They
were particularly interested in BGCs that contained a duplicated
copy of proteins in the fatty acid synthase (FASII) complex, as
this is an attractive drug target due to its lack of similarity to
fatty acid synthesis in mammals, which would result in ideal
selectivity for a potential antibiotic.’**"'*® One gene (t/mkE)
encoding a FabB/F homolog was promising due to its high
sequence similarity to the previously characterized self-
resistance proteins PtmP3 and PtnP3 found in other BGCs
that produce FASII inhibitors."” That suggested that this gene
was indeed a resistance gene, and not involved in biosynthesis.

37, thiolactomycin
Resistance gene: FabB/F
Target: Fatty acid biosynthesis

The putative FASII resistance gene was found co-localized
within a hybrid ~22 kb PKS/NRPS BGC that was captured by
transformation-associated recombination (TAR) cloning in
yeast and expressed in a Streptomyces heterologous host. This
BGC produced four natural products that share a rare thiote-
tronic acid moiety, including the previously characterized
antibiotic thiolactomycin (TLM, 37).'**'®® This discovery ulti-
mately allowed the authors to use this resistance gene (t/mkE) as
a genome mining hook to discover other, related, natural
products from Streptomyces. A second gene cluster (¢tm) con-
tained two copies of a ¢/mE homolog, and subsequent TAR
cloning and heterologous expression resulted in the production
of a new series of TLM analogs. This work utilized a systematic
approach to identify BGCs that might produce bioactive natural
products based on the presence of a duplicated housekeeping
gene found within the cluster that confers resistance to the BGC
product. This target-directed genome mining strategy allows for
the discovery of BGCs without prior knowledge of the molecules
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produced, and it has since been used extensively to prioritize
BGCs that potentially produce bioactive compounds. Finally,
this method is now the basis of the ARTs (Antibiotic Resistant
Target Seeker) program, which allows for efficient in silico
genome mining based on putative bioactivity.'”

4.2 Pyxidicyclines

Myxobacteria are ubiquitous but incredibly interesting soil dwelling
bacteria with large genomes and complex life cycles, including the
tendency to form multicellular fruiting bodies.”* These organisms
have long been overlooked as sources of natural products, but
genomic analysis suggests they are a prolific source for new mole-
cules.”” The Miiller group utilized a target-directed approach to
mine the genomes of 93 myxobacterial strains to find novel topo-
isomerase inhibitors.””® Topoisomerase inhibitors are used as anti-
biotics as well as chemotherapeutics, depending on the specificity of
the inhibitor. The Miiller group utilized CysO, a topoisomerase-
targeting pentapeptide repeat protein responsible for self-
resistance against the gyrase inhibitor cystobactamid, as their
genetic search hook.” This pentapeptide repeat protein mimics the
structure of DNA, thereby protecting DNA gyrase from inhibitors
like cystobactamid. Their search revealed 31 candidate sequences,
eight of which were located near uncharacterized BGCs. They
became particularly interested in a candidate gene, which they
named pcyT, located next to a BGC that putatively encoded a type II
PKS. Type II PKS BGCs are rare and uncharacterized in myxobac-
teria, making this cluster an interesting target for further investi-
gation. Because the gene cluster was silent in the wild type
organism, the authors pursued an activation via promoter exchange
strategy. By replacing two native promoters in the BGC, the authors
were ultimately able to isolate two novel type II PKS-derived
nitrogen-containing tetracene quinones which they named pyx-
idicycline A and B (38 and 39). The pyxidicyclines exhibited strong
cytotoxicity with activity in the nanomolar range, which prompted
the authors to pursue a heterologous expression strategy to facilitate
investigation of this BGC. The Miiller lab was thus able to use
a target directed approach to identify and prioritize a BGC predicted
to encode a topoisomerase inhibitor, isolate two chemically novel
products, and confirm they had the expected topoisomerase
inhibitory activity.

