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Threat or treat? While pathogenic bacteria pose significant threats, they also represent a huge reservoir of
potential pharmaceuticals to treat various diseases. The alarming antimicrobial resistance crisis and the
dwindling clinical pipeline urgently call for the discovery and development of new antibiotics. Pathogenic
bacteria have an enormous potential for natural products drug discovery, yet they remained untapped
and understudied. Herein, we review the specialised metabolites isolated from entomopathogenic,
phytopathogenic, and human pathogenic bacteria with antibacterial and antifungal activities, highlighting
those currently in pre-clinical trials or with potential for drug development. Selected unusual
biosynthetic pathways, the key roles they play (where known) in various ecological niches are described.
We also provide an overview of the mode of action (molecular target), activity, and minimum inhibitory
concentration (MIC) towards bacteria and fungi. The exploitation of pathogenic bacteria as a rich source
of antimicrobials, combined with the recent advances in genomics and natural products research
methodology, could pave the way for a new golden age of antibiotic discovery. This review should serve
as a compendium to communities of medicinal chemists, organic chemists, natural product chemists,
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1. Introduction

Antimicrobial resistance (AMR) is amongst the major threats to
public health and poses a huge economic burden on global
health care. The World Health Organization (WHO) has recently
published the priority list of drug-resistant bacteria that pose
the greatest danger to human health,"”> and among these,
a majority of Gram-negative bacteria, including Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacteriaceae.
Resistance has emerged to all clinically used antibiotics
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including those of “last-resort” such as colistin and polymyxin
B, and continues to rise at alarming rates.**

Despite the severity of the situation, the number of new
chemical entities in the antibiotic development pipeline is in
substantial decline. Nearly all the classes of antibiotics
currently in clinical use were discovered during the ‘golden era’
(1940s-1960s), with several new drugs that are chemically
tailored analogues from existing scaffolds.” The problem is
compounded by the fact that bacteria are evolving resistance at
a faster pace than antibiotic development.*” The last new class
of antibiotics that target the Gram-negative bacteria are the
synthetic fluoroquinolones which were introduced into the
clinic about 50 years ago.*® The high rate of the rediscovery of
old known molecules in traditional natural product (NP)
screening platforms makes this grim situation even worse.
Thus, the research community must find new sources of NPs to
cope with the looming antibiotic crisis.

Pathogenic bacteria have shown to be rich sources of novel
compounds, yet they remained untapped and understudied.****
Virulence factors involved in their pathogenicity have been the
subject of extensive study for many decades."** In recent years,
however, it has become apparent that entomopathogenic,
phytopathogenic and human and animal pathogenic bacteria
are prolific sources of structurally novel and highly bioactive
druggable molecules.>**

Threat or treat? While pathogenic bacteria pose a threat to
insects, plants, and humans, they also represent gold mines of
potential pharmaceuticals to treat various diseases.*'>**** The
opportunistic human pathogen, Staphylococcus aureus is
a classic example. Despite being a threat, they produce potent
bacteriocins (also known as staphylococcins) and several other
compounds active against a wide variety of Gram-positive
bacteria.*
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Microbial genome-level studies and metabolomic
approaches have further revealed the untapped biosynthetic
potential of the diverse and underexplored group of pathogenic
bacteria. Bacterial genomics has shown that they not only
encode for virulence factors but also potential leads for drug
development.'*> However, it has been estimated that only
a very small portion of this gold mine had just been discovered,
and that further drug leads or pharmacophores could be mined
given the application of suitable and sufficient resources.™
Thus, this review intends to explore the role that pathogenic
bacteria could play in the search for novel compounds and
scaffolds. This review should serve as a compendium to
communities of medicinal chemists, organic chemists, natural
product chemists, biochemists, clinical researchers, and many
others interested in the subject.

2. Scope of the review

This review surveys the natural products (NPs) isolated from
entomopathogenic, phytopathogenic, human, and animal
pathogenic bacteria with antibacterial and/or antifungal
activity, highlighting those NPs or NP-modified molecules
currently in pre-clinical trials or those with potential for future
drug development. These include the polyketides (PKSs), non-
ribosomal peptides (NRPs), peptide-polyketide hybrid metab-
olites, and ribosomally-synthesised and post-translationally
modified peptides (RiPPs). Selected unique and interesting
pathways involved in their biosynthesis and the key roles they
play in pathogenesis (where known) are also summarized.

Entomopathogenic bacteria such as Photorhabdus spp.,
Xenorhabdus spp., and Serratia marcescens are the focus of the
review. The period from 2017 to the second quarter of 2020 saw
a huge rise in the number of bioactive NPs from Photorhabdus
spp. and Xenorhabdus spp. that are not covered in previous
synopses,*>*¢ and thus they are the emphasis in our review. It is
worth noting that the honeybee pathogen, Paenibacillus larvae
also appears as a rich, yet largely understudied source of novel
and structurally diverse NPs. The readers are referred to the
review by Miiller, et al. (2015) which details the metabolites
identified from P. larvae.” Although a rich source, no new
metabolite has been identified from this bacterium since 2015.

