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Enzymes are fascinating biocatalysts that can accelerate remark-
able transformations in nature. Some of the most interesting
transformations catalyzed by enzymes are known from the
biosynthetic pathways towards natural products. For instance,
class I terpene synthases can convert highly complex transfor-
mations of an acyclic precursor, such as farnesyl or geranylger-
anyl diphosphate, into sesqui- or diterpenes, respectively. As
has been described recently, even farnesylfarnesyl diphosphate
can be converted into triterpenes, a substance class that was pre-
viously believed to originate exclusively from squalene by class
II terpene synthases [1]. These conversions proceed through
multistep cationic cascade reactions and usually produce a poly-
cyclic terpene hydrocarbon or alcohol with multiple stereo-
genic centers. While these transformations require only a single
enzyme, polyketide and nonribosomal peptide biosyntheses are
catalyzed by megasynthases that follow an assembly line logic,
with individual domains for each single step [2]. Furthermore,
the domains are organized into modules, each of which is re-
sponsible for the incorporation of one extender unit into the
growing polyketide or peptide chain. With our knowledge
today, the function of these large enzyme factories is easier to
read than for terpene synthases, the functions of which are diffi-
cult to predict, but their size makes the megasynthases much

more difficult to handle in the laboratory. Besides these core en-
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zymes of the biosynthetic machineries to some of the most im-
portant classes of natural products, nature has evolved a large
number of enzyme classes for more specific transformations, in-
cluding cytochromes P450 or a-ketoglutarate-dependent dioxy-
genases for late-stage oxidations and transferases for the attach-
ment of sugar units, acyl, or methyl groups. Moreover, some en-
zymes can catalyze reactions that were first known from synthe-
tic chemistry, e.g., pericyclases can promote pericyclic reac-
tions such as [4 + 2]-cycloaddition, also known as Diels—Alder
reaction [3]. In fact, most named reactions in organic chemistry
originally discovered by synthetic chemists have an analogy in
nature, requiring a sophisticated enzymology [4]. Recent devel-
opments show us that there is still much more to discover, e.g.,
altemicidin was shown to be enzymatically constructed from
NAD™ and SAM that usually serve as enzyme cosubstrates in
redox transformations and methylations but are rarely used to

construct the molecular scaffolds of natural products [5].

During the past two decades, large amounts of genome informa-
tion from thousands of organisms have become available. This
allows scientists today to gain direct access to the encoded cata-
lysts through expression in easy-to-handle heterologous hosts,
such as Escherichia coli or Saccharomyces cerevisiae. Besides

in vitro studies with purified enzymes, heterologous expres-
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sions of whole pathways for the production of compounds is
possible [6]. Enzyme mechanisms can be addressed through
structure-based site-directed mutagenesis, which may also lead
to novel products [7]. An alternative approach is offered by
computational chemistry, which is ideally performed in combi-
nation with experimental verification of the computational
results, e.g., through the enzymatic conversion of isotopically
labelled compounds [8].

This thematic issue will cover all different aspects of studying
the roles of enzymes in the biosynthesis of natural products.
Also contributions showing the application of enzymes in syn-
thetic organic chemistry will be welcome. I am grateful to all
colleagues who have contributed to this issue and to the Edito-
rial Team of the Beilstein-Institut for their professional support.
I wish the readers of this issue some stimulating new insights
into enzyme research in natural product biosynthesis.

Jeroen S. Dickschat

Bonn, August 2022
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Endoperoxide natural products are widely distributed in nature and exhibit various biological activities. Due to their chemical fea-

tures, endoperoxide and endoperoxide-derived secondary metabolites have attracted keen attention in the field of natural products

and organic synthesis. In this review, we summarize the structural analyses, mechanistic investigations, and proposed reaction

mechanisms of endoperoxide-forming oxygenases, including cyclooxygenase, fumitremorgin B endoperoxidase (FtmOx1), and the

asnovolin A endoperoxygenase Nvfl.

Introduction

Endoperoxide-containing compounds form a large group of
natural products with cyclic peroxide structures [1-5]. These
compounds are widely distributed in nature, and many endoper-
oxide containing alkaloids, terpenoids, and polyketides have
been isolated from plants, animals, bacteria, fungi, and other
organisms (Figure 1) [6,7]. Because of the high reactivity of the
cyclic peroxide O-O bond, these compounds exhibit various bi-
ological activities [1-5]. For example, natural and (semi)synthe-
tic endoperoxides with wide structural diversity show antima-
larial activity against Plasmodium falciparum malaria. In this

case, the reductive activation of the endoperoxide ring with the

homolytic cleavage of the O—O bond leads to the generation of
carbon-centered free radicals that play important roles in anti-
malarial activity by damaging membranes, inhibiting nucleic

acid and protein syntheses, and so on [8,9].

The best studied endoperoxide-containing compound is proba-
bly prostaglandin H2 (PGH2), the common precursor of biolog-
ically active prostanoids [10-12]. Artemisinin, the antimalarial
agent isolated from the plant Artemisia annua [8,13,14], and
ergosterol peroxides with anticancer and antiviral activities,

identified in many fungi, algae, lichens, and plants, also belong
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Figure 1: Examples of endoperoxide-containing natural products.

to this group [15-17]. Due to the significant biological activi-
ties of the endoperoxide-containing natural products, numerous
synthetic analyses and biosynthesis of endoperoxide com-
pounds have been reported [18-21]. In some cases; e.g., in the
biosynthesis of artemisinin and ergosterol peroxides, a reactive
oxygen species (ROS) such as singlet oxygen, which is gener-
ated by photosensitizers or visible light, non-enzymatically
reacts with the biosynthetic intermediates to produce endoper-
oxide structures [16,22,23]. However, over the past three
decades, only a few endoperoxide-forming enzymes have been
identified, including the cyclooxygenases in the biosynthesis of
prostaglandins [24], iodide peroxidase in the biosynthesis of
ascaridole [25], fumitremorgin B endoperoxidase (FtmOx1) in
the biosynthesis of verruculogen [26], and asnovolin A
endoperoxygenase NVl in the biosynthesis of novofumigatonin
[27,28]. Among them, although a soluble iodide peroxidase has
been isolated from Chenopodium ambrosioides, the sequence,
structural, and mechanistic analyses have not been vigorously

pursued [24].

While many review articles on the structure determination, bio-
logical analysis, and synthesis of endoperoxide-containing
natural products have been reported [1-7,11,16], the details of

the complex biosynthetic enzymes producing these compounds

verruculogen

fumigatonoid A

have remained enigmatic. Therefore, this review will focus on
the enzymatic synthesis of endoperoxide natural products, by
summarizing the recent structural and mechanistic analyses
of endoperoxide formation reactions by cyclooxygenases,
FtmOx1, and NvfI.

Review
COX: Heme-dependent cyclooxygenases in

the biosynthesis of prostaglandins

Enzyme reaction of COXs

The cyclooxygenases are the best studied and understood
oxygenases among the mammalian oxygenases [29,30].
Mammals have two cyclooxygenase isoforms, COX-1 and
COX-2 [31,32], which share ~60% amino acid identity [33].
Both isoforms catalyze the incorporation of two oxygen atoms
into arachidonic acid (AA) to form an endoperoxide between
C9 and C11 and a peroxide at C15 to generate prostaglandin G2
(PGG2) (Scheme 1) [24,34]. Subsequently, the 15-hydroper-
oxide in PGG2 is reduced to produce PGH2. PGH?2 is
metabolized by downstream enzymes to yield a series of
prostaglandins, which play important roles in inflammatory
responses [35-37]. Although the active site architectures of
COX-1 and COX-2 are not completely identical, the reaction
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Scheme 1: Reactions of COXs.

mechanisms and catalytic residues are well conserved. While
COX-1 is a constitutive enzyme present in most tissues, COX-2
is an isoenzyme induced in response to tumor promoters,
growth factors, and cytokines [38-40]. Therefore, many COX-2
selective inhibitors are clinically used for treatments of inflam-
mation, cancers, and pain [41-43].

Crystal structures of COXs

The structural basis for the di-peroxide formation reaction by
COXs has been substantially elucidated by electron paramag-
netic resonance (EPR), kinetic analysis, X-ray crystallography,
and mutagenesis experiments [24,44,45]. The structural
analyses of mammalian COXs revealed that COX-1 and COX-2
are both glycosylated by post-translational modifications [46-
51]. These enzymes form homodimers, and the overall struc-
tures of COX-1 and COX-2 superimpose well, with root mean
square values of =~0.9 A. Each COX monomer contains three
domains, including the epidermal growth factor (EGF) domain,
the membrane binding domain, and the catalytic domain
(Figure 2A) [46-51]. The catalytic domain possesses two active
sites, the cyclooxygenase- and heme-dependent peroxidase-
sites, which are physically separated. The peroxidase-site acti-
vates the catalytic tyrosine residue, while the cyclooxygenase-
site catalyzes the formation of di-peroxides. The active site of
the peroxidase-site contains a heme cofactor in the solvent-
exposed cleft on the opposite side of the membrane binding
domain. Although the heme cofactor is located in the peroxi-
dase-site and the active site of peroxidase-site and cyclooxyge-
nase-site are separated, the heme cofactor plays a critical role in
both of peroxidase reaction and cyclooxygenase reaction. The
active site of the cyclooxygenase-site consists of a deep,
L-shaped hydrophobic cavity, referred to as the cyclooxyge-
nase channel, and the entrance of its active site is located on the

opposite side from that of the peroxidase-site (Figure 2A).

Beilstein J. Org. Chem. 2022, 18, 707-721.
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In the complex structures of COXs with AA (PDB ID: 1CVU,
1DIY, and 3HSS5), the carboxylate of the AA is located near the
entrance of the cyclooxygenase channel, and the tail of the fatty
acyl chain is bound deeply into the narrow hydrophobic channel
(Figure 2B and 2C) [48,52,53]. Structural and biochemical
studies of ovine COX-1 indicated that the ionic interaction be-
tween the carboxylate of AA and Argl20 is required for the
reaction (Figure 2B) [54-56]. In contrast, this interaction is not
essential in COX-2, suggesting that the hydrophobic interac-
tions between the acyl chain and the active site residues in the
cyclooxygenase channel are important for AA binding to
COX-2 (Figure 2C) [57,58]. This is one of the major structural
differences between COX-1 and COX-2.

Catalytic residue in the cyclooxygenase reaction

The formation of a tyrosyl radical during the catalytic cycle was
proved by EPR and kinetic analyses [59-61]. Moreover, chemi-
cal and molecular biology analyses and a mutagenesis experi-
ment identified the position of the tyrosyl radical. Treatment of
the enzymes with tetranitromethane, a reagent for tyrosyl
residue nitration, eliminated the cyclooxygenase activity, while
the activity was not abolished in the presence of the cyclooxy-
genase inhibitor indomethacin, indicating that the tyrosine
residue(s) is the catalytic center for endoperoxide formation.
The sequence analysis of the tetranitromethane-treated enzyme
indicated that three tyrosine residues, Tyr355, Tyr385, and
Tyr417, were only nitrated in the absence of indomethacin
(Figure 2A) [62]. A subsequent mutagenesis study of these
residues indicated that the Tyr385 residue plays the catalytic
role in the cyclooxygenase reaction. In the crystal structure, the
catalytic Tyr385 residue is located at the interface between the
active regions of the peroxidase-site and cyclooxygenase-site
(Figure 2) [46-51]. Furthermore, the C13 of AA is located near

the catalytic residue Tyr385 in the crystal structure, indicating
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Figure 2: Structures of COXs [52,53]. (A) The overall structure of ovine COX-1. (B and C) Comparison of the cyclooxygenase sites of (B) COX-1 and
(C) COX-2 in complex with AA. Yellow dashed lines show hydrogen bond interactions. The blue dashed line shows the distance between Tyr385 and

C13 of AA.

that a tyrosyl radical abstracts the pro-S hydrogen atom from
C13 of AA (Figure 2B and 2C) [48,52,53].

Mechanism of the cyclooxygenase reaction

The enzyme reaction is initiated upon Tyr385 activation by the
oxyferryl heme cation radical, which is generated through the
two-electron reduction of PGG2, to form a tyrosyl radical in the
active site of the cyclooxygenase-site (Scheme 2) [24,34,63].
The tyrosyl radical then abstracts a C13-pro-S hydrogen atom
from AA to produce the arachidonoyl radical, which is delocal-
ized over C11 to C15. An oxygen molecule reacts with the C11
radical intermediate to produce a C11-peroxyl radical. The
subsequent 5-exo cyclization with a double bond at C8-C9
forms the C8 radical intermediate with the endoperoxide bridge
between C9 and C11. The cyclization between C8 and C12
forms a bicyclic radical intermediate, in which the spin density
is distributed over C13—C15. The allyl radical at C15 reacts

with a second molecular oxygen to afford the C15 peroxyl
radical. Finally, the transfer of a hydrogen atom from the cata-
Iytic Tyr385 residue quenches the C15 peroxyl radical to yield
PGG?2 and a tyrosyl radical for the next round of the enzyme
reaction. The released PGG?2 is accepted by the peroxidase
active site, and the 15-hydroperoxyl radical of PGG?2 is reduced
to generate PGH2.

FtmOx1: Nonheme iron-dependent
endoperoxygenase in the biosynthesis of
verruculogen

Enzyme reaction of FtmOx1

Fumitremorgin B endoperoxidase (FtmOx1) from Aspergillus
fumigatus is the first identified nonheme iron and 2-oxoglu-
tarate (Fe/20G)-dependent endoperoxidase that catalyzes the
formation of an endoperoxide in the biosynthesis of verrucu-
logen [26].
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Fe/20G oxygenases utilize Fe(II) as a cofactor and 20G and O,
as co-substrates (Scheme 3) [64-67]. The Fe(Il) is coordinated
by the conserved 2-His-1-Asp residues and a 20G in the active
site. The binding of a substrate in the active site, where it is
close to the Fe(Il) center, provides a coordination site for O;.
Subsequently, the oxidative decarboxylation of 20G generates a
highly reactive Fe(IV)=0 species and a succinate byproduct.
This Fe(IV)=0 abstracts a hydrogen atom from an aliphatic
C-H bond of the substrate to generate a radical intermediate.
When the enzyme catalyzes the hydroxylation reaction, the
radical reacts with the Fe(III)-OH species to form a hydroxylat-
ed product.

The functional analysis of FtmOx1 indicated that the enzyme
accepts fumitremorgin B as a substrate and catalyzes the forma-
tion of verruculogen and a C13-oxo product, through the instal-
lation of an endoperoxide bridge between C21 and C27 of
fumitremorgin B and oxidation of the C13-hydroxy group of
verruculogen, respectively (Scheme 4) [68-71]. The single-
turnover enzyme reaction of FtmOx1 in the absence of reduc-
tants (e.g., ascorbate) indicated that FtmOx1 consumes two

oxygen molecules to generate these products in the catalytic

/@/Tyrsss
HO

cycle. Thus, an O, molecule directly reacts with the radical
intermediate of fumitremorgin B, and is incorporated without
cleavage of the O—O bond in the enzyme reaction catalyzed by
FtmOx1.

Biochemical and biophysical analyses of FtmOx1 have been re-
ported by many different groups, and the structures of FtmOx1
wild type and variants have been solved in the apo and com-
plex forms with 20G or with 20G and fumitremorgin B (PDB
IDs: 4Y5T, 4Y5S, 60XH, 60X]J, 7DEO, 7ETL, and 7ETK) [68-
71]. Based on these structural and functional analyses, the reac-
tion mechanism of FtmOx1, and especially the role of the active
site tyrosine residues in the catalysis, are heatedly debated.

COX-like mechanism of FtmOx1

The first crystal structures of FtmOx1 in the apo form and in
complex with 20G were reported in 2015 [68] (this article got
retracted [69] in 2021). The overall structure of FtmOx1 exists
as a functional homodimer and possesses the double-stranded
B-helix (DSBH) fold observed in typical Fe/20G-dependent
oxygenases (Figure 3A). The Fe(Il) is coordinated by His129,
Aspl131, His205, and 20G in the binary complex structure of
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Scheme 4: Reaction of FtmOx1 [68-71].

FtmOx1 with 20G. In this structure, Tyr224 is close to the
putative oxygen binding site (Figure 3B). Furthermore, the vari-
ants in which Tyr224 is substituted with Ala or Phe generates
an N-1 dealkylated product, which is non-enzymatically created
from C21 hydroxylated products, as a major product. Based on
these structural analyses, as well as an EPR analysis of the en-
zyme reaction of FtmOx1 and a transient ultraviolet—visible
(UV-vis) absorption analysis, the group proposed that Tyr224
is involved in the catalytic mechanism of the FtmOx1-cata-
lyzed endoperoxide formation reaction as an intermediary of
hydrogen atom transfer (HAT), similar to Tyr385 in the COX
reaction. In this COX-like reaction mechanism (Scheme 5), the
Fe(IV)=0 species oxidizes Tyr224 to form a tyrosyl radical,
which abstracts a hydrogen atom from C21 of fumitremorgin B

to generate a radical intermediate. The insertion of molecular

verruculogen

13-oxo-verruculogen

oxygen at C21 produces a C21 peroxyl radical intermediate,
which then reacts with the C26—C27 double bond on another
prenyl group to generate the endoperoxide with a C26 radical
intermediate. Finally, the radical is quenched by hydrogen atom
donation from Tyr224, to form verruculogen and a tyrosyl
radical for the next round of the reaction. The tyrosyl radical at
Tyr224 is also involved in the oxidation of the C13-hydroxy
group of verruculogen to a C13-keto product, in the absence of
reductants. Thus, the catalytic Tyr224 in this mechanism plays a
similar role to Tyr385 in the COX enzyme reaction. In the
paper, the authors also reported the complex structure of
FtmOx1 with fumitremorgin B (PDB ID: 4ZON, removed
recently). However, re-examination of the electron density map
indicated that the density is not fit for fumitremorgin B. Since

only biochemical data do not conclusively support the mecha-
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Figure 3: Structure of FtmOx1 [71]. (A) The FtmOx1 binary structure in complex with 20G. (B and C) Comparison of the active site architectures be-
tween (B) the binary structure and (C) the ternary structure. Blue dashed lines show the distances between atoms and yellow dashed lines represent
hydrogen bond interactions. Grey dashed lines show the coordination of the iron atom. Iron atoms are depicted by orange spheres.

nistic role of Tyr224 in catalysis, one of the authors has agreed
with the retraction, whereas the other authors stand by their
data.

Recent docking and molecular dynamics analyses, as well as
DFT calculations of the FtmOx1 reaction, suggested a modified
mechanism [72-74]. In this mechanism, the tyrosyl radical at
Tyr224 is generated by the Fe(IV)=0 species, which abstracts a
hydrogen atom at C21 to form an endoperoxide ring through the
reaction with an O, molecule, as in the case of the COX-like
mechanism. However, the radical quenching at C26 is achieved
by reductants such as ascorbate, but not by Tyr224, in the final
step of the reaction.

CarC-like mechanism of FtmOx1
In 2019, Bollinger and co-workers reported a detailed mecha-
nistic study, including kinetic, UV-vis absorption, and EPR

analyses of FtmOx1 wild type and its Y68F, Y74F, Y140F, and
Y224F variants [70]. Their results revealed that the Y68F
variant did not accumulate the initial tyrosyl radical and
the formation of verruculogen was significantly decreased,
while the Y224F variant showed similar reaction kinetics and
verruculogen productivity to those of wild type FtmOx1. Inter-
estingly, the Y68F variant generated an unidentified product,
which was recently determined to be 26-hydroxyverruculogen
[75].

Based on these observations, they proposed an alternative reac-
tion mechanism. In this proposal, a tyrosyl radical is generated
on Tyr68, instead of Tyr224, and this tyrosyl radical donates a
hydrogen to the C26 radical intermediate, which is reminiscent
of the carbapenem synthase (CarC) reaction mechanism. In this
CarC-like mechanism (Scheme 6), the Fe(IV)=0 species, but
not the tyrosyl radical, first abstracts a hydrogen atom from C21
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to form a substrate radical intermediate. The following reaction
with molecular oxygen and the formation of an endoperoxide
bridge generate the C26 radical intermediate. Finally, HAT
from Tyr68 produces verruculogen and a tyrosyl radical at
Tyr68, which is quenched by reductants.

The ternary complex structure of FtmOx1 with 20G and
fumitremorgin B was recently reported by Zhou and co-workers
[71]. Fumitremorgin B binds in the active site with a planar
conformation, through hydrophobic and hydrophilic interac-
tions (Figure 3C). While Tyr68 is located on the protein surface
and solvent-exposed, the distance between C21 of
fumitremorgin B and the iron center is 4.6 A and the hydroxy
group of Tyr68 is near C26 of fumitremorgin B (Figure 3C).
Moreover, Tyr68 is located close to C13 of fumitremorgin B, at
a distance of 3.7 A. The comparison between the binary and
ternary complex structures indicated that the Tyr224 residue
rotates by 115° toward the opposite side of the iron center and
forms a hydrogen bond with T134. The resulting distance be-
tween the Tyr224 hydroxy group and the iron center is 8.5 A.
These observations support the CarC-like mechanism, rather
than the COX-like mechanism.

Recently, Bollinger and co-workers also reported the incorpora-
tion of non-canonical Tyr analogs, including 3-fluorotyrosine,
2,3-difluorotyrosine, 3,5-difluorotyrosine, 3-chlorotyrosine, and
4-aminophenylalanine, at Tyr68 or Tyr224 to analyze the func-
tions of these tyrosine residues [75]. The transient-kinetic,
UV-vis absorption, and EPR analyses of FtmOx1 variants con-
taining non-canonical Tyr analogs also indicated that Tyr68,
rather than Tyr224, acts as the catalytic residue in the FtmOx1

reaction, supporting the CarC-like mechanism.

Nvfl: Nonheme iron-dependent
endoperoxygenase in the biosynthesis

of novofumigatonin

Enzyme reaction of Nvfl

Asnovolin A endoperoxygenase NvfI is a second example of a

20G-dependent endoperoxygenase, which is involved in the

Beilstein J. Org. Chem. 2022, 18, 707-721.

biosynthesis of novofumigatonin from Aspergillus novofumi-
gatus IBT 1680611 [27,28]. The enzyme converts asnovolin A
into fumigatonoid A, a biosynthetic intermediate of novofumi-
gatonin, by introducing three oxygen atoms, including a
hydroxy group at C3' and an endoperoxide bridge between C13
and C2' (Scheme 7). Although the in vitro assay of NvfI indicat-
ed that the enzyme is a 20G-dependent endoperoxidase, Nvfl
shares a low amino acid sequence similarity with FtmOx1 (only
17%) and a phylogenetic analysis indicated that it is located in a
different clade from FtmOx1.

Prior to the structure—function analysis of Nv{I, four pathways
were proposed for the formation of fumigatonoid A from asno-
volin A (Scheme 8, path 1). The Fe(IV)=0 species abstracts a
hydrogen atom from C13 of asnovolin A to form radical inter-
mediate 1. Subsequently, it reacts with molecular oxygen to
form a peroxyl radical intermediate 2. The peroxyl radical
attacks C2' to generate intermediate 3, which contains an endo-
peroxide bridge and a C3' radical. Finally, the hydroxylation at
C3' by the Fe(IlI)-OH species yields fumigatonoid A (path 2).
At the stage of intermediate 3 in path 1, HAT from an active
site residue or reductant to the C3' radical in intermediate 3
generates intermediate 4. Then, the hydroxylation at C3' forms
fumigatonoid A (path 3). The C13 peroxide intermediate 5 is
generated from intermediate 2, which is subsequently epoxi-
dated at C2'-C3' to form intermediate 6. The following cycliza-
tion reaction from the peroxide generates fumigatonoid A (path
4). The epoxide formation reaction occurs first at C2'-C3' of
asnovolin A (intermediate 7), and then the peroxide formation
(intermediate 8) and cyclization (intermediate 6) reactions
produce fumigatonoid A.

The stoichiometric analysis of 20G and O, indicated that one
equivalent of 20G and two equivalents of O, are consumed to
generate fumigatonoid A, suggesting that the installation of
three oxygen atoms onto asnovolin A occurs in a single
turnover of the enzyme reaction. Thus, pathways 2—4, which
require two equivalents of 20G for the formation of fumi-

gatonoid A, are unlikely. Further experiments with 80, and

asnovolin A

Scheme 7: Reaction of Nvfl [28].
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Scheme 8: Possible reaction pathways leading to fumigatonoid A [28].

H,'80 suggested that three oxygen atoms are enzymatically in-
corporated into fumigatonoid A, in which the oxygen atoms of
the endoperoxide are derived from the O, molecule and the C3'
hydroxy group most likely originates from the solvent water.
Although the oxygen atom in the hydroxylation reaction
is usually from molecular oxygen, the oxygen atom in the
Fe(III)-OH species can be exchanged with the solvent water
[76]. Therefore, the fact that almost all of the oxygen atoms
in the Fe(III)-OH species exchanged with the solvent
in the enzyme reaction of Nvfl suggested the presence of a
long-lived C3' radical and the hydroxy ligand during the reac-

tion.

Structure of Nvfl
In the structural analysis of NvfI, three different active site con-

formations (open, partially closed, and closed) were observed

intermediate 6

fumigatonoid A

(PDB IDs: 7DE2, 7TEMZ, and 7ENB) (Figure 4A—C) [28]. The
conformations of the loop regions between Ser122-Gly128 and
Trp199-Pro209 were altered by soaking with the substrate. The
substrate asnovolin A binds in the closed conformation through
a hydrogen bond network with active site residues (Figure 4D).
In this binding mode, C7' of the substrate is 4.2 A away from
the iron center, which is shorter than the distance between the
iron center and C13 (6.5 A). This spatial arrangement is not rea-
sonable for the formation of fumiganoid A, because the initial
step should be the abstraction of a C13 hydrogen atom by the
Fe(IV)=0 species. Considering the conformational changes of
the active site and the docking simulation of the substrate in the
active site of the partially closed conformation, the substrate
binding mode in the crystal structure apparently shows a differ-
ent stage of the reaction. The conformational changes of the

loops, especially the flipping of Glu208, would contribute to al-
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Figure 4: Structure of Nvfl [28]. (A—C) Conformational changes of loop regions: (A) open conformation, (B) partially closed conformation, and (C)
closed conformation of Nvfl. (D) The active site of Nvfl in complex with asnovolin A. Blue dashed lines show the distances between atoms and yellow
dashed lines represent hydrogen bond interactions. Iron atoms are depicted by orange spheres.

terations of the binding mode of the substrate and the long-lived
radical on the intermediate and Fe(III)-OH species
(Figure 4A-C). Interestingly, a mutagenesis experiment of the
active site residues of Nvfl, including Tyr116, suggested that
the enzyme does not employ any active site residues for the
HAT step.