(0]
N
\/\OH
OH O OH

38, pyxidicycline A
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39, pyxidicycline B

Resistance gene: pentapeptiderepeat protein
Target: topoisomerase
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4.3 Fellutamide B

While the resistance gene genome mining strategy was
initially utilized in bacteria, it has also been successfully
applied to fungi as well. A 2016 study from the Wang and
Oakley groups applied a target-directed genome mining
approach to fungi by examining uncharacterized BGCs in
Aspergillus nidulans."” They identified one BGC of interest
containing a gene (inpE) that encodes a putative proteasome
subunit. This suggested that the gene cluster might encode
a proteasome inhibitor, which is of particular interest due to
the clinical success of proteasome inhibitors such as the
marine natural product salinosporamide A."”® However, this
cluster was silent in the native organism, and no small mole-
cule products had been identified. The authors utilized a serial
promoter replacement strategy to activate this BGC in the
native producing organism, replacing every native promoter in
the cluster with the regulatable alcA promoter. Ultimately, this
led to the production of the tripeptide fellutamide B (40),
a potent proteasome inhibitor that had been previously iso-
lated from fungi,"””” although no gene cluster had been
described. Interestingly, the authors also found that the
resistance gene, inpE, was constitutively expressed and not
coregulated with the other genes of the inp cluster, which
indicates that the fellutamide-resistant proteasome subunit is
always expressed. This work shows that target-directed
genome mining is useful for the discovery, or rediscovery, of
natural products from eukaryotic organisms as well.

H,N

40, fellutamide B
Resistance gene: proteasome subunit
Target: proteasome

4.4 Aspterric acid

Resistance gene-based genome mining is valuable not only
because it can efficiently link a natural product to a target, but it
also provides a mechanism of action. The utility of this
approach was recently demonstrated by the Tang group.'”®
Their study specifically targeted dihydroxyacid dehydratase
(DHAD), an enzyme in the branched chain amino acid (BCAA)
biosynthetic pathway. No natural product inhibitors of DHAD
were known at that time, but DHAD is a particularly compelling
potential target for an herbicide as the BCAA pathway is
essential for plants but not found in animals. DHAD, despite
being highly conserved, has never been targeted by an herbi-
cide.”” The authors proposed that a fungal gene cluster which
encodes a DHAD inhibitor may contain an additional copy of
DHAD that provides a mechanism of self-resistance, as fungi do
synthesize BCAAs de novo. Via genome mining, the authors

This journal is © The Royal Society of Chemistry 2021
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identified three genes responsible for the biosynthesis of the
tricyclic terpenoid aspterric acid (41) found co-clustered with
a duplicated copy of DHAD, named astD. Although aspterric
acid was a previously isolated molecule, until this work the
molecular target of aspterric acid remained unknown, as did its
biosynthesis.**

41, aspterric acid
Resistance gene: dihydroxyacid dehydratase (DHAD)
Target: branched chain amino acid biosynthesis

Additional structural biology work of the wild type fungal
DHAD as well as the duplicated copy astD allowed the
researchers to understand the mechanism of astD resistance to
aspterric acid on a molecular level.'”® This understanding
enabled their development of a trans gene system, where astD
was deployed in Arabidopsis thaliana to provide resistance to
aspterric acid, which could then be used as an effective and
selective herbicide, in the vein of the RoundUp/Roundup Ready
glyphosate system.'®" Although aspterric acid is a previously
known compound, this paper is an excellent example of the
ability to repurpose known compounds by uncovering their
mechanism of action through a target-directed genome mining
approach.

5. (Bio)synthetic production of
genome mined natural products

With the abundance of available bioinformatic tools, it has
become relatively straightforward to identify a new putative
natural product gene cluster in silico. The challenge then
becomes obtaining the producing organism, growing it under
conditions that permit production of the compound, and
isolating enough of the natural product for characterization and
bioactivity testing. If interesting bioactivity is observed, the
compound must then be produced on scale using chemical
synthesis, fermentation, or a mixture of the two approaches.
Recent studies that we discuss here have demonstrated that this
workflow can be avoided all together. Instead of growing the
producing organism to isolate the target compound, the natural
product is bioinformatically predicted and then directly
produced, either by chemical synthesis or with promiscuous
biosynthetic enzymes (Fig. 4). This approach avoids the issues
of production, isolation, and scalability. The caveat to this
methodology is that there needs to be sufficient understanding
of the biosynthetic enzymes to predict a product. Moreover, the
new compound may not directly match the authentic natural
product but should at least closely resemble it. Here we describe
examples that demonstrate the utility of this (bio)synthetic
production approach to discover potent antibacterial agents
from mined gene clusters.