Phytopathogenic bacteria such as Burkholderia spp., Clos-
tridium puniceum, Dickeya spp., Erwinia amylovora, Pseudomonas
syringae, Streptomyces scabies, and Xanthomonas spp. are among
the prolific NP producers, and thus they are the topic of this
review. The NPs from the diverse genus Burkholderia is
summarized in a recent review.?® Another review provided the
genomics perspective of NP biosynthesis in phytopathogenic
bacteria E. amylovora, Xanthomonas spp., S. scabies, P. syringae,
and Dickeya spp.** Hence, in this review we aim to update and
complement previous synopses and cover only those NPs that
show the most interesting bioactivities or those that have not
been mentioned by Baldeweg, et al. (2019)"" or Kunakom and
Eustaquio (2018).>® Furthermore, we included the phytopath-
ogen C. puniceum not mentioned in the above reviews for it
produces potent metabolites with antimicrobial activity in
nanomolar concentration.
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We also explore the human and animal pathogenic bacteria
such as Nocardia spp., Staphylococcus spp., Streptococcus
mutans, and Yersinia ruckeri as sources of antimicrobials with
therapeutic potential. These bacteria have been shown to
produce structurally diverse NPs with potent bioactivities.?**
The antimicrobials from Nocardia spp. and bacteriocins from
Staphylococcus spp. have been summarized in recent
reviews,?>** and thus those NPs with remarkable activities from
these bacteria were highlighted. Finally, we provide a thorough
compilation of the antimicrobial NPs from bacterial pathogens,
Burkholderia spp., C. puniceum, Dickeya spp., E. amylovora,
Nocardia spp., Photorhabdus spp., P. larvae, Pseudomonas spp.,
Staphylococcus spp., S. marcescens, S. mutans, Streptomyces spp.,
Vibrio spp., Xanthomonas spp., Xenorhabdus spp., and Yersinia
ruckeri (see Table S1 in the ESIT of this article listed in alpha-
betical order). We also provide their mode of action (molecular
target), activity, and minimum inhibitory concentration (MIC)
towards bacteria and fungi (where known), in the pursuit to
demonstrate the exceptional biosynthetic ingenuity of the
underexplored source of pathogenic bacteria for the production
of novel and druggable chemical entities.

3. Pathogenic bacteria as novel
sources of antimicrobial discovery

Pathogenic bacteria are master engineers of highly diverse and
biologically active molecules. To thrive and survive in highly
competitive and resource-limited microbial communities,
pathogenic bacteria have developed an approach to protect
themselves by producing a plethora of structurally diverse
metabolites that have been fine-tuned by the producing
organism to have potent and selective biological activities.”>** It
is believed that pathogenic bacteria exploit these molecules to
regulate virulence and persistence during infections. Addition-
ally, the vast array of antibacterial armamentarium is thought to
fight off predators, compete for nutrients, and protect their
host. Other roles have also been suggested such as signalling
and quorum sensing, gene expression, stress response, cellular
growth and iron acquisition."*

Pathogenic bacteria represent exceptionally prolific sources
of potential therapeutics as indicated in their genomes, yet they
have been largely ignored.'*® Here, we present an overview of
the antimicrobial NPs produced by entomopathogenic, phyto-
pathogenic, and human and animal pathogenic bacteria, and
highlight a selection of metabolites with antibiotic activity that
show promising potential for future development (Fig. 1).

3.1 Entomopathogenic bacteria

Previously regarded as overlooked and neglected sources, the
entomopathogenic bacteria have received considerable interest
in the last 15 years owing to the novel druggable chemical
entities they generate.’** Those that have been described
recently as prolific NP producers include Photorhabdus spp. and
Xenorhabdus spp., S. marcescens, and P. larvae.

Members of the genera Photorhabdus and Xenorhabdus
(Enterobacteriaceae) produce a wide array of NPs to support

This journal is © The Royal Society of Chemistry 2021
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Fig.1 Overview of pathogenic bacteria. Despite a threat to insects, plants, animals, and humans, pathogenic bacteria represent novel sources of

potential pharmaceuticals to treat various diseases.

a complex life cycle involving insect pathogenesis and nema-
tode symbiosis with Heterorhabditis spp. and Steinernema spp.,
respectively.’” The antimicrobial compounds produced by these
bacteria are non-toxic to the nematode, but lethal to several
insect pathogens and other opportunistic microbes that are
direct food competitors.** This indicates the production of
antimicrobials with favourable toxicity, good pharmacoki-
netics, and are likely druggable and safe to eukaryotic
organisms. Serratia marcescens is a Gram-negative,
facultatively-anaerobic bacterium (Enterobacteriaceae) often
associated with insect infection.®® Several insects are
susceptible to Serratia species, including crickets, grass-
hoppers, locusts, cockroach, termites, beetles, butterflies,
moths, fruit fly, wasps,*® and recently has been discovered as
being pathogenic to bees.*” Some members of S. marcescens
also cause opportunistic nosocomial infections of the
respiratory tract, urinary tract, brain, meninges, heart, and
wounds.*>*' Despite a threat, S. marcescens has been shown
to produce not only the characteristic red pigment prodi-
giosin but also a huge repertoire of antimicrobial
compounds.** Paenibacillus larvae is a Gram-positive bacte-
rium that causes fatal intestinal infection of honeybee
larvae, called American Foulbrood (AFB). This pathogen
spreads very rapidly and poses various threats of different
severity leading to massive losses of entire bee colonies. P.
larvae secretes a broad spectrum of antibacterial compounds
that are critical virulence factors and also, relevant in the
quest for new bioactive compounds for drug development.
Readers are referred to the recent review by Miiller, et al.*”

It should be mentioned that several other entomopathogenic
bacteria such as Bacillus thuringiensis and Pseudomonas ento-
mophila have the capacity to produce NPs based on their
genome sequences but have not been mined further for NP
production.*>*