Reaction mechanism of Nvfl

Based on these observations, we propose the mechanism of the
Nvfl-catalyzed endoperoxide formation reaction (Scheme 9).
First, the substrate asnovolin A binds in the active site of the
open conformation. The binding of asnovolin A would be a
driving force for the conformational change of the loop to form
a partially closed conformation. Then, the abstraction of a
hydrogen atom from C13 is catalyzed by the Fe(IV)=0 species.
Here, the active site residue Glu208 would contribute to deter-
mining the position of the hydrogen atom abstraction, by
forming steric hindrance with the A-ring of the substrate.
Subsequently, further conformational changes of the active site

residues on flexible loops would relocate the C13 radical inter-

mediate, to prevent the hydroxy-rebound from the Fe(Ill)-OH
species. Alternatively, the C13-radical reacts with molecular
oxygen to form a peroxyl radical intermediate, which under-
goes radical addition to C2' to generate an intermediate contain-
ing an endoperoxide bridge and a C3' radical. Finally, hydroxyl-
ation at C3' by the Fe(III)-OH species produces fumigatonoid
A. Considering the catalysis by 20G-dependent oxygenases, the
radical mechanism of the hydroxylation is plausible. However,
it is also possible that the water addition occurs on the C3'
carbocation, which is generated by one electron transfer to the
ferric iron from the C3' radical intermediate (carbocation mech-
anism in Scheme 9). Notably, in this last step, the stereochemis-
try of the hydroxylation reaction is regulated by the enzyme to
be the R-configuration. These biochemical and biophysical
analyses of Nvfl suggested that NvfI catalyzes the endoper-
oxide formation reaction through a different mechanism from
those of COX and FtmOx1. Further computational studies and
mechanistical studies are now in progress in our laboratories to
clarify the molecular dynamics of the active site during the en-

zyme reaction.
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Conclusion

Endoperoxide compounds have recently attracted keen atten-
tion as a source of new drug leads, due to their unique struc-
tures and remarkable biological activities. To date, the total syn-
thesis of endoperoxide-containing natural products and the syn-
thesis of chemical reagents with an endoperoxide bridge have
been reported [77,78]. The classical method for endoperoxide
synthesis is through cycloadditions of dienes and alkenes, using
singlet oxygen. Furthermore, cyclizations of hydroperoxides
with pendant alkenes or alkynes have also been reported, by
using a metal catalyst or Brgnsted-acid catalysis [79-81]. How-
ever, the efficient regio- and stereoselective installation of the
endoperoxide structure is still challenging, because of the in-
creased reactivity of activated oxygen/peroxides and the high
sensitivity of peroxide bridges to reductants. In this aspect, the

chemoenzymatic synthesis would be a useful approach to

synthesize endoperoxide-containing compounds with high
regio- and stereoselectivities. The structural and mechanistic
analyses of the enzymes for endoperoxide formation reviewed
here would provide useful information about the engineering

and design of enzymes for this application.

Although more than 200 endoperoxide-containing natural prod-
ucts have been isolated, only three enzymes responsible for the
formation of endoperoxides have been characterized. The struc-
tural and mechanistic analyses of endoperoxide-forming en-
zymes, COX, FtmOx1, and NvfI, indicated that these enzymes
employ distinct reaction mechanisms, suggesting that the enzy-
matic endoperoxide formation reactions individually evolve in a
substrate-dependent manner. This fact makes it difficult to iden-
tify the endoperoxide-forming enzymes by a sequence-based

genome mining approach. While it is possible that many endo-
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peroxide compounds are produced through non-enzymatic oxi-
dation by ROS, future biosynthetic analyses of endoperoxide
natural products will lead to the discovery of novel endoper-
oxide-forming pathways and generate more comprehensive mo-
lecular insights into their remarkable chemistries. Finally, the
detailed structural and mechanistic investigations of these en-
zymes will provide an excellent basis for the development of
biocatalysts to generate novel compounds with endoperoxides

for future drug discovery.
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Abstract

Aromatic prenylated metabolites have important biological roles and activities in all living organisms. Compared to their impor-
tance in all domains of life, we know relatively little about their substrate scopes and metabolic functions. Here, we describe a new
UbiA-like prenyltransferase (Ptase) Ubi-297 encoded in a conserved operon of several bacterial taxa, including marine Flavobac-
teria and the genus Sacchromonospora. In silico analysis of Ubi-297 homologs indicated that members of this Ptase group are
composed of several transmembrane a-helices and carry a conserved and distinct aspartic-rich Mg?*-binding domain. We heterolo-
gously produced UbiA-like Ptases from the bacterial genera Maribacter, Zobellia, and Algoriphagus in Escherichia coli. Investiga-
tion of their substrate scope uncovered the preferential farnesylation of quinoline derivatives, such as 8-hydroxyquinoline-2-
carboxylic acid (8-HQA) and quinaldic acid. The results of this study provide new insights into the abundance and diversity of

Ptases in marine Flavobacteria and beyond.

Introduction
Marine bacteria harbor an enormous potential to produce struc-  increased biological activities due to enhanced lipophilicity,
turally diverse natural products, including prenylated aromatic  solubility, and improved binding abilities to target proteins [3].

metabolites [1,2]. Prenylation of metabolites most often confers ~ The prenylation reaction, most often a C—C-bond-forming step
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between an aromatic acceptor moiety and a prenyl chain, is cat-
alyzed by dedicated dominantly membrane-bound prenyltrans-
ferases (Ptases) [4-7]. Ptases belonging to the UbiA-super-
family are responsible for the modification of many important
signaling molecules that are involved in a wide variety of
crucial biological processes, such as cellular respiration, detoxi-
fication, and photosynthesis, within almost all living organisms

8].

In general, Ptases can be distinguished by their substrate prefer-
ences. While the microbial UbiA Ptase catalyzes the C—C-bond
formation between an isoprenyl chain and the meta-position of
p-hydroxybenzoate (PHB) in the ubiquinone-Coenzyme Q10
biosynthesis (Figure 1), Ptases of type MenA perform the key
step in the menaquinone biosynthesis by prenylating 1,4-di-
hydroxy-2-naphthoic acid (DHNA) via an intermediate
decarboxylative coupling step yielding demethylmenaquinone
(DMK) [9]. In contrast, COX10 and chlorophyll synthases are
known to fuse prenyl or phytyl tails to porphyrins as acceptors,
while homogentisate prenyltransferases catalyze the condensa-
tion of homogentisate and geranylgeranyl diphosphate [10,11].
Another intriguing Ptase, called AuaA, has been reported to cat-
alyze the farnesylation of 2-methyl-4-hydroxyquinoline using
farnesyl diphosphate (FPP), which results in the metabolite
aurachin D [12,13].

Following up on our recent exploration of the biosynthetic
repertoire of marine bacteria [14,15], the diversity of the
encoded and yet often unexplored bacterial Ptases of Flavobac-
teria and Saccharomonospora strains sparked our interest. In
this study we investigated three yet poorly described homolo-
gous Ptases within the UbiA superfamily and evaluated their

substrate scope by heterologous production and enzymatic
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bioassays. Results of our study showcase that marine bacteria

harbor still a broad unexplored enzymatic repertoire.

Results and Discussion

In silico analysis of Ptases in marine
Flavobacteria and the genus
Saccharomonospora

In a first step, we aimed to gain insights into abundance and
diversity of Ptases encoded in both, Flavobacteria and members
of the Phylum Actinobacteria, as these were suggested to be
involved in the production of meroterpenoids [2]. Thus, the
genomes of marine Flavobacteria, including members of the
genera Maribacter, Zobellia, Algoriphagus, Polaribacter,
Algibacter, Arenibacter, Echinicola, Flavobacterium, and
members of the genus Saccharomonospora were subjected to
homology searches via local BLAST search. The detected
Ptase-related sequences were then subjected to an all-against-all
pairwise similarity network with Ptases deposited in the Uniprot
database (Figure 2 and Table S1 in Supporting Information
File 1). A subsequent network analysis uncovered that the
genomes of analyzed bacterial genera encoded only four
(G1-G4) out of eight previously reported Ptase groups.

The first group of Ptases (G1) contained close homologs of the
bacterial MenA family (EC 2.5.1.74) (50-100% pairwise iden-
tity) catalyzing the key step in the menaquinone biosynthesis
[2]. As marine bacteria such as Zobellia barbeyronii [16]
Marinithermus hydrothermalis [17], Marinobacter litoralis
[18], and Marinobacter flavus [19] have been reported to
produce menaquinone 6 (MK-6), it can be speculated that
G1-Ptases of this group are likely involved in its biosynthesis.

The second group of Ptases (G2) included yet poorly described

HOOC, COOH
MeOOC o \ \
OH
~R \H/Z\/\( heme O
chlorophyll a

Figure 1: Prenylated aromatic metabolites are involved in cellular processes like cell respiration (coenzyme Q1o), cell growth and survival
(menaquinone MK-4), photosynthesis (chlorophyll a), oxygen reduction (heme O), and biosynthesis of secondary metabolites (MGGBQ: 2-methyl-6-

geranylgeranyl-1,4-benzoquinol and aurachin D).
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MenA-1335

Figure 2: Homology clustering of Ptases encoded in marine Flavobacteria and Saccharomonospora species (G1-G4, colored nodes) and described
Ptases in the Uniprot database (black 4-pointed stars). Visualization of the relationship between proteins is based on their all-against-all pairwise se-
quence similarities using CLANS. The E-values lower than 1.0E-6 were used to connect each sequence pair by edges. Edges color indicates pair-
wise identities lower than 10% in grey, 10-45% in light red, and above 45% in dark red. G1: 1,4-dihydroxy-2-naphthoate polyprenyltransferase (blue
nodes), G2: UbiA-like Ptases (red nodes), G3: (S)-2,3-di-O-geranylgeranylglyceryl phosphate synthase (purple nodes), G4: protoheme IX farnesyl-
transferase (green nodes), G5: 4-hydroxybenzoate octaprenyltransferase (bacterial and mitochondrial), G6: decaprenyl-phosphate phosphoribosyl-
transferase, G7: chlorophyll synthase, and G8: homogentisate Ptases. AuaA is used as outgroup Ptase from Stigmatella aurantiaca.

UbiA-like Ptases (EC 2.5.1.39) with 43-99% pairwise identity.
The third cluster of Ptases (G3) (20-100% pairwise identity)
displayed similarities to geranylgeranylglyceryl phosphate
synthases (EC 2.5.1.42), which are involved in the formation of
polar membrane lipids of archaea and other bacteria [20], while
group G4 contained close homologs of the protoheme IX farne-
syltransferase (EC 2.5.1.141) (23-100% pairwise identity) re-
sponsible for heme O production in bacteria like E. coli [21,22].
However, no representatives of the remaining four Ptase groups
G6-G8, which encode for ubiquinone biosynthesis (G5),
decaprenyl-phosphate phosphoribosyltransferases (EC 2.4.2.45,
G6) as reported in Mycobacteriaceae [23], chlorophyll
synthases (EC 2.5.1.62, G7) [24] or homogentisate Ptases (EC
2.5.1.117, G8) [25], were found within the investigated
genomes of Flavobacteria and Saccharomonospora representa-
tives.

A Ptase (UbiA-297) which was putatively assigned as an aro-
matic Ptase of the G2 UbiA-like family (299 amino acids,
calculated mass of 31.9 kDa) (Figure 2) caught our attention
due to its low sequence identity on the amino acid sequence
level (coverage below 50%) with other characterized Ptases. To
further explore the putative function of UbiA-297, we gener-
ated a phylogenetic tree using 444 Ptase sequences with already
biochemically characterized Ptases; however, none of the
members grouped with UbiA-297 the G2-Ptase group (Figure

S1, Supporting Information File 1). The closest characterized
relatives were identified as a putatively assigned digeranylger-
anylglyceryl phosphate synthase encoded in Sulfurisphaera
tokodaii str. 7 (33% identity) and a 4-hydroxybenzoate
octaprenyltransferase (ubiquinone-8 (UQ-8), 23% identity)
from Shewanella woodyi ATCC 51908. Additionally, UbiA-297
showed sequence identity to a membrane-bound Ptase from the
plant Avena sativa (31%) [26].

We then compared the genetic environment of the coding gene
ubiA-297 (900 bp) within Flavobacteria and Saccharomono-
spora genomes and found a set of conserved genes within the
proximity of ubiA-297, which were previously identified as ebo
cluster in bacterial genomes of strains belonging to various dif-
ferent phyla, most notably bacteroidetes and cyanobacteria
(Figure 3) [27]. The gene sequence eboA-E encodes five yet
uncharacterized enzymes, including EboA, a putative metallo-
dependent hydrolase TatD (EboB), a putative UbiA prenyltrans-
ferase (EboC), a putative 3-dehydroquinate synthase (EboD)
likely catalyzing the second step in the shikimate pathway, and
a TIM barrel protein (EboE) [28]. While prior studies sug-
gested that the enzymatic reactions carried out by EboA-E
include the prenylation of an undetermined substrate by eboC
(UbiA-297 homologue) and modifications of a polyhydroxy-
lated aromatic metabolite, the enzymatic reactions carried out
by EboA-E have not been investigated yet in detail.
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3-dehydroquinate
synthase|

56%

Saccharomonospora viridis

Nostoc punctiforme 51%
eboD eboA

eboB

eboC eboE

Figure 3: Regional alignment of ubiA-297 of Maribacter sp. MS6 (EU359911.1) and homologous genes in Z. uliginosa DSM 2061
(NZ_FTOB01000006), A. machipongonensis PR1 (NZ_CMO001023), Saccharomonospora sp. CNQ490 (NZ_AZUMO01000003), S. viridis DSM 43017
(NC_013159), and Nostoc punctiforme PCC 73102 (NC_010628). Percentage identities of homologous genes are given in the same colored arrow

boxes (Maribacter sp. MS6 was set as reference).

The wide spread occurrence of the ebo gene cluster region
within genomes of bacterial symbionts associated, e.g., with
marine algae, such as Maribacter sp. MS6 [29-31], sparked our
interest. To provide more insights into the structural basis of
UbiA-297, we performed sequence alignments and structure
homology modelling using Swiss-Model (Figure 4) [32], which
revealed the transmembrane domain consisting of ten a-helices
and loops connecting the transmembrane helices (Figure S2 in
Supporting Information File 1), similar to archaeal UbiA
prenyltransferase enzymes [33].

The Asp-rich motif of G2-Ptases, known to coordinate Mg2*
ions and pyrophosphate, was detectable in all homologous se-
quences retrieved from marine Flavobacteria and Saccha-
romonospora genomes and was similar to the DXXDXXXD
motif in E. coli UbiA, but distinct from the motif of other aro-
matic Ptases such as MenA (DXXDXXXXXD).

While most UbiA Ptases, such as of E. coli UbiA (C5A133) and
human COQ2 (Q96H96), carry a basic arginine residue within
the central cavity and which is proposed to bind the aromatic
substrate (e.g., 4-hydroxybenzoate), UbiA-297 and other
G2-Ptases harbor instead a tyrosine (Tyr-56) residue, which
likely fulfills a similar coordinative function. Furthermore, a
conserved arginine residue (UbiA-297 R145) was detectable,
which was located in the neighboring a-helix (R145) and in
proximity to the binding motif, and was hypothesized to be
involved in the coordination process of the aromatic substrate
(Figure 4B and 4C).

Heterologous production of UbiA-297

To enable investigations into the substrate scope of UbiA-297,
the coding gene sequence ubiA-297 was amplified from the
genomic DNA of Maribacter sp. MS6, while homologous se-
quences encoded in Z. uliginosa DSM 2061 and A. machipon-

gonensis sp. PR1 were synthesized. To gain more insights into

the binding properties of UbiA-297 and the functional role of
the conserved arginine moiety (R145), an additional point-
mutated ubiA-297 (R145A) version was synthesized codon-op-
timized for expression in E. coli. Synthesized and amplified se-
quences were then cloned into an expression pET28 plasmid
containing an N-terminal 6-histidine tag sequence. Hetero-
logous production of enzymes was achieved in E. coli BL21
and western blot analysis indicated the accumulation of His-
tagged UbiA-297 (35 kD) within concentrated cell membrane
fractions (Figure S2, Supporting Information File 1). However,
purification of active Ptases failed despite testing different
detergent-based purification protocols. Thus, we performed
assays with crude protein fractions (1st membrane faction) and
protein-enriched membrane fractions, which were obtained after
washing and ultracentrifugation.

Substrate specificity of UbiA-297

Based on our in silico analysis and previous mass-spectrometry-
guided metabolomic analysis of marine Flavobacteria and
members of the genus Saccharomonospora [29,30], we antici-
pated hydroxylated aromatic or even quinoline-like acceptor
compounds and farnesyl pyrophosphate (FPP) as most likely
substrates for Ubi-297 (Maribacter sp. MS6). Thus, the 1st
membrane faction containing membrane-bound UbiA-297 was
subjected to an enzyme assay with farnesyl pyrophosphate
(FPP) and different aromatic acceptor substrates in the pres-
ence of Mg2* as co-factor. Product formation was monitored
after 2 h using high-resolution tandem mass spectrometry
(HRMS/MS). Membrane proteins obtained from E. coli BL21
cultures harboring the empty expression pET28 plasmid were
used as negative control (Figure S3 in Supporting Information
File 1).

As depicted in Figure 5, farnesylated products were detectable

for six out of 14 tested aromatic acceptor substrates by HRMS/
MS (Figures S4-S8 in Supporting Information File 1). In partic-
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A

Homo sapiens ATLMRGABCTINEVWEIQD YRIKKNTRTANR QLAMELTFNWGA
Mus musculus....... ATLMRGABCTITNRVWRIRD FMKKNMTRTANR QLAMELTFNWGA
Escherichia COli...........cccveevuene.... VWLMRAARCVVINRY AR K FMGHMKRTANR QVVINEAAFGWSI
Vibrio cholerae.............................. VFLMRSABCVINBYABRHVBGHNMKRTSQR QLVINELAF SWSI
Saccharomonospora sp. CNQ490 S A A FYWAVALNBWABIR DLBAV - -ERPER PV TMAACRGLDV
Saccharomonospora viridis.......... SAA FYWARVALNBWABR ELBAV - -ERPER PVGMAACRALDYV
Algoriphagus sp. PR1................... GLYGGEVAFNBVFBADLMA | - -ERPER P I NMELCRAGNL
Maribacter sp. MS6 (UbiA-297).. SV FLYAGEVVLNBYVFBAKLBAV--ERPER PLVMEICRGLNL
Maribacter forseti......................... YAGEVVFNBVFBAALBYVYV--ERPER PLNMEI CRGLNL
Maribacter thermophilus.... YAGEVVF BV FMAELRAV - -ERPER PLVMEICRGLNL
Arenibacter sp. GUO666...... YAARVVLINBVFBHKLMKT - -ERPER PLTMEI CRGLNL
Zobellia galactonivorans............... YAGEVILNBVFBIFKLBKV - -ERPER PLSMELCRG | NL
Zobellia uliginosa........................... YAGEVILNBVFBFKLBKYV--ERPER PLSMELCRGVNL

1 T )
Tyr 56 PP binding Arg 145

B

Figure 4: A) Amino acid alignment and binding residues of UbiA-297. G2-Ptases are illustrated in the grey box. B) Homology model of UbiA-297 (in
color). Model is based on the substrate-bound structure of a UbiA homolog from Aeropyrum pernix sp. K1 (grey). C) The pyrophosphate and aromatic
substrate binding sites of UbiA-297 model (shown in green) and template structure (shown in blue). 8-HQA (pink) is paired to 4-HBA (green) after

energy minimization.

ular, quinoline-type substrates, such as 8-HQA and quinaldic
acid, were transformed, while only moderate conversion of
8-hydroxyquinoline and 1,3-dihydroxynaphthalene were ob-
served. Xanthurenic acid and 4-methylumbelliferone were only
farnesylated in negligible amounts, and no product formation

was observed for phenols or catechols (Figure 5).

Overall, 8-hydroxyquinoline-2-carboxylic acid (8-HQA)
appeared to be the most favored substrate amongst the tested
panel. Thus, we shortly investigated different reaction parame-
ters using 8-HQA and FPP as substrates. First, we compared the
enzyme activity of crude protein fractions directly obtained
from cell lysate and enriched UbiA-297 fractions (Figure 6). As

expected, higher product signals (RT 18.03 min, m/z [M + H]*
394.2368, caled for CosH3,NO3*, m/z [M + H]* 394.2376; m/z
[M — H]™ 392.2233, calcd for Cp5H390NO3™, [M - H]™
392.2231) were detectable for enriched protein fractions
(Figure 6A—C), which suggested that the active protein requires
indeed a membrane-like environment. Along these lines, no
product formation was detectable when UbiA-297 was denatu-
rated by heating prior to the assay (control), nor when a MenA-
1335 (Maribacter sp. MS6) homolog was tested.

Furthermore, different pH values and extended incubation times

were investigated, however, no significant changes in produc-

tion levels were noted. Next, enriched protein UbiA-
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UbiA-297, FPP
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Figure 5: Evaluation of substrate specificity of UbiA-297. Accepted substrates are shown in red, while no product formation was observed for com-
pounds colored in blue. HRMS signal intensities and the MS? pattern of the farnesylated product served as measure to determine preferred acceptor

substrates (ion signal intensity: >107 = +++, >10% = ++, and >105 = +, n = 3) (for comparision assuming equal ionisation potential).

297(R145A), in which the conserved Argl45 (Figure 4A) was
replaced by Alal45, was tested (Figure 6D). As similar produc-
tion levels as UbiA-297 were observed, we concluded that

Argl45 might not be crucial for the enzymatic activity.

We then tested, if heterologously produced UbiA-297 homologs
from A. machipongonensis PR1 and Z. uliginosa DSM 2061
(Figure 6D) perform similarly, and indeed observed farnesyla-
tion of 8-HQA for both enzymes, which indicated again towards
a conserved function of UbiA-297 enzymes within different

bacterial taxa.

Furthermore, prenylation activity was also detectable when
8-HQA and farnesol were directly added to an E. coli BL21 cul-
ture heterologously producing UbiA-297 (Figure S3 in Support-
ing Information File 1). With the aim to confirm the structure of
the prenylated 8-HQA product, a 30 L fermentation of E. coli/
pET28-297 was performed. After induction of protein expres-
sion, the precursor 8-HQA and farnesol were added to the cul-
ture and incubated overnight. MS-guided purification of cell
lysate and 'H NMR analysis of the prenylated 8-HQA product
confirmed the prenylation on the quinoline ring (Figure S9 in

Supporting Information File 1).

Conclusion
In silico analysis and homology clustering of Ptases encoded in
Flavobacteria and the genus Sacchromonospora hinted towards

a yet unexplored group of membrane-bound UbiA-like Ptase

named UbiA-297, which is part of the conserved ebo gene se-
quences and widespread across various bacterial lineages, in-
cluding many symbiotic taxa. Heterologously produced UbiA-
297 catalyzed the farneslyation of quinoline-like aromatic sub-
strates, with a strong preference for §-HQA. The herein ob-
tained results build the foundation for future in-depth studies on
the substrate scope of Ubi-297-like enzymes and will allow
exploring the functions of prenylated 8-HQA for the bacterial

producers and their symbionts.

Experimental

Chemicals: Aromatic substrates and the ammonium salt of FPP
were obtained from Sigma—Aldrich, Alfa Aesar (Ward Hill,
MA), and Acros Organics (Geel, Belgium).

Bioinformatic analysis: Amino acid sequences of all de-
scribed prenyltransferases were retrieved from the UniProtKB/
Swiss-Prot database. Other Ptase amino acid sequences of
marine Flavobacteria and Saccharomonopora strains were ob-
tained using Blast searches against defined genome groups
within the PATRIC database (3.6.12) [34]. The sequence clus-
tering was generated by the CLANS (CLuster ANalysis of Se-
quences) program [35]. In brief, the relationships between se-
quences were assessed based on an all-against-all BLAST
search and the E-values better (lower) than 1.0E-6 were used to
connect each sequence pair by edges, which was then colored
based on pairwise identities. Different groups were considered

based on their distance in space and a combination of E-values
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Figure 6: A) Reaction scheme of UbiA-297 catalyzing the assumed para-directed farnesylation of 8-HQA; B) calculated MS? fragmentation pattern of
farnesylated 8-HQA; C) extracted ion chromatogram (EIC) for m/z 394.2376 (tg 18.03 min, red arrow) of enriched UbiA-297 protein fractions, cell-
membrane fraction containing UbiA-297 (Maribacter sp. MS6), denaturated enriched UbiA-297 (negative control), and enriched E. coli BL21 derived

membrane fractions (negative control not shown); fixed ion intensity scale (5.
(tr 11.26 min) of assay containing membrane-bound UbiA-297 encoded in A.

00E7) was applied to all chromatograms; D) EIC for m/z 394.2376
machipongonensis sp. PR1, Z. uliginosa DSM 2061, and point mutated

UbiA-297 (R145A) from Maribacter sp. MS6; E and F) HRMS and MS? spectrum showing fragmentation of prenylated 8-HQA (m/z 394.2367,

tr 18.03 min).

and pairwise identities. A phylogenetic tree was created using
the neighbor joining method in Geneious Prime (2020.2.3) after
multiple sequence alignments using MAFFT (7.450) [36].
Structure modelling of UbiA-297 was done using the SWISS-
MODEL server [32] and visualized using Pymol (2.3.3).
Regional alignment of homologous Ptase genes was done using
MultiGeneBlast [37].

Nucleotide sequence accession numbers: The ubiA-297 and
menA-1335 gene sequences are deposited at GenBank with the
accession numbers ON075815 and ON075816, respectively.

Accession number or ID of all other sequences used to infer the
pairwise similarity network and phylogenetic tree are provided
in Supporting Information File 1, Table S1.

Bacterial strains, plasmids, and culture conditions: Marib-
acter sp. MS6 was initially isolated from the green macroalga
Ulva mutabilis [29,30]. The strain was cultivated in 25 mL
marine broth (Carl Roth) at 150 rpm and 28 °C for up to four
days. For cloning experiments, E. coli DHS alpha and the pJET
1.2 (Thermofisher) and pET28a(+) vectors were used, and

E. coli BL21 was used as production host. Cultures were
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supplemented with ampicillin (100 ug mL™!) and kanamycin
(60 ug mL~1) for the selection of plasmids.

DNA isolation, PCR amplification, and cloning: gDNA of
Maribacter sp. MS6 was extracted using DNeasy Blood &
Tissue Kit (Qiagen) and PCR amplification of ubiA-297
(922 bp) and menA-1335 (952 bp) genes was carried out using
S7 Fusion High-Fidelity DNA Polymerase (Biozym) and
designated primer sequences (ubiA-297 forward
5’-CAGGATCCAGGATGTCCAATAAACTAATG-3’ reverse
5’-CGAAGCTTGTCTTAGGTAATGGCAAAAAG-3’; menA
forward 5’-CAGGATCCCCCTTACTAGTGAC-3’ and reverse
5’-GTAAGCTTGATGGTTGACATTC-3’). The obtained PCR
fragments were ligated into a pJET 1.2 vector yielding plasmid
pJET-297 and pJET-1335, which were sequenced to confirm
integrity. To create the pET28-297 and pET28-1335 expression
vector, pJET-297 and pJET-1335 were digested with BamHI
and HindllIl, and then ligated to digested pET28a(+) with the
same restriction enzymes and transformed into E. coli BL21 for
heterologous expression of UbiA-297 and MenA-1335.

Codon-optimized ubiA-297 homologous genes of Z. galac-
tanivorans (DSM 2061) and A. machipongonensis (DSM
24695) were synthesized in pET28 vector (BioCAT GmbH) and
transformed into E. coli BL21 for heterologous expression. Ad-
ditionally, a modified ubiA-297(R145A) gene was synthesized
and cloned into a pET28 vector (BioCAT GmbH) yielding
pET28-297(R145A) for heterologous expression.