Nat. Prod. Rep., 2021, 38, 2100-2129 | 2119
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Fig. 4 Bioinformatically identified natural products can be produced either synthetically or biosynthetically to generate new molecules that

mimic the authentic compound.

5.1 Antibacterial syn-BNPs from the human microbiome

The human gut microbiome is home to a vast array of diverse
bacterial species that produce an extensive collection of small
molecules. Some of these compounds appear to directly interact
with our bodies and have important consequences for our
health. Others may be antibiotics that help provide a growth
advantage against the competitive human gut environment.
Studying these small molecules can be challenging because
many of the bacteria are obligate anaerobes or difficult to
cultivate. However, the extensive analysis of sequencing data
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from the human microbiome demonstrates that numerous
biosynthetic gene clusters do exist and could provide a wealth of
useful compounds.™* In 2016, the Brady lab described their
development of the synthetic-bioinformatic natural products
(syn-BNPs) approach to address this problem.'®* They decided
to focus on the NRPS class of natural products for several
reasons. First, the bioinformatic prediction of NRPS clusters
and adenylation module specificity is relatively mature and
accurate.'®'# This allows for successful in silico prediction of at
least a close approximation of the authentic natural product.
Second, the predicted molecules can be rapidly produced by
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43, humimycin B
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solid phase peptide synthesis or purchased at a low cost.
Therefore, the Brady lab mined genomes from both the Human
Microbiome Project and Human Oral Microbiome Database for
the presence of NRPSs.'® They culled the mined NRPSs to only
include those that produced products at least five amino acids
in size. These larger products were thought to be less heavily
modified and therefore more amenable to solid phase
synthesis. In total, 25 of the 30 targeted peptides were
successfully synthesized. After screening against a panel of
bacterial strains, two syn-BNPs possessed promising antibac-
terial activity and were named humimycin A and B (42 and 43).
Critically, these two related peptides were not detected in the
host organisms, demonstrating the utility of this approach is
accessing natural products without relying on the host
organism.

5.2 Design of cyclic syn-BNPs

Initial studies on syn-BNPs focused on synthesizing and testing
only linear NRPS derived peptides. However, the majority of
NRPS natural products are cyclized in some way. Therefore, the
Brady lab expanded upon their initial work with two studies that
examine cyclic syn-BNPs. In the first study, the genomes of
human-associated bacteria were again mined for the presence of
large NRPS gene clusters to generate a list of 25 candidate
peptides.'®® Bioinformatic analysis of NRPS domains can predict
the peptide sequence of the resulting natural product with
a relatively high degree of certainty. However, current software
programs are unable to accurately predict the mode of cycliza-
tion. Multiple different moieties can serve as the nucleophile in
the offloading process, such as the N-terminal amine or a Ser/
Thr sidechain.” To account for this ambiguity, each peptide
was synthesized with up to three cyclic scaffolds to generate 72
syn-BNPs. These compounds were used in assays targeting both
Gram-positive and Gram-negative bacteria, fungi, and HeLa
cells. While no compounds were found to be active in the anti-
bacterial or antifungal assays, five of the cyclic syn-BNPs elicited
a response in the HeLa cell MTT metabolic activity assay.

In a second study, the Brady lab completed a larger scale
analysis of cyclic syn-BNPs.**® Analysis of 3000 bacterial genomes
led to 96 NRPS natural product predictions. Instead of synthe-
sizing every possible cyclic scaffold for the 96 peptide targets,
a series of rules was created based on examining authentic NRPS
natural products. Of 171 designed peptides, 157 were successfully
synthesized and tested in a semi-pure form for antibiotic activity
against a panel of bacteria that included the ESKAPE pathogens.
After initial testing and subsequent validation, nine of the cyclic
syn-BNPs demonstrated promising activity. Further analysis
indicated that only two of the nine compounds possessed cyto-
toxic activity, indicating that the majority are specifically bacterial
antibiotics. Detailed mode of action studies revealed diverse
mechanisms of bioactivity including cell lysis, inhibition of cell
wall biosynthesis, cell membrane depolarization, and dysregu-
lation of the ClpP protease. Amongst the compounds, mucilasyn
(44) was particularly promising due to an unidentified mode of
action, low rate of resistance, and efficacy against Acinetobacter
baumannii.

