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Introduction

The Expanding Spectrum of Diketopiperazine Natural Product
Biosynthetic Pathways Containing Cyclodipeptide Synthases

Paul Borgman,? Ryan D. Lopez? and Amy L. Lane*?

Microorganisms are remarkable chemists, with enzymes as their tools for executing multi-step syntheses to yield myriad
natural products. Microbial synthetic aptitudes are illustrated by the structurally diverse 2,5-diketopiperazine (DKP) family
of bioactive nonribosomal peptide natural products. Nonribosomal peptide synthetases (NRPSs) have long been recognized
as catalysts for formation of DKP scaffolds from two amino acid substrates. Cyclodipeptide synthases (CDPSs) are more
recently recognized catalysts of DKP assembly, employing two aminoacyl-tRNAs (aa-tRNAs) as substrates. CDPS-encoding
genes are typically found in genomic neighbourhoods with genes encoding additional biosynthetic enzymes. These include
oxidoreductases, cytochrome P450s, prenyltransferases, methyltransferases, and cyclases, which equip the DKP scaffold
with groups that diversify chemical structures and confer biological activity. These tailoring enzymes have been
characterized from nine CDPS-containing biosynthetic pathways to date, including four during the last year. In this review,
we highlight these nine DKP pathways, emphasizing recently characterized tailoring reactions and connecting new
developments to earlier findings. Featured pathways encompass a broad spectrum of chemistry, including the formation of
challenging C-C and C-O bonds, regioselective methylation, a unique indole alkaloid DKP prenylation strategy, and
unprecedented peptide-nucleobase bond formation. These CDPS-containing pathways also provide intriguing models of
metabolic pathway evolution across related and divergent microorganisms, and open doors to synthetic biology approaches
for generation of DKP combinatorial libraries. Further, bioinformatics analyses support that much unique genetically
encoded DKP tailoring potential remains unexplored, suggesting opportunities for further expansion of Nature’s biosynthetic
spectrum. Together, recent studies of DKP pathways demonstrate the chemical ingenuity of microorganisms, highlight the
wealth of unique enzymology provided by bacterial biosynthetic pathways, and suggest an abundance of untapped
biosynthetic potential for future exploration.

Secondary metabolites are produced by organisms from all domains
of life, and encompass a diverse array of chemical structures that are
evolutionarily crafted for biological function.'* These natural
products act as chemical communication signals between
organisms,> © provide lead compounds for pharmaceutical and
agrochemical development,” & act as chemical probes for deducing
mechanisms of biological processes,” and inspire organic
syntheses.10

Natural products with 2,5-diketopiperazine (DKP) scaffolds are
structurally diverse and produced by a wide range of microorganisms
(Fig. 1).1% 12 The broad structural diversity of these cyclic dipeptides
translates into an equally wide range of biological activities, including
immunosuppressant, herbicidal, and anticancer effects exemplified
by 1-6.1217 The DKP ring confers increased structural rigidity and
stability against proteolysis relative to acyclic peptide scaffolds,
making DKPs attractive in pharmaceutical development.'? Several
reviews summarize the array of DKP chemical structures and
biological activities.1? 12,18

The diversity of DKP natural products arises from the enzyme-
catalyzed incorporation of a wide variety of amino acids into the
cyclic dipeptide scaffold as well as tailoring of this scaffold.'822
Enzymes from two families, the nonribosomal peptide synthetases
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(NRPSs) and cyclodipeptide synthases (CDPSs), are the major
catalysts recognized for formation of the two peptide bonds in DKPs.
These enzyme families are the focus of excellent recent reviews.?% 23
NRPSs are long-studied, often massive (> 100-kDa) multimodular
enzymes that act as molecular assembly lines, with each module
typically catalyzing a cycle of amino acid adenylation, peptide bond
formation, and optional tailoring reactions (e.g. methylation).?> 24
DKPs originate from either the premature release of dipeptide
intermediates from longer assembly lines or from NRPSs dedicated
to cyclic dipeptide assembly.t?