Preparation of enzyme extracts and protein quantification:
Plasmids containing the respective gene were transformed into
E. coli BL21 and strains harboring the plasmid were cultivated
in TB medium supplemented with kanamycin (60 pug mL™).
Cultures were grown at 37 °C to an ODg( of 0.8, then brought
to 16 °C and isopropyl p-p-thiogalactoside (IPTG) was added to
a final concentration of 0.1 mM. Cells were cultivated overnight
at 16 °C before harvesting. Cultures were centrifuged, the cell
pellet resuspended in Tris-HCI buffer (50 mM, pH 7.8) supple-
mented with dithiothreitol (DTT, 10 mM), and sonicated on ice
(12 min, 100% C, 40% A, 2 seconds on and 3 seconds off inter-
vals using Hielscher UP200St ultrasonic processor). The first
cell membrane fraction was obtained by centrifugation (12000g,
20 min, 4 °C), while the enriched protein fraction, likely
imbedded in lipid rafts, required ultracentrifugation of the crude
protein lysates (240000g, 90 min). The obtained protein pellet
was resuspended in the same buffer as used for the bioassays.
Protein concentration was measured according to Bradford [38].

Enzyme assays: All the enzyme assays were performed using a
standard reaction mixture (100 puL) by adding 50 puL Tris-HCl
(50 mM, pH 7.8) containing MgCl,, FPP, aromatic substrate

Beilstein J. Org. Chem. 2022, 18, 722-731.

(each 1 mM), and 50 pL of membrane-bound protein aliquots
with a total protein content of 0.4 mg. The reaction mixtures
were incubated at 30 °C for 2 h (extended period of time) and
extracted subsequently three times with ethyl acetate (450 pL).
The solvent was removed in vacuo, the residue was dissolved in
methanol (100 pL), and analyzed by HRMS/MS. Denaturation
of proteins was performed at 95 °C for 10 min (negative
control). Additionally, E. coli BL21 derived enriched mem-

brane fractions served as negative control.

In vivo assays: In vivo assays (100 mL) were performed using
E. coli BL21 harboring one of the following vectors: pET28-
297, pET28-1335, and pET28-no insert. Protein expression was
performed under the same conditions explained above, and after
12 h 8-HQA, farnesol, and MgCl, were added to each culture to
a final concentration of 1 mM each and cultivation was
continued at 30 °C (3 d). Subsequently, cultures were extracted
twice with ethyl acetate (400 mL), the solvent was removed in
vacuo, the residue redissolved in MeOH, and subjected to
HRMS/MS analysis.

Fermentation and purification: Fermentation of E. coli BL21
cells harboring the pET28-297 vector was performed in a 75 L
X-Cube Bioreactor (Braun Biotech International) using 30 L of
Terrific Broth medium (Carl Roth GmbH) enriched with
4 mL/L glycerol and 60 mg/L kanamycin. Similar to the in vivo
culture assays, the culture was cooled to 16 °C at an ODgq of 1
and heterologous production induced with IPTG (final concen-
tration of 0.1 mM). After 12 h, 8-HQA, farnesol, and MgCl,
were added to the fermentation with a final concentration of
1 mM. Fermentation was continued for 3 d at 30 °C, after which
the culture was centrifuged and the cell biomass was
lyophilized. Dry cell mass (103.6 g) was extracted with metha-
nol (1.0 L), dried under vacuum, and the resultant MeOH
extract was then extracted with hexane (120 mL) and dried
again under vacuum. The hexane extract was purified by flash
chromatography (Biotage Isolera Prime) over a silica gel
column (eluent: cyclohexane/EtOAc 100:0 to 80:20 to 0:100).
The appropriate fraction was collected, evaporated, and puri-
fied by preparative HPLC (Shimadzu) over a phenyl-hexyl
column (Luna, 5 um, 250 x 21.2 mm, 100 A) (eluent: H,O/
MeCN + 0.1% formic acid 80:20 to 50:50). The appropriate
fraction was collected and evaporated to afford farnesylated
8-HQA.

HRMS/MS analysis of the enzymatic products: UHPLC-
HESI-HRMS measurement was performed on a Dionex Ulti-
mate3000 system combined with a Q-Exactive Plus mass spec-
trometer (Thermo Scientific) with a heated electrospray ion
source (HESI). Metabolite separation was carried out by

reversed-phase liquid chromatography at 40 °C using a Luna
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Omega C18 column (100 X 2.1 mm, 1.6 um, 100 A,
Phenomenex) preceded by a SecurityGuardTM ULTRA guard
cartridge (2 X 2.1 mm, Phenomenex). Mobile phases were acidi-
fied with 0.1% formic acid and consisted of H,O (A), and
acetonitrile (B) with a flow rate of 0.3 mL/min and the injec-
tion volume was 5 uL. The prenylated products were separated
under either long or short gradient runs. The long gradient run
was 30 min as follows: 0-0.5 min, 5% B; 0.5-18 min, 5-97%
B; 18-25 min, 97-5% B; 25-30 min, 5% B. The short gradient
run was 15 min as follows: 0-0.8 min, 40% B; 0.8—10 min,
40-97% B; 10-12 min, 97% B; 12—13 min, 40% B; 13-15 min,
40% B. The retention times of the farnesylated 8HQA was
18.03 min using a long gradient run and 11.26 min using a short

gradient run.

Spectroscopic analysis of the enzyme products: 'H NMR
spectra was carried out using a Bruker AVANCE III 600 MHz
spectrometer equipped with a Bruker Cryoplatform with chemi-
cal shifts given in ppm (d).

Supporting Information

Supporting Information File 1

Sequence analysis and copies of MS/MS and NMR spectra.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-72-S1.pdf]
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Both enantiomers of 2-methyllinalyl diphosphate (2-Me-LPP) were synthesized enantioselectively using Sharpless epoxidation as a

key step and purification of enantiomerically enriched intermediates through HPLC separation on a chiral stationary phase. Their

enzymatic conversion with 2-methylisoborneol synthase (2MIBS) demonstrates that (R)-2-Me-LPP is the on-pathway intermediate,

while a minor formation of 2-methylisoborneol from (S)-2-Me-LPP may be explained by isomerization to 2-Me-GPP and then to

(R)-2-Me-LPP.

Introduction

After its first discovery from Streptomyces [1,2], it has been
recognized that many soil bacteria including various genera
from the actinobacteria [3-7] and myxobacteria [8] produce the
volatile musty odour compound 2-methylisoborneol (1). The
compound is also found in marine Streptomyces strains [9] and
aquatic cyanobacteria that can cause drinking water contamina-
tions in water supply systems [10,11]. In addition, the liverwort
Lophocolea heterophylla [12] and various strains of Penicil-
lium [13] have been reported as a source of compound 1. As a
consequence of cheese fermentation with Penicillium, com-
pound 1 can add to the flavor of Camembert and Brie [14], but
in other foodstuff such as fish and coffee contaminations with 1

are perceived as unpleasant flavor constituents [15-18]. Despite

its occurrence in fungi, 1 also has moderate antifungal activity
as observed for its inhibition of mycelial growth and sporula-
tion in Fusarium moniliforme [19]. Recent research on its
chemical ecology demonstrated that arthropodes are attracted
by compound 1 which helps in the dispersion of Streptomyces
spores [20].

The absolute configuration of (-)-1 has been established
through a synthesis from (+)-camphor [21]. The biosynthesis of
compound 1 was initially suggested to proceed through degra-
dation of a sesquiterpene [2], but first feeding experiments with
14C.labeled acetate and methionine pointed to a methylated

monoterpene [22]. Further investigations by feeding of
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13C-labeled methionine and deuterated mevalonolactone
isotopomers to Nannocystis exedens resulted in a biosynthetic
model that includes the methylation of geranyl diphosphate
(GPP) to 2-methyl-GPP (2-Me-GPP), followed by cyclization to
compound 1 (Scheme 1A) [8]. This process involves the isom-
erization of 2-Me-GPP by allylic transposition of diphosphate to
2-methyllinalyl diphosphate (2-Me-LPP), followed by a confor-
mational change through rotation around the C2-C3 bond and
cyclization to the 2-methyl-a-terpinyl cation (A). A second
cyclization to B and attack of water results in 2-methylisobor-
neol (1) [8]. The stereochemical details of this cyclization
cascade were first suggested by Cane, with processing through
(R)-2-Me-LPP [23]. The GPP methyltransferase (GPPMT) and
the 2-methylisoborneol synthase (2MIBS) and their coding
genes were discovered and functionally characterized, giving
further evidence for the biosynthetic pathway to compound 1
[23-25]. As we have recently demonstrated, the biosynthesis of
1 can also be reconstituted in vitro through coupling of
dimethylallyl diphosphate (DMAPP) with 2-methyl-IPP
(2-Me-IPP; IPP = isopentenyl diphosphate) to 2-Me-GPP using
farnesyl diphosphate synthase (FPPS), followed by cyclization

Beilstein J. Org. Chem. 2022, 18, 818-824.

through 2MIBS to 1 [26]. A recently described methyltrans-
ferase from Micromonospora humi can convert DMAPP into
(R)-2-Me-IPP with a methyltransferase [27], naturally provid-
ing the Cg building block for this hypothetical alternative path-
way towards 1 (Scheme 1B).

Today the genomes of many bacteria from the genus Strepto-
myces have been made available, showing that the genes for the
biosynthesis of 1 are present in about half of the species [28],
which is reflected by the frequent detection of 1 among the vol-
atiles emitted by a large number of streptomycetes and closely
related bacteria [3-7]. A series of side products of the 2MIBS
has been identified by GC/MS analysis and synthesis of refer-
ence compounds [29], several of which also occur in
Escherichia coli or yeast strains that were engineered for the
biosynthesis of methylated monoterpenes derived from 2-Me-
GPP [30,31]. About one decade ago, the crystal structures of
GPPMT and 2MIBS have been solved [32,33]. Notably, the
structure of 2MIBS has been obtained in complex with the non-
reactive substrate analog 2-fluoro-GPP (2FGPP), showing the

substrate surrogate in a stretched conformation in the active site

A)
< OPP
GPPMT 2MIBS
_~_OPP A
GPP 2-Me-GPP
H,0 J
OH —OPP-
F
N
1 B A
B)
)\A FPPS 2MIBS
N"opp * )Y\OPP N N opp oH
DMAPP 2-Me-IPP

/K/\OPP

DMAPP

Scheme 1: Biosynthesis of 2-MIB (1). A) Naturally observed pathway through methylation of GPP to 2-Me-GPP by GPPMT and cyclization to 1 by
2MIBS. B) Reconstituted pathway through methylation of DMAPP to 2-Me-IPP with a hypothetical MT, followed by coupling of DMAPP and 2-Me-IPP

to 2-Me-GPP by FPPS and cyclization to 1 by 2MIBS.
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of 2MIBS (Figure 1A). The observed conformation of 2FGPP,
if this is also relevant for the native substrate 2-Me-GPP, seems

to imply that the isomerization through suprafacial allylic trans-

OPP
2-Me-GPP

(S)-2-Me-LPP

Figure 1: A) Active site of 2MIBS with the bound substrate surrogate
2FGPP (generated with Pymol from the crystal structure, PDB code:
3V1X). B) Isomerization of 2-Me-GPP to (S)-2-Me-LPP, the hypothet-
ical enantiomer expected for 2-Me-GPP in the same conformation as
observed for 2FGPP.
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position of diphosphate should result in the intermediate
(S)-2-Me-LPP (Figure 1B), which would be the opposite enan-
tiomer as suggested by Cane [23]. This prompted us to investi-
gate whether (R)- or (5)-2-Me-LPP is the true pathway interme-
diate towards compound 1. For this purpose, both enantiomers
of 2-Me-LPP were synthesized and enzymatically converted by
2MIBS. Here we report on the enantioselective synthesis of (R)-
and (5)-2-Me-LPP and the results from the incubation experi-
ments with 2MIBS.

Results and Discussion

Enantioselective synthesis of 2-methyllinalyl
diphosphate

The synthesis of (R)- and (S)-2-Me-LPP started with the
Horner—Wadsworth—Emmons reaction [34,35] of sulcatone (2)
with triethyl 2-phosphonopropionate to obtain ethyl 2-methyl-
geranate (3) as a mixture of the £ and Z stereoisomers (5:2) that
were separated by column chromatography (Scheme 2). Reduc-
tion of (E)-3 with DIBAI-H gave 2-methylgeraniol (4) that was
converted under Sharpless conditions [36] into the epoxides
(2R,3R)-5a using p-(—)-diisopropyl tartrate (DIPT) and (25,35)-
5b with L-(-)-DIPT. The enantiomeric purity of both com-
pounds was determined by small scale conversions with
(S)-a-methoxy-a-trifluoromethylphenylacetyl chloride
(Mosher’s acid chloride) [37] and 'H NMR analysis of the
products (Figure S1 in Supporting Information File 1), showing
enantiomeric purities of 85% ee for 5a and 75% ee for 5b.
Further conversion by treatment with PPhs, iodine, pyridine,
and water [38] gave access to (R)- and (5)-2-methyllinalool (6a
and 6b). The materials were subsequently converted into the

O
(EtO)ZOPj)J\ okt
DIBAI-H, CHQCIZ
MO
LDA, THF 90%
2
(23%)
( ) (10%)
a) D-(-)-DIPT | Ti(OiPr),, TBHP
b) L-(+)-DIPT | CH,Cly, 4 AMS
1. PPhg, |2, py,
Et,O/MeCN
- OPP TEAP, CI;CCN 2. H,0, reflux
~ .
MeCN

(R)-2-Me-LPP (15%)
(S)-2-Me-LPP (8%)

Scheme 2: Synthesis of (R)- and (S)-2-Me-LPP.

(R)-6a (66%)
(S)-6b (57%)

(2R,3R)-5a (91%, 85% ee)
(28,3S)-5b (95% 75% ee)
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diphosphates using triethylammonium phosphate and

trichloroacetonitrile [39] (Scheme 2).

Conversion of enantiomerically enriched
2-Me-LPP with 2-MIBS

The enantiomerically enriched substrates (R)- and
(S)-2-Me-LPP were incubated with purified 2MIBS (Figure S2
in Supporting Information File 1), followed by extraction of the
enzyme reactions with hexane and GC/MS analysis of the ob-
tained products (Figure S3, Table S1 in Supporting Information
File 1). All compounds were identified from their EI mass spec-
tra and retention indices in comparison to synthetic standards
[29]. The substrate (R)-2-Me-LPP gave high yields of com-
pound 1 (62% of total enzyme products in GC), besides 2-meth-
ylenebornane (10, 21%) and small amounts of 2-methylmyrcene
(7, 4%), 2-methyllimonene (8, 1%), 2-methyl-a-terpineol (9,
9%), 2-methyl-2-bornene (11, 1%), and 2-methylenefenchane
(12, 2%). In contrast, (S)-2-Me-LPP yielded compound 9 as the
main product (51%) and minor amounts of 1 (31%), besides 7
(8%), 8, (1%), 10 (6%), 11 (0.3%), and 12 (0.6%) (structures
are shown in Figure 2). Reproducibility of these results was
demonstrated in triplicates. While these data showed that enan-
tiomerically enriched (R)-2-Me-LPP is more efficiently con-
verted into 1 than the enriched S enantiomer, the enantiomeric
purity of the substrates was not sufficiently high to decide, if

only one enantiomer of LPP serves as the precursor to 1.

s
R

10 11 12

Figure 2: Structures of 2MIBS side products and spontaneous degra-
dation products of 2-Me-LPP. The enantiomers shown are the ex-
pected on-pathway intermediates towards 1.

Purification of the enantiomers of 2-Me-LPP

In order to obtain the enantiomers of 2-Me-LPP with high
purity, the synthetically obtained enantiomerically enriched
compounds 6a and 6b were purified by HPLC using a chiral

stationary phase. Ultimately, enantiomeric purities of >99% ee

Beilstein J. Org. Chem. 2022, 18, 818-824.

were reached for both 6a and 6b (Figure S4, Supporting Infor-
mation File 1). The compounds were subsequently converted
into the diphosphates. To exclude partial racemization during
this conversion, small samples of each enantiomer of 2-Me-LPP
were dephosphorylated with calf intestinal phosphatase (CIP).
The thus obtained compounds 6a and 6b were analyzed by gas
chromatography on a chiral stationary phase, revealing that the
materials were unchanged and still of very high enantiomeric

purity (>99% ee, Figure S5 in Supporting Information File 1).

Conversion of enantiomerically pure
2-Me-LPP with 2-MIBS

Both pure enantiomers of 2-Me-LPP were incubated with
2-MIBS. GC/MS analysis of the products (Figure 3A and 3B,
and Table S1 in Supporting Information File 1) showed with
the substrate (R)-2-Me-LPP an efficient conversion into
2-methylisoborneol (1, 75%). Minor compounds included
2-methylenebornane (10, 13%), 2-methyllinalool (6, 8%),
2-methylenefenchane (12, 2%), 2-methyl-2-bornene (11, 1%),
2-methyl-a-terpineol (9, 1%), and 2-methylmyrcene (7, 1%). In
contrast, (S)-2-Me-LPP yielded mainly 9 (55%), but only small
amounts of 1 coeluting with 6 (sum: 15%). Further minor prod-
ucts included 10 (13%), 8 (13%), 12 (2%), and 7 (1%). Control
experiments by incubation of (R)- and (S)-2-Me-LPP in buffer
containing no enzyme revealed a major non-enzymatic forma-
tion of 9 (70%), besides smaller amounts of 6 (22%) and 7 (5%)
next to traces of 8 (1%) and another unknown compound (2%,
Figure 3C). Reproducibility of these data was again shown in
triplicates.

These results demonstrate that (R)-2-Me-LPP is the on-path-
way intermediate to compound 1. However, the small amounts
of 1 formed from (§)-2-Me-LPP (>99% ee) are too large to be
explained from the minor enantiomer (R)-2-Me-LPP in this
sample (<1%). A possible explanation is that (S)-2-Me-LPP can
bind to the active site of 2MIBS in a non-productive conforma-
tion. Its enzyme assisted isomerization to 2-Me-GPP followed
by a conformational change may allow for another isomeriza-
tion to (R)-2-Me-LPP and thus lead to the observed minor for-
mation of 1 (Scheme 3). In contrast to the product distribution
from (R)-2-Me-LPP with 1 as the main and 10 as a side product
of 2MIBS, the hydrocarbon 10 is formed from (S5)-2-Me-LPP in
slightly larger amounts than 1, which could be explained by an
incorrect placing or incomplete binding of the active site water
involved in the formation of 1, if (S)-2-Me-LPP occupies the
active site of 2MIBS.

The formation of 6 and 9 in the incubations of (R)- and
(8)-2-Me-LPP with 2MIBS seems to be non-enzymatic in all
cases, because the enantiomeric composition of these products

is nearly the same for enzymatic and non-enzymatic reactions,
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A) 1
12
1 10 6
Yt 7 9
B) 9
10 8
6
1
12 7 |
. A
C) 9
unknown
6
8 JL
7
RS L
9 10 1 12 13 14 15 16 17 min

Figure 3: Total ion chromatograms of extracts from an incubation of A) enantiomerically pure (R)-2-Me-LPP with 2-MIBS, B) enantiomerically pure
(S)-2-Me-LPP with 2-MIBS, and C) enantiomerically pure (R)-2-Me-LPP without enzyme in incubation buffer. The result for (S)-2-Me-LPP without en-
zyme in incubation buffer was the same as in C) and is not shown.

as shown by GC on a chiral stationary phase (Supporting Infor-
[Mg%*]3 Mg?*]3 [Mg2*]5 mation File 1, Figures S6 and S7), minor participation of the en-
' \ ! zyme in the formation of these products cannot be excluded). In

~OPP ). N OPP” < OPP contrast, the formation of 8 from (S)-2-Me-LPP must involve
—— — the participation of 2MIBS, because its production is clearly en-
= = hanced in comparison to the non-enzymatic sample. Investiga-

tion of the enantiomeric composition through GC on a chiral

(S)-2-Me-LPP 2-Me-GPP stationary phase reveals a 2:3 ratio of enantiomers in favor of
Mg Mg?'] (R)-8 (Figure S8, Supporting Information File 1), suggesting

,g 8 R ° that a partial isomerization of (S)-2-Me-LPP to (R)-2-Me-LPP

OPP A\o’pp according to Scheme 3 is also relevant for the formation of 8.

The pseudoracemic mixture of the synthetic compounds 6a and

6b, as well as enantiomerically enriched synthetic reference

compounds for 8 and 9 (Scheme S1 in Supporting Information
File 1) were used for comparison in these analyses.
(R)-2-Me-LPP
Conclusion
Scheme 3: Hypothetical mechanism for the isomerization of Both enantiomers of 2-Me-LPP can be selectively prepared

(S)-2-Me-LPP through 2-Me-GPP to (R)-2-Me-LPP. . . . . . . .
using a Sharpless epoxidation strategy in high enantiomeric
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purity of >75% ee. HPLC purification of the synthetic precur-
sor 2-methyllinalool using a chiral stationary phase can make
the pure enantiomers available, and their conversion into the en-
antiomers of 2-Me-LPP proceeds without noticeable racemiza-
tion, leading to materials of >99% ee. Incubation of both pure
enantiomers revealed that (R)-2-Me-LPP is the on-pathway
intermediate towards 1, while its formation from (S)-2-Me-LPP
may be explained through isomerization to 2-Me-GPP and then
to (R)-2-Me-LPP. Conclusively, these findings confirm Cane’s
mechanistic proposal [23], while the observed conformation of
2FGPP in the crystal structure of 2MIBS may not represent the
required conformation for 2-Me-GPP for the production of 1.

Supporting Information

Supporting Information File 1
Experimental.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-82-S1.pdf]
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The clerodane and ent-kaurane diterpenoids are two typical categories of diterpenoid natural products with complicated polycyclic

carbon skeletons and significant pharmacological activities. Despite exciting advances in organic chemistry, access to these skele-

tons is still highly challenging. Using synthetic biology to engineer microbes provides an innovative alternative to bypass synthetic

challenges. In this study, we constructed two truncated artificial pathways to efficiently produce terpentetriene and ent-kaurene, two

representative clerodane and entz-kaurane diterpenes, in Escherichia coli. Both pathways depend on the exogenous addition of

isoprenoid alcohol to reinforce the supply of IPP and DMAPP via two sequential phosphorylation reactions. Optimization of these

constructs provided terpentetriene and ent-kaurene titers of 66 + 4 mg/L and 113 + 7 mg/L, respectively, in shake-flask fermenta-

tion. The truncated pathways to overproduce clerodane and ent-kaurane skeletons outlined here may provide an attractive route to

prepare other privileged diterpene scaffolds.

Introduction
Diterpenoids, of which there are over 34,000 members (http://
terokit.qmclab.com), have attracted great attention from

chemists and biologists due to their intriguing chemical struc-
tures and broad pharmacological functions [1-4]. The vast struc-
tural diversity of diterpenoids arise biosynthetically from the
following two stages: i) diterpene synthase (DTS, also called
diterpene cyclase) act on geranylgeranyl diphosphate (GGDP)
to perform regio- and stereoselective cyclizations or skeleton re-
arrangement reactions via carbocation chemistry to form

diverse and versatile carbon skeletons; and ii) multiple post-

modification enzymes, most often cytochrome P450s, decorate
the carbon skeletons resulting in a large array of oxidative
diversity [5-7]. Nature’s ability to efficiently biosynthesize
diterpenoids has attracted chemists to mimic it for the synthesis
of complex diterpenoids using either pure chemical tools, exem-
plified by the ‘two-phase strategy’ pioneered by the Baran
group or a combination of enzymatic and chemical tools
(chemoenzymatic synthesis) [8-11]. Despite great efforts span-
ning several decades, de novo organic synthetic methods access

to the core diterpene skeletons are still highly challenging
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owing to their numerous chiral centers and polycyclic complex-
ity [12]. Additionally, chemical transformations from commer-
cial natural products are also tedious and currently limited to a

few diterpene skeletons [8].

Engineering microbes via synthetic biology provides new op-
portunities to produce terpenoid carbon skeletons. All
terpenoids are derived from the minimum Cjs isoprenoid build-
ing blocks isopentenyl diphosphate (IPP) and dimethylallyl

a) MVA pathway

Beilstein J. Org. Chem. 2022, 18, 881-888.

diphosphate (DMAPP), which are produced in the cell via one
of two pathways: i) the mevalonate (MVA) pathway includes
seven steps from acetyl-CoA (A-CoA); and ii) the 2-C-methyl-
p-erythritol 4-phosphate (MEP) pathway includes eight steps
starting from the condensation of pyruvate and p-glyceralde-
hyde 3-phosphate (G3P) [13,14] (Figure 1a). Due to these
lengthy biosynthetic steps as well as complex metabolic regula-
tions and extensive cofactor requirements, several groups have

engineered elegant bypass pathways to mitigate pressures on

(6] (6] (0] (0] OHO (0} OH
P AACT PPN HMGS k)\)k HMGR W
SCoA SCoA HO SCoA HO OH
acetyl-CoA (A-CoA) acetyl-acetyl-CoA 3-hydroxy-3-methylglutaryl-CoA mevalonate
(AA-CoA) (HMG-CoA) (MVA)
\ MVK
O (0]
OPP OPP HO OPP HO oP
DMAPP IPP mevalonate-5-diphosphate mevalonate-5-phosphate
(MVPP) (MVP)
MEP pathway
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b)
clerodane terpentecin salvinorin A kaurane skeleton oridonin gibberellin A3
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Figure 1: (a) The natural pathways (MVA: blue, MEP: green) for producing IPP and DMAPP; (b) the carbon skeletons of clerodane and kaurane diter-
penes and representative bioactive natural products. acetoacetyl-CoA thiolase (AACT); HMG-CoA synthase (HMGS); HMG-CoA reductase (HMGR);
mevalonate kinase (MVK); phosphomevalonate kinase (PMK); diphosphomevalonate decarboxylase (PMD); 1-deoxy-b-xylulose 5-phosphate
synthase (DXS); 1-deoxy-b-xylulose 5-phosphate reductoisomerase (DXR).
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gatekeeper enzymes [15-18]. However, these systems are still
dependent on the entry points within the MVA or MEP path-
ways [17,18]. Recently, the Stephanopoulos and Williams
groups reported two-step artificial pathways to efficiently
produce isoprenoid precursors IPP and DMAPP from isopen-
tenol (ISO) and dimethylallyl alcohol (DMAA) [15,19]. In this
strategy, two independent kinases were used. ISO and DMAA
were phosphorylated to form isopentenyl monophosphate (IP)
and dimethylallyl monophosphate (DMAP), respectively, which
were then phosphorylated by another kinase to produce IPP and
DMAPP [19-21]. Notably, this pathway successfully bypassed
the limitations of native isoprenoid biosynthetic pathways,
resulting in the overproduction of multiple (mero)terpenoids
such as lycopene, cis-abienol, and prenylated tryptophan
[15,19,22,23].

The clerodane and ent-kaurane diterpenoids are two categories
of diterpenoids that are widely distributed in terrestrial plants,
fungi, and a few bacteria and possess broad pharmacological
bioactivities [1-3]. Representative natural products containing
these skeletons are terpentecin (cytotoxic and antibiotic), salvi-
norin A (kappa opioid receptor), oridonin (cytotoxic), and
gibberellin (phytohormone) (Figure 1b) [24-27]. How to effi-
ciently construct the core carbon skeletons is a critical question
in utilizing the advanced ‘two-phase strategy’ or chemoenzy-
matic synthesis to readily synthesize clerodane and ent-kaurane
diterpenoids. In this paper, we report the reconstruction of trun-
cated artificial pathways to overproduce two representative
clerodane and ent-kaurane diterpenes, terpentetriene and ent-
kaurene, in E. coli. The titers of terpentetriene and ent-kaurene
were optimized to 66 + 4 mg/L and 113 + 7 mg/L, respectively,
in shake-flask fermentation.