This journal is © The Royal Society of Chemistry 2021
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A recent study by the Parkinson lab used a related strategy to
synthesize a library of predicted natural products." By focusing
on NRPs that are cyclized by penicillin binding protein-like
cyclases, the authors could better hypothesize the authentic
cyclic scaffold and were able to ultimately identify 14 cyclic
peptides with antibiotic activity out of a library of 51.

44, mucilasyn
cyclization site

5.3 Lanthipeptides

RiPP natural products are particularly intriguing from a genome
mining perspective because the substrates for the biosynthetic
pathways (precursors peptides) are directly encoded for in the
gene cluster. Several published software programs have taken
advantage of this and can rapidly discover thousands of putative
precursor peptides in silico.” However, unlike the NRPS
derived syn-BNPs, total synthesis of most RiPPs is incredibly
challenging and cannot be completed in an automated, high-
throughput manner. Instead, researchers have focused on
using the inherent promiscuity of many RiPP biosynthetic
enzymes to produce new RiPP compounds. Several studies have
demonstrated this approach can work both in a random high
throughput manner'**** or targeted approach using genome
mined precursor peptides™*'** to generate new bioactive lan-
thipeptide analogs.

Lanthipeptide natural products are defined by the presence
of a (methyl)lanthionine bridge between a cysteine residue and
a dehydrated serine or threonine.”* They also typically contain
additional dehydroalanine or dehydrobutyrine residues derived
from serine or threonine respectively. To explore the activity of
bioinformatically identified lanthipeptides, the Kuipers lab
used a heterologous production method to evaluate 54 putative
precursor peptides.'”® They employed an E. coli strain that was
first transformed with a plasmid containing the core class I
lanthipeptide biosynthetic genes (dehydratase, cyclase, and
transporter). They added a second plasmid that contained
a gene for one of the mined precursor peptides. The 54 target
precursor peptides were chosen based on several features, such
as the ability to predict the location of the leader cleavage site,
and represented diverse examples. As with the syn-BNPs, these
heterologously produced lanthipeptides will not necessarily be
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structurally identical to the authentic natural product but may
be similar enough to still be bioactive. Of the 54 precursor
peptides, 31 could be detected analytically. Of those, 18
appeared to be good substrates for the biosynthetic enzymes
and were heavily modified. Bioactivity testing revealed that five
were active against a panel of Gram-positive pathogens. This
represents a nearly 10% success rate of the tested precursor
peptide to bioactive molecule pipeline. MS/MS based structural
analysis of one of the newly produced lanthipeptides, flavucin
(45), demonstrated that (methyl)lanthionine bridges were
formed and matched the predicted pattern observed in known
lanthipeptides. Efforts to isolate the authentic flavucin from its
native host, Corynebacterium lipophiloflavum DSM 44219, were
unsuccessful as no production was observed. This again high-
lights the value of a (bio)synthetic production approach to study
genome mined natural products because the host organism
often does not produce the desired compound under laboratory
conditions.

6. Conclusions and outlook

The 2020s have ushered in an era of biological revolutions,
largely heralded by advancements in so-called ‘omic’ technol-
ogies. The convergence of these biological and technological
advances has resulted in a sharp drop in the cost of sequencing
DNA; in less than 20 years the cost of sequencing the human
genome has plummeted, from millions of dollars in 2003 to just
around $1000 today.'®® Sequencing a single bacterial genome

2122 | Nat. Prod. Rep., 2021, 38, 2100-2129

anticipated structure based on MS fragmentation

costs just a fraction of that. Because of this unprecedented
access to genomic data, genome mining has become integral to
the field of natural products™ and birthed a renaissance in
natural product discovery.'”

This review focused on four approaches taken by researchers
for genome mining large genomic datasets with a particular
focus on the discovery of bioactive compounds. Two of these
strategies, bioactive feature mining and compound family
mining, we categorize as “chemistry first” approaches. Both
strategies require previously isolated chemistry to have exhibi-
ted interesting bioactivity, which allows known enzymatic
reactions to be exploited for mining large databases for similar
BGCs and their products, under the assumption that related
compounds are likely to be bioactive as well. The other two
strategies, target-directed genome mining and the (bio)
synthetic production approach to genome mining natural
products, we classify as “gene first” methods. These strategies
rely on sequence data alone to either help prioritize a BGC
based on the presence of a putative biological target, or to
directly predict a chemical structure ultimately made via
chemical or enzymatic synthesis.