In contrast to NRPSs, CDPSs were first reported in 2009 and are
small (~30-kDa) enzymes that utilize two aminoacyl-tRNAs (aa-
tRNAs) as substrates for catalyzing formation of two peptide bonds
between aminoacyl moieties to yield the DKP scaffold (Fig. 2a).2®
Aminoacyl-tRNAs are uncommon players in natural product
assembly,?> 26 making CDPSs intriguing members of Nature’s
biosynthetic repertoire. Structural and mechanistic studies support
that the two aa-tRNA substrates bind at separate sites of CDPSs, with
DKP formation occurring via a sequential ping-pong mechanism (Fig.
2b).27-32

Over 100 CDPSs have been functionally characterized, including
more than 40 during the last two years.?> 3345 Most of these CDPSs
exhibit some promiscuity with respect to at least one of their two aa-
tRNA substrates, vyielding multiple cyclic dipeptide products.
Altogether, CDPSs have been demonstrated to catalyze assembly of
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Fig. 1 Representative 2,5-diketopiperazine (DKP) natural products and bioactivities.
The DKP core is shown in red. DKP natural products encompass diverse chemical
structures and biological activities, as highlighted in italics.!2-17

over 75 different cyclic dipeptides, spanning 18 of the 20 canonical
L-amino acids. CDPSs were also recently demonstrated as catalysts
for the formation of cyclic dipeptides containing approximately 25
different unnatural L-amino acids.*®

Genes encoding multi-step biosyntheses of complex natural
products are typically clustered on bacterial chromosomes, meaning
that the discovery of one gene from a biosynthetic pathway typically
facilitates discovery of others from the same pathway. Of the >100
functionally characterized CDPSs, nearly all are from bacterial gene
clusters that also encode putative enzymes with hypothesized roles
in DKP tailoring.?> 334> Publicly available genome sequence
databases contain over 700 additional putative CDPS-encoding
genes, most of which also are clustered with predicted DKP tailoring
genes.*’ In contrast, only nine biosynthetic pathways that include
CDPSs have been experimentally characterized, yielding compounds
7-15 (Fig. 3).2% 34 36,37, 41, 42, 44, 4853 Foyr of these pathways were
established within the last year, and yield some of the most
structurally complex CDPS-derived natural products (i.e. 10-12; 15)
known to date.34' 41,42,44,52,53

Herein, we highlight the nine functionally characterized
biosynthetic pathways that employ CDPSs for cyclic dipeptide
precursor assembly (Fig. 3). Our aim is to emphasize the most
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recently established pathways, along with providing overviews of
earlier characterized pathways, and suggesting future directions of
importance. We focus on enzymes that tailor CDPS-derived cyclic
dipeptides rather than on CDPS-catalyzed reactions within these
pathways, since other recent reviews provide a wealth of
information on CDPS structures, functions, and mechanisms.2% 26, 33
The recent surge in functional characterization of CDPSs and DKP
pathways expands the spectrum of DKP biosynthesis, opening
opportunities for application of DKP pathways in chemoenzymatic
syntheses, synthetic biology, ecology, evolution, and more.

The spectrum of characterized biosynthetic
pathways that contain CDPSs

Common themes among characterized pathways.