This journal is © The Royal Society of Chemistry 2021

3.2 Phytopathogenic bacteria

Plant pathogenic bacteria can have detrimental effects on plant
growth, productivity, and yield. They affect a wide range of crops
posing a threat to global food production. Hundreds of phyto-
pathogenic bacteria have been identified to date,***® but only
a few have been explored for natural product discovery.™*
Clostridium puniceum, the only known plant pathogenic
bacterium from the diverse genus Clostridium to date,***® cau-
ses potato slimy rot, manifested by the formation of pink
pigments by the bacterium.” All Dickeya species (formerly
Erwinia chrysanthemi) cause economically important diseases
on different plant hosts worldwide.'**® D. zeae causes soft rot in
a variety of plants (e.g. potato, chicory, maize, banana, rice).
Erwinia amylovora is the causative agent of fire blight,
a destructive disease of Rosaceae plants such as apple and pear
trees* that is typically accompanied by the development of
black necrosis.*® Historically, E. amylovora is the first charac-
terised bacterial plant pathogen.’* Pseudomonas spp. produce
a wide spectrum of phytotoxic compounds. P. syringae patho-
vars are the topmost phytotoxic-producing bacteria among all
Pseudomonas, and all phytopathogens identified to date.'**
Streptomyces species are particularly renowned for their ability
to produce numerous bioactive NPs.>*"*® Several Streptomyces
strains, however, are phytopathogenic and can cause potato
common scab diseases such as S. caviscabies, S. acidiscabies, S.
turgidiscabies, and S. scabies.”™*° Among the most notable
pathogens of the genus Xanthomonas are X. albilineans, the
causative agent of leaf scald disease on sugar cane® and X.
campestris, the causal agent of black rot of crucifers that affects
all cultivated brassicas.”* Members of the genus Burkholderia
include strains that can either be beneficial or harmful. Some
strains are pathogenic to plants such as B. glumae, which causes
rice rot, while others cause opportunistic human infections
such as the strains of Burkholderia cepacia complex (Bcc), which
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include B. pseudomallei and B. mallei. For detailed information
on the diverse Burkholderia genus, refer to the recent review.”®

Virulence-mechanisms of plant pathogenic bacteria have
been the subject of several different reviews.'***°>% Despite
being a threat to agriculture, phytopathogens C. puniceum,
Dickeya spp., E. amylovora, Pseudomonas spp., Streptomyces spp.,
Xanthomonas spp., Burkholderia spp. - some of which belong to
the top 10 most important plant pathogenic bacteria™ - also
serve as huge arsenals for potent drug leads. Genome analyses
disclosed that their biosynthetic machinery encodes not only
for virulence factors but also for antibiotic-like metabolites with
no plant disease-associated function.* Furthermore, some
phytotoxins were found to exhibit potent antimicrobial
properties.**?*%7

3.3 Human and animal pathogenic bacteria

While the antimicrobials from non-pathogenic strains are
studied in-depth, knowledge of the structural and mechanistic
diversity of antibiotics particularly from human and animal
pathogenic bacteria is limited. Here, we provide an overview of
the potential chemistry to be uncovered from the opportunistic
pathogens, Nocardia spp., Staphylococci, S. mutans, Vibrio spp.,
and Y. ruckeri.

Many different species of Nocardia have been identified, and
many of these are pathogenic to humans and animals. To date,
more than 50 Nocardia species are clinically significant.®* Of
these, N. brasiliensis, N. abscessus, N. transvalensis, N. terpenica,
and N. pseudobrasiliensis have been identified to be prolific
microbial sources of bioactive novel compounds.*

Staphylococci represent the normal flora of the skin and
mucous membrane of human and animals.®* There are more
than 40 species, but few are important human pathogens such
as S. aureus, S. epidermidis, S. haemolyticus, S. lugdunensis, and
S. saprophyticus implicated in various infections, especially in
immunocompromised patients.’* Though they pose a threat,
they are also prolific producers of potent bacteriocins (also
known as staphylococcins) exhibiting antibacterial activity
against closely related species and a wide variety of Gram-
positive bacteria.*>*

Streptococcus mutans is the major causative agent of human
dental caries (tooth decay).* In addition to caries, S. mutans is
also implicated in infective endocarditis, a lethal infection, and
inflammation of heart valves.*® Bacterial sequence analysis of S.
mutans discloses a small genome (about 2 Mb) yet surprisingly
harbours rich and diverse biosynthetic gene clusters (BGC) for
the production of PKS, NRPS, hybrid PKS-NRPS, and RiPP
metabolites.®>®” Several bioactive NPs have recently been iso-
lated from S. mutans.>*%7%

Vibrionaceae includes several species that cause intestinal
(diarrhoea, cholera) and extra-intestinal (septicaemia, skin
infection) illnesses in both humans and aquatic animals.
Among the opportunistic Vibrio pathogens, V. parahaemolyticus
has been shown to produce metabolites with remarkable
bioactivity.”

Yersinia ruckeri is the etiological agent of yersiniosis or
enteric redmouth (ERM) disease in marine and freshwater

786 | Nat. Prod. Rep., 2021, 38, 782-821

View Article Online

Review

fish, particularly salmonids.” Infections due to Y. ruckeri
cause high mortalities in fish, contributing to substantial
economic losses in the aquaculture industry.*® Y. ruckeri has
also been isolated from human wound infection, however, it
remains unclear whether Y. ruckeri or another bacterium
caused the infection.** Interestingly, Y. ruckeri has been
shown to produce the dithiolopyrrolone natural product,
holomycin.?"*?

4. Chemical diversity of
antimicrobials produced by pathogens

Pathogenic bacteria produce numerous NPs with highly diverse
structures made up of a handful of simple building blocks,
usually derived from one or more primary metabolic pathways.
These NPs can be classified into five different groups according
to their biosynthetic origin: polyketides, nonribosomal
peptides, polyketide-nonribosomal peptide hybrid metabolites,
ribosomal peptides, and others. Since numerous NPs from
pathogenic bacteria are known, only selected compounds with
promising therapeutic potential are presented.

4.1 Polyketides

Polyketides, assembled by polyketide synthases (PKS), are
among the largest classes of chemically diverse NPs, encom-
passing molecules such as macrolides, aromatics, and polyenes.
The structural diversity exhibited by polyketides is exemplified
by the broad spectrum of biological activities they possess, such
as antibacterial, antifungal, and anticancer among others (Fig. 2
and Table S1t). PKSs occurring in bacteria are classified into
three types (type I, II, and III) depending upon their structure
and biochemistry. Type I PKSs are large multifunctional
enzymes comprised of multiple functional domains as exem-
plified by borrelidin 1, gladiolin 2, erythromycin 3, and brasi-
linolide A 4. Type II PKSs are formed by discrete catalytic
domains and are responsible for the biosynthesis of bacterial
aromatic polyketides such as clostrubins 5-6 and nocardicyclin
A 7. Type 1II PKSs are simpler chalcone synthase-like proteins
that catalyse the formation of the product within a single active
site. Examples include chalcones, resorcinol, pyrones, and
stilbenes (Fig. 2 and Table S1t).