Results and Discussion
Constructing a two-step artificial pathway to

overproduce IPP and DMAPP precursors

Following the Williams design, phoN and ipk from Shigella
flexneri and Thermoplasma acidophilum, respectively, were
codon-optimized and synthesized for overexpression in E. coli
[19]. Isopentenyl diphosphate isomerase (IDI) from E. coli,
which balances IPP and DMAPP in vivo, was also included in
our construct. To initially test the efficiency of this two-step
artificial pathway, we constructed strains DL10001 (phoN, ipk
and idi plus the lycopene-producing genes crtE, crtB, and crtl)
and DL10002 (only crtE, crtB, crtl, and idi) [28]. Compared to
strain DL10002, DL10001 produced significantly larger
amounts of lycopene after feeding 6 mM ISO and DMAA (3:1)
in a 3-day fermentation (Figure S1, Supporting Information
File 1). This result supported that our reconstructed two-step
artificial pathway efficiently produced IPP and DMAPP and

Beilstein J. Org. Chem. 2022, 18, 881-888.

thus can be used to overproduce the clerodane and ens-kaurane

diterpenes in E. coli.

Collecting the essential genes in the
biosynthesis of terpentetriene and

ent-kaurene

Terpentetriene and ent-kaurene are labdane-related diterpenes
and biosynthetically constructed by two sequential DTSs from
the common C; linear allylic diphosphate GGDP [29]. Terpen-
tetriene was the proposed biosynthetic intermediate of terpen-
tecin, an anticancer and antibiotic natural product isolated from
Kitasatospora griseolosporeus MF730-N6 in 1985 [24,30]. In
the biosynthesis of terpentetriene, GGDP was first cyclized by a
class II DTS (Cycl) that contains a conserved DxDD motif to
form terpentedienyl diphosphate (TDP) via a syn-labda-13-en-
8-yl" diphosphate intermediate (Figure 2), which, prior to de-
protonation, can be followed by rearrangement to form the
clerodane skeleton. TDP was then ionized by a class I DTS
(Cyc2) that contains a conserved DDxxD motif and through a
deprotonation to install a terminal double bond at the side chain
[31,32]. We were unable to access the original terpentetriene
producing strain of K. griseolosporeus MF730-N6, as well as
two possible producers (Streptomyces sp. San0l and
Kitasatospora sp. CB02891) after a survey of the existing
genome sequence databases, however, we discovered a strain,
Kitasatosporia griseola DSM 43859, without a genome se-
quence disclosed, from the strain library of CGMCC. Using the
primers designed from the sequences of cycl and cyc2, we
fortunately obtained two genes of expected lengths, which we
named zdps and ttes, by polymerase chain reaction (PCR). The
sequencing results of zdps and ttes showed extremely high iden-
tities with those of cycl and cyc2 (97% and 99%, respectively)
(Table S4, Supporting Information File 1). Additionally, a
GGDP synthase named GGDPS was also successfully cloned
from the same strain. These results suggested that K. griseola
DSM 43859 is a different strain with K. griseolosporeus
MF730-N6 and likely includes a similar biosynthetic gene
cluster in the production of terpentetriene. The medium
screening for terpentetriene production as well as the elucida-
tion of terpentetriene biosynthetic pathway in K. griseola DSM
43859 are underway in our lab. Thus, all essential genes (phoN,
ipk, idi, ggdps, tdps, and ttes) for a truncated artificial pathway
to produce the clerodane diterpene, terpentetriene, were fully
collected.

The biosynthetic pathway towards ent-kaurene resembles that
of terpentetriene. First, a class I DTS catalyzes the cyclization
of GGDP into a diphosphate intermediate, ent-copalyl diphos-
phate (ent-CPP). Next, a class I DTS further cyclizes ent-CPP
into the target tetracyclic skeleton, ent-kaurene (Figure 2). In

this study, the ent-CPP synthase (¢CDPS) gene was cloned from
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Figure 2: Truncated artificial pathways (six steps) to produce terpentetriene and ent-kaurene.

Streptomyces sp. NRRL S-1813, which was an alternative ent-
kaurenol-derived antibiotic platensimycin producer [33-35],
while the ent-kaurene synthase (BjKS) gene was from
Bradyrhizobium japonicum, a bacterial symbiont of soybean
that is known to produce the ent-kaurene-derived phytohor-
mone gibberellin [36,37]. The bjks gene was codon-optimized
and synthesized for overexpression in E. coli. We used the same
ggdps from K. griseola DSM 43859 in this construct. Thus, the
full pathway to ent-kaurene, possessing six genes (phoN, ipk,
idi, ggdps, ecdps, and bjks), was completed.

Constructing truncated artificial pathways to

produce terpentetriene and ent-kaurene

After collecting all the essential genes, we initially designed
two different expression systems for producing terpentetriene
and ent-kaurene from ISO and DMAA (Figure 3). To decrease
the burden on the host cell [38], the six genes (phoN, ipk, idi,
ggdps, tdps, and ttes) leading to the production of terpen-

tetriene, each with a strong and inducible T7 promoter, were
cloned into pETDuet-1 plasmid to form pLD10010, which was
transformed into E. coli BL21 (DE3) to create strain DL10003.
In another expression system, the upstream two genes, phoN
and ipk, were cloned into pETDuet-1 plasmid, while the other
four genes (idi, ggdps, tdps, and ttes) were cloned into pRSF-
Duet-1 plasmid. Both plasmids were co-transformed into E. coli
BL21 (DE3) to create strain DL.10004. Using the same protocol,
another two strains, DL10005 with a single plasmid expression
system and DL10006 with a two-plasmid expression system,
that included the whole truncated artificial pathway (phoN, ipk,
idi, ggdps, ecdps, and bjks) for ent-kaurene production were
created.

Next, DL10003-10006 were fermented in Lysogeny broth (LB)
medium supplied with 1% glycerol, 6 mM ISO/DMAA 3:1, and
0.1 mM isopropyl B-p-1-thiogalactopyranoside (IPTG) inducer.

In comparison with the negative control of wild-type E. coli
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a) Amp
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Figure 3: Construction maps of single plasmid expression system and two-plasmid expression system for overproducing terpentetriene (a) and

ent-kaurene (b) in E. coli.

BL21 (DE3), all strains successfully produced new peaks in the
HPLC profiles after a 3-day fermentation. Larger scale (3 L)
fermentations of DL.10004 and DL10006 led to the isolation of
45 mg and 90 mg of terpentetriene and ent-kaurene, respective-
ly, whose 'H and !3C NMR spectra supported their chemical
structures (Figures S4-S7 in Supporting Information File 1)
[31]. These results demonstrated that the two-step artificial
pathway coupled with downstream genes for the terpentetriene
and ent-kaurene biosynthesis was successful and efficient.
Though a single plasmid expression system might lower the
host cell burden, our results showed that the two-plasmid
expression system produced significantly more amounts (14-
fold) of terpentetriene and (3-fold) of ens-kaurene than single
plasmid expression system (22 + 4 mg/L vs 1.6 £ 0.2 mg/L for
terpentetriene, and 27 = 3 mg/L vs 8.1 £ 0.2 mg/L for ent-
kaurene). DL10004 and DL10006 were therefore selected for

subsequent fermentation optimization.

Optimizing the ISO/DMAA concentrations
To determine the ideal concentrations of exogenous supplemen-

tary ISO/DMAA for producing terpentetriene and ent-kaurene,

a series of feeding experiments was carried out with various
concentrations of ISO/DMAA. When strains DL.10004 and
DL10006 that were cultured in LB medium reached an ODg
of 0.6, 0.1 mM IPTG and different amounts of ISO/DMAA
were added. After 3-day fermentations in the absence of ISO/
DMAA, both strains only produced small amounts of terpen-
tetriene and ent-kaurene (1.3 £ 0.1 mg/L and 1.6 = 0.2 mg/L, re-
spectively), suggesting a low expression level of the endoge-
nous MEP pathway in E. coli (Figure 4). When ISO, DMAA, or
a mixture of ISO/DMAA 3:1 were exogenously added, the
yields of terpentetriene and ent-kaurene increased dramatically.
The highest yields of terpentetriene (55 + 3 mg/L) and ent-
kaurene (53 £ 2 mg/L) were observed in the presence of 25 and
10 mM of DMAA, respectively. These results demonstrated that
i) the introduced two-step artificial pathway could efficiently
convert exogenous supplemented ISO and DMAA into a pool
of hemiterpenes; and ii) IDI effectively balances the proportion
of IPP and DMAPP. Given that the commercial DMAA is
cheaper than ISO, our result in merely using DMAA should be
helpful in decreasing the overall cost for the production of other

terpenes using this two-step artificial pathway [22].
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Figure 4: Optimizing the ratios of ISO/DMAA for overproducing terpentetriene (a) and ent-kaurene (b). Red: ISO; blue: DMAA; gray: ISO/DMAA 3:1
mixture. All product yields are reported as means + SD of three replicates.

Optimizing the concentrations of glycerol and

IPTG, and fermentation time course

Three orthogonal experiments were run to examine the effects
of varying glycerol and IPTG concentrations and fermentation
time, all in an effort to optimize terpentetriene and enz-kaurene
production. Given that the carbon source is vital for overpro-
ducing natural products in E. coli, and glycerol is one of the
most frequently used carbon sources, we first tested for optimal
glycerol concentrations for terpentetriene and ent-kaurene pro-
duction. Strains DL.10004 and DL10006 were cultured in 50 mL
LB medium and supplied with 0%, 1%, 2%, 5%, and 10% (v/v)
glycerol, respectively. As showed in Figure 5a, the supplemen-
tary 1% (v/v) glycerol led to produce 48 * 3 mg/L terpen-
tetriene in DL.10004, while adding 2% (v/v) glycerol resulted in
the yield of 50 = 4 mg/L ent-kaurene in DL.10006. The produc-
tion of terpentetriene and ent-kaurene, however, decreased sig-
nificantly when more glycerol (5% or 10% (v/v)) was added,

a) b)

704

Il Terpentetriene Bl ent-Kaurene

suggesting that higher glycerol concentrations might be harmful
for the host cell, which was also supported by the less cell
pellets harvested.

We next explored optimal IPTG concentrations (0, 0.05, 0.1,
0.25, 0.5, and 1 mM) on the production of terpentetriene and
ent-kaurene. As shown in Figure 5b, 0.1 mM IPTG inducer led
to the highest yield of terpentetriene reaching 50 + 4 mg/L in
DL10004. With an increase of IPTG concentration more than
0.1 mM, the yield of terpentetriene decreased dramatically. Ad-
ditionally, although DL10006 strain could overproduce
74 £ 3 mg/L ent-kaurene when 0.5 mM IPTG was added, no
significant decrease of the ens-kaurene yields under the other
two IPTG concentrations (72 + 4 mg/L for 0.1 mM and
71 =2 mg/L for 0.25 mM). From an economic point of view,
0.1 mM IPTG was therefore selected as the optimal concentra-
tion for both strains.
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Figure 5: (a) Terpentetriene (red) and ent-kaurene (blue) yields supplied with various concentrations of glycerol. (b) Terpentetriene (red) and ent-
kaurene (blue) yields induced with different concentrations of IPTG. (c) Time course analysis (1-7 days) of terpentetriene (red) and ent-kaurene

(blue). All product yields are reported as means * SD of three replicates.
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Finally, we tested the fermentation time course of DL10004
and DL10006. Based on the above established fermen-
tation conditions, including the ratios of ISO/DMAA and
the concentrations of glycerol and IPTG, we performed
a sequence of parallel assays to determine the best fermen-
tation length. Considering the inherent growth feature of
E. coli, we set up a maximum 7-day experimental timeline
for determining the titers of terpentetriene and ent-kaurene.
As shown in Figure 5c, the yield of terpentetriene was
gradually increased with the fermentation time from day 1-7,
resulting in a final titer of 66 * 4 mg/L, while the yield
of ent-kaurene was gradually increased until day 5 before de-
creasing to day 7. At day 5, the titer reached 113 + 7 mg/L for
ent-kaurene. Taken together, the optimal fermentation condi-
tions of both terpentetriene and ent-kaurene were fully estab-
lished.

Conclusion

In this study, using the truncated artificial pathways, we over-
produced two clerodane and ent-kaurane diterpenes, terpen-
tetriene and ent-kaurene, in E. coli by exogenously feeding ISO/
DMAA to reinforce the supply of IPP and DMAPP. We opti-
mized the ratio of ISO/DMAA, concentrations of glycerol and
IPTG, and fermentation time to enhance the production of
terpentetriene and ent-kaurene. As a result, strain DL10004,
an engineered terpentetriene producer with a two-plasmid
expression system, reached the titer of 66 + 4 mg/L under
the optimal conditions of supplementary 25 mM DMAA,
1% glycerol, and 0.1 mM IPTG for a 7-day shake-flask fermen-
tation in LB medium. Strain DL0006, an engineered ent-
kaurene producer with a two-plasmid expression system,
reached the titer of 113 = 7 mg/L under the optimal conditions
of supplementary 10 mM DMAA, 2% glycerol, and 0.1 mM
IPTG for a 5-day shake-flask fermentation in LB medium.
Compared with the reported optimal combination of efflux
pumps for ent-kaurene production [39], the titer was enhanced
by 3.5-fold in this study. The strategy outlined here not only
provides an efficient pathway to overproduce clerodane and ent-
kaurane carbon skeletons but also offers a blueprint for
coupling with emerging chemoenzymatic strategies and
biocatalysis in preparation of high value diterpenoid natural
products.
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Abstract

One new aromadendrane-type sesquiterpenoid, namely ximaocavernosin P [(+)-1], and three new cadinane-type sesquiterpenoids,
namely (+)-maninsigin D [(+)-4], (+)- and (—)-ximaocavernosin Q [(+)- and (-)-5], together with five related known ones [2, 3,
(—)-4, 6, and 7], were isolated from the Hainan sponge Acanthella cavernosa. Compounds 4 and 5 were isolated as racemic forms,
which were further separated to the corresponding enantiomers [(+)-4/(—)-4 and (+)-5/(—)-5], respectively, by using chiral-phase
HPLC. The structures of new compounds were elucidated by extensive spectroscopic analysis and comparison with the reported
data. In addition, the absolute configuration of optically pure (+)-1 and 2 were determined by time-dependent density functional
theory/electronic circular dichroism (TDDFT-ECD) calculations or X-ray diffraction analysis. A plausible biosynthetic pathway of
these sesquiterpenoids and their internal correlation were proposed and discussed. In an in vitro bioassay, (+)-aristolone (3) exhib-
ited promising anti-inflammatory activity by the inhibition of LPS-induced TNF-a and CCL2 release in RAW 264.7 macrophages.
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Introduction

Marine sponges of the genus Acanthella (class Demospongiae,
order Halichondrida, family Axinellidae) are one of the most
common marine invertebrates natively distributed throughout
tropical and subtropical regions of the Indo-Pacific Ocean, in
particular, the South China Sea [1]. They are well-known
producers of various nitrogenous sesquiterpenes and diterpenes
with characteristic isocyano, isothiocyano, and formamido func-
tionalities [2-5]. Many of these secondary metabolites merit
further investigation due to their intriguing structural diversity
and wide spectra of biological activities ranging from
antifeedant, antifouling, and cytotoxic to antibiotic effects
[3,5,6]. Acanthella sponges have thus attracted much attention
from marine natural products chemists and pharmacologists.
The title animal is the most chemically studied species among
the Acanthella sponges. Till now, more than 100 secondary
metabolites belonging to sesquiterpenoids and diterpenes [7,8],
alkaloids [9], and steroids [10], have been isolated and charac-
terized.

In connection with our continuing studies of Chinese marine
invertebrates to search for novel and bioactive secondary
metabolites, we have recently studied the sponge A. cavernosa
collected from Ximao Island of Hainan Province, China, result-
ing in the isolation of fifteen new nitrogenous sesquiterpenoids,
exemplified by (+)-ximaocavernosin A (8) (Figure 1) [11]. To
accumulate more amounts of these sesquiterpenoids to perform
more in-depth pharmacological screening, we carried out the
chemical investigation of the same sample on a large scale
manner (310 g, dry weight). As a result, besides the already re-
ported nitrogenous sesquiterpenoids, nine non-nitrogenous

(+)-12S,4S,5R,6S,7S (as drawn) 2
(-)-1 2R4R,5S,6R,7R

HO":
N

iTOH
N

(+)-5/(-)-5

Figure 1: Chemical structures of compounds 1-8.
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sesquiterpenoids, including a new aromadendrane-type
sesquiterpenoid [(+)-1] and three new cadinane-type sesquiter-
penoids [(+)-4, (+)-5, and (—)-5], together with five related
known ones [2, 3, (—)-4, 6, and 7] (Figure 1), were obtained.
Herein, we report the isolation, chiral separation of racemic
mixtures of 4 and 5, structural elucidation, plausible biosyn-
thetic pathway, and biological evaluation of these isolated com-

pounds.

Results and Discussion

By the similar workup [11] of the Et,O-soluble portion of the
dichloromethane/methanol 1:1 extract of the title animal, five
optically pure sesquiterpenoids [(+)-1 (1.2 mg), 2 (4.1 mg), 3
(3.6 mg), 6 (1.3 mg), and 7 (0.5 mg)], as well as two non-opti-
cally pure compounds 4 (2.7 mg) and 5§ (4.6 mg) were isolated.

Among them, known compounds 2, 3, 6, and 7 were readily
identified as ent-4f,10a-dihydroxyaromadendrane (2) [12-14],
(+)-aristolone (3) [15,16], cadalene (6) [17], and trans-4,5-dihy-
droxycorocalane (7) [18], respectively, by comparing their
spectroscopic data and optical rotation values with those re-
ported in the literature. In addition, the full structure of 2, which
was previously isolated from the soft coral Sinularia mayi [12],
was unambiguously confirmed by X-ray diffraction analysis
using Cu Ka radiation (A = 1.54178 A) [Flack parameter:
0.00 (11)] (Figure 2), since it was crystallized from MeCN at
4 °C in the present study.

Compound (+)-1 was obtained as an optically active colorless
oil. Its molecular formula was deduced to be C{5H,,0, on the

K

HO__

HO"}
PR

7 (+)-8
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Figure 2: ORTEP drawing of 2 (displacement ellipsoids are drawn at
the 50% probability level).

Table 1: 'H (J in Hz) and '3C NMR data of compounds (+)-1, 4, and 5.

no.

3a
3b

8a

8b

9a

9b

10
11
12
13
14
15

(+)-1

5Ha,b

4.92d (4.8)
1.92 overlap

1.56 dd (13.2,
4.8)

2.68m
2.73dd (9.6, 9.6)

0.80 dd (10.6,
9.6)

0.68 m

2.38 dd (14.4,
11.4)

2.84 dd (14.4,
4.8)

1.07s
1.19s
1.94d (1.8)
1.05d (6.6)

BdC

163.7 s
745d
41.7t

33.8d
43.7d
32.1d

22.6d

42.11

2019s

134.1s
259s
28.3q
16.1q
148 q
15.3¢q

6Hb’d

7.47d (8.4)
7.08 dd (8.4, 1.8)

7.28 brs

1.92 ddd (15.6,
10.8, 3.0)

1.84m

2.09 ddd (15.6,
10.8, 3.0)

1.81m

241 m
0.62d (6.6)
1.08 d (6.6)
140s
2.31s

4
6CC'd

1428 s
126.6 d
129.2d

137.6s
127.4d
1409 s

75.0s
28.4t

35.61t

715s
38.4d
16.5q
18.9¢q
30.2q
21.4q
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basis of HRESIMS [quasi-molecular ion peak at m/z 235.1700
(IM + H]*, calcd for 235.1693)]. The IR spectrum displayed
an absorption band of an a,B-unsaturated ketone group
(1644 cm™1), as additionally supported by the UV absorption at
Amax 245 nm (log € 3.8). Careful analysis of the NMR spectra of
(+)-1 (Table 1 and Figures S8—S13 in Supporting Information
File 1) showed a close similarity with those of co-occurring 2
[12-14], indicating compound (+)-1 also being an aromaden-
drane-type sesquiterpenoid containing a gem-dimethylcyclo-
propyl unit [8y 0.80 (dd, J = 10.6, 9.6 Hz, H-6), 0.68 (m, H-7),
1.07 (s, 12-Me), 1.19 (s, 13-Me)]. Further literature survey
revealed that the overall 1D and 2D NMR data of compound
(+)-1 (Table 1), except the optical rotation signal ([(x]zDO +169.6
(c 0.12, CHCL3) for (+)-1, [a]2) ~186.0 (c 6.30, CHCl3) for
(=)-1), were almost identical to those of 2B-hydroxy-
aromadendr-1(10)-en-9-one [(—)-1] [19], namely
(1aR,5R,7R,7aS,7bR)-1,1a,2,5,6,7,7a,7b-octahydro-5-hydroxy-
1,1,4,7-tetramethyl-3H-cycloprop[e]azulen-3-one, a biotransfor-
mation product of squamulosone [aromadendr-1(10)-en-9-one]
by the fungus Curvularia lunata ATCC 12017 [19], indicating

(4+)-1 and (-)-1 were enantiomeric each other.

5
5Ca,e 5Hb,d 5Cc,d 5Ca,e
141.7 - 1404 s 139.0
125.6 7.44d (7.8) 127.2d 125.8
129.0 7.08dd (7.8,1.8) 129.0d 128.9
137.5 - 137.8s 137.9
126.0 7.33 brs 127.9d 126.7
139.9 - 1421 s 140.6
74.3 - 752s 74.5
27.9 2.26 ddd (13.8, 28.3t 26.9
10.2, 3.0)
- 1.70 ddd (13.8, - -
8.0, 3.0)
35.6 2.00 ddd (13.8, 36.2t 35.0
10.2, 3.0)
- 1.92 ddd (13.8, - -
8.0,1.2)
71.0 - 70.3s 69.5
37.2 2.35m 38.5d 37.6
16.2 0.71 d (6.6) 17.0q 16.5
18.7 1.08d (6.6) 191 q 18.9
29.7 1545 31.2q 30.6
21.4 2.32s 21.3q 21.5

aRecorded in CDClg, chemical shifts refer to CHCl3 (8 7.26, 8¢ 77.2); Precorded at 600 MHz; Srecorded at 125 MHz; Yrecorded in CDzOD, chemical
shifts refer to CD30D (8 3.31, 8¢ 49.0); erecorded at 150 MHz.
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To secure the absolute configuration of optically pure (+)-1, a
TDDFT-ECD calculation, which has proven to be a reliable tool
for the absolute configuration determination of natural products
with stereogenic centers near the chromophore groups [20], was
applied, since there is an a,f-unsaturated ketone chromophore
nearby C-5 and C-2 in compound (+)-1. Thus, the theoretical
ECD spectrum of (+)-1 was calculated by the DFT calculation
method at the b3lyp/6-311G** level of theory (see Supporting
Information File 1 for details). A detailed comparison of the
Boltzmann-averaged ECD spectrum with that of the experimen-
tal one (Figure 3) confirmed the absolute configuration of (+)-1
as 25, 45, 5R, 65, 7S. Consequently, the structure of (+)-1 was
assigned as depicted in Figure 1, and named (+)-ximaocaver-
nosin P.

Exp. ECD of (+)-1

---- Cald. ECD of (25,4S,5R,6S,7S)-[(+)-1]
/" ---- Mirrored spectrum of cald. ECD

300 350

Wavelength/nm

200 250 400

Figure 3: Experimental and calculated ECD curves of (+)-1.

Compounds 4 and 5 showed NMR data diagnostic of tetra-
hydronaphthalene-bearing cadinane-type sesquiterpenoids, in
line with the co-occurring compounds 6 and 7. In addition, 4
and 5 as optically inactive white powder implied the possibility
that both of them were present as racemic mixtures.

Compound 4 possessed a molecular formula of C{5H,0;. Its
structural elucidation was straightforward. The planar structure
and relative configuration of 4 were immediately identified to
be the same as those of (—)-maninsigin D [(—)-4] (Figure 1), a
cadinane-type sesquiterpenoid of plant origin (leaves and stems
of Manglietia insignis) [21], based on their identical IH and
13C NMR data (Table 1 and Figures S16-S20 in Supporting
Information File 1). Since the relative configuration of 4 (75%,
10R*) was assigned, its absolute configuration was worth to be
determined. However, the optical value at zero of 4 differed
from that of (—)-maninsigin D [(-)-4: lit. [a]zDO -9.4 (¢ 0.70,
MeOH)] [21], suggesting that 4 should be present as a racemic
mixture.

Beilstein J. Org. Chem. 2022, 18, 916-925.

Ximaocavernosin Q (5) had the same molecular formula
(Cy5H2,0,) as 4, implying compound 5 to be isomeric with 4.
The IR absorption band at 3386 cm™! suggested the presence of
hydroxy groups. A careful analysis of its 1D and 2D NMR
spectra revealed that the NMR spectroscopic features of com-
pound 5 (Table 1 and Figures S24-S31 in Supporting Informa-
tion File 1) extremely resembled those of 4. The main differ-
ence between them was obvious at C-10 and its neighboring
carbons (e.g., C-1 and C-14). Considering the insignificant
distinction between these chemical shift values (Ad < 2.4), com-
pounds 4 and 5 were further analyzed using the same RP-HPLC
conditions to examine whether they were the same compound
(see Supporting Information File 1 for details). As a result, their
distinct retention time [MeCN/H,O (35:65), 3.0 mL/min,
210 nm, 5: tg = 10.6 min, 4: tg = 17.6 min] (Figure S1, Support-
ing Information File 1) confirmed their different identities.
Detailed analysis of their NMR spectroscopic data suggested an
epimeric relationship between 5 and 4. Epimerization at C-10
caused upfield shifts for C-10 and C-1 (8¢ 71.5 and 142.8 in 4;
dc 70.3 and 140.4 in 5), whereas the resonance of C-14 was
shifted downfield from d¢ 30.2 in 4 to 8¢ 31.2 in 5). Further,
the diagnostic NOESY correlations between 14-Me (dy 1.54)
and H-8b (8 1.70)/H-9a (8y 2.00), between H-5 (8y 7.33) and
H-11 (dy 2.35), as well as between H-8a (8 2.26) and 12-Me
(0 0.71)/13-Me (8y 1.08), as shown in a computer-generated
3D drawing (Figure 4), determined the 7,10-trans relationship.

COSY:'H=1H HMBC:'H'3C NOESY:'H/*'H

Figure 4: 'H-"H COSY, key HMBC correlations, and NOESY correla-
tions of compound 5.

To complete the full structure, the next step was to determine
the stereochemistry at C-7 and C-10 of compounds 4 and 5.
Since both 4 and 5, as mentioned above, are respective racemic
mixtures, chiral-phase HPLC was then applied to separate each
of them (see Figures S2 and S5 in Supporting Information
File 1). As expected, new (+)-maninsigin D [(+)-4, 0.8 mg] and
known (—)-maninsigin D [(—)-4, 0.8 mg] were afforded from 4
with opposite optical values [(+)-4: [(x]zDO +26.0 (¢ 0.08,
MeOH); (-)-4: [a]y ~24.2 (c 0.08, MeOH)] (Figures S3 and

S4 in Supporting Information File 1) and the mirror image-like
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ECD curves (Figure 5). (+)-Ximaocavernosin Q [(+)-5, 0.8 mg]
and (—)-ximaocavernosin Q [(—)-5, 0.7 mg] were obtained in the
same way from 5 with [a]2D0 values of +8.8 (¢ 0.08, MeOH) and
—8.3 (¢ 0.07, MeOH) (Figures S6 and S7 in Supporting Infor-
mation File 1), and mirrored ECD curves (Figure 5). Having ob-
tained two pairs of optically pure enantiomers [(+)-4/(—)-4 and
(+)-5/(-)-5], it is worth determining their absolute configura-
tion. Unfortunately, our efforts to obtain suitable crystals for
X-ray diffraction analysis were unsuccessful. The lack of sec-
ondary hydroxy groups in these molecules prevented the use of
chemical approaches. In addition, their weak Cotton effects
(Figure 5) also restricted the application of computational
methods. Therefore, the absolute configuration for (+)-4/(-)-4
and (+)-5/(-)-5 remain undefined.