The nine characterized biosynthetic gene clusters that encode CDPSs
are all from bacteria and range from under 2 kB to approximately 10
kB in size (Fig. 3),2% 34 36, 37, 41, 42, 44, 4833 p|acing them among the
smallest types of known natural product gene clusters. Their
compactness arises from the small size of CDPSs relative to other
common machinery (e.g. NRPSs?® and polyketide synthases®*) for
natural product framework assembly and the relatively low number
of tailoring enzymes encoded by most clusters. Tailoring enzymes
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Fig. 2 CDPSs as catalysts for the biogenesis of cyclic dipeptides. (a) CDPSs utilize two
aa-tRNAs as substrates for catalyzing cyclic dipeptide assembly. Cyclic dipeptide
structures are commonly abbreviated as cXX, where X is the one letter abbreviation for
an L-amino acid residue. (b) The CDPS catalytic mechanism entails initial covalent
tethering of the aminoacyl moiety from the first aa-tRNA substrate (red) onto a
conserved active site serine (Ser) residue. Nucleophilic attack of the amino nitrogen on
the carbonyl carbon from the second aa-tRNA substrate (blue) yields the first peptide
bond. The resulting enzyme-linked dipeptidyl intermediate then undergoes
intramolecular peptide bond formation to yield the DKP group with concomitant release
from the active site. The two aa-tRNA substrates bind at different sites of the CDPS.27-32
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cyclic dipeptide formation from two aa-tRNA substrates (middle box). Tailoring reactions then transform cyclic dipeptide precursors into 7-15; groups introduced via these tailoring
steps are emphasized in red. A schematic of each biosynthetic gene cluster is provided alongside the chemical structure it encodes. These cluster schematics highlight experimentally
characterized tailoring reactions yielding 7-15.29 34 36,37, 41,42, 44, 48-53
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catalyze reactions of both the cyclic dipeptide ring and amino acid R-
groups, leading to much of the observed DKP structural diversity (Fig.
3).29 34,36, 37, 41, 42, 44, 48-53 DKP diversity is further bolstered by the
recurrent theme of promiscuity, in some cases beginning with CDPS-
catalyzed formation of multiple cyclic dipeptide precursors and
continuing with tailoring enzymes that accept multiple substrates to

yield natural combinatorial libraries of DKPs. Additionally,
homologous pathways from different bacteria often yield related
DKPs, further exemplifying the combinatorial chemistry prowess of
DKP pathways. Below, overviews of pathways yielding 7-15 highlight
these biosynthetic themes.

This journal is © The Royal Society of Chemistry 20xx Org. Biomol. Chem., 20xx, 00, 1-3 | 3
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The albonoursin pathway was the first-established CDPS-
containing biosynthetic pathway and offers an example of
pathway promiscuity and oxidative tailoring reactions.

The first recognized biosynthetic gene cluster featuring a CDPS was
that encoding albonoursin (7, Fig. 3),*° an antibacterial molecule
isolated from Streptomyces noursei and related species.>¢ Assembly
of the cFL precursor of 7 is catalyzed by CDPS AlbC, which also yields
a variety of other cyclic dipeptides as minor products.?> A flavin-
dependent  oxidoreductase  (AlbA) then catalyzes a,f-
dehydrogenation at the phenylalanine hemisphere of cFL.*® This
enzyme subsequently catalyzes an equivalent reaction at the leucine
hemisphere to yield di-o, 3-dehydrogenated product 7. AlbA exhibits
promiscuity, catalyzing mono-a,-dehydrogenation of a variety of
cyclic dipeptides containing both aliphatic and aromatic side chains.
The DKP ring appears an important determinant of substrate
recognition, as dehydrogenation reactions were not observed for
selected acylic dipeptides.*® Intriguingly, the catalytic activity of AIbA
requires AlbB, which lacks significant sequence similarity to
characterized proteins and likely forms an active multimeric complex
with AlbA.#°

Pulcherrimin biosynthesis highlights oxidative tailoring reactions
and different pathways yielding the same natural product.

Pulcherrimin (8) is a long-known and broadly distributed iron chelate,
isolated from a variety of genera of yeast and Bacillus genus
bacteria.>” >8 In Bacillus subtilis, the CDPS YvmC catalyzes formation
of major product cLL as well as minor cyclic dipeptide products
containing one leucine residue.?> 30 The yvmC gene is part of a two
gene operon with cypX (Fig. 3),>° which encodes a cytochrome P450
homologue. CypX is implicated as the catalyst for two N-
hydroxylations and dehydrogenation of the cLL ring to yield aromatic
pulcherriminic acid (16),>> which is transformed into 8 via non-

K. lactis
Pul2
2L-leu ———>» clL ——>
? P450

B. subtilis

YvmC
Leu-

~{RNA'Y  CDPS

pulcherriminic acid (16)

enzymatic chelation of iron(lll) (Fig. 4).>’” Cryle and co-workers
demonstrated that CypX catalyzes cLL ring hydroxylation in vitro,
although the regiochemistry remains unknown. Their crystal
structure of CypX revealed that it adopts the fold typical of P450s,
featuring a predominantly a-helical structure and noncovalently
linked heme moiety.>