Polyketides are biosynthesised from two-carbon acetate
units derived from activated acetyl-CoA and malonyl-CoA in
successive decarboxylative Claisen condensation reactions, in
a manner analogous to fatty acid biosynthesis. Typically, this
process involves the core domains comprising of the ketosyn-
thase (KS,, and KSg), malonyl/acyl transferase (AT), and a phos-
phopantethienylated acyl carrier protein (ACP) which serves as
an anchor for the growing PK chain.** A series of post-PKS
tailoring enzymes such as ketoreductase (KR), methyltransfer-
ase (MT), enoyl reductase (ER), and dehydratase (DH) can
variously modify the polyketide backbone, either while the
intermediates are still bound to the assembly line or after they
are released. Installation of different polyketide starter and
extender units also represents a significant route to add unusual
moieties such as nitrile functionality, carboxylates, and

This journal is © The Royal Society of Chemistry 2021
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Fig.2 Examples of antimicrobial polyketide natural products with unusual chemical motifs highlighted in red, isolated from pathogenic bacteria.
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branched-alkyl chains into polyketide scaffolds to generate
mature final products with a high degree of chemical
complexity and activity. The mechanistic enzymology of diverse
polyketide assembly lines has been the subject of comprehen-
sive reviews.®*>®* This section covers some representatives of
interesting polyketide antimicrobials containing unusual
chemical functionalities from pathogenic bacteria such as PKSI
borrelidin 1, PKSII clostrubins 5 and 6, and stilbene-containing
PKSIII metabolites 8-11.

4.1.1 Borrelidin. Borrelidin 1 was first isolated from Strep-
tomyces rochei in 1949 as an antibiotic exhibiting anti-Borrelia
activity,® and then more recently as a product of the potato
pathogen Streptomyces GK18* and other Streptomyces
species®* as well as marine-derived microorganisms (Fig. 2
and Table S1t).*** Borrelidin 1 features an 18-membered
macrolide with a nitrile functionality.”®*® To date, numerous
analogues have been discovered including borrelidins B-
O,79091,9391 gcetyl-borrelidin®® as well as amide containing
congeners, borrelidin CR1 and CR2.9>%%%7

More than 30 nitrile-containing pharmaceuticals are
currently marketed for a wide range of medical indications,
including vildagliptin for diabetes and anastrozole for breast
cancer treatment.®® The nitrile functionality renders the mole-
cule more water-soluble and less susceptible to oxidative
metabolism in the liver.”® Furthermore, nitrile moiety is rare in
natural products, hence the biosynthetic mechanism of borre-
lidin, particularly the nitrile group has attracted significant
interest. The biosynthesis of borrelidin proceeds through the
typical pathway known for type 1 PKS to form the macrolide ring
except for the unique trans-cyclopentane-(1R-2R)-dicarboxylic
acid (CDPA) starter unit (Fig. 3). CDPA is likely derived from

COOH
From tyrosine / = Type 1 PKS
4-HPA catabolism —_ iCOOH —>
trans-cyclopentane-(1R,2R)- HO

dicarboxylic acid

Borl Borl
borrelidin1 <~
H,0
HO

HO

e
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tyrosine or 4-hydroxyphenyl acetic acid (4-HPA) catabolism.®
The nitrile formation in 1 may start from oxidation of the
pendant methyl group in pre-borrelidin 1c to an aldehyde 1e
catalysed by cytochrome P450, Borl, and alcohol dehydroge-
nase, BorK. This is followed by the conversion of the aldehyde to
aminomethyl group (borrelidin B) 1b catalysed by the putative
aminotransferase, Bor].** Bor] is related to CynN1 and CyaN1
aminotransferases in nitrile-containing cyanosporasides that
typically act upon carbonyl groups, catalysing conversion to
amines.” The aminomethyl intermediate 1b is finally converted
to the nitrile catalysed by the putative Borl and BorK enzymes
via a series of oxidation and dehydration reactions. Mutants
obtained by inactivation of either BorI or Bor] failed to generate
any borrelidin but led to the production of pre-borrelidin 1c,
suggesting that Borl/J] are responsible for nitrile biosyn-
thesis.®®*** Furthermore, the isolation of borrelidin B 1b from
a marine-derived Streptomyces strain supports the plausible
mechanism of nitrile formation.**

Borrelidin is a potent threonyl-tRNA synthetase inhibitor.**
Borrelidin 1 is active against a wide range of bacteria, including
Enterococcus faecalis, Micrococcus luteus, Enterococcus faecium,
Proteus hauseri, and Klebsiella pneumoniae (MIC = 0.5-65 pM).**4%
Additionally, borrelidin exhibits 3x potent activity against Salmo-
nella enterica (MIC = 0.51 uM), the causative agent of foodborne
salmonellosis than the antibiotic ampicillin (MIC = 1.4 uM).*" This
remarkable activity has received considerable clinical interest in
the search for privileged scaffolds that selectively target S. enterica.
On the other hand, borrelidin C and D analogues with an addi-
tional hydroxy moiety in the cyclopentane ring are inactive against
the tested bacteria and show reduced activity in S. enterica (MIC =
16-63 uM). SAR investigation of the borrelidin scaffold has

pre-borrelidin 1c 1d

BorJ

'

s
'

e

1f Borrelidin B 1b 1e

Fig. 3 Proposed nitrile formation in borrelidin biosynthesis.
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Fig. 4 Noncanonical polyketide cyclisation folding in clostrubin biosynthesis.

indicated that the vinylic nitrile and the carboxylic acid moieties
are essential for the activity.® 209394101