Exp. ECD of (+)-4
Exp. ECD of (-)-4

CD/mdeg

300 350

Wavelength/nm

200 250 400

Exp. ECD of (+)-5
Exp. ECD of (-)-5

CD/mdeg

300 350

Wavelength/nm

250 400

Figure 5: Experimental ECD curves of compounds (+)-4, (-)-4 (top),
(+)-5, and (-)-5 (bottom).

As mentioned in a review by William’s group [22], the enan-
tiomeric natural products can arise from a single species or dif-
ferent genera and/or species. Several examples of enantiomers

formation catalyzed by different terpene synthases were also re-
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ported. Jiang et al. characterized two new fungal bifunctional
terpene synthases, FOFS and AtAS (identity 27.8%), that cata-
lyzed the formation of a pair of enantiomeric sesterterpenes
[23]. Two groups independently reported that the quiannu-
latene synthases EvQS [24] and AtTPS25 [25] (identity < 10%)
from fungus and plant produced (+)- and (—)-quiannulatene, re-
spectively. Interestingly, the cadinane-type sesquiterpenoids ob-
tained from A. cavernosa generally exist in enantiomeric forms,
such as our recently reported ximaocavernosins A—-C, E, and G
[11], as well as compounds 4 and 5 obtained in this present
study. However, aromadendrane-type sesquiterpenoids from
A. cavernosa are generally produced in optically pure forms,
occasionally enantiomeric with others from a different origin,
exemplified by (+)-ximaocavernosin P [(+)-1]. Further, these
isothiocyano-containing enantiomers were usually isolated as
scalable mixture (where one enantiomer predominates) with an
enantiomeric excess of ca. 80% [11]. In contrast, the two
neutral cadinane-type enantiomers (4 and 5) were produced as
racemic mixture (1:1 ratio). Different enantiomeric ratios could
explain the properties of the active sites in the corresponding
terpene synthases, which remain unclear for further investiga-
tions [22].

The diversified structures of terpenes were constructed by
terpene synthase [26] along with the post-modification en-
zymes, such as P450 enzymes and other oxygenases [27]. The
plausible biosynthetic pathways of the isolated sesquiter-
penoids 1-7 were proposed, as shown in Scheme 1. Aromaden-
drane- [(+)-1 and 2], aristolane- (3) and candinane-type
sesquiterpenes [(+)-4/(—)-4, (+)-5/(—)-5, 6 and 7)] were all origi-
nated from E,E-farnesyl diphosphate (E,E-FPP) as their linear

precursor (Scheme 1).

The 6,7-bond formation was triggered by eliminating the
pyrophosphate group of E,E-FPP yielding a monocyclic carbo-
cation intermediate A, followed by the 6,11-closure via depro-
tonation to afford bicyclogermacrene (B) containing a gem-
dimethylcyclopropyl unit [28]. Bicyclogermacrene (B) served
as the branch point of aromadendrane cyclization and aris-
tolane cyclization routes (Scheme 1, I). On one hand, the pro-
tonation on the double bond Al-10 of B initialized the aromaden-
drane cyclization, followed by 1,5-bond formation to yield
carbocation intermediate C. Firstly, deprotonation occurred to
form the double bond A':!0 and led to the formation of
(-)-ledene (D) [29], on which the multiple-step oxidation
happened at C-2 and C-9 to generate (+)-1. Secondly, the reac-
tion is quenched by an H,O attach at carbocation C-10 to form
(+)-globulol (E) [30], which was further oxidized to afford 2.
On the other hand, the aristolane cyclization route is started
from protonation on A% of B and followed by 5,10-cyclization

to give maaliane-type carbocation intermediate F. Then, a
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Scheme 1: Proposed cyclization pathway of terpene intermediates and plausible post-modifications of compounds 1-7.

successive transformation involving the concerted 1,2-hydride
and 1,2-methyl shifts led to aristolane-type carbocation interme-
diate G, which was further deprotonated to afford 9-aristolene
(H) [29]. Multiple-step oxidation on H furnished the structure
of 3.

The terpene cyclase catalyzed the cyclization of cadinene-type
sesquiterpenes using FPP as the substrate, which is first isomer-
ized to nerolidyl diphosphate (NPP), followed by the 6,7-bond
formation to generate carbocation intermediate I (Scheme 1, II)
[31]. Sequential 1,3-hydride shift and 1,6-cyclization occurred
to afford cadinyl cation (J). Further 1,3-hydride shift and depro-
tonation on J resulted in cadina-1(6),4-diene (L) [32], the

terpene precursor of compounds 4-6. Meanwhile, direct depro-
tonation of cadinyl cation (J) generates the double bond A%10 of
1,5-cadinadiene (N) [32], the precursor of compound 7. Com-
pounds 4-7 belong to the phenolic sesquiterpenes family, and
the biosynthesis of the phenolic group has not yet been discov-
ered. Phenolic sesquiterpenoids, for instance, illudacetalic acid
and illudinine from Omphalotus olearius, were also discovered.
Based on bioinformatics analysis, their aromatic rings were pro-
posed to be constructed by putative P450 enzymes or oxidore-
ductase [33]. The Huang group characterized the function of a
P450 enzyme CYP76AH1 which was responsible for the forma-
tion of the aromatic ring of ferruginol in the biosynthesis path-

way of tanshinones [34]. Hence, we proposed that the oxidation
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occurred on L to furnish the aromatic ring of calamenene (M)
[29], followed by the hydroxylation at C-7 and C-10 to give a
pair of dihydroxy epimers 4 and 5. Compound 6 could be gener-
ated by the dehydration of 4/5 or by the multiple-step oxidation
of M. Similarly, the plausible biosynthetic pathway of com-
pound 7 could be proposed below. Multiple-step oxidation of N
gave a phenolic sesquiterpene a-corocalene (O) [35]. An epoxi-
dation at C-4/C-5 of O resulted in the formation of a-coroca-
lene epoxide (P) [35], which was further hydrolyzed to generate
the final product 7 [36].

In the anti-inflammatory assay, the transcriptional expression
level of the representative inflammatory genes such as tumor
necrosis factor-a (TNF-a) and C—C motif chemokine ligand 2
(CCL2) were investigated in lipopolysaccharide (LPS)-stimu-
lated RAW 264.7 macrophages, using NF-kB inhibitor BAY-
11-7082 as the positive control. Compound 3 displayed promis-
ing dose-dependent anti-inflammatory activity with the inhibi-
tion ratios of 74.1% in TNF-a and 64.1% in CCL2 at a concen-
tration of 1 uM (Figure 6).

Conclusion

The continuous chemical investigation of the sponge A. caver-
nosa has resulted in the isolation of nine non-nitrogenous
sesquiterpenoids, of which four optically pure compounds
[(+)-1, (+)-4, (+)-5, and (—)-5] are new. Compounds (+)-1, 2,
and 3 share a common gem-dimethylcyclopropyl unit,
belonging to aromadendrane- and aristolane-type sesquiter-
penoids, respectively. Whereas compounds 4-7 are a small
group of cadinane-type sesquiterpenoids bearing a tetrahydro-
naphthalene system, which are produced in nature from
isoprene units rather than by the much more common routes to

aromatics involving acetate or shikimate [37]. In addition, the

TNF-a
150~

HiHE

mRNA levels
(% of LPS group)

Ctrl

DMSO  0.1uM
3

1M BAY11-7082

LPS (100 ng/mL)
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absolute stereochemistry of (+)-1 was unambiguously elucidat-
ed by TDDFT-ECD calculations, and the complete structure of
2 was confirmed for the first time by X-ray diffraction analysis
using Cu Ka radiation. Two pairs of racemic cadinane-type
sesquiterpenoids (4 and 5) were successfully separated, by
chiral-phase HPLC, to their corresponding enantiomers
[(+)-4/(—)-4 and (+)-5/(-)-5]. However, the determination of the
absolute configuration of (+)-4/(-)-4 and (+)-5/(—)-5 requires

further studies.

Notably, to our best knowledge, although a series of nitroge-
nous sesquiterpenoids from the genus Acanthella have been
well documented in literature, less than six non-nitrogenous
sesquiterpenoids have been reported from the title sponge [38-
40]. The discovery of these sesquiterpenoids not only extended
the members of the sesquiterpenoid family but also enriched the
chemical diversity of the Acanthella sponges. The plausible
biosynthetic pathway of isolated compounds 1-7 was also
proposed. Up to date, no sesquiterpene cyclase has been
characterized for aromadendrane and aristolane cyclization. The
ubiquitous co-existence of enantiomeric cadinane-type
sesquiterpenoids in the sponge revealed the unique catalytic
properties of sponge-derived terpene synthases, which attracts
our attention for further investigation of their structure—func-
tion relationship. Further elucidation of the cyclization mecha-
nism and characterization of post-modification enzymes for the
biosynthetic pathway of these sesquiterpenoids will provide
insights into expanding the chemical space from marine
sponges.

Experimental
General experimental procedure. The melting point was re-
corded using an SGW X-4 micro-melting point apparatus

CCL2
150~

HH o

100+

50= *kk

mRNA levels
(% of LPS group)

Ctrl DMSO 0.1uM
3

LPS(100 ng/mL)

1uM BAY11-7082

Figure 6: Compound 3 reduced the mRNA levels of TNF-a (left) and CCL2 (right) in LPS-stimulated RAW264.7 macrophages. Data were normalized
by DMSO group and are presented as means =+ standard errors of the mean (n = 3). *#p < 0.001 vs the control group; ~'p < 0.001 vs the DMSO

group.
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(Shanghai Precision Scientific Apparatuses Co., Ltd, Shanghai,
China). Optical rotations were measured on a Perkin-Elmer
241MC polarimeter (PerkinElmer, Fremont, CA, USA). IR
spectra were recorded on a Nicolet 6700 spectrometer (Thermo
Scientific, Waltham, MA, USA). ECD and UV spectra were
measured with a JASCO J-815 instrument (JASCO, Japan).
NMR spectra were measured on Bruker Avance III 500 and
Bruker Avance III 600 instruments (Bruker Biospin AG, Rhein-
stetten, Germany) using TMS as an internal standard. Chemical
shifts (8) were reported with reference to the solvent signals,
and coupling constants (J) were in Hz. HRESIMS spectra were
recorded on an Agilent G6520 Q-TOF mass spectrometer, while
HREIMS spectra were recorded on a Finnigan-MAT-95 mass
spectrometer (Thermo Fisher Scientific, Waltham, USA). Com-
mercial silica gel (Qingdao Haiyang Chemical Group Co., Ltd.,
Qingdao, China, 200-300 and 300—-400 mesh), Sephadex LH-20
gel (Amersham Biosciences), and MCI gel (CHP 20P,
75-150 pm, Mitsubishi Chemical Co., Ltd., Tokyo, Japan) were
used for column chromatography (CC). Reversed-phase (RP)
HPLC was performed on an Agilent 1260 series liquid chroma-
tography equipped with a DAD G1315D detector and an
Agilent Eclipse XDB-C;g column (5 pm, 9.4 x 250 mm). In
contrast, chiral HPLC separation was operated on the chroma-
tography equipped with CHIRALPAK IB N-3 column (5§ pm,
4.6 x 250 mm). All solvents used for CC and HPLC were ana-
lytical grade (Shanghai Chemical Reagents Co., Ltd., Shanghai,
China) and chromatographic grade (DiKMA Technologies Inc.,
CA, USA), respectively.

Animal materials. See ref [11].

Extraction and isolation. For the extraction and preliminary
fractionation of the extract, see ref [11]. The extract was sepa-
rated by MCI column chromatography (CC) eluted with a
MeOH/H;0 gradient solvent system (10% to 100%) to yield six
fractions (A-F). The fraction B (570 mg) was then fractionated
into subfractions B1-B6 by Sephadex LH-20 CC eluted with
CH,Cl,. The subfraction B4 (96.2 mg) was further separated by
Sephadex LH-20 CC (petroleum ether (PE)/CH;,Cl,/MeOH
2:1:1) to give subfractions B4A and B4B. The subfraction B4B
(81.0 mg) was chromatographed by RP-HPLC (35% to 50%
MeCN in H0, 3.0 mL/min), yielding compounds 5 (4.6 mg,
tR = 9.9 min), 7 (0.5 mg, tg = 13.8 min), (+)-1 (1.2 mg,
tr = 18.9 min) and 2 (4.1 mg, tfg = 10.3 min). The subfraction
B5 (80.1 mg) was purified by RP-HPLC (65% MeOH in H,0,
3.0 mL/min) to give 4 (2.7 mg, trg = 16.2 min). The subfraction
C2 (66.5 mg) was successively separated by silica gel CC
(PE/Et;0 5:1 to 1:1) and RP-HPLC (75% MeCN in H,O,
3.0 mL/min) to give 3 (3.6 mg, fgr = 9.8 min). The subfraction E
(34.9 mg) was successively separated by Sephadex LH-20 CC
(PE/CH;,Cl1,/MeOH, 2:1:1) and RP-HPLC (55% MeCN
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in H,O, 3.0 mL/min) to afford compound 6 (1.3 mg,
tg = 12.4 min).

The separation of racemic mixtures (4 and 5) was performed on
chiral HPLC equipped with a CHIRALPAK IB N-3 column
eluted with MeCN/H,O [4: 25:75, 5: 15:85, respectively,
1.0 mL/min] at room temperature, yielding (+)-4 (0.8 mg,
tr = 18.4 min) and (-)-4 (0.8 mg, tfg = 16.7 min), (+)-5 (0.8 mg,
tr = 30.4 min), (-)-5 (0.7 mg, tg = 31.9 min), respectively.

(+)-Ximaocavernosin P [(+)-1]: colorless oil; [a]ZDO +169.6 (¢
0.12, CHCl3); UV (MeCN) Apax, nm (log €): 245 (3.8) nm;
ECD (MeCN) A hax,» nm (Ag): 222 (=9.7), 257 (+7.2), 340
(+1.3); IR (KBr) vipax: 3435, 2956, 2927, 2872, 1644, 1383,
1261, 1109, 1037 cm™!; 'H and '3C NMR data, see Table 1;
HRMS-ESI (m/z): [M + H]* caled for C;5H,30,, 235.1693;
found, 235.1700.

ent-4f,10a-Dihydroxyaromadendrane (2): colorless crystal; mp
117.0-118.0 °C; [o]2) +23.8 (¢ 0.40, McOH).

(+)-Maninsigin D [(+)-4]: white powder; [a]5) +26.0 (c 0.08,
MeOH); ECD (MeCN) Ay, nm (A€): 203 (<0.5), 218 (+0.2);
IR (KBr) viax: 2925, 1699, 1632, 1435, 1384, 1259, 1243,
1116, 1069 cm™!; 'H and '3C NMR data, see Table 1;
HRMS-ESI (m/z): [M + H]" caled for C;5H»30,, 235.1693;
found, 235.1689.

(+)-Ximaocavernosin Q [(+)-5]: white powder; [a]lz)o +8.8 (¢
0.08, MeOH); ECD (MeCN) A ax, nm (Ag): 207 (=0.3), 216
(+0.1); IR (KBr) vihax: 3386, 2961, 2925, 2874, 1463, 1383,
1130, 993, 939, 820 cm™!; 'H and '3C NMR data, see Table 1;
HRMS-EI (m/z): M* calcd for C;5H»,0,, 234.1614; found,
234.1618.

(—)-Ximaocavernosin Q [(—)-5]: white powder; [cx]zDO -8.3 (¢
0.07, MeOH); ECD (MeCN) A pax, nm (Ag) 208 (+0.2); IR
(KBr) viax: 3386, 2961, 2925, 2874, 1463, 1383, 1130,
993, 939, 820 Cm_l; 14 and 13C NMR data, see Table 1;
HRMS-EI (m/z): M* calcd for C;sH,,05, 234.1614; found,
234.1618.

X-ray crystallographic analysis. Compound 2 was crystal-
lized from MeCN at 4 °C. The crystallographic data for com-
pound 2 was collected on a Bruker D8 Venture diffractometer
using Cu Ka radiation (A = 1.54178 A). The collected data inte-
gration and reduction were processed with SAINT V8.37A soft-
ware, and multi-scan absorption correction was performed using
the SADABS program. The structure was solved using
ShelXTL and refined on F2 by the full-matrix least-squares
technique using the SHELXL-2015 program package. The
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crystallographic data has been uploaded to the Cambridge
Crystallographic Data Centre with CCDC number 2173439 (2).
The data could be obtained free of charge via http://
www.ccdc.cam.ac.uk/data_request/cif. Details of the crystallo-

graphic data were shown in Supporting Information File 1.

Computational section. TDDFT-ECD calculations. Conforma-
tional searches were conducted using the torsional sampling
(MCMM) method and the OPLS_2005 force field. Conformers
above 1% population were reoptimized at the B3LYP/6-
311G** level of theory with IEFPCM (Polarizable Continuum
Model using the Integral Equation Formalism variant) solvent
model for acetonitrile. For the resulting geometries, ECD spec-
tra were obtained by TDDFT calculations performed with the
B3LYP/6-311G** level of theory with IEFPCM solvent model
for acetonitrile. Finally, the Boltzmann-averaged ECD spectra
were obtained with SpecDis1.62 [41].

In vitro anti-inflammatory assay. RAW?264.7 cells, a murine
macrophage cell line, was purchased from American Type Cul-
ture Collection (ATCC, Manassas, VA, USA). RAW264.7 cells
were cultured in DMEM (Dulbecco’s modified Eagle medium)
supplemented with 10% fetal bovine serum, antibiotics
(100 U/mL penicillin and 100 U/mL streptomycin), and main-
tained at 37 °C in a humidified incubator of 5% CO;.
RAW264.7 cells (1.6 x 10%/well) were seeded in a 24-well plate
overnight for cell adherence. Cells were treated with LPS alone
(100 ng/mL, dissolved in DMSO) or with compounds at the in-
dicated concentrations for 24 h. Total RNA was harvested from
cells using TRIzol™ reagent (Invitrogen, USA) after being
washed thrice with cold PBS. The total RNA (1 ug) was tran-
scribed into cDNA in 20 uL reactions using the PrimeScript RT
reagent kit (ABclonal, China) and then diluted to 200 pL. Real-
time quantitative PCR (qPCR) was performed using SYBR
GREEN QPCR KIT (Bimake, B21202) on Agilent Mx3000P
following the manufacturer’s instructions. f-ACTIN was used
as the normalization control. All reactions were performed in
triplicate. The NF-«xB inhibitor Bay 11-7082 (5 uM) was used

as a positive control.

Supporting Information

Supporting Information File 1

HPLC chromatograms of 4 and 5, chiral separation of 4 and
5, X-ray crystallographic data for 2, spectra of compounds
(+)-1, 4 and 5, TDDFT-ECD calculation of compound
(+)-1.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-91-S1.pdf]
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Terpene synthases are responsible for the biosynthesis of terpenes, the largest family of natural products. Hydropyrene synthase

generates hydropyrene and hydropyrenol as its main products along with two byproducts, isoelisabethatrienes A and B. Fascinat-

ingly, a single active site mutation (M75L) diverts the product distribution towards isoelisabethatrienes A and B. In the current

work, we study the competing pathways leading to these products using quantum chemical calculations in the gas phase. We show

that there is a great thermodynamic preference for hydropyrene and hydropyrenol formation, and hence most likely in the synthesis

of the isoelisabethatriene products kinetic control is at play.

Introduction

Terpenes constitute a ubiquitous class of natural molecules that
are synthesized by terpene synthases (TPS). TPS generate a
plethora of terpenes employing rich carbocation chemistry from
a very limited number of substrates, known as geranyl
pyrophosphate (GPP), farnesyl pyrophosphate (FPP), and
geranylgeranyl pyrophosphate (GGPP), to produce mono-,

sesqui-, and diterpenes, respectively. The formation of terpenes
relies on an assortment of carbocation steps like cyclization,
methyl migrations, rearrangements, proton or hydride transfers,
hydroxylations, and epoxidations. TPS and downstream func-
tionalizing enzymes, like P450s, together produce more than

80,000 known terpenes and terpenoids [1-3].
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Hydropyrene synthase (HpS) from Streptomyces clavuligerus
generates a mixture of diterpenes named hydropyrene (HP)
(52%) and diterpenoid named hydropyrenol (HPol) (26%) as its
main GGPP cyclization products, along with two minor com-
pounds, namely the isoelisabethatrienes (IEs) A (13%) and B
(9%), respectively. Interestingly, the elisabethatriene diterpene
macrocycle and its isoforms can act as biosynthetic precursors
of the bioactive compounds erogorgiaene and pseudopterosin,
having antibiotic and anti-inflammatory activities, respectively
[4,5]. Unexpectedly, a single active site mutation, M75L, signif-
icantly shifts the product distribution and IE A becomes the
dominant product (44%) in this enzyme variant [6].

As suggested by Rinkel et al., both routes (HP and IE routes)
proceed from the same substrate (GGPP) with an initial
C1-C10 cyclization. In other TPS enzymes, the initial fold of
GGPP in the active site can result in different initial cyclization,
for example C1-C6, C1-C7, C1-C10, C1-Cl11, C1-C14, and
C1-C15. The main difference between the two pathways to HP
and IE, is that in the HP pathway C1-C10 cyclization occurs
immediately, while in the IE pathway a substrate transoid to
cisoid conformational change occurs, shifting the covalent
attachment point (i.e., C1 to C3) between the substrate hydro-
carbon and the pyrophosphate group [7] (Figure 1). Presumably,
this isomerization is responsible for a slightly different sub-
strate fold inside the active site, hence shifting the product dis-
tribution in favor of the IE products in certain enzyme variants
rather than the HP products.

Oxidation of IEs A and B by lipases results in the formation of
the advanced pseudopterosin (P) precursor erogorgiaene and

Beilstein J. Org. Chem. 2022, 18, 972-978.

(1R)-epoxyelisabetha-5,14-diene (EED), respectively [6,7]. Ps,
marine amphilectane-type diterpenoids from the gorgonian
coral Antillogorgia elisabethae, feature superior anti-inflamma-
tory properties which render them innovative target compounds
for drug development [8,9]. Hence, increasing the IE products
at the expense of the HP products is an important biotech-
nology mission for sustainable supply of the latter. In order to
modulate the IE and HP enzyme pathways accordingly, it is im-
portant to understand the factors determining both synthetic

routes.

In the current work, we focus on the mechanistic details of the
HP and IE pathways using computational methods in the gas
phase. Gas-phase studies have been crucial in understanding
terpene chemistry [10-22]. This work sheds light on the thermo-
dynamic and kinetic parameters of the inherent chemistry in
these reactions and also points to some understanding of the
possible thermodynamic and kinetic control in the enzyme.

Results

Reaction mechanism

To better understand the HP and IE reaction pathways, we per-
formed quantum mechanics (QM) calculations using density
functional theory (DFT). We studied the inherent chemistry of
the reaction leading to HP and IE using gas-phase calculations.
This provided the free energy of distinct carbocation intermedi-
ates and transition states along the proposed reaction path
leading to products in the gas phase. The gas phase is a natural
choice as a reference environment for terpene synthases [10-
12,15,16,21-25]. The proposed reaction mechanisms yielding
HP and IE and are presented in Scheme 1, while the reaction

hydropyrene (52%)
hydropyrenol (26%)

isoelisabethatriene A (13%)
isoelisabethatriene B (9%)

Figure 1: Summary of yields of HP and IE products in hydropyrene synthase.
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Scheme 1: Proposed mechanism for HP and IE routes.
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free energy profile is presented in Figure 2. Here, we modeled
the transformations A—1 (HP) and A’—E’ (IE). The gas-phase
calculations commenced with geranylgeranyl cation (A and A”)
in a fully extended form.

HP pathway

The HP gas-phase pathway commences with a C1-C10 cycliza-

tion, which yields cation B, which is more stable than A by

10

Beilstein J. Org. Chem. 2022, 18, 972-978.

—11.4 kcal/mol. A subsequent 1,3-hydride transfer results in an
allyl cation (C), which is —18.5 kcal/mol more stable than A.
The barrier for the 1,3-hydride transfer is 16.2 kcal/mol for
B— C. Subsequently, the double bond on C14-C15 reacts with
the cationic charge on C1 to form intermediate D, which is
slightly less stable than C (—17.3 kcal/mol) In the enzyme envi-
ronment intermediate D deprotonates to form intermediate E,

while intermediate E is re-protonated to form intermediate F,

o =
(S} S

Free Energy [kcal/mol]
3

-40
hydropyrene
- _ OH
-60 hydropyrenol
Reaction coordinates |
-70
10
(b)
% = =
Hr
\
, . A (GG) o
0.0 ) _
TS1
10 -10.3
-15.7

Free Energy [kcal/mol]

-29.3 "
-30
321 -34.4
-40 359
o Reaction coordinates isoelisabethatriene B

o: isoelisabethatriene A

Figure 2: Free energy profile of hydropyrene cation (a), and IE cation (b) formation in the gas phase. The free energy of cation A and A’ is set to zero.
Bonds breaking/forming in the transition states are marked by dotted lines. All calculations were performed in the gas phase at the M06-2X/6-

31G+(d,p) level of theory.
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which immediately transforms to intermediate G (i.e., F
is not stable). G is significantly more stable than D (by
—16.5 kcal/mol). G then transforms to the very stable 4-ring
intermediate I without any free energy barrier. The deproton-
ation and re-protonation steps are not included in our calcula-
tions. The overall exergonicity of this process which transforms
four 7-bonds to o-bonds, with accompanying gains in intramo-

lecular dispersion interactions, is —62.8 kcal/mol.

IE pathway

As described above both pathways commence with a C1-C10
cyclization. However, in the IE pathway a preliminary isomeri-
zation step occurs via rotation around the C2—C3 bond, trans-
forming from the trans to the cis form. In the enzyme this
process occurs with the help of a pyrophosphate group. The
C1-C10 cyclization yields cation B’, which is more stable than
A’ by —15.7 kcal/mol. A subsequent 1,3-hydride transfer results
in an allyl cation (C’, —32.1 kcal/mol relative to A’), with a
barrier of 5.4 kcal/mol. Cation C’ collapses into D’ via a barri-
erless 1,6-ring closure (AG, of —35.9 kcal/mol relative to A’).
D’ can be deprotonated to yield IE B or conversely may
undergo a 1,2-hydride transfer, forming carbocation E’ (AG; of
—34.4 keal/mol relative to A?). This transformation has a AG* of
6.6 kcal/mol. Cation E’ may then be deprotonated to form IE A.
Overall, the exergonicity for the formation of IEs A/B from
carbocation A’ is significant, due to the exchange of two
m-bonds for o-bonds, as well as gain in dispersion interactions

on folding of the extended geranylgeranyl cation.