By prioritizing bioactivity, these four strategies serve as the
21% century genome-oriented answer to traditional bioactivity-
guided isolation strategies. These examples also make clear
the continued importance of collaboration between the field of
natural product discovery and other research disciplines.
Target-directed genome mining will only improve as new
protein targets for drug discovery are identified by cell

This journal is © The Royal Society of Chemistry 2021
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biologists. Bioactive feature targeting relies on the identifica-
tion of these specific chemical moieties/pharmacophores,
which speaks to the continued importance of mechanism of
action and structure-activity relationship studies of natural
products to explicitly determine what chemical feature endows
a molecule with a specific bioactivity. As Table 1 indicates, there
is room for bioinformaticians to introduce pipelines to mine for
specific pharmacophores, much like AdenylPred did for (-
lactone mining.”® Similar programs could be developed for
other bioactive features, such as epoxyketones or B-lactams.
While programs like antiSMASH can indicate gene clusters that
encode enzymes responsible for the installation of these
features, the program is not oriented towards this purpose like
AdenylPred is for B-lactones. Table 1 is designed to help the
reader understand where these genome mining gaps may exist,
and where feature-specific pipelines could be developed. To
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complement this, dedicated genome mining algorithms could
be specifically designed to rapidly search through large genomic
data sets and expand known bioactive natural product (sub)
families. This approach has gained significant attention in the
RiPP community with several family specific genome mining
programs available.'®® Together, these types of specific tools
could aid discovery pipelines and help identify new bioactive
natural products.

Additional approaches could further exploit the fact that
genes responsible for the installation of specific chemical
features can sometimes be found in so-called “sub-clusters”
within a larger BGC (Fig. 5)."® These smaller biosynthetic units
are interesting from an evolutionary perspective as they are
thought to consist of co-evolving genes required for construc-
tion of a specific biosynthetic feature and they function almost
like an independent unit. These sub-clusters may be found in
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Fig. 5 Sub-clustering of genes is responsible for the installation of bioactive chemical features and class-defining chemical features. Gene
clusters not shown to scale. (A) Sub-clustering of the DUF and cysteine lyase domains (red) is responsible for the installation of reactive 1,3-
dioxo-1,2-dithiolane moiety and is seen in leinamycin (inm) BGC, guangnanmycin (gnm) BGC, and weishanmycin (wsm) BGC (Section 2.1.4). (B)
Sub-clustering of two genes grbD and grbE (blue) that are responsible for the installation of the diazeniumdiolate moiety is evident in the
gramibactin BGC (grb) as well as the BGCs responsible for production of megapolibactin from a symbiotic bacterial strain and gladiobactin/
plantaribactin from a pathogenic bacterial strain (Section 2.2.1). C. Genes required for installation of the cinnamoyl-moiety (green) are found sub-
clustered in the BGCs for WS9326 (cal), skyllamycin (sky), and kitacinnamycin (kcn) (Section 3.3).
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otherwise unrelated BGCs, resulting in the same chemical
feature appearing across compound classes. There is a func-
tional aspect to this sub-clustering phenomenon as well; from
a discovery perspective sub-clusters allow MultiGeneBlast*® or
GNNs' to identify co-localization of genes and guide identifi-
cation in new genomic contexts. Beyond discovery, sub-
clustering of genes often results in coordinated expression
which can provide gene cassettes for experimentation and
isolation of new molecules in the lab.

Finally, genome mining rests on detailed mechanistic enzy-
mology that identifies and characterizes the enzymes respon-
sible for biosynthetic installation of specific chemical features.
The leinamycin story perfectly exemplifies this continued need
for collaboration; it took 30 years of cell biology experiments,
mechanism of action studies, bioinformatics advances, and
mechanistic enzymology to develop the knowledge and tools for
researchers to identify related leinamycin analogs via a genome
mining approach.”® The interdisciplinary nature of natural
products research is a real strength of the field, and it is
precisely this position at the interface of chemistry, biology,
informatics, and medicine that will help expand the role of
genome mining in natural product discovery in the years to
come.
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