4.1.2 Clostrubins. Clostrubin A 5 was first isolated as
a deep purple pigment from the strictly anaerobic bacterium,
Clostridium beijerinckii (HKI0724) in 2014 (Fig. 2 and Table
S11).2> A year later, clostrubin A 5 and its related compound
clostrubin B 6 were identified from the potato cultures of C.
puniceum.”” Both compounds feature a highly unusual penta-
cyclic polyphenol with an exceptional benzo[a]tetraphene scaf-
fold that is rare in anaerobes, and clostrubin B 6 differs from A 5
in the presence of an extra sugar-like linear side chain.*

The biosynthesis of clostrubins in the anaerobic C. puniceum
is proposed to originate from type II PKS (clr) with high
homology to the pentacyclic resistomycin (rem) PKS in aerobic
bacteria, Streptomyces resistomycificus (Fig. 4).'* Type I PKSs are
very common in actinomycetes; only two examples of type II
polyketides have been identified in non-actinomycete bacteria
so far. Stable-isotope labelling experiments indicated that the
striking perifused ring feature of clostrubin is formed from
a noncanonical polyketide folding which delineates from the
conserved cyclization patterns of typical angucylic decaketides
from aerobic bacteria. Numerous tailoring enzymes catalyse
diverse post-modification reactions, such as cyclodehydration
steps and decarboxylation leading to a loss of one C1 carbon to
afford 5. Furthermore, labelling experiments suggest that the
polycyclic core undergoes acetylation at ring A, and that ring E
could be formed by condensation with an activated aceto-acetyl
building block." The benzo[a]tetraphene scaffold has also
recently been identified in borolithochromes from the speci-
mens of the Jurassic putative macroalgae Solenopora jurassica
that has been preserved for over 150 million years, illustrating
the evolutionary significance of clostrubin-type polyketides.'**

Clostrubin A 5 displayed nanomolar potency against Bacillus
subtilis (MIC = 75 nm) and superior antibacterial activity
against several nosocomial pathogens, methicillin-resistant S.
aureus, MRSA (MIC = 0.12 pM), vancomycin-resistant Entero-
coccus, VRE (MIC = 0.97 pM), and Mycobacterium including M.
smegmatis, M. aurum, M. vaccae, and M. fortuitum (MIC = 0.12—
0.48 pM) than the antibiotic ciprofloxacin.'” Furthermore,
when tested against some common potato disease-causing
microbial pathogens like Clavibacter michiganensis subsp.
sepedonicus (ring rot), Bacillus pumilus (soft rot), and S. scabies
(common scab), clostrubin A 5 displayed nanomolar activity
with MIC values of 47 nM, 95 nM, and 95 nM, respectively.

This journal is © The Royal Society of Chemistry 2021

Likewise, clostrubin B 6 displayed activity but weaker than
clostrubin A 5 against the potato pathogens (MIC = 0.14-0.27
},lM).‘”

Clostrubins 5-6 are not virulence factors but rather play dual
roles beneficial to the anaerobic bacteria.*”'** First, being
potent antibiotics, they act as chemical arsenals to inhibit other
microbial competitors in a resource-limited niche.***> Second,
clostrubins promote the survival of the anaerobic C. puniceum
and C. beijerinckii in an oxygen-rich plant environment.*” Taken
together, clostrubins represent promising leads for the devel-
opment of antibacterial agents for use in fighting off potato
infections. Furthermore, the total synthesis of clostrubin was
achieved,'” which may provide insight into structure-activity
relationships (SAR) to guide the development of novel
antibiotics.

4.1.3 Stilbenes. Stilbenes, a class of polyphenols commonly
found in plants, are characterised by the presence of 1,2-
diphenylethylene nucleus known to exhibit diverse biological
activities such as antioxidant, anticancer, antihyperglycemic,
nematicidal, and antimicrobial activities.'*® Photorhabdus spp.
is the only known bacterial producer of stilbenes, with two
major products being 3,5-dihydroxy-4-isopropyl-trans-stilbene
(also known as tapinarof 8) and its stilbene epoxide (Fig. 2 and
Table S11).'” Tapinarof (benvitimod) 8 is a topical non-steroidal
anti-inflammatory drug (NSAID) used for the treatment of
psoriasis and atopic dermatitis.'®® Its mode of action (MOA) is
mediated by activation of the aryl hydrocarbon receptor (AhR)
and nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2)
signaling pathways.'*® The AhR is a conserved ligand-dependent
transcription factor involved in the regulation of the metabo-
lism of drugs, xenobiotics, and endogenous small molecules.
Nrf2 is involved in the cellular detoxification and defence
against reactive oxygen species (ROS) and electrophilic cell
stress.'*

Although the carbon framework of stilbene monomers
consists only of 1,2-diphenylethylene units, they demonstrate
an enormous structural diversity because they are easily poly-
merized by oxidative coupling to produce diverse oligomers
with intricate structures."'®''* Since stilbenes possess strong
antioxidant/radical scavenging properties,'*® their production
in Photorhabdus spp. can be induced by supplementation of
redox stress that generates reactive oxygen species. Feeding of
paraquat (1,1’-dimethyl-4,4"-bipyridinium dichloride) to P.
luminescens and P. asymbiotica cultures under aerobic

Nat. Prod. Rep., 2021, 38, 782-821 | 789


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0np00061b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 29 October 2020. Downloaded on 6/13/2026 2:15:21 PM.