With this evidence for the pulcherrimin pathway from B. subtilis,
it appeared probable that yeasts assemble this DKP through a
homologous pathway. Curiously, no homologues of B. subtilis
pulcherrimin biosynthetic enzymes were revealed by bioinformatics
analyses of sequenced yeast genomes. Krause et al. broadened the
search by evaluating selected yeast genome sequences for putative
proteins that contain conserved domains from cytochromes P450.50
This led to identification of Pul2, a homologue of Aspergillus P450s
that play roles in secondary metabolism, from the vyeast
Kluyveromyces lactis. Gene replacement mutations of genes from
the pull-pul2 operon in K. lactis yeast, along with genetic
complementation experiments, implicated Pull and Pul2 in
biogenesis of 16 (Fig. 4).%0 Pull lacks sequence similarity to
recognized enzyme families and is postulated to yield cLL as a
precursor to 16, although the product of Pull has yet to be directly
confirmed. The pulcherrimin pathways from bacteria and yeast (Fig.
4) likely arose via convergent evolution, with catalysts from dissimilar
evolutionary origins leading to the same natural products.®®

The mycocyclosin pathway features a cytochrome P450 that
catalyzes intramolecular DKP diaryl C-C linkage.

Intrigue about the two gene operon rv2275-rv2276 (Fig. 3) from
Mpycobacterium tuberculosis was initiated largely by the discovery
that Rv2276 is required for viability of this pathogen, sparking
interest in this cytochrome P450 as an antibiotic drug target.6* The
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chelation
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Fig. 4 Overview of pulcherrimin biosynthetic pathways from the yeast K. lactis and bacteria B. subtilis. In the pathway established from B. subtilis, formation of cLL is catalyzed by
a CDPS followed by N-oxidation via a cytochrome P450 to yield 16.25 30 5 55 This molecule is excreted into the environment, where it binds iron(lll) to yield 8. K. lactis also employs
a two enzyme biosynthetic pathway, but neither of these enzymes exhibit sequence homology to the B. subtilis pathway.® This represents a likely example of convergent evolution

of biosynthetic pathways from phylogenetically distant organisms.

This journal is © The Royal Society of Chemistry 20xx
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function of P450 Rv2276 remained cryptic until Rv2275 was
established as a CDPS that catalyzes formation of cYY as its major
product, along with a handful of minor products containing
tyrosine.2> 2° This led to the hypothesis that P450 Rv2276 catalyzes
functionalization of cYY. Indeed, in vitro assays revealed that Rv2276
catalyzes conversion of cYY to mycocyclosin (9).° The P450 Rv2276
appears substrate specific, as intramolecular diaryl C-C coupling was
not observed for other aromatic cyclic dipeptide substrates.6? X-ray
crystal  structures, molecular dynamics simulations, and
spectroscopy studies supported that transformation of cYY into 9
proceeds through a bi-carbon radical mechanism.% 51 63 These
characterization studies guided the
development of synthetic inhibitors of Rv2276 as potential future
tuberculosis therapies,®* while the molecular basis for the essential
physiological role of P450 Rv2276, cYY, and/or 9 remains under
investigation.

structural and functional

A cytochrome P450 from the naseseazine pathway enabled
development of biosynthetic tools for formation of challenging C-C
bonds found in dimeric DKPs.

A large number of bioactive natural products, mostly from fungi, are
homo- or heterodimeric DKPs (e.g. 1).23 This family of molecules
poses formidable organic synthesis challenges, largely related to
intermolecular C-C bond formation to link the two pyrroloindoline
moieties of DKPs.®> As a model for biosynthesis of dimeric
pyrroloindoline DKPs, Tian and co-workers recently established the
naseseazine (10) pathway as well as a facile in vivo system for
formation of synthetically challenging C-C bonds of homo- and
heterodimeric DKPs.>?