Discussion

Although the current calculations were performed in the gas
phase without inclusion of the enzyme environment, we may
still generate some hypotheses regarding the enzymatic process.
First, considering the similar free energy of IEs A and B and the

small kinetic barrier separating them, these isomers may exist in

Beilstein J. Org. Chem. 2022, 18, 972-978.

equilibrium in the enzyme active site. The relative amount of
IEs A and B may then be determined by their proximity to an
active site base, as has been observed in other cases, like taxa-
diene synthase [26]. Second, the chemical changes occurring up
to intermediates C and C’ in both routes are similar and diverge
in the transformation of C—D and C’—D’. Here, we suggest
that the ring closure in the IE pathway (C’—D’) occurs imme-
diately due to the cis conformation and the short distance be-
tween the cation and the double bond (=2 A), which could be
due to the active site substrate fold. In intermediate C, the
trans conformation and possibly slightly different substrate
fold, results in an alternative reaction route being followed
(Figure 3). Lastly, considering the huge thermodynamic prefer-
ence for the HP pathway, it is unlikely that a thermodynamic
equilibrium exists between this pathway and the IE pathway.
Rather, an equilibrium may exist between GGDP and LGDP,
but once cyclization commences, the reactions will proceed
until completion along their respective pathways. Hence, the
difference in the product profile in WT and enzyme variants
may be largely due to different folding of the initial substrate.
Future in-enzyme studies can shed light on the preferred folding
of GGDP inside the WT and variant enzymes and potentially
the roles specific active site residues play during catalysis
[23,24,27].

Conclusion

In the current work we performed gas-phase quantum chem-
istry calculations for the competing reaction pathways leading
to IEs A and B as well as hydropyrene and hydropyrenol. In the
former two reactions there is an exchange of two m-bonds for
o-bonds, resulting in a total exergonicity of —34.4 and
—35.9 kcal/mol, respectively. In the latter two reactions which
replace four m-bonds for o-bonds and share a common final
carbocation, the exergonicity is —62.8 kcal/mol. These values
reflect the energetics of exchanging m-bonds for o-bonds. In

CI

Figure 3: Structures of intermediates C* and C. The distance between the double bond and the cation in intermediate C* is 2.0 A while in C the dis-

tance is 3.5 A.
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spite of the current calculations being performed in the gas
phase, we may still generate some propositions regarding the
enzymatic process. First, considering the similar free energy of
IEs A and B and the low barrier between them, IEs A and B
may exist in equilibrium in the enzyme active site. The prox-
imity to an active site base may then determine the relative
amount of IEs A and B. Second, it is unlikely that a thermo-
dynamic equilibrium exists between the HP and IE pathways,
due to the significant free energy barriers required for reverse
barriers in the enzyme. Rather, an equilibrium may exist be-
tween GGDP and LGDP.

Experimental
Dynamics and Monte Carlo simulations

We generated conformers using simulated annealing (SA) mo-
lecular dynamics followed by SA Monte Carlo simulation using
CHARMM [28]. Force field parameters were generated using
CGenFF [29] and an in-house code which modifies parameters
for cations from existing parameters for neutral molecules. For
each intermediate in the reaction mechanism (path HP and IE)
we created 100 conformers which were subsequently clustered
(a cluster width of 1.0 A was used). For each unique conformer
we performed QM calculations and then chose the lowest
energy conformer as representative of each carbocation inter-
mediate in the mechanism. Hence, each intermediate state is
represented by a single conformer, which is the lowest energy
conformer found.

Quantum chemistry calculations

Optimizations and subsequent frequency calculations were per-
formed using the Gaussian 16 program [30] at the M06-2X/6-
31G+(d,p) level of theory [31,32]. This combination has been
employed previously to TPS reactions [17,18,20,24,25,33-36].
The Gibbs free energies were calculated within the standard
harmonic approximation and at a pressure of 1 bar and tempera-
ture of 298 K. We note that for some reaction steps, a transition
state could not be located.

Supporting Information

Supporting Information File 1

All coordinate files for intermediates and TS structures.
[https://www.beilstein-journals.org/bjoc/content/
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Two novel diarylcyclopentenones daturamycin A and B (1 and 2), and one new p-terphenyl daturamycin C (3), along with three

known congeners (4—6), were isolated from a rhizosphere soil-derived Streptomyces sp. KIB-H1544. The structures of new com-

pounds were elucidated via a joint use of spectroscopic analyses and single-crystal X-ray diffractions. Compounds 1 and 2 belong

to a rare class of tricyclic 6/5/6 diarylcyclopentenones, and compounds 3—-6 possess a C-18 tricyclic aromatic skeleton. The biosyn-

thetic gene cluster of daturamycins was identified through gene knockout and biochemical characterization experiments and the

biosynthetic pathway of daturamycins was proposed.

Introduction

Natural products containing a terphenyl skeleton exhibit a large
number of structural diversity due to the differences of the
center ring and the connection among rings. Structurally, most
natural terphenyls are p-terphenyl derivatives consisting of a
C-18 tricyclic or polycyclic C-18 aromatic skeleton. Diaryl-
cyclopentenones, which possess a rare class of a tricyclic 6/5/6
system, could also belong to p-terphenyl derivatives from a
biosynthetic perspective. To date, more than 230 natural prod-

ucts containing p-terphenyl have been unearthed in nature,

among them many p-terphenyls were isolated from fungi, only a
few were discovered from Streptomyces species [1-4]. Mean-
while, these types of compounds exhibit a broad spectrum of
bioactivities, including antitumor [5,6], antibacterial [7,8], anti-
oxidant [9-12], immunosuppressive [13], and antithrombotic ac-
tivities [14].

The biosynthesis of the p-terphenyls has been studied since the
1960s [15,16]. Stable-isotope labeling experiments confirmed
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that L-tyrosine or L-phenylalanine are involved in the biosynthe-
sis of p-terphenyl as metabolic origin. The precursors under-
going deamination are converted to the corresponding a-keto
acid, then a quinone intermediate arises by condensation be-
tween two molecules of a-keto acid. Structurally diverse
p-terphenyls are formed from these key intermediates by several
tailoring reactions such as cyclization, tautomerization, methyl-
ation, and glycosylation. A previous study has shown
that the formation of 2,5-diarylcyclopentenone proceeds
via the terphenylquinone atromentin (Figure 1), followed by ox-
idative ring contraction [17]. However, the details of cyclopen-
tenone formation involving ring contraction have remained
unclear.

In this study, two novel diarylcyclopentenones daturamycins A
amd B (1 and 2), one new p-terphenyl daturamycin C (3), and
three known p-terphenyl derivatives (4-6) (Figure 1) were iso-
lated from the fermentation extract of Streptomyces sp. KIB-
H1544. Structurally, daturamycins A and B are uncommon
diarylcyclopentenone compounds that consist of a tricyclic
6/5/6 system instead of a C-18 tricyclic skeleton in other com-
pounds. To explore the biosynthesis of daturamycins in S. sp.
KIB-H1544, especially the formation mechanism of the
tricyclic 6/5/6 scaffold, the biosynthetic gene cluster of datu-
ramycins was found and confirmed by gene knockout experi-
ments. We also characterized the deduced peptide synthetase
DatA, which catalyzes the Claisen—Dieckmann condensation of
phenyl-pyruvic acid (7) to generate the key intermediate poly-
poric acid (8). Finally, we proposed a biosynthetic pathway for
daturamycins.

Beilstein J. Org. Chem. 2022, 18, 1009-1016.

Results and Discussion

Daturamycin A (1), a yellow powder, possessed a molecular
formula of C;9H ;405 with 12 degrees of unsaturation based on
the HRMS-ESI data (m/z 347.0893 [M + Na]*, calcd for
Ci9H 605Na*, 347.0890) (Figure S1, Supporting Information
File 1). Comprehensive analysis of the 'H and '3C NMR data
(Table 1, Figures S3 and S4, Supporting Information File 1) and
HSQC data (Figure S5, Supporting Information File 1) demon-
strated the presence of one methyl, eleven methines (including
ten aromatic ones), and seven quaternary carbons (including
two carbonyl carbons). The structural information of 1 was
further defined according to HMBC data (Figure S6, Support-
ing Information File 1). The key HMBC signals (H-2’ to C-1°,
C-4’, C-6’; H-3’ to C-1°, C-5’; H-4’ to C-2’, C-6’ ; H-5" to
C-1’,C-3’; H-2” to C-1"", C-4"’, C-6"; H-3"" to C-1"", C-5"";
H-4’ to C-2”’, C-6’’, and H-5"" to C-1"", C-3’") of compound 1
indicated the presence of two mono-substituted aromatic rings.
The cross-peaks from H-4 to C-1, C-2, C-3, C-5, and C-6, from
6-OCHj to C-6 established a central five-membered carbon
ring. Meanwhile, the correlations from H-4 to C-1’, C-1"", from
H-2’ and H-6’ to C-5, and from H-2"’ and H-6"" to C-3 showed
that two benzene rings were conjugated to the central ring at the
C-3 and C-5 positions (Figure 2). The NMR data indicated that
compound 1 shares a similar skeleton to the known compound
(¥)-tylopilusin B [18]. The additional signals suggested that
three methines (d¢/dy 59.2/4.49, CH-4; 129.0/7.27, CH-4’;
130.5/7.38, CH-4"’) in compound 1 were hydroxylated in
(*)-tylopilusin B. Furthermore, the absolute configuration of
C-4 and C-5 in compound 1 was also confirmed as 4R and 55
by X-ray crystallography (Figure 2).

HO O
atromentin

Figure 1: Structures of compounds 1-6, atromentin, and echoside C.

OH
echoside C
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Table 1: 'H (600 MHz) and '3C (150 MHz) NMR data of compounds 1 and 2.

1 (in CD3OD) 2 (in DMSO-dg)
position d¢ On, mult. (J in Hz) dc Oy, mult. (J in Hz)
1 201.2,C 204.6,C
2 151.4,C 140.8,C
3 135.1,C 157.7, CH 7.98,d (1.8)
4 59.2, CH 449, s 77.5,CH 4.84,d (4.3)
5 79.4,C 85.5,C
6 172.8,C
1 1435,C 139.6,C
2'/6 126.2, CH 7.44,d(7.7) 126.9, CH 7.28, m
3/5 129.5, CH 7.33,1(7.5) 127.3, CH 7.28, m
4 129.0, CH 7.27,1(7.3) 126.7, CH 7.21,1(6.9)
1”7 134.7,C 130.7,C
2"/6” 128.7, CH 7.95,d(7.7) 1271, CH 7.82,d (7.3)
3"/5” 129.8, CH 7.44,1(7.5) 128.6, CH 7.45,1(7.3)
4” 130.5, CH 7.38,1(7.3) 129.0, CH 7.41,1(7.3)
6-OCH3s 52.9, CH3 3.71,s
4-OH 5.60, d (6.3)
5-OH 6.29, s

0
N 7
s @
;40 - ./
/HO _H
-2
— COSY ,— HMBC , "\ NOESY

Figure 2: (A) Key 2D NMR correlations of compounds 1 and 2.
(B) X-ray crystal structure of compounds 1 and 3.

(¥)-Daturamycin B (2) was isolated as a white powder, and its
molecular formula was determined as C;7H;403 by HRMS-ESI
data (m/z 289.0833 [M + Na]*, caled for C1gH;O5Na",
289.0835) (Figure S7, Supporting Information File 1), and the
unsaturation was 11 degree. It could be deduced that compound
2 also possesses a similar core to compound 1, based on the mo-
lecular formula and NMR data (Table 1, Figures S8-S13, Sup-
porting Information File 1). This could be confirmed by the key
COSY correlation of H-3/H-4 and the HMBC correlations (H-3

to C-1, C-4, C-1"’; H-4 to C-1, C-2, C-17; 4-OH to C-3, C-5;
5-OH to C-1, C-4, C-1’; H-2’ to C-5; H-3’ to C-1’; H-4’ to
C-2’, C-6’; H-2”" to C-2, C-3, C-4"’; H-3" to C-1""; H-4"’ to
C-2"’). The NOESY correlation (Figure 2) between H-4 and
5-OH suggested that the relative configurations of C-4 and C-5
were trans. Therefore, the structure of compound 2 has been de-
termined, as shown in Figure 1. However, the absolute configu-

ration of compound 2 remained unsolved.

Daturamycin C (3) was obtained as a brown powder, and the 'H
and 3C NMR spectra (Figures S14 and S15, Supporting Infor-
mation File 1) indicated that compound 3 showed strong simi-
larity with 1,4-diphenyl-2,3,5,6-tetramethoxybenzene [19], with
two methyl signals were absent in the NMR data of 3. Further-
more, the structure of 3 could be confirmed, as shown in

Figure 1, based on X-ray crystallography (Figure 2).

The known congeners were determined as terferol (4) [20],
BTH-110204-207: D (5) [21], and betulinan A (6) [22]
(Figure 1) by comparing their 'H and 13C NMR spectroscopic
data (Figures S16-S21, Supporting Information File 1) and spe-
cific rotation values with those in the literatures.

Diarylcyclopentenones, characteristic constituents of mush-
rooms [23], were rarely discovered in Streptomyces species.
These components exhibit redox activity and are involved in

reducing ferric (Fe3*) in the Fenton-based biological decompo-
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sition of lignocellulose [24,25]. The biosynthetic pathway of
p-terphenyl was previously identified in Paxillus involutus, and
atromentin was supposed to be a metabolic precursor of diaryl-
cyclopentenone [17]. However, the mechanism of cyclopen-
tenone moiety formation has remained unclear. Two pathways
may be involved in the biosynthesis of diarylcyclopentenone
(Figure 3B): (path a) two molecules of phenylpyruvic acid (7)
undergo direct condensation to form a five-membered ring
intermediate or (path b) polyporic acid (8) undergoes oxidative
ring contraction or conversion to generate the cyclopentenone

skeleton.

echA

Beilstein J. Org. Chem. 2022, 18, 1009-1016.

To verify which pathway was responsible for the biosynthesis
of daturamycins in S. sp. KIB-H1544, we conducted the
following experiments. Firstly, the genome of S. sp. KIB-H1544
was sequenced, and bioinformatic analysis yields the three-
genes cluster (NCBI accession number: ON973849) encoded by
datA (peptide synthetase), datB (NAD-dependent dehydratase),
and datC (limonene-1,2-epoxide hydrolase), which share high
sequence similarity with the echoside (Figure 1) biosynthetic
gene cluster [26] (EchA, 69.2% identity to DatA; EchB, 78.9%
identity to DatB; EchC, 66.9% identity to DatC) (Figure 3A).
Additionally, one bilirubin oxidase (DatD) and NADPH-de-

echB echC Orf9-13

OOOOOOOO ) s— m) OO OO0

T

a datB

1 kb
- peptide synthetase - dehydratase

bilirubin oxidase

DatA

A TITE
O

DatA
o245 bPatAo TS O0._O

7 Ph Ph

datC

- limonene-1, 2-epoxide hydrolase

NADPH-dependent oxidoreductase

DatA
A TITE

) OOO00

Orf1-5 datD Orf6 7 datE

methyltransferase

O unknown protein

Ho3 o

ORI

° T~

0O
methylatlon
O @ O e
pathway b 56

Ph O
I
|
pathway a x 8
oxidative ring
* contraction
o OH
OX|dat|on O ‘ Q decarboxylatlon O
HO H methylatlon OX|dat|on . * .
2N
(0] 1 OCH3 OH 9 10
L reduction
omdaﬂon“

o

Figure 3: (A) The biosynthetic gene cluster of daturamycins. (B) Proposed biosynthetic pathway of daturamycins.
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pendent oxidoreductase (DatE) are found downstream of the
three-genes cluster (Table S1, Supporting Information File 1).
Subsequently, we set out to knockout datA gene by A-RED-
mediated recombination in S. sp. KIB-H1544. Culture and
fermentation results of mutant S. sp. KIB-H1544-AdatA indicat-
ed that the primary production of compounds 1-6 in the mutant
was eliminated (Figure 4A). This result suggested that the datA
gene is responsible for the biosynthesis of daturamycins. Lastly,
in order to verify the cyclopentenone rings of daturamycins A
and B are generated via direct condensation of phenylpyruvic
acid (7) catalyzed by DatA, the DatA protein was expressed and
purified (Figure 4B). Incubating DatA with substrate 7 and ATP
resulted in a new product 8, which was confirmed by
HRMS-ESI data (m/z 291.0663 [M - H]~, calcd for
([C1gH1204] — H)7, 291.0663) (Figure S22, Supporting Infor-
mation File 1). The product was not present in the control reac-
tion with boiled DatA protein (Figure 4B). Furthermore, we
could not detect any other intermediates in the reaction mixture
through MS analysis (Figure S23, Supporting Information
File 1). These results suggested that DatA could not catalyze the
formation of the cyclopentenone ring. It has the same function
as EchA, which only catalyzes the Claisen—Dieckmann conden-
sation of phenylpyruvic acid (7) to generate polyporic acid (8)
[26].

Based on the gene knockout and biochemical characterization
experiments, we proposed a possible biosynthetic pathway for
daturamycins in S. sp. KIB-H1544 (Figure 3B). First, two mole-
cules of phenylpyruvic acid (7), which is deaminated from
L-phenylalanine, are condensed into the six-membered poly-
poric acid (8) catalyzed by DatA. Then, 8 converts to com-
pounds 3, 4, 5, and 6 through methylation and oxidation. On the
other hand, polyporic acid (8) probably undergoes rearrange-

B

7 UV at 280 nm (mAU) 3

135 kDa ™

100 kDa™

Wild type 75 kDa—|

15 16 17 18 19 20 21 2 2 2 2
Time (min)
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ment, decarboxylation, methylation reaction, and further modi-

fication to generate compounds 1 and 2.

Conclusion

S. sp. KIB-H1544 was isolated from the rhizosphere soil of
Datura stramonium L. Two novel diarylcyclopentenones datu-
ramycins A and B and one new p-terphenyl daturamycin C,
were isolated and identified. The new diarylcyclopentenones
possess a rare class of a tricyclic 6/5/6 system. Based on the
bioinformatics analysis, the daturamycins biosynthetic gene
cluster has been identified and confirmed by the inactivation of
the structural gene datA. The following biochemical characteri-
zation indicated that the DatA is a polyporic acid synthetase,
which helped to propose a possible biosynthetic pathway for
daturamycins in S. sp. KIB-H1544 (Figure 3B). Finally, the
discovery of daturamycins, identification, and characterization
of dat biosynthetic gene cluster allowed us to explore their bio-
synthesis, especially the mechanism of cyclopentenone forma-
tion in the diarylcyclopentenones.

Experimental

General experimental procedures

IR spectra were measured on a Bruker Tensor 27 FTIR spec-
trometer using KBr disks. NMR spectra were performed with a
Bruker AV600 MHz spectrometer with TMS as an internal
standard. HRMS—-ESI data were obtained through an Agilent
1290 UPLC/6540 Q-TOF mass instrument. Column chromatog-
raphy (CC) was performed using silica gel (30-400 mesh,
Qingdao Marine Chemical Inc., China), Sephadex LH-20
(25-100 pm, Pharmacia Biotech Ltd., Sweden), and MCI gel
(75-150 pm, Mitsubishi Chemical Corporation, Tokyo, Japan).
Semipreparative HPLC was conducted on a HITACHI Chro-
master system equipped with a DAD detector, a YMC-Triart

UV at 280 nm (mAU)

18 19
Time (min)

Figure 4: (A) HPLC analysis of the fermentation extracts of mutant S. sp. KIB-H1544-AdatA. (B) SDS-PAGE analysis of purified DatA (calculated mo-
lecular mass 101.8 kDa) and EchA (calculated molecular mass 105.4 kDa) protein. (C) HPLC analysis of in vitro enzyme reactions. Panel |,
phenylpyruvic acid with boiled DatA; panel Il, phenylpyruvic acid with EchA; panel lll, phenylpyruvic acid with DatA.
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C18 column (250 x 10 mm, i.d. 5 pm), and a flow rate of
3.0 mL/min. LC-MS was performed using an Agilent 1200
series HPLC system coupled to an Agilent @ TOF 6540 mass
spectrometer with a YMC-Triart C18 column (250 X 4.6 mm,
i.d. 5 um) and a flow rate of 1.0 mL/min.

Extraction and isolation

S. sp. KIB-H1544, isolated from the rhizosphere soil of Datura
stramonium L., was 99.9% similar to the 16S rRNA of Strepto-
myces roseofulvus NBRC15816. The strain was cultured in 20 L
M15 medium: 30.0 g/L glucose, 1.0 g/L peptone, 5.0 g/L beef
paste, 2.5 g/L CaCO3, 5.0 g/L NaCl, 1.0 mL/L trace elements
solution (1.0 g/L FeSO4-7H,0, 0.45 g/L. CuSO4-5H,0, 1.0 g/L
ZnS04-7TH50, 0.1 g/ MnSO4-4H,0, 0.1 g/L K;MoOQy). After
extraction and concentration, the extract was purified by silica
gel chromatography and semipreparative HPLC to yield datu-
ramycin A (1) (4.5 mg), daturamycin B (2) (1.8 mg), datu-
ramycin C (3) (8.7 mg), terferol (4) (2.4 mg), BTH-110204-207:
D (5) (2.1 mg), betulinan A (6) (6.2 mg).

Identification of new compounds

Daturamycin A (1): pale yellow solid; IR (KBr) vp,x: 3468,
3287, 1731, 1702, 1631, 1398 and 1202 cm™!; UV (MeOH)
Amax (log €): 314 (0.48), 217 (0.28), 202 (0.48); 'H and
13C NMR, see Table 1; HRMS-ESI (m/z): [M + Na]* calcd for
C19H,60sNa*, 347.0890; found, 347.0893.

Daturamycin B (2): white powder; 'H and !13C NMR, see
Table 1; HRMS-ESI (m/z): [M + Na]" caled for C1gH;cOsNa™,
289.0835; found, 289.0833.

Daturamycin C (3): brown powder; 'H NMR (600 MHz,
CDCl3) 8 7.57 (d,J = 7.2 Hz, 4H), 7.48 (t,J = 7.6 Hz, 4H), 7.39
(t, J = 7.4 Hz, 2H), 5.52 (s, 2H), 3.38 (s, 6H); 13C NMR
(150 MHz, CDCl3) d 140.9, 139.6, 132.8, 130.6, 130.3, 128.3,
128.0, 127.7, 120.7.

X-ray crystal data of compound 1: C;9Hc05, M = 324.32,
a=9.8765(14) A, b = 8.9786(13) A, ¢ = 18.315(3) A, a = 90°,
B=92.1193)°, y = 90°, V = 1623.0(4) A3, T = 100(2) K, space
group P21/n, Z = 4, p(Mo Ka) = 0.096 mm~!, 16091 reflec-
tions measured, 4037 independent reflections (Rint = 0.0728).
The final R1 values were 0.0526 (I > 20(I)). The final wR(F2)
values were 0.1003 (I > 20(I)). The final R1 values were 0.1061
(all data). The final wR(F2) values were 0.1183 (all data). The
goodness of fit on F2 was 1.003.

X-ray crystal data of compound 3: CooHgOy4, M = 322.34,
a=15.9209(8) A, b =20.882(3) A, ¢ = 7.0856(10) A, a = 90°,
B =113.939(2)°, y = 90°, V = 800.70(19) A3, T = 100(2) K,
space group P2l/c, Z = 2, u(Mo Ka) = 0.093 mm™',
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8836 reflections measured, 2398 independent reflections (Rint =
0.0250). The final R1 values were 0.0423 (I > 20(I)). The final
wR(F2) values were 0.1059 (I > 20(I)). The final R1 values
were 0.0495 (all data). The final wR(F2) values were 0.1101
(all data). The goodness of fit on F2 was 1.051.

Genomic library construction and screening
The genome of S. sp. KIB-H1544 was sequenced through the
INlumina Genome Analyzer (Illumina, San Diego, CA) by BGI
(BGI-Shenzhen, China). According to standard procedures, the
genomic DNA was digested with Mbol, and the 30-42 kb DNA
fragments were isolated and ligated to cosmid pSuperCos I.
MaxPlax Lambda packaging extracts were used for packaging.
About 2,000 E. coli clones were picked and stored in 20 96-well
microplates at —80 °C. The positive clone, named pSC-21A4,
was verified by PCR. And primers used for screening were
listed in Table S3 (Supporting Information File 1).

Gene inactivation

Primers designed for inactivation of datA gene are listed in
Table S3 (Supporting Information File 1). The deletion mutant
was constructed by A-RED-mediated PCR targeting mutagen-
esis method [27]. The positive cosmid pSC-21A4 was
transformed into E. coli BW25113/plJ790 for gene inactivation.
Then, the PCR fragment was introduced via electro-transfor-
mation into E. coli BW25113/p1J790-pSC-21A4, in which
the target gene datA would be replaced with the cassette.
This recombinant cosmid was transformed into E. coli
ET12567/pUZ8002, and suffered from intergeneric conjugation
with S. sp. KIB-H1544 wild strain. E. coli-Streptomyces
conjugation was performed on MS solid medium freshly
supplemented with 10 mM MgCl,. Double crossover mutants
were selected based on the Kan-Apr and then confirmed by
PCR using primers. Finally, the mutant strain S. sp. KIB-
H1544-AdatA was generated (Table S2, Supporting Informa-
tion File 1).

Expression and purification of recombinant
DatA and EchA protein

The DNA fragment containing datA was amplified by the
primer pair Duet-DatA-F/Duet-DatA-R (Table S3, Supporting
Information File 1), then cleaved by BamH 1 and Sac I, and
inserted into the corresponding site of pETDuet-sfp to produce
plasmid pETDuet-sfp-datA. As a positive control, the DNA
fragment containing echA gene (GenBank: KJ156360.1) was
synthesized by GENEWIZ company, plasmid pETDuet-sfp-
echA was constructed using the same method as DatA expres-
sion vector construction. The recombinant plasmids were then
transformed into E. coli BL21 (DE3), respectively. pETDuet-
sfp-datA and pETDuet-sfp-echA were grown in Luria Bertani
(LB) supplemented with 100 pg/mL ampicillin at 37 °C until

1014



ODgg reached 0.6. IPTG (0.2 mM) was added to the final con-
centration of 0.4 mM and incubated at 16 °C overnight. The
cells were centrifuged at 4000 rpm for 25 min and resuscitated
with lysis buffer (buffer A: 50 mM Tris-HCI, 300 mM NacCl,
20 mM imidazole, pH 8.0). After ultrasonic cell crushing, the
cells were centrifuged at 24,000 rpm for 60 min to remove cell
fragments. The supernatant was filtered through 0.22 ym of the
filter membrane and then loaded into the nickel column of the
rebalanced lysate (HisTraqTM FF, GE Healthcare). The eluent
was removed with buffer B (50 mM Tris-HCI, 300 mM NacCl,
250 mM imidazole, pH 8.0) at a flow rate of 2 mL/min, starting
from the fourth tube of the collection tube and ending at the
sixth tube. The outgoing protein was collected and poured into a
precooled filter column (Ultracel series 10 KDa; GE Health-
care). Then, the collected DatA (or EchA) protein was concen-
trated and buffer-exchanged into storage buffer (50 mM
NaH,PO4, 100 mM NaCl, pH 8.0, containing 10% glycerin).
The proteins were tested by SDS-PAGE, frozen using liquid
nitrogen, and kept at —80 °C.

In vitro reactions

DatA enzymatic activity was tested in a 100 pL reaction mix-
ture containing 100 mM Tris-HCI (pH 7.5), 10 mM MgCl,,
300 mM NaCl, 5 mM ATP, 0.5 mM phenylpyruvic acid and
5 uM DatA (or EchA), at 30 °C for 2 h. The reaction mixture
was quenched by adding 200 pL methanal and then centrifuged
at 12,000 rpm for 10 min. The supernatant was analyzed by
HPLC.