(cc)

Natural Product Reports

bkdB

View Article Online

Review

bkdC plu1886

P. luminescens TTO1 w

bkdA
A.
B.
heterodlmerlzat|on
(8 + 8a)
OH OH
[
_homodimerization _
Tapinarof 8 (83 + 8a)
C.
dimerizati
Rs imerization
Plu1886

MnZ* or Cu?*

Ry Ry Ry
Pinosylvin 13 -H -H -H
Resveratrol 14 -OH -H -H
Piceatannol16 -OH -OH -H

Chiricanine A16 -H -H  -CH,CHC(CHj3),

Fig. 5

o Duotap-520 11

(+)-Carbocyclinone-534 12 (-)-Carbocyclinone-534 12

Carbocyclinone-534 14a

Duotap-520 13a

(A) Annotation of Plul886, which encodes a cupin enzyme, adjacent to known tapinarof biosynthetic genes in P. [uminescens TTO1 (B)

proposed pathway for regioselective oxidative dimerization of tapinarof 8 to duotap-520 11 and carbocyclinone-534 12, and (C) activity of

Plu1886 enzyme with plant-derived stilbenes 13-16 in the presence of Mn?*

conditions produced tapinarof 8 and its stilbene epoxide 9,
lumiquinone 10 ' and two novel tapinarof dimers, duotap-520
11 and carbocyclinone-534 12 (Fig. 5B)."** Duotap-520 11
contains a resorcinol-benzoquinone C-C bond linkage whereas
carbocyclinone-534 12 features a novel hexacyclic core with
a cyclopropane bridge. The complex structure of 12 was eluci-
dated by nuclear magnetic resonance (NMR) experiments, X-ray
crystallographic analysis, and electronic circular dichroism
(ECD) spectral measurements and characterised as a racemic
mixture of (+)-carbocyclinone-534 and (—)-carbocyclinone-534
12.

Stilbene monomers such as resveratrol, isorhapontigenin,
and piceatannol can undergo spontaneous oxidation and

790 | Nat. Prod. Rep., 2021, 38, 782-821

or Cu?*

dimerization into an assortment of oxidized oligomers.™'*""*

Likewise, it has been shown that the formation of tapinarof-
derived products, duotap 11, and carbocyclinone 12 involved
similar oxidation, Diels-Alder cyclization, and dimerization
mechanism (Fig. 5B). Under aerobic conditions, duotap 11 was
shown to undergo slow spontaneous conversion into 12.
Furthermore, an orphan cupin-type protein, Plu1886 adjacent
to tapinarof bkd BGC in P. luminescens TT01 was identified to
enhance the transformation of tapinarof 8 to 11 or 8 to 12 in
vitro (Fig. 5A)."** Cupin superfamily of enzymes are widespread
in plants and are known to catalyse numerous diverse oxidation
reactions, often requiring metal cofactors (e.g. Ni**, Ca**, Fe*",
cu®', zZn**, Co>", Mg**, Mn>") for the activity."*'** In vitro

This journal is © The Royal Society of Chemistry 2021
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enzymatic tapinarof conversion to carbocyclinone-534 12 is
highest in the presence of Mn** and to 11 in Cu®". Microaerobic
cultures of Aplu1886 mutant showed a substantial decrease in
carbocylinone 12 production relative to the WT, supporting its
role to enhance tapinarof dimerization reactions.***

The bacterial Plu1886 enzyme shows substrate promiscuity
towards plant-derived stilbenes such as pinosylvin 13, resvera-
trol 14 (Fig. 5C). The cupin catalysed the robust conversion of
pinosylvin 13 to the novel duotap 13a and resveratrol 14 into its
new carbocyclinone 14a scaffold in the presence of Mn>" or
Cu”*. The no-enzyme controls only showed a trace amount of
dimer 14a and an undetectable level of 13a. The new enzyme-
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derived products 13a and 14a were purified and structurally
confirmed by 2D NMR experiments. No duotap production from
14 or carbocyclinone production from 13 was observed and no
derivatives corresponding to dimerization of piceatannol 15 or
chiricanine 16."*

Stilbenes are prolific sources of lead molecules in the search
for new drugs and medicines. Even slight structural modifica-
tions of monomeric stilbenes dramatically alter their chemical
complexity and improve their overall pharmacokinetic proper-
ties.’® Duotap-520 11 exhibited much higher potency against
MRSA (MIC = 6.5 pM) and VRE (MIC = 4.1 uM) compared to
tapinarof 8 with MIC values of 50.5 uM and 27.0 uM in MRSA
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Fig. 6 Examples of antimicrobial nonribosomal peptides with unusual motifs highlighted in red, isolated from pathogenic bacteria.
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and VRE, respectively. Carbocyclinone-534 12 did not show any
significant antimicrobial activity but exhibited anti-
mycobacterial activity against M. smegmatis."* Duotap 11
showed stronger activity than tapinarof 8 in its ability to regu-
late the Nrf2 antioxidant reporter gene. Furthermore, dimers 11
and 12 showed little to no efficacy in a colitis mouse model,
whereas the monomer reduces disease symptoms. Although 8,
11 and 12 were only produced in the pathogenic P-form of
Photorhabdus spp., their varying bioactivity data suggest that the
bacterium employs a regulatory mechanism to attain its desired
functional outcomes required for symbiosis and pathogen-
esis.”® The much weaker antimicrobial activity of tapinarof
relative to duotap-520 is probably a means of cellular detoxifi-
cation by the bacteria to support its symbiosis with the nema-
tode, whereas the more potent duotap-520 presumably support
its pathogenic lifestyle.’*”"'*'** The promiscuity of Plu1886
biosynthetic enzyme in vitro represents a significant corner-
stone towards the development of an efficient system to
generate novel stilbene dimers with specific activity.

4.2 Nonribosomal peptides

Non-ribosomal peptide synthetases (NRPSs) are multi-modular
enzymes that catalyse the synthesis of numerous peptide and
peptide-like natural products that have wide applications in
medicine, agriculture, and biotechnology among other fields
(Fig. 6 and Table S17). These mega enzyme complexes are not
limited to the 22 proteinogenic amino acids; a large breadth of
substrates is now known to be integrated and modified by post-
synthesis action. NRPSs can incorporate a wide variety of non-
proteinogenic amino acids, such as p-isomers, a-hydroxy/keto

G

NH2
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acids, carboxylic acids, and N-methylated residues, as well as
several other building blocks such heterocyclic rings and fatty
acids. Other common post-synthetic modifications associated
with the NRPS machinery include glycosylation and oxidative
cross-linking giving rise to diverse molecules with precise
functionality for a particular molecular target."*