Unlike fungal biosynthetic pathways that utilize NRPSs to form
DKP precursors of dimeric DKPs, biogenesis of 10 from a marine-
derived Streptomyces sp.?® was linked to a CDPS-containing gene
cluster (nascA-nascB, Fig. 3) via heterologous expression of this
pathway in S. albus.>? Sequence homology to characterized CDPSs
implicated NascA in assembly of the cWP precursor of 10, while
functional characterization of purified recombinant NascB
established it as the cytochrome P450 catalyst of intermolecular C-C
bond formation between two cWP precursors. Like the mycocyclosin
pathway P450 Rv2276 (Fig. 3), NascB was proposed to employ a
biradical mechanism for C-C bond formation.

Discovery of the naseseazine pathway P450 opened doors for
biosynthetic assembly of novel members of this dimeric natural
product family. Tian and co-workers engineered E. coli as a cellular
factory for production of pyrrolindoline DKP homo- and
heterodimers.>2 Supplementation of E. coli cultures expressing NascB
with individual or combinations of synthetic indole alkaloid cyclic
dipeptides resulted in isolation of approximately 30 novel DKP homo-
and heterodimers, corresponding to intermolecular bond formation
between indole-C6’ or -C7’ and indole-C3 of the two DKP monomers
(e.g. 10). DKP dimer products featured a variety of natural and
unnatural amino acids, including some D-amino acids, highlighting

This journal is © The Royal Society of Chemistry 20xx
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the promiscuity of NascB in DKP substrate recognition. These results
highlight the promise of DKP pathway enzymes as tools for the
generation of structurally uniqgue molecules that are challenging to
access via organic syntheses.

A DKP pathway provided the first example of peptide
functionalization with a nucleobase, extending the functional
spectrum of P450 tailoring enzymes.

Electron-rich indole moieties are common targets of a variety of
biosynthetic tailoring reactions, and the resulting functionalized
indole groups are valued for their fascinating structures and essential
contributions to the biological activities of many natural products
(e.g. 1; 3; 4; 6).%7 The mining of Streptomyces genomes for novel
CDPS-containing biosynthetic pathways recently resulted in
discovery of an unprecedented indole tailoring reaction, in which a
P450 catalyzes linkage of a DKP indole nitrogen with a guanine
carbon.*!

Bioinformatics analyses supported homologous putative
operons encoding a CDPS and P450 (Fig. 3) from three strains of
Streptomyces. Expression of each CDPS in E. coli resulted in
accumulation of c(WW as the sole detectable DKP product.33 35
Introduction of the two gene CDPS-P450 operon into S. coelicolor
resulted in production of a molecule identified as 1-(8-guaninyl)-
cWW (11) by 1D and 2D NMR analyses.*! In vitro assays further
confirmed this finding, demonstrating P450-catalyzed formation of
the C-N linkage between cWW and guanine substrates to yield 11.
This P450 shares sequence similarity with both NascB and Rv2276,
which catalyze C-C bond formation, and likely employs a similar
radical mechanism. Future structural studies may further illuminate
this mechanism and establish determinants of DKP and nucleobase
substrate recognition. By providing the first example of nucleobase
tailoring of a peptide natural product from any biosynthetic origin
(i.e. RiPP, NRPS, or CDPS), this work expands Nature’s biosynthetic
toolkit and highlights the promise of CDPS-containing pathways as
sources of novel biosynthetic transformations.

The bicyclomycin pathway is the most complex CDPS-containing
biosynthetic pathway characterized to date and a model for the
study of pathway evolution.