Supporting Information

Supporting Information File 1

Spectroscopic data for compounds 1-3, HRMS-ESI data
for compound 8, annotation of genes in the dat biosynthetic
gene cluster, list of biological material, vectors, and primers
used in this study.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-101-S1.pdf]
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Abstract

Only a few azoxy natural products have been identified despite their intriguing biological activities. Azodyrecins D-G, four new
analogs of aliphatic azoxides, were identified from two Streptomyces species by a reactivity-based screening that targets azoxy
bonds. A biological activity evaluation demonstrated that the double bond in the alkyl side chain is important for the cytotoxicity of
azodyrecins. An in vitro assay elucidated the tailoring step of azodyrecin biosynthesis, which is mediated by the S-adenosylmethio-
nine (SAM)-dependent methyltransferase Adyl. This study paves the way for the targeted isolation of aliphatic azoxy natural prod-

ucts through a genome-mining approach and further investigations of their biosynthetic mechanisms.

Introduction
Azoxy natural products are a rare yet intriguing class of natural ~ (Figure 1) [1-3]. Since the discovery of the natural azoxy com-
products with various beneficial biological properties, such as  pound macrozamin in 1951 as the first example of a

antibacterial, antifungal, nematicidal, and cytotoxic activities nitrogen—nitrogen bond-containing natural product [4], azoxy
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Figure 1: Representative natural azoxides.

compounds have been isolated from various natural sources in-
cluding bacteria, fungi, plants, and marine sponges [1-3]. Azoxy
natural products have occasionally been discovered by conven-
tional isolation schemes guided by biological activities or physi-
cochemical properties, which are not selective for the azoxy
functionality. Consequently, there are only a few examples of
azoxy natural products, despite their notable biological activi-
ties.

Reactivity-based screening is an emerging strategy in natural
products discovery, in which chemical probes are used for the
specific detection of the unique functionality of interest in crude
metabolites [5,6]. The reactions usually facilitate the subse-
quent isolation process of the target molecules. This strategy
has been successfully applied for detecting a range of peculiar
functional groups, such as ureido [7], isocyanide [8], and alkyne
[9,10]. A combination of reactivity-based screening and
genome-based prioritization would allow the prediction of the
producer of natural products with the functional groups of
interest, leading to a higher rate of hits. We recently exploited
genome mining targeting hydrazine synthetase and the genera-
tion of inorganic hydrazine NoHy4 in acid hydrolysate as an indi-
cator of N-N bond-containing functional groups, which led to
the discovery of actinopyridazinones with a unique dihydropyri-
dazinone scaffold [11]. NoH, generates similarly in the acid
hydrolysate of azoxy compounds, and this feature has been
exploited as proof for the presence of N-N bonds in the plant-
derived methyl azoxy compound macrozamin [4]. Although the
N,H,4 generation is an advantageous reactivity of an azoxy
group, to the best of our knowledge, it has not been applied for
the detection of azoxy bonds in the context of natural products

discovery.
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The azoxy bond is biosynthesized by two distinct mechanisms.
The first is the nitrogen radical coupling mechanism in the bio-
synthesis of azoxymycins [12,13], which are aromatic azoxy
natural products. A similar mechanism has been envisioned for
the autoxidation and spontaneous dimerization of aliphatic
hydroxylamines via the azoxy linkage in malleobactin D bio-
synthesis [14]. A distinct mechanism is employed in the biosyn-
thesis of valanimycin, an aliphatic azoxy natural product. This
involves the N-hydroxylation of isobutylamine, mediated by the
flavin-dependent monooxygenase VImH [15-17], and the
following formation of O-(1-seryl)-isobutylhydroxylamine by
the tRNA-utilizing enzyme VImA [18]. This intermediate is
hypothesized to be transformed into the azoxy bond-containing
intermediate via an intramolecular rearrangement accompanied
by a concomitant oxidation [18]. Although the exact mecha-
nisms of azoxy bond formation remain unclear, VImH and
VImA cooperate to biosynthesize the N-acyl intermediate for
azoxy bonds, suggesting that a genetic region containing both
genes could be a potential biosynthetic gene cluster of aliphatic
azoxy natural products.

Results and Discussion
Reactivity-based isolation of azodyrecins
from two Streptomyces strains

During our efforts toward the discovery of N-N bond-contain-
ing natural products from our in-house actinobacterial culture
collection, we found two closely related potential biosynthetic
gene clusters of aliphatic azoxy natural products in Strepto-
myces sp. RM72 and Streptomyces sp. A1C6 (Figure 2 and
Tables S1 and S2 in Supporting Information File 1). They

encode five genes that are also present in the biosynthetic gene
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Figure 2: Biosynthetic gene clusters of aliphatic azoxy natural products. Conserved proteins are colored according to their functional annotations.
Genes encoding homologous proteins with more than 30% amino acid sequence identities are linked.

clusters of valanimycin [19] and KAS57-A [20]: the putative
two-component flavin-dependent monooxygenase similar to
VImH/VImR, the homologous protein of VImA, and two addi-
tional hypothetical proteins similar to VImB and VImO. Based
on this observation, we hypothesized that these two Strepto-
myces strains potentially produce aliphatic azoxy natural prod-
ucts similar to valanimycins and KA57-A, and aimed to iden-
tify their biosynthetic products. To this end, we conducted a re-
activity-based screening to detect NoH,4, which could be gener-
ated upon the acid hydrolysis of azoxy natural products. In the
assay, NoHy is captured by two equivalents of p-dimethyl-
aminobenzaldehyde (DAB) to generate p-dimethylaminobenzal-
dazine, which can be sensitively detected by HPLC by monitor-
ing the UV absorption at 485 nm (Scheme 1). As a result, we
observed the generation of NoHy upon the hydrolysis of solid-
culture extracts of both Streptomyces strains (Supporting Infor-
mation File 1, Figure S1). Therefore, we attempted to isolate the
azoxy natural products in an NoHy-detecting assay guided

manner.

The extracts of Streptomyces sp. RM72 were first partitioned by
water and ethyl acetate, and then the organic layer was further
fractionated by silica gel column chromatography. Fractiona-
tion by reversed-phase HPLC yielded ten compounds (1-10)
that generate NoHy4 upon acid hydrolysis. The combination of
TH and '3C NMR with a series of 2D NMR analyses and optical
rotation revealed that six of the isolated compounds are

Microbial - = HoN-NH,
metabolites acid hydrazine
hydrolysis

Scheme 1: NoHy-detecting colorimetric assay.

azodyrecin A (1), azodyrecin B (2), azodyrecin C (3), and their
geometric isomers 1’-trans-azodyrecin A (4), 1’-trans-
azodyrecin B (5), and 1’-frans-azodyrecin C (6), respectively,
which were previously discovered from Streptomyces sp. strain
P8-A2 (Figure 3a) [21]. Of note, the trans-azodyrecins 4-6 are
reportedly generated by the spontaneous isomerization of the
cis-congeners, after long-term exposure to CHCl3 [21]. While
trans-azodyrecins could also be generated nonenzymatically
from their cis-congeners during the isolation process, trans-
azodyrecins were detected in the fresh extracts of the solid
cultures from both strains, suggesting that they are also gener-

ated in vivo (Figure S2 in Supporting Information File 1).

The NMR spectra of compound 7 are similar but distinct from
those of the known azodyrecins. Close inspection of 7 revealed
the absence of olefinic proton signals (7.09 ppm and 6.99 ppm
in 4) and additional methylene proton signals at 4.21 ppm and
1.93 ppm in 7 (Table 1, Figure S3, Supporting Information
File 1). The chemical formula predicted with HRMS
(C1gH3603N),) indicated the presence of two additional hydro-
gens as compared to compounds 1 and 4. Collectively, com-
pound 7 was identified as a new analog with a fully saturated
alkyl side chain, named azodyrecin D (7) (Figure 3b). Likewise,
compounds 8, 9, and 10 also lack olefinic proton signals
(7.09 ppm and 6.99 ppm in 4) but possess methylene protons
(4.21 ppm and 1.93 ppm in 8, 4.22 ppm and 1.92 ppm in 9, and
4.21 ppm and 1.81 ppm in 10). HRMS showed that compound 8

\ ::: ::: /
E— N C=N-N=C N
/ H H \

azine
(UV absorption at 485 nm)
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/LR R = R": azodyrecin A (1), R = R% 1'-trans-azodyrecin A (4)

\)\R R = R": azodyrecin B (2), R = R% 1'-frans-azodyrecin B (5)

)\/\R R = R": azodyrecin C (3), R = R2: 1'-trans-azodyrecin C (6)

Ri= ¥ =M Aowe

azodyrecin F (9)

- COSY

RZ=

13' 11 9' 7 5' 3 1

+ N2
14,/\|/\/\/\/\/\/\,}1 Z \)I\OMe
O a

15'

ng\/\/\/\/\/\@f %OMS

azodyrecin E (8)

azodyrecin G (10)

~~—A HMBC

Figure 3: Structures of azodyrecins (a) and new azodyrecin derivatives, azodyrecins D-G (7—10) (b). Key correlations in 2D NMR are shown.

possesses two additional hydrogens compared to 2 and 5, while
compounds 9 and 10 possess two additional hydrogens com-
pared to compounds 3 and 6. These data, together with 2D
NMR spectra showed that compounds 8, 9, and 10 were
azodyrecin derivatives with saturated alkyl side chains, which
were named azodyrecin E (8), azodyrecin F (9), and azodyrecin
G (10), respectively (Figure S3, Supporting Information File 1).
Although azodyrecins characteristically possess branched alkyl
side chains, compound 10 is the only azodyrecin analog with a
straight alkyl chain. The configurations of the azoxy groups in
7-10 were determined to be Z, as in the case of other
azodyrecins, according to the characteristic UV absorption at
221 nm (Figure S4 in Supporting Information File 1) [22].
Based on optical rotation values and biosynthetic correlation to
known azodyrecins, the configuration of compounds 7-10 was
defined to be 2S.

Fractionation guided by the NoHy-detecting assay revealed that
compounds 1-10 were also produced by Streptomyces sp. A1C6
(Figure S2 in Supporting Information File 1). This result identi-
fied a similar yet distinct type of azodyrecin biosynthetic gene
cluster that contains several insertions and inversions, which
generally make it challenging to precisely predict its biosyn-
thetic products based solely on genome information (Figure 2).
Taken together, the NoHy-detecting reactivity-based screening
led to the identification of four new analogs and two types of
biosynthetic gene clusters of azodyrecins, demonstrating its
utility in natural product discovery and deorphanization of
biosynthetic gene clusters.

Evaluation of cytotoxicities of azodyrecins

A previous report demonstrated the cytotoxic activity of

azodyrecins [21]; however, the relationships between the struc-

1020



Beilstein J. Org. Chem. 2022, 18, 1017-1025.

Table 1: 'H (500 MHz) and '3C (125 MHz) NMR data for azodyrecin D (7), azodyrecin E (8), azodyrecin F (9), and azodyrecin G (10).2

compound 7 compound 8 compound 9 compound 10

pos. Oc OH m, J Oc O m,J Oc OH m,J O¢ OH m,J

(Hz) (Hz (Hz) (Hz)
1 172.7 172.7 172.9 170.6
2 59.9 4.38 q,7.2 59.9 4.38 q,7.1 60.0 4.38 q,7.2 58.1 4.33 q,7.5
3 16.1 1.45 d, 7.2 16.1 1.45 d, 7.2 15.9 1.45 d, 7.0 15.4 1.38 d, 7.1
4 52.6 3.66 s 52.6 3.67 s 52.5 3.66 s 51.8 3.59 s
1’ 70.6 4.21 m 70.6 4.21 m 70.6 4.22 m 68.9 4.21 m
2 28.9 1.93 m 28.9 1.93 m 28.8 1.92 m 27.2 1.81 m
3 27.3 1.36° m 27.3 1.370 m 27.2 1.360 m 254 1.20-1.30 m
4 30.2 1.25-1.35 m 30.4 1.25-136 m 30.0 1.26-1.36 m 28.3-29.0 1.20-1.30 m
5 29.2-310 1.25-1.35 m 284-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m
6 29.2-31.0 1.25-135 m 284-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m
7 29.2-310 125-135 m 284-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m
8 29.2-310 125-1.35 m 284-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m
9" 29.2-310 125135 m 284-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m
10’ 28.7 1.29° m 28.4-31.3 1.25-1.36 m 30.5-30.8 1.26-1.36 m 28.3-29.0 1.20-1.30 m

m 1.31b m 31.0 1.26-1.36 m 28.3-29.0 1.20-1.30 m
11’ 40.4 1.18 37.9

m 1.100 m m
12’ 29.2 1.53 m 35.8 1.33b m 28.5 1.28° m 28.3-29.0 1.20-1.30 m
13’ 23.2 0.88 d, 6.7 30.7 1.15 m 40.2 1.17 m  28.3-29.0 1.20-1.30

1.25-1.36 m

14 23.3 0.88 d, 6.7 12.0 0.87 m 29.1 1.52 m 31.3 1.20-1.30 m
15’ 19.9 0.86 m 23.0 0.87 d, 6.7 22.1 1.20-1.30 m
16' 23.0 0.87 d, 6.7 13.9 0.85 d, 6.6

aSpectra for compounds 7-9 were measured in methanol-d, and spectrum for compound 10 was measured in DMSO-dg; °determined by HSQC.

ture and cytotoxicity were not determined. With new
azodyrecin analogs with saturated alkyl chains in hand, we
attempted to gain insights into the effects of the double bond on
cytotoxicity. To this end, we assessed the cytotoxic activities of
azodyrecin B (2), 1’-trans-azodyrecin B (5), together with the
most abundant new analogs azodyrecin D (7), and azodyrecin E
(8), against human ovarian adenocarcinoma SKOV-3 cells,
malignant pleural mesothelioma MESO-1 cells, immortalized T
lymphocyte Jurkat cells, and P388 murine leukemia cells. The
results revealed that the derivatives with unsaturated side

Table 2: Cytotoxicities of compound 2, 5, 7, and 8.

chains, 2 and 5, exhibited moderate cytotoxicity against all
tested cell lines, with the highest potency against Jurkat cells
(ICs0 at 3.36 pM for 5) (Table 2 and Figure S5 in Supporting
Information File 1). In contrast, the saturated analogs 7 and 8
showed no or negligible cytotoxicity, clearly supporting the
importance of the double bond adjacent to the azoxy bond for
the cytotoxicity. This result is in contrast to the similar struc-
ture—activity relationship (SAR) profiles of elaiomycins, struc-
turally related aliphatic azoxy natural products, in which the

antimicrobial and cytotoxic activities do not depend on the

ICs0 (UM)
SKOV-3 MESO-1 Jurkat P388
azodyrecin B (2) 7.37 9.70 8.72 11.6
1’-trans-azodyrecin B (5) 8.24 6.70 3.36 4.72
azodyrecin D (7) >50 43.2 >50 >50
azodyrecin E (8) >50 >50 >50 >50
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double bond adjacent to the azoxy bond [23]. The difference in
the SAR profiles between azodyrecins and elaiomycins sug-

gests their distinct modes of actions.

Biosynthetic origin of the unique methyl ester

in azodyrecin

The structural diversity of aliphatic azoxy natural products can
be attributed to variations in the alkyl side chains and the amino
acid-derived counterparts. The variation in the amino acid-
derived units is considerably large, as it includes primary and
secondary alcohols [24], methoxides [23,25,26], carboxylic
acids [27], amides [28], ketones [29,30], an exo-olefin [31], and
lactones [32]. Elucidating the mechanisms of structural diversi-
fication is essential when considering the synthesis of unnatural
azoxides by a synthetic biology-based approach. However, their
enzymatic basis has remained elusive except for the exo-olefin
formation in valanimycin biosynthesis, which is mediated by
the phosphorylation of a serine moiety by VImJ and the subse-
quent dehydration by VImK [33]. To obtain insights into the
late-stage diversification mechanisms, we focused on the bio-
synthesis of the methyl ester, which is unique to azodyrecins.
To this end, we characterized the putative SAM-dependent
methyltransferase Ady1 in vitro to assess its activity against the
carboxylic acid 11, which was prepared by the hydrolysis of
compound 8 under basic conditions. When acid 11 was incubat-
ed with recombinant Ady1 in the presence of SAM, it was con-
verted to 8, showing that Adyl can install the methyl ester of
azodyrecins (Figure 4).

The in vitro characterization of Ady1 and the functional annota-
tion of ady clusters allowed the prediction of the entire biosyn-
thetic pathway of azodyrecins (Scheme 2). The pathway is

Beilstein J. Org. Chem. 2022, 18, 1017-1025.
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Ady1, SAM
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Figure 4: In vitro characterization of Ady1. Extracted ion chromato-
grams at m/Z 329.3 (black) and m/z 343.3 (blue), corresponding to
compound 11 and 8, respectively, are shown.
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azodyrecin A (1) 1'-trans-azodyrecin A (4)

Scheme 2: Proposed biosynthetic pathway of azodyrecin.
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likely initiated by Ady2, a putative dehydrogenase that recruits
fatty acids from primary metabolism to generate an aldehyde,
which would be converted to an aliphatic amine by the pyri-
doxal phosphate (PLP)-dependent transaminase Ady4. The
amine would be N-hydroxylated by the two-component flavin-
dependent monooxygenase Ady3/Ady10, as in the valanimycin
biosynthesis mediated by VImH/VImR [15-17]. The hydroxyl-
amine would be conjugated to alanyl-tRNA to form an ester
intermediate by the function of the tRNA-utilizing enzyme
Ady7, which is homologous to VImA. In valanimycin biosyn-
thesis, the substrate seryl-tRNA is provided by VImL, an addi-
tional seryl-tRNA synthetase (SerRS) encoded within the vim
cluster [34]. However, no aminoacyl-tRNA synthetase gene is
present in the ady cluster, suggesting that the alanyl-tRNA is
directly provided from the cellular tRNA pool in the case of
azodyrecin biosynthesis. The mechanism for the subsequent re-
arrangement of the ester intermediate for azoxy bond formation
remains unclear; however, the conservation of the two hypo-
thetical proteins Ady6/Ady8 among the biosynthetic gene clus-
ters of valanimycin, KAS57-A, and azodyrecins may suggest
their participation in this step. Ady6 shows weak homology to
DUF4260 (PF14079.9), a family of integral membrane proteins
with unknown functions, while Ady8 is similar to the ferritin-
like superfamily protein (IPR009078). Ady6/Ady8 are homolo-
gous to VImO/VImB and SRO_1835/SRO_1837 in the biosyn-
thetic gene clusters of valanimycin and KAS57-A, respectively.
The in vitro characterization of Ady1 suggested the late-stage
biosynthetic pathway of azodyrecin: the azoxy bond formation
is followed by the Adyl-mediated methyl esterification to form
saturated azodyrecins, and then the subsequent installation of a
cis-olefin on the 1,2-positions of the alkyl side chain would
afford azodyrecins A—C (1-3), in a reaction likely to be medi-
ated by Ady9, a putative fatty acid desaturase. Nevertheless, the
possibility that the desaturation occurs prior to the methyl ester-
ification could not be excluded. The elucidation of the exact
order of the late-stage modifications requires further investiga-
tions, such as gene knockout experiments and substrate scope

analyses of Adyl, which will be accomplished in future work.

Distribution of potential biosynthetic gene

clusters of aliphatic azoxy natural products

To obtain insights into the distribution and diversity of the
biosynthetic gene clusters of aliphatic azoxy natural products,
we searched for a pair of VImA and VImH, two key enzymes in
the azoxy bond formation, encoded in close genetic loci in the
reference genome of 3,146 actinobacteria in the NCBI database.
A stepwise HMM-based search using models for “VImA"
(PF09924: LPG_synthase_C) and the amino acid sequence of
VImH identified 179 pairs of VImA/VImH, indicating that
approximately 5.7% of the actinobacteria present in the NCBI

Refseq database are potential producers of aliphatic azoxy

Beilstein J. Org. Chem. 2022, 18, 1017-1025.

natural products. The sequence similarity network (SSN) gener-
ated by all-vs-all blastp with E-value at 1 x 10770 classified
these “VImAs" into more than fourteen groups (Figure 5). In
this network, the two Ady7s from Streptomyces sp. RM72 and
Streptomyces sp. A1C6 belong to group 3, while VImA and
SRO_1850 belong to groups 12 and 1, respectively. An analy-
sis of the genome neighborhoods of “VImA” revealed that the
three genes encoding “VImB/O/R” are highly conserved (Figure
S7, Supporting Information File 1), suggesting the functional
relevance of these genes with VImA and VImH. Additionally, a
comparison of representative gene clusters from each group in-
dicated that several protein families are frequently observed in
the genome neighborhoods of specific “VImA” groups, such as
Ady1-like methyltransferases (PF04072), homologous pairs of
VImJ/VImK-like exo-olefin-forming enzymes (PF19279/
PF03972), seryl-tRNA synthetases (PF02403), putative Trp
halogenase-like enzymes (PF04820), and putative 3-oxoacyl-
[acyl-carrier-protein (ACP)] synthase IlI-like enzymes
(PF08541) (Figures S7 and S8 in Supporting Information
File 1). The various protein families encoded in the proximity
of the “VImA" gene suggest the manifold biosynthetic path-
ways and structural diversity of aliphatic azoxy natural prod-
ucts. Considering that most groups in the SSN lack links to their
biosynthetic products, a substantial fraction of the chemical
diversity in aliphatic natural azoxides likely remains untapped.

Ady7
(RMy72) Ady7
(A1CB)
SRO_1850 Op OO © OOo
Group 1 o) Oo
O 0 O O 0]
o 0 o !
o @ Group 2 Group 3 Group 4
O
Group 6 Group 9 Group 11
o O O O O (@)
5 T B K & © 0 o

o 0% 0o OOOOOO

Group 7 Group 8 Group 10

% 0°©09%000p©°

00000000

o
0000000000
o

1 Corynebacteriales 3 Micromonosporales [ Pseudonocardiales

[ Frankiales [ Nakamurellales [ Streptomycetales

[ Goodermatophilales [ Propionibacteriales [ Streptosporangiales

Figure 5: Sequence similarity network of VImA-like enzymes in the
actinobacterial genomes in the Refseq database. Nodes are colored
according to the host organism’s order. Enzymes with known biosyn-
thetic products are colored red.
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Conclusion

By using the generation of NoHy as the indicator of an azoxy
bond, we conducted a reactivity-based screening for aliphatic
azoxy natural products. This led to the identification of two new
producers of azodyrecins, as well as the new analogs 7-10,
demonstrating the utility of this reactivity-based strategy for
natural products discovery. Bioinformatic surveys shed light on
the unexplored biosynthetic potential of actinobacteria for ali-
phatic azoxides, setting the stage for the targeted isolation of
this scarce yet valuable class of natural products with remark-
able biological activities.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data ('H,

13C NMR, and HRMS) and biochemical characterization of
recombinant Ady1.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-102-S1.pdf]
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Dimerization is a widespread natural strategy that enables rapid structural diversification of natural products. However, our under-

standing of the dimerization enzymes involved in this biotransformation is still limited compared to the numerous reported dimeric

natural products. Here, we report the characterization of three new isoflavone dimers from Streptomyces cattleya cultured on an

isoflavone-containing agar plate. We further identified a cytochrome P450 monooxygenase, CYP158C1, which is able to catalyze

the dimerization of isoflavones. CYP158C1 can also dimerize plant-derived polyketides, such as flavonoids and stilbenes. Our work

represents a unique bacterial P450 that can dimerize plant polyphenols, which extends the insights into P450-mediated biaryl cou-

pling reactions in biosynthesis.

Introduction

Dimerization is a ubiquitous biotransformation in nature.
Almost all forms of life, including bacteria, fungi, and plants,
have the ability to produce homo- or heterodimeric natural
products, which enables rapid structural diversification from
simple monomers [1]. Often, the dimerized products exhibit sig-
nificant biological activities due to the increased functional

group density or complex stereochemistry, as seen in vinblas-

tine [2], julichrome [3], himastatin [4], and biflavone [5]. How-
ever, the structural complexity of the dimeric natural products
has hampered synthetic chemistry approaches towards these
molecules, since chemo-, regio-, and atroposelective formation
of the biaryl linkage remains highly challenging and often
requires prefunctionalization of the substrate monomers, costly

metal ligands, or tedious protection—deprotection steps [6-9].
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With the advance of biosynthetic studies on natural products, a
number of enzyme classes that are responsible for the dimer for-
mation have been identified [1,10-14]. In plants and fungi,
laccases and cytochrome P450 monooxygenases play pivotal
roles in the biaryl bond formation of various polyketide dimers
[10,15,16]. In contrast, in bacteria, P450 enzymes are the domi-
nant catalysts, but no laccases have been reported for dimeriza-
tion reactions (Figure S1, Supporting Information File 1). Due
to the high reaction selectivity that the enzyme active site offers,
these enzymes provide biocatalytic means for the biaryl linkage
formation, and recent enzyme engineering efforts also demon-
strated selective and efficient production of unnatural dimers or
cross-coupling products, starting from simple monomers [17-
19]. Nevertheless, our knowledge of enzyme-mediated dimer-
ization is still limited in contrast to the numerous reported

dimeric natural products.

Phenol coupling in plant polyphenol biosynthesis is one of the
earliest documented biocatalytic dimerization reactions [20].
Contrary to flavone dimers and oligomers being abundant in
nature, only limited dimeric compounds have been reported for
isoflavones. Isoflavones bear a characteristic 3-phenylchroman
skeleton, which is formed by the B-ring migration from the
flavonoid scaffold catalyzed by isoflavone synthases [21]. The
sporadic distribution of this isoflavone synthase limits the
discovery of isoflavones in the plant kingdom [22], and the en-
zymes catalyzing isoflavone dimerization, to our knowledge,

remain uncharacterized.

In this study, we report the discovery of a Streptomyces
cytochrome P450 enzyme that catalyzes dimerization of plant

Beilstein J. Org. Chem. 2022, 18, 1107-1115.

isoflavones. By untargeted metabolomics, we isolated three new
isoflavone dimers, namely cattleyaisoflavones A—C (1-3), from
Streptomyces cattleya cultured in soy flour-containing media.
We then identified a P450 enzyme, CYP158C1, which is able to
dimerize the isoflavones as well as other plant-derived phenolic
compounds. This work extends the insight on the substrate
scope of P450-mediated dimerization and provides a potential

biocatalytic tool for the synthesis of isoflavone dimers in future.

Results and Discussion
Characterization of three isoflavone dimers
derived from daidzein (4)

During our effort of untargeted metabolomic screening of Strep-
tomyces species, we identified several unknown isoflavone-like
metabolites from S. cartleya NRRL8057 cultured on mannitol
soya flour (MS) agar plates (Figure S2, Supporting Information
File 1). Purification of the three major unknown compounds
resulted in the isolation of the isoflavone dimers cattleya-
isoflavones A (1), B (2), and C (3) (Figure 1). HRMS analyses
suggested the molecular formula of both 2 and 3 to be
C30H;g0g and that of 1 to be C31H¢Og (Figure S3, Supporting
Information File 1), which matches the molecular formula of
isoflavone dimers or dimeric derivatives.