Typical NRPS modules feature an adenylation (A) domain
that selects and activates an amino acid monomer (and some-
times other carboxylic acids) as an adenylate followed by acyl
transfer to a peptidyl carrier protein (PCP; also known as thio-
lation domain, T). This thiolation domain loads the activated
amino acid on a 4’-phosphopantetheine (4'-Ppant) arm and
covalently tethers it to form a peptide bond with an amino acid
on the succeeding module, a reaction catalysed by the
condensation (C) domain. Together, these three core domains
(C, A, T) comprise a minimal NRPS module. In addition to these
essential domains, each module may contain an epimerase (E)
for the conversion of an v to p-configuration of amino acid,
methyltransferase (MT) for N-methylation of the amide
nitrogen, oxidase (Ox) for the conversion of a thiazoline to
a thiazole or for a-hydroxylation of the incorporated amino acid,
and reductase (R) for reductive release of an aldehyde product.
The C domain replaced by the cyclization (Cy) domain catalyses
both condensation and the intramolecular heterocyclisation of
Ser, Cys, or Thr to afford thiazoline or oxazaline heterocycles.
The release of the final peptide product from the NRPS is cat-
alysed by a C-terminal reductase (R), thioesterase (TE), or
a cyclizing C domain to yield linear, cyclic, or branched peptide
chain topologies. The structural biology and enzymology of
NRPSs have been the subject of several reviews.*»''”''® This
section covers some of the interesting linear and cyclic
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nonribosomal peptide antimicrobials from pathogenic bacteria
such as odilorhabdins 17a-c, nematophin 18, photoditritide 19,
serrawettins 20, stephensiolides 21, lugdunin 22, and hol-
omycin 23 (Fig. 6 and Table S17).

4.2.1 Odilorhabdins. Odilorhabdins (ODLs) are a new class
of ribosome-targeting antibiotics produced by the NRPS gene
cluster in Xenorhabdus nematophila strain K102 (CNCM I-4530)
(Fig. 6 and Table S17)."*° Three ODLs were isolated, NOSO-95A
17a (1296 Da), NOSO-95B 17b (1280 Da), and NOSO-95C 17¢
(1264 Da). Compounds 17a-c are 10-mer linear peptides con-
taining four types of non-proteinogenic amino-acid residues:
o, y-diamino-B-hydroxybutyric acid (Dab(BOH)) at positions 2
and 3, 3-hydroxylysine (Dhl) at positions 8 and 10, a,B-dehydro
arginine at position 9, and a putrescine moiety at the C-terminal
position."*

Lead optimization strategies identified a synthetic analogue,
NOS0-95179 24 (Fig. 7)"*° with improved antibacterial proper-
ties over the natural compound NOSO-95C 17c¢."***** NOSO-
95179 24 differs from NOSO-95C 17c¢ by the replacement of
Dab(BOH); by alanine and the removal of the lateral lysine10
and putrescine at the C-terminus. Further structural modifica-
tion at Ala3 and His7 positions of 24 led to the selection of
NOSO-502 25 as the first odilorhabdin clinical candidate
(Fig. 7).>**>12 NOSO-502 25 exhibits potent activity to all classes
(Ambler A, B, C, and D classification) of carbapenem-resistant
Enterobacteriaceae (CRE) strains (MIC = 0.5-4 pg mL ).
Furthermore, 25 shows excellent in vivo efficacy in several CRE
murine infection models, exhibits good in vitro safety profile,
and has a low potential for resistance development.'**212>123
Notably, 25 exhibits good stability in plasma, microsomes, and
hepatocytes.”” Taken together, NOSO-502 25 represents
a promising drug candidate.

Antimicrobial peptides that interfere with bacterial ribo-
somes are rare.””** Nine classes of ribosome-targeting antibi-
otics are known, five of which, including odilorhabdins target
the 30S subunit."® However, the specific binding site of ODLs
on the ribosome and its bactericidal mechanism is distinct
from the other four classes.'* ODLs bind to the decoding centre
of the 30S small ribosomal subunit'® that has never been
exploited by any other known ribosome targeting antibiotics
such as negamycin, tetracycline, streptomycin and paromomy-
cin.’****®* ODLs display concentration-dependent bactericidal
activity similar to the mechanism described for aminoglyco-
sides and negamycin antibiotics."”****** At lower concentra-
tions, ODLs induce miscoding of the genetic code, likely by
increasing the affinity of aminoacyl-tRNAs to the ribosome,**®
whereas at higher concentrations they inhibit translocation.**®

4.2.2 Nematophin. Nematophin 18a, first described in
1997, is produced by all strains of X. nematophila (Fig. 6 and
Table S1t). Chemically 18a, 3-indole-ethyl-(3’-methyl-2'-oxo0)-
pentanamide, contains an N-terminal a-keto group and a C-
terminal tryptamine residue, showing structural resemblance
to the Rhabdopeptide-Xenortide Peptides (RXPs)."** Recently,
new nematophin analogues 18b-d and nematophins with
valine building blocks, nevaltophins 26a-f were identified in
Xenorhabdus strains (Fig. 8).**

This journal is © The Royal Society of Chemistry 2021
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The biosynthesis of nematophin is proposed to originate
from the monomodular NRPS, RdpD, which is closely related to
the RXP-producing NRPS, RdpABC but differs in the incorpo-
ration of a-keto carboxylic acid as the starting unit."** Heterol-
ogous expression of the rdpD gene from X. nematophila ATCC
19601 strain in Escherichia coli fed with either phenylethylamine
(PEA) or tryptamine (TRA), resulted in the production of new
nematophin congeners, 18b-d (Fig. 8A). In contrast, the wild
type (WT) X. nematophila strain only produced nematophin 18a
even when fed with PEA or TRA and the presence of the amine
compounds did not enhance its production level.***