Bicyclomycin (12) is a structurally compact and remarkably oxidized
DKP.%8 It is the only known selective inhibitor of transcription
termination factor rho, necessary for survival of many bacteria.
Understanding of the biosynthetic pathway to 12 was limited
primarily to precursor feeding studies until 2018,° when the
biogenesis mystery was solved by three groups in parallel. Genome
sequencing of bicyclomycin-producing actinomycete strains by each
group revealed a ~9 kB locus (bcm) predicted to encode a CDPS, five
a-ketoglutarate-dependent dioxygenases, and a cytochrome P450
monooxygenase (Fig. 3).3% 4% 44

Introduction of the bcm cluster into heterologous host S.
coelicolor by Vior and co-workers enabled production of 12,
supporting the role of some or all genes from this cluster in

Org. Biomol. Chem., 20xx, 00, 1-3 | 5
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Fig. 5 Proposed bicyclomycin biosynthetic pathway, featuring a cascade of oxidative transformations. This biosynthetic route was proposed by Meng and co-workers based on in
vitro reconstitution of the entire pathway.>* Encompassing a series of six enzymes catalyzing oxidation reactions, this represents the longest CDPS-containing pathway characterized

to date.

biosynthesis of 12.# Concurrently, both Patteson et al. and Meng et
al. undertook the challenge of establishing the pathway to 12 by
functional characterization of recombinant enzymes from the bcm
cluster (Fig. 3).3% 42 BcmA was established as a CDPS, catalyzing
formation of the cIL scaffold. The pathway then proceeds through
hydroxylation of three unactivated sp? carbons catalyzed by BcmE,
BcmC, and BcmG. This is followed by o,p-dehydrogenation and
epoxidation at the leucine hemisphere catalyzed by BcmB, with
potentially spontaneous nucleophilic attack from the isoleucine
terminal hydroxy group on the epoxide to yield an 8-membered ring.
Finally, hydroxylation of a DKP ring carbon by P450 BcmD and exo-
methylene formation via BcmF-catalyzed dehydrogenation complete
the pathway to 12 (Fig. 5).3% 42 With seven enzymes playing
confirmed roles in DKP scaffold assembly and oxidative tailoring
reactions, the route to 12 is the most elaborate CDPS-dependent
pathway characterized to date.

The bcm gene cluster also highlights DKPs as exemplars for
secondary metabolite pathway evolution. Observation of intact gene
clusters across distantly related phyla is uncommon, vyet
bioinformatics analyses revealed largely syntenic bcm gene cluster
homologues from the genome sequences of over 700 Gram-positive
Actinobacteria and Gram-negative Proteobacteria.** The majority of
these clusters were found within Pseudomonas genus

This journal is © The Royal Society of Chemistry 20xx

Proteobacteria, including pathogenic Pseudomonas aeruginosa
strains. Expression of P. aeruginosa bcm gene clusters in
heterologous hosts resulted in production of 12,42 44 suggesting that
these pathways are functional. This finding raises additional
questions about whether 12 is produced in natural habitats, and the
possibility of this antibiotic as a mediator of biotic interactions within
the human microbiome during P. aeruginosa infections.

Phylogenetic analyses revealed that bcm clusters from Gram-
negative and Gram-positive bacteria group into different clades, with
greater sequence divergence within Gram-positive clades.** This
suggests that the bcm gene cluster likely originated in Gram-positive
bacteria and was more recently introduced into Gram-negative
bacteria via horizontal gene transfer. Additionally, the bcm cluster is
typically flanked by predicted integrases, transposes, and other
genetic elements responsible for gene cluster mobilization, providing
additional circumstantial evidence for horizontal gene transfer as the
origin of the broad distribution of the bcm cluster.**

Methyltransferases tailor both the DKP ring and amino acid R-
groups.

S-adenosylmethionine (SAM) dependent methyltransferases are
common tailoring enzymes across the natural product spectrum.’

Org. Biomol. Chem., 20xx, 00, 1-3 | 6
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Classic  methyltransferases catalyze  Sy2-type  nucleophilic
substitution reactions, in which a nucleophilic atom from the natural
product substrate attacks the electrophilic methyl carbon of SAM as
its methyl-sulfur bond breaks. Methyltransferase homologues are
commonly encoded within putative CDPS gene clusters,*” yet
methyltransferases from only two of these clusters have been
characterized to date. One leads to methylated members of the
nocazine/XR334 (e.g. 13) family and the other catalyzes DKP N-
methylation of cWW to yield 14.36 37