To confirm whether 1-3 were biosynthesized de novo by the
strain or derived from the media that contain isoflavones, we
cultured S. cattleya on International Streptomyces Project-2
(ISP-2) liquid medium that does not contain isoflavones. These
cultures did not produce 1-3, but daidzein (4) supplementation
in ISP-2 liquid medium restored the production of 1-3,

M-atropisomer
er 3.3:1

Figure 1: Structures of cattleyaisoflavones A (1), B (2), C (3), and daidzein (4).
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suggesting that S. cartleya utilizes exogenous isoflavone to form
the dimer products 1-3 (Figure 2a).

A comparison of the "H NMR spectra of 1 and 4 (Tables S3 and
S4, Supporting Information File 1) suggested that 1 has a biaryl
linkage between the two A-rings. The 'H,'H-COSY correlation
of H-5"" (8 8.06, d) and H-6"" (8 7.03, d) revealed C-8’’ as
one of the coupling sites. The methoxy group (8y 3.98, s) was
assigned to the C-7 site because of the 'H,'"H-NOESY correla-
tion with H-6 (8y 6.98, s). The HMBC correlations of H-6 to
C-8 (d¢ 136.3), C-10 (d¢ 118.9), C-7 (d¢ 151.7), C-5 (d¢
123.6), and C-8”’ (d¢ 119.1) suggested that C-5 is the coupling
site on this unit, and C-8 was substituted by a hydroxy group.
Finally, the structure of 1 was determined as a dimer with a rare
5,8”’ biaryl coupling skeleton. Likewise, C-8°* was assigned as
one of the coupling sites of 2. Three B-ring protons, H-2’ (dy
7.38, d), H-5" (8y 7.02, d), and H-6" (8y 7.48, dd), suggested
that C-3° was another coupling site. Thus, the structure of 2 was

Beilstein J. Org. Chem. 2022, 18, 1107-1115.

established as a 3’,8’’-coupled dimer (Table S5, Supporting
Information File 1). For the dimer 3, three hydroxy and fifteen
sp? protons indicated a C—O bond linkage. An analysis of
IH,’H-COSY and HMBC spectra suggested it to be a 3°~0-7"’-
coupled dimer (Table S6, Supporting Information File 1).

The absolute configuration of 1 and 2 with respect to atropisom-
erism was assessed by chiral HPLC analysis and the compari-
son of experimental and calculated ECD spectra. While 1
showed a ~3:1 atropisomer ratio, with the M-atropisomer being
the major form, 2 did not exhibit a Cotton effect in the ECD
measurement, suggesting that it is in a freely rotating state
(Supporting Information File 1).

Discovery of the P450 enzyme responsible

for dimerization
We next investigated which enzyme in S. cattleya is responsi-
ble for dimerization of 4. The genome of S. cattleya

mAU g
300 ) 4 1 2 3
\
200
ISP-2 + 4
L N sP-2
M MS Agar
O T T T T T T T T T
6 7 8 9 10 min
mAU
2001 P) 4
| o 2 3
150 -
1007 ISP-2 + 4 + CTA
ISP-2 + 4 + FCA
50 -
| ISP-2 + 4 + RVT
04 ISP-2 + 4

2 3 4 5

6 7 8

9 min

Figure 2: a) The culture in ISP-2 liquid did not produce 1-3, while feeding with 4 restored the production (analytical method A according to Experi-
mental section, 254 nm). b) Chemical genetics experiments indicated three P450 inhibitors could reduce the production of dimers derived from 4 (ana-
lytical method B to better analyze the isoflavone region, 254 nm). CTA: clotrimazole (2.5 pM), FCA: fluconazole (1000 pM), RVT: resveratrol (100 pM).
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(GCF_000237305.1) did not encode any laccase homologs but
encoded 41 P450 enzymes in total. To investigate whether P450
enzymes mediate this dimerization reaction, we first employed
a chemical genetics screening using three P450 inhibitors, CTA
(strong inhibitor), FCA (moderate inhibitor), and RVT
(polyphenol inhibitor) [23,24]. All three agents reduced the pro-
duction of cattleyaisoflavones in a concentration-dependent
manner (Figure 2b and Figure S4, Supporting Information
File 1), suggesting that P450 enzymes play a key role in

isoflavone dimerization.

The known bacterial P450 enzymes involved in biaryl coupling
can be classified into four types, including CYP158 enzymes
for dimerization of naphthols [25-27], Jull/Setl/SptI clade for
anthraquinones [3], HmtS/CIpS/LtzS clade for cyclopeptides
[4,18,19], and Bmp7 clade for polybrominated substrates (Table
S7 and Figure S1, Supporting Information File 1) [13,17].
These P450 enzymes tend to have broad substrate specificity
and form a variety of biaryl products. Thus, we constructed a
phylogenetic tree using the 41 P450 enzymes in S. cattleya,

together with these reported dimerization P450 enzymes (Figure

CYP158C1

FdR/Fdx, NADPH
pH7.4,37°C,1h

Beilstein J. Org. Chem. 2022, 18, 1107-1115.

S5, Supporting Information File 1). Notably, a P450
(WP_014145731.1, here termed CYP158C1) was clustered into
the CYP158 clade that reportedly catalyzes dimerization of type
III polyketide synthase (T3PKS) products, such as naphthols.
Considering the similar biosynthetic pathway of isoflavones
shared, this enzyme was expressed in E. coli and purified for in
vitro biochemical assay together with four other P450 enzymes
(CYP1-4) that were successfully expressed out of 10 P450 en-
zymes from each representative clade (Figures S5 and S6, Sup-
porting Information File 1). The results showed that only
CYP158C1 was able to dimerize 4 (Figure 3 and Figure S7,
Supporting Information File 1), indicating that CYP158C1 is
the most likely enzyme for isoflavone dimerization. Interest-
ingly, different from the in vivo extract, in vitro experiments
gave a major dimer 5, a 3°,3” coupled dimer assigned by
MS-MS (Figures S8 and S14, Supporting Information File 1).
Although dimer 3 was not visible in the HPLC analysis, a trace
amount of 3 was detected by HRMS analysis (Figure S8, Sup-
porting Information File 1). Redox partners might be responsi-
ble for the different regioselectivity between in vivo and in vitro

reactions, as it has been reported that different reductases would

4
OH
Al A | | 4
100 ‘ ‘ ! 2
80- | t 3
| ||| ||I |'||I
60 1 TL‘ J 'L___/'l \_ J\_standards 1-3
ol [l s Rvrecypisscies
O R oversmeies
ot J o . PN
2 3 4 5 6 7 8  9mn

retention time

Figure 3: CYP158C1 dimerizes 4 to form dimers 2 and 5 in vitro (analytical method B, 254 nm). Control conditions (green): 4 (0.4 mM), NADPH
(1 mM), and ferredoxin—-NADP* reductase Se/FdR0978/ferredoxin SelFdx1499 (FdR/Fdx, 5 uM) in buffer (50 mM PBS, 0.2 mM DTT, 1 mM EDTA, pH
7.4) were incubated at 37 °C for 1 h. Red: the conditions above with the addition of CYP158C1 (3 uM). Blue: the conditions above with the addition of

CYP158C1 (3 uM) and RVT (0.5 mM).
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lead to different diastereomeric dimers of coclaurine [28]. The
absence of the product 1 in vitro is reasonable because the bio-
synthesis of 1 requires an additional methyltransferase from

S. cattleya for the methoxy group formation.

Substrate scope and reaction mechanism

After identification of CYP158C1 as the isoflavone dimeriza-
tion enzyme, we next explored the substrate scope of the cata-
lyst using a variety of plant-derived polyketides (Scheme 1).
The results revealed that the 5-OH substitution on isoflavone
(see compound 6) was tolerable for dimerization (Figure S15,
Supporting Information File 1), whereas the additional
4’-methoxyl group at the B-ring (see 7) prevented the dimeriza-
tion. Two isoflavone glucosides, 8 and 9, failed to be trans-
formed, presumably due to the excessive molecular size. When
using the other flavonoids 10-17 as substrates, we observed the
corresponding dimeric products for the substrates 10-12
(Figures S16-S18, Supporting Information File 1) but not for
13-17, suggesting that CYP158C1 is also compatible with com-
pounds with flavone scaffold. Apart from flavonoids, this en-

zyme also dimerized umbelliferone (18), a substrate of the

a) compatible substrates

Beilstein J. Org. Chem. 2022, 18, 1107-1115.

fungal P450 KtnC [14,18], and RVT with relatively low effi-
ciency (Figures S19 and S20, Supporting Information File 1).
Other plant polyketides, such as anthraquinones 19 and 20 and
phenylpropanoids 21-24, failed to be dimerized.

The reaction mechanism of P450-mediated phenol dimerization
is believed to involve oxidative radical-radical coupling, though
other mechanisms, such as radical addition, radical cation addi-
tion, and electrophilic aromatic addition, have also been pro-
posed [1,10,29]. A proposed mechanism is depicted in
Scheme 2: First, the hydroxy group on the A- or B-ring is
converted into a radical by a P450-induced single-electron
transformation. The resulting radical then migrates to the
m-system and is stabilized in the ortho- and para-positions,
generating diverse carbon radical intermediates. As a result,
various dimers are formed via promiscuous coupling of these

radical intermediates.

Although we cannot exclude the possibility that other P450 en-
zymes in S. cattleya may also catalyze isoflavone dimerization,
the above results indicated that CYP158C1 dimerizes

b) incompatible substrates

HO RZO (o) OH O OH
|
O ~ Q00
R! R
o OH © Z OR3 o)
4 R=H 7 R"=R2=H,R3=Me
- ’ 19R"=0OH,R%2=H
6 R=0H 8 R'"=R3=H,R?2=Glc 20R'=H, R2=OH
9 R'"=0H,R2=H,R2=Glc ’
OH ’ ’ (0]
R2 ™
HO O R2 HO OH
R‘I
OH O 21R'"=H,R2=H
10R'=H,R2 = H 13R=H 22 R'=0H,R2=H
1 R’I_H R2_OH ; 6.1 23R1=OH,R2=OH
14 R = GIc®-'Rha 1 2
12R"=0OH,R?=H OH 24R'=OH, R? = OMe

AL,

I
I
I
I
1
I
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Scheme 1: a) Compatible and b) incompatible substrates of CYP158C1. Products were identified using analytical method D.
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i) radical generation I

‘ iii) radical coupling

Beilstein J. Org. Chem. 2022, 18, 1107-1115.

‘ ii) radical migration I

IM-5 IM-6
IM-2 + IM-6 1
IM-2 + IM-4 2
IM-3 + IM-4 3

Scheme 2: Proposed mechanism of CYP158C1-mediated dimerization of isoflavones.

isoflavones and several plant-derived aromatic polyketides,
albeit with low catalytic efficiency. Future optimization of the
reductase partner or reaction conditions may be required to
improve the enzyme activity. Interestingly, we found that
CYP158C1 clusters together with a T3PKS gene in the S. catt-
leya genome, which is similar to the biflaviolin [30] and narin-
genin [31] biosynthetic gene clusters. The native function of
these type-III polyketide synthase products is believed to be
involved in the protection of the host against oxidative radicals
generated by UV irradiation [25,32]. To verify the antioxidat-
ive effect of the isoflavone dimers, 2,2'-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS)-based antioxidant activi-
ty was performed [33]. The results showed that while 2
and 3 had an activity roughly equal to the monomers 4
and 6, 1 displayed a roughly twofold radical scavenging
capacity (Figure S9, Supporting Information File 1). This is in
agreement with the previous report that the configuration of the
hydroxy group of the B-ring plays a key role in the antioxidant
activity [34]. Thus, CYP158C1 might provide an alternative
pathway for antioxidant biosynthesis by using exogenous
metabolites as substrates. The native substrate for CYP158Cl1,
presumably produced by the clustered T3PKS, has yet to be
identified.

The broad substrate specificity of CYP158C1 towards plant
polyphenols suggests a potential host—microbial interaction in
the rhizosphere. Flavones and isoflavones are common mole-
cules in plant roots and can be secreted in soil, playing a role in
allelopathic interference [35,36]. To our knowledge, this is the
first bacterial P450 that can dimerize plant flavonoids. Since
dimerization of polyphenols in plants is mostly catalyzed by
laccases, the dimerization of (iso)flavones by a P450 in Strepto-
myces may represent a convergent evolution in enzyme chem-

istry between plants and bacteria.

Conclusion

In conclusion, we have characterized three novel isoflavone
dimers from S. cattleya and identified the P450 enzyme
CYP158C1 to be able to catalyze biaryl coupling reactions
using plant-derived daidzein (4) as a substrate. The enzyme can
dimerize various flavonoids and provides a potential synthetic

tool for the dimerization of aromatic polyketides.

Experimental

General experimental procedures
NMR spectra were acquired on Bruker 500 and 600 MHz
AVANCE NEO spectrometers with TMS as an internal stan-
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dard. HPLC-UYV analysis was performed on an Agilent 1260
Infinity II HPLC system. UHPLC-HRMS analysis was per-
formed on a Waters Synapt-G2-Si UHPLC-ESI-QToF-MS
system. UV and CD spectra were acquired under N, gas by a
Chirascan V100 spectrometer (Applied Photophysics). Strain
cultivation was performed at 28 °C in an incubator for agar
plates or in a rotary shaker at 200 rpm for liquid media.

Strain preparation and fermentation

The strain S. cattleya NRRL 8057 was purchased from the
China General Microbiological Culture Collection Center
(CGMCQC). Seed culture of this strain was done in ISP-2 medi-
um (yeast extract 0.4 g, malt extract 1 g, glucose 0.4 g, distilled
water up to 100 mL, pH 7.2) for 2 days. Isoflavone dimer pro-
duction was performed on MS agar medium (mannitol 20 g, soy
flour 20 g, agar 20 g, distilled water up to 1 L) for 15 days from
the above seed culture.

Analytical methods

All HPLC analyses were performed using (A) H,O with 0.1%
formic acid and (B) acetonitrile with 0.1% formic acid at 40 °C
column temperature unless otherwise noted. The HPLC-UV
analysis of feeding experiments was conducted with a YMC-
Triart C18 ExRS column (150 mm X 3.0 mm, 3 um, 12 nm,
YMC) with a gradient of 5% B (0 min) to 95% B (12 min) at a
flow rate of 0.5 mL/min (analytical method A). The HPLC-UV
analysis of isoflavones was conducted with a Poroshell 120
SB-C18 column (100 mm X 3.0 mm, 2.7 uym, Agilent) with a
gradient of 30% B (0 min) to 45% B (10 min) at a flow rate of
0.5 mL/min (analytical method B). The UHPLC-HRMS analy-
sis of isoflavones was conducted with a HSS T3 column
(100 mm x 2.1 mm, 1.8 um, Waters) with a gradient of 30% B
(0 min) to 45% B (4.5 min) at a flow rate of 0.4 mL/min (ana-
lytical method C). The UHPLC-HRMS analysis of the
substrate scope was conducted with a HSS T3 column
(100 mm X 2.1 mm, 1.8 um, Waters) with a gradient of 0% B
(0 min) to 100% B (5.0 min) at a flow rate of 0.4 mL/min (ana-
lytical method D). All HRMS analyses were performed in posi-
tive model with a scan range of m/z 50-1600. For MS-MS anal-
ysis, the collision-induced dissociation (CID) energy was set to
15-40 eV or 30-50 eV depending on the compounds. The
HPLC-UV analysis of the chiral separation was conducted
with a CHIRALCEL OX-3R column (150 mm X 4.6 mm,
3 um, DAICEL) with isocratic 35% B at a flow rate of
1.0 mL/min at 30 °C column temperature, and an Agilent
G6215B MSD detector was used for peak assignment (analyti-
cal method E).

Isolation of compounds
To isolate compounds 1-3, the fermentation culture of S. catt-

leya on MS agar medium (125 plates, 80 mL/plate each) was
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collected and extracted using organic solvent (CHCl3/MeOH
1:1, v/v, 20 L in total). After removing the solvent in vacuo, the
crude extract was redissolved in methanol and separated by
Sephdex LH-20 (GE healthcare) column chromatography using
methanol as eluent. The yellow band at the elution tail on the
LH-20 column (Figure S2, Supporting Information File 1) was
collected and further purified by a Shimadzu LC-20AD
semipreparative HPLC by using (A) H,O with 0.1% formic
acid and (B) acetonitrile with 0.1% formic acid. Compounds 1
(5.0 mg), 2 (2.2 mg), and 3 (2.0 mg) were isolated using a
YMC-Triart C18 column (250 mm X 10 mm, 5 um, YMC) at
4 mL/min with a gradient of 40% B (0 min) to 60% B (12 min).
A second round of purification was then performed for 1-3 with
isocratic 35%, 38%, and 45% B, respectively, with a YMC-
Triart Phenyl column (250 mm X 10 mm, 5 pm, YMC) at

4 mL/min.

Cattleyaisoflavone A (1): yellowish powder; UV (MeOH) Ajax
(log €) 257, 304 nm; for NMR spectral data, see Table S4, Sup-
porting Information File 1; HRMS-ESI (m/z): [M + H]* calcd
for C31H»009, 537.1180; found, 537.1206.

Cattleyaisoflavone B (2): yellowish powder; UV (MeOH) Ajax
255, 310 nm; for NMR spectral data, see Table S5, Supporting
Information File 1; HRMS-ESI (m/z): [M + H]" calcd for
C30H;30g, 507.1074; found, 507.1091.

Cattleyaisoflavone C (3): white powder; UV (MeOH) Apax
254, 300 nm; for NMR spectral data, see Table S6, Supporting
Information File 1; HRMS-ESI (m/z): [M + NH™" calcd for
C30H g0g, 507.1074; found, 507.1091.

Feeding experiments

Feeding experiments were performed in 500 mL flasks each
containing 100 mL of ISP-2 liquid medium and 10 mg daidzein
(4, as 1 mL DMSO solution added after autoclave) by 1% inoc-
ulation from the above seed culture. On the 5th day, 2 mL of
medium from each sample was taken and freeze-dried. Then,
1 mL MeOH was added and the mixture was treated with ultra-
sound for 15 min. After centrifugation, the supernatant was
directly analyzed by HPLC following analytical method A.

Chemical genetics experiments

All samples involved in inhibition experiments were set up
using 100 mL flasks containing 20 mL ISP-2 medium,
0.02 mg/mL daidzein (4), and the P450 inhibitor, by 1% inocu-
lation from the above seed culture. On the 9th day, 0.5 mL of
medium from each sample was taken and freeze-dried. Then,
0.2 mL MeOH was added, and the mixture was treated with
ultrasound for 15 min. After centrifugation, the supernatant was

detected following analytical method B.
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Bioinformatic analysis

Multiple sequence alignment was constructed by MAFFT
7.450 using the E-INS-I method [37], and the phylogenetic
tree was constructed by FastTree 2.1.11 [38] with default
parameters by using Geneious Prime 2022.1.1 (see https://

WWWw.geneious.com).

Protein purification and biochemical assays

The Streptomyces genome was extracted by TITANamp Bacteria
DNA Kit (TTANGEN BIOTECH), and the P450 genes were
amplified by PCR (Table S1, Supporting Information File 1)
and cloned into a pET-28a(+) vector by the TS exonuclease
DNA assembly method [39]. The resulting expression vectors
were individually introduced into E. coli BL21(DE3) for pro-
tein expression. Cells harboring expression plasmid were inocu-
lated into LB medium with 50 pg/mL kanamycin and incubat-
ed at 37 °C until the culture reached an ODgq of 0.4-0.6. The
cultures were then cooled to 16 °C and induced with 0.1 mM
isopropyl B-p-1-thiogalactopyranoside (IPTG) for 16 h. Cells
were harvested by centrifugation (10 min, 8,000 rpm, 4 °C).

For protein purification, cell pellets were resuspended in lysis
buffer (50 mM NaH,;POy4, 400 mM NaCl, 1 mM TCEP, pH 7.5)
and lysed by sonication. After removing cell debris by centrifu-
gation, the lysate supernatant was purified by Ni-NTA resin
with washing buffer (50 mM NaH,PO4, 150 mM NaCl,
100 mM imidazole, pH 7.5) and elution buffer (50 mM
NaH,POy4, 150 mM NaCl, 300 mM imidazole, pH 7.5) and then
dialyzed into the storage buffer (50 mM NaH,PO,4, 150 mM
NaCl, 1 mM TCEP, 10% glycerol, pH 7.5) and stored at —80 °C
for further use. The P450 partner proteins, FdR and Fdx, were

constructed according to the reported method [40].

For in vitro biochemical assays, the reaction mixture (50 pL)
contained 0.4 mM substrate, 3 uM P450 enzyme, 5 uM FdR,
5 uM Fdx, 1 mM NADPH, 0.2 mM DTT, and 1 mM EDTA in
50 mM PBS buffer (pH 7.4). The reaction mixture was incubat-
ed at 37 °C for 1 h and quenched by adding 50 uL. MeOH. After
centrifugation (10 min, 13,000 rpm), the mixture was subjected
to HPLC-UV or UHPLC-HRMS analysis.

Antioxidant activity

The antioxidant activity was assayed using a Total Antioxidant
Capacity Assay Kit with ABTS method (Beyotime Biotech-
nology). Briefly, the fresh ABTS working solution was pre-
pared by mixing ABTS stock solution with oxidant solution for
an overnight reaction, and then this mixture was diluted
50 times by 80% ethanol. To initiate the assay reaction, 10 pL
of each sample with a concentration of 1.0 mM in 80% ethanol
was mixed with 200 pL of fresh ABTS working solution. After

being incubated at 30 °C for 5 min, the 734 nm absorbance was

Beilstein J. Org. Chem. 2022, 18, 1107-1115.

measured on a Thermo Varioskan LUX Microplate reader.
Trolox was used as the reference compound for calculation of
ABTS-reducing activity (in %).

Computational ECD calculation of compound

1

Merck molecular force field (MMFF) and DFT as well as
TDDFT calculations were carried out with the Spartan 14
software (Wavefunction Inc.) and the Gaussian 16 program
[41], respectively. Conformers within the 2 kJ/mol energy
window were generated and optimized using DFT calculations
at the B3LYP/6-31+G (d,p) level. Frequency calculations were
performed at the same level to confirm that each optimized
conformer was true minimum and to estimate the relative ther-
mal free energy (AG) at 298.15 K. The two conformers were
chosen for ECD calculations in methanol at the B3LYP/6-
311+G (d,p) level. Solvent effects were taken into considera-
tion using the self-consistent reaction field (SCRF) method with
the polarizable continuum model (PCM). The ECD spectrum
was generated by the SpecDis program [42] using a Gaussian
band shape with 0.23 eV exponential half-width from dipole
length rotational strengths.

Supporting Information

Supporting Information File 1

Detailed descriptions of the experimental procedures and
comprehensive analytical data.

[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-113-S1.pdf]
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Abstract

Polyphosphate kinases (PPKs) have become popular biocatalysts for nucleotide 5'-triphosphate (NTP) synthesis and regeneration.
Two unrelated families are described: PPK1 and PPK2. They are structurally unrelated and use different catalytic mechanisms.
PPK1 enzymes prefer the usage of adenosine 5'-triphosphate (ATP) for polyphosphate (polyP) synthesis while PPK2 enzymes
favour the reverse reaction. With the emerging use of PPK enzymes in biosynthesis, a deeper understanding of the enzymes and
their thermodynamic reaction course is of need, especially in comparison to other kinases. Here, we tested four PPKs from differ-
ent organisms under the same conditions without any coupling reactions. In comparison to other kinases using phosphate donors
with comparably higher phosphate transfer potentials that are characterised by reaction yields close to full conversion, the PPK-
catalysed reaction reaches an equilibrium in which about 30% ADP is left. These results were obtained for PPK1 and PPK2
enzymes, and are supported by theoretical data on the basic reaction. At high concentrations of substrate, the different kinetic
preferences of PPK1 and PPK2 can be observed. The implications of these results for the application of PPKs in chemical

synthesis and as enzymes for ATP regeneration systems are discussed.

Introduction

Polyphosphate (polyP, Figure 1) is a linear polymer of up to  cells [1]. So far polyP has been detected in every living organ-
thousands of phosphate residues connected by phosphate an-  ism investigated [1-3]. In 1956, Kornberg described the first
hydride bonds. It serves as a phosphate storage molecule and  polyP kinase (PPK) in Escherichia coli catalysing adenosine

plays a crucial role in biofilm formation and stress responses of ~ 5’-triphosphate (ATP)-dependent synthesis of polyP (Figure 2a)
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Figure 1: Polyphosphate, a ubiquitous phosphate storage molecule.
Reported chain lengths range from three to several thousands.

[4]. The enzyme was reclassified as family-1 PPK (PPK1) when
a structurally different PPK (family-2, PPK2) was found in
Pseudomonas aeruginosa in 2002 [5]. PPK2 were later subdi-
vided into three classes: PPK2-I, PPK2-II, and PPK2-III phos-
phorylating nucleotide diphosphates (NDPs), nucleotide
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monophosphates (NMPs), and both, respectively [6]. Neverthe-
less, these substrate profiles rather seem to be preferences, as
most enzymes catalyse all phosphorylation steps during extend-
ed reaction times; also higher phosphorylated species have been
detected in the reactions [7,8]. The enzymes characterised from
E. coli (EcPPK1) and Sinorhizobium meliloti (renamed Ensifer
meliloti, SmPPK2) are often regarded as model enzymes for
PPK1 and PPK2 [9,10]. From a structure perspective, PPK1 en-
zymes form tetramers in solution with a mass of approximately
80 kDa for the monomer (Figure 2b). Although not being an
integral membrane protein, the enzyme is described to be mem-
brane-associated [11-13]. The phosphate transfer likely
proceeds via formation of a phospho-enzyme intermediate
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Figure 2: Comparison of PPK1 and PPK2 enzymes. a) Reaction scheme; b) structure of the EcCPPK1 monomer (PDB 1XDO) [13]; ¢) structure of the
SmPPK2 monomer (PDB 3CZQ) [10]; d) proposed mechanism of PPK1 with phosphate transfer via a phosphor enzyme intermediate; e) PPK2 mech-

anism exemplarily shown for the associative reaction pathway.
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(Figure 2d). Two essential histidine residues for autophosphory-
lation were identified by mutagenesis experiments [9,13,14].
Variants carrying mutations at these histidine residues lost the
ability to synthesise polyP or ATP in vitro, clearly demon-
strating the necessity of the residues for catalysis [14]. PPK2-I
enzymes are of lower molecular weight than their PPK1 coun-
terparts, with an approximate molecular mass of 40 kDa for a
monomer (Figure 2¢) [5]. They form dimers or tetramers in
solution and are not purified from membrane fractions
[5,10,15,16]. Based on the crystal structures of three PPK2-III,
the coordination of polyP and ADP by positively charged amino
acids (lysine and arginine) has been suggested [16,17]. Two
magnesium ions are held in place by two conserved aspartate
residues that further coordinate the polyP and ADP for an
in-line reaction of these two substrates. Out of this arrangement
two reaction pathways have been discussed, an associative and
a dissociative one. The associative one is an Sy2-like attack of
ADP on the terminal phosphate of the polyP chain, while the
dissociative one is an Sy1-like reaction where the terminal
phosphate dissociates from the polyP chain before being
attacked by the nucleotide [18]. Both mechanisms could
proceed without a phosphate group transfer onto an amino acid
side chain of the enzyme as in PPK1: here, the enzyme struc-
ture generates proximity and polarisation of substrate bonds
(Figure 2e) [17]. Apart from the structures, the kinetic prefer-
ence of either polyP synthesis (NTP usage) or NTP synthesis
(polyP degradation) has been described to be a characteristic
feature of PPK1 and PPK2(-I), respectively (Figure 2a). This is
supported by analysis of the kinetic parameters Ky; and vy,,x of
selected enzymes