Very few non-ribosomal peptides containing a-keto acid
building blocks have been described to date.****> The o-keto
acid precursors in nonribosomal cereulide from Bacillus cereus
and valinomycin from Streptomyces spp. occur via deamination
of a-amino acids such as valine, isoleucine or alanine.’*>*3* A
similar deamination mechanism to the corresponding acids is
proposed in RdpD biosynthesis which is activated by the A
domain and subsequently loaded onto the adjacent T domain.
Nucleophilic attack by the free amine via the Ci, generates
nematophin 18a and analogues (18b-d). The Cier, domains in
RXP-NRPS and RdpD-NRPS indicate that various amines such
as TRA and PEA commonly found in Xenorhabdus strains can be
used as substrates to access the production of TRA- (18b) and
PEA-containing nematophin derivatives (18c-d). The PEA
analogues are produced in minor amounts, implying that the
substrate preference of the Ci., domain in RdpD is likely
tryptamine over phenylethylamine.***

A similar BGC was identified in Xenorhabdus PB62.4 con-
taining two monomodular NRPS, Pb62A resembling RdpD with
a broken Cgareer domain, and Pb62B like the RXP RdpC terminal
module with a complete C domain. Heterologous expression of
the pb62 gene cluster in E. coli fed with either PEA or TRA has
permitted to unlock the production of new elongated nem-
atophin derivatives containing an additional valine motif in the
structure which was assigned the name nevaltophins 26a—f. The
structures of 26a-f suggest a biosynthetic pathway very similar
to that of 18a-d but with the incorporation of a valine subunit
with a-keto acid building blocks (Fig. 8B).**' The production of
26a-fwas abolished in the Ser;;0;Ala mutation on the conserved
Ser of the PCP domain in PB62A and led to the accumulation of
26g, further supporting the proposed biosynthesis (Fig. 8C).
Furthermore, when Pb62A was used as a starting module in
XndB involved in xenortide biosynthesis,"** nevaltophins with
phenylalanine motif 26h-i were produced.® The results
provided a platform for engineered biosynthesis further
expanding the nematophin chemical space.

While the crude extracts containing nematophins displayed
zone of inhibition against the Gram-positive bacteria M. luteus,
the nevaltophins containing-extracts did not exhibit activity.***
The authors, however, only tested the antibacterial activity of
nevaltophins against M. luteus;** and the results may not
provide conclusive evidence that the valine unit incorporation
in the nematophin core structure may enhance or decrease its
bioactivity. In stark contrast, another study indicated that
nematophin 18a has no activity against M. luteus at the highest
concentration tested (100 pug mL™'). Nematophin, however,
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(A) Nematophin 18a and analogues 18b—d from heterologous expression of the rdpD gene in E. coli and proposed biosynthesis, (B)

nevaltophin and analogues 26a—f from heterologous expression of the pb62 gene cluster in E. coli, and (C) chemical structures of 26g—i.

showed potent activity against other Gram-positive bacteria
such as S. aureus (MIC = 0.125 pug mL~"),'**13¢ MRSA (MIC = 1.5
ng mL™") and fungal pathogen, Botrytis cinerea (MIC = 12 pg
mL~").*%° Furthermore, the 3-keto amide functionality in nem-
atophin is essential for its anti-staphylococcal activity;"** and
the activity is substantially enhanced by N-substitution of the
indole ring with an alkyl or a phenyl group.*“ "% The
synthetic N-methyl substituted nematophin analogue displayed
nanomolar activity towards several strains of S. aureus
(15 ng mL™"), Staphylococcus hyicus (60 ng mL "), and Staphy-
lococcus intermedius 9503 (50 ng mL™~")** including MRSA ATCC
43300 (31 ng mL™") and methicillin-susceptible S. aureus, MSSA
ATCC 29213 (125 ng mL™')."* Conversely, incorporation of
azaindole moieties in the nematophin scaffold significantly
reduced the antibiotic activity (MIC = 16-128 pg mL™').*%’
Nematophin 18a and nevaltophin 26a showed weak activity
against parasites, Trypanosoma brucei rhodesiense, Trypanosoma
cruzi, Leishmania donovani, and Plasmodium falciparum."*
Phenylethylamide-containing compounds such as nematophin
were found to specifically inhibit an insect serotonin receptor
facilitating its role in insect pathogenesis.™®

4.2.3 Nonribosomal peptides via promoter exchange.
Several known and cryptic nonribosomal peptides were identi-
fied in Photorhabdus and Xenorhabdus via the promoter
exchange strategy, including GameXPeptides, xenoamicins,
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mevalagmapeptides, xenorhabdin, indigoidine,"***** and the
pentadecapeptide, kolossin.*** Recently, photoditritide 19 was
identified after the photoditritide synthetase (pdtS) gene was
activated in Photorhabdus temperata Megl via substitution of
the native promoter with a transcriptionally active arabinose-
inducible promoter, Pgap (Fig. 6 and Table S1t).'** Over-
expression of the pdtS gene was achieved with arabinose
(induced strain), resulting in the production of a hexapeptide
that is not previously detected in the wild type (WT) strain.
Photoditritide 19 consists of two homoarginines (Har), two
tyrosines (Tyr), and two tryptophans (Trp).'* Although non-
proteinogenic amino acid Har-containing peptides have been
reported in various marine organisms such as a sponge (cupo-
lamide A),"** cyanobacteria (nodularin-Har)**'** and marine-
derived actinomycetes (lucentamycins A-D),*** photoditritide
is the first peptide from entomopathogenic bacteria that
contains the rare homoarginine residue.'*> Photoditritide 19
displayed antimicrobial activity against M. luteus (MIC = 3.0
uM) and E. coli (MIC = 24 uM) and weak antiprotozoal activity
against T. cruzi (ICso = 71 pM), P. falciparum (ICs, = 27 pM) and
T. brucei rhodesiense (ICso = 13 uM). No cytotoxic activity against
mammalian L6 cells was observed.'*> Nonribosomal peptides
27-31 were produced via promoter exchange in 4x4fg mutants of
Photorhabdus and Xenorhabdus strains (Fig. 9 and Table S1t).
The global post-transcriptional regulator, Hfq, is widespread in
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