Nocazine/XR334 family members have been isolated from
multiple actinomycetes and include at least ten different molecules
from cYY, cFF, and cFY precursors. Representatives of this natural
combinatorial library feature N- and/or O-methylation of the DKP
ring, O-methylation of tyrosine, and o,-dehydrogenation.”>73 As a
model for the pathway leading to this family, Giessen and co-workers
characterized enzymes of the nocazine/XR334 gene cluster from
Nocardiopsis dassonvillei (Fig. 3).3% Assembly of the cyclic dipeptide
scaffold is catalyzed by CDPS Ndas_1148. Ndas_1146 and Ndas_1147
are homologous to the oxidoreductase AIbA and hypothetical
protein AlbB, respectively, from the albonoursin pathway (Fig. 3) and
also catalyze o,B-dehydrogenation. Incubation of recombinant
Ndas_1149 with a variety of cyclic dipeptides and SAM revealed that
this methyltransferase exclusively catalyzes O-methylation of DKP
tyrosine residues. The other methyltransferase homologue from the
pathway, Ndas_1145, evaded experimental characterization but
likely catalyzes DKP N- and O-methylation observed in some
nocazine/XR334 family members.

Characterization of an orphan biosynthetic gene cluster from
Actinosynnema mirum led to identification of an N-methylation
catalyst of DKP rings.3” Bioinformatics analyses of the amir_4627
amir_4628 gene cluster suggested that it encoded a and
methyltransferase (Fig. 3). Functional characterization of Amir_4627
revealed that it exclusively catalyzes cWW formation. Co-expression
of this CDPS and methyltransferase candidate Amir_4628 as well as
in vitro assays with purified Amir_4628 resulted in production of
cWW derivatives with methylation of one or both DKP nitrogens (e.g.
14), establishing Amir_4628 as an N-methyltransferase. The
promiscuity of Amir_4628 was evaluated by co-expression in E. coli
with AlbC, the albonoursin (7) pathway CDPS that catalyzes
formation of cFX (X = variable amino acid). Evaluation of N-methyl
DKP products from these cultures revealed a variety of cFX’s as
suitable substrates for Amir_4628. This in vivo biosynthetic pathway
mixing-and-matching strategy not only provided a creative approach
for evaluating methyltransferase promiscuity, but also suggests the
promise of analogous biosynthetic approaches for further expanding
the spectrum of DKP chemical diversity.

An unusual prenyltransferase from the drimentine pathway
expands Nature’s indole alkaloid prenylation strategies.

Indole prenyltransferases are a large family of homologous tailoring
enzymes recognized for normal and reverse prenylation of a variety
of indole alkaloid substrates, including DKPs that contain
tryptophan.”* Surprisingly, recent characterization of the drimentine
biosynthetic pathway revealed a catalyst of indole alkaloid DKP
prenylation that lacks significant homology to this enzyme family and
instead is most homologous to phytoene synthases.>3

Yao and co-workers observed that genome sequences from three
Streptomyces strains shared a homologous locus predicted to encode
a CDPS (DmtB), membrane-associated terpene cyclase (DmtA), and
phytoene synthase (DmtC, Fig. 3.).53 Introduction of partial gene
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cluster dmtB1-dmtC1 from one of these strains into S. coelicolor
resulted in production of cWP, cWV, and cWL derivatives with a
farnesyl group at indole C-3, dubbed pre-drimentines (e.g. 17, Fig. 6).
This supported DmtB as a CDPS and DmtC, suggested by
bioinformatics as a phytoene synthase, as a prenyltransferase. In
vitro enzyme assays confirmed these functions of DmtB and DmtC
and demonstrated that each exhibits promiscuity. Expression of the
complete dmtA1-C1 locus in S. coelicolor resulted in production of
drimentine G (15), corresponding to cyclization of the farnesyl group
of 17 (Fig. 6) and supporting DmtA as a farnesyl cyclase.

Intriguingly, some drimentine pathways may offer additional
biosynthetic tricks beyond those encoded by dmtA-dmtC.>® Gene
clusters from two of the three Streptomyces strains harboring dmtA-
dmtC additionally encode putative oxidases homologous to those
catalyzing  o,pB-dehydrogenation in the albonoursin and
nocazine/XR334 pathways as well as methyltransferase homologs.
This suggests that further genome mining may unveil additional
biosynthetic transformations to expand the drimentine family of
natural products. The similarities and differences between dmt gene
clusters from different strains also suggests these clusters as an
interesting model for exploration of biosynthetic pathway evolution.

Trp-tRNATP + Val-tRNAV!

DmtB
CDPS
1% H
(N
NH
HN 3
cWV o
(SPP
DmtC 7
prenyltransferase |
N
(o}
H N
N
HN
pre-drimentine G (17) (¢] H = H
B: N
DmtA

terpene cyclase

drimentine G (15)

Fig. 6 Drimentine pathway, including unique prenylation biosynthetic machinery. In
the pathway proposed by Yao et al.,>® formation of the c WV precursor of 15 is catalyzed
by CDPS DmtB. Indole C-3 farnesylation is catalyzed by the prenyltransferase DmtC,
which lacks sequence homology to the large and well-studied family of indole
prenyltransferases. Finally, cyclization of the prenyl group of 17 is catalyzed by DmtA to
yield 15.
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Conclusions and Future Directions

The aptitude of enzymes as catalysts for assembly of elaborate
natural products amazes and inspires, as illustrated by the above
vignettes for nine characterized biosynthetic pathways that contain
CDPSs. These pathways encompass a wide breadth of DKP tailoring
reactions, including formation of challenging C-C (e.g. 9-10) and C-O
bonds (e.g. 12), regioselective methylation (e.g. 13-14), a unique
prenylation strategy (e.g. 15), and unprecedented bonds between
groups such as peptides and nucleobases (e.g. 11).2% 34 36,37, 41, 42,44,
48-52

While these studies significantly expand the spectrum of DKP
biosynthetic pathways, bioinformatics analyses suggest that much of
the chemistry possible from CDPS-containing pathways remains
untapped. Skinnider and co-workers recently developed an
automated bioinformatics pipeline to predict products of CDPSs and
tailoring enzymes from these pathways, and applied this tool to
evaluate ~700 putative CDPS-containing biosynthetic pathways.*’
CDPSs from these pathways were predicted to catalyze formation of
at least 25 cyclic dipeptides in addition to the approximately 75
previously reported. These analyses also supported that a large
number of tailoring enzyme types remain unexplored, including ones
predicted to catalyze cyclic dipeptide acetylation, sulfonation, and
glycosylation. A variety of predicted cytochromes P450 and other
oxidase families were also noted in pathways and are
phylogenetically distinct from previously characterized DKP tailoring
enzymes. Considering the assortment of unique transformations
represented within the nine established CDPS-containing pathways
(Fig. 3),2° 34 36,37, 41, 42, 44, 4853 characterization of these cryptic DKP
pathways holds significant potential for expanding the breadth of
Nature’s chemistry toolkit.

The establishment of CDPSs and associated tailoring enzymes as
catalysts for assembly of functionalized DKPs (Fig. 3) opens doors for
synthetic biology approaches to DKP assembly. This synthetic biology
promise is suggested by the small size of CDPSs relative to NRPS
catalysts of cyclic dipeptide formation,?> CDPS-catalyzed production
of a wide breadth of cyclic dipeptides including ones with unnatural
amino acids,3? 46 and the relatively high in vivo yields of cyclic
dipeptides (>100-200 mg/L) observed by heterologous expression of
some CDPSs in E. coli.?> 33 35 38 40, 43 Fyrther, several tailoring
enzymes featured in this review, including P450s,>?
prenyltransferases,”® and methyltransferases,3® 37 exhibited
promiscuity with respect to DKP substrate. The mixing-and-matching
of CDPSs with promiscuous tailoring enzymes from multiple CDPS-
and/or NRPS-containing pathways offers particular promise for
combinatorial biosynthetic chemistry approaches to yield libraries of
novel DKPs. Together, the untapped potential of CDPS pathways as
sources of new DKPs along with the synthetic biology promise of
CDPS pathways suggests a bright future for Nature’s arsenal of
bioactive DKP chemical diversity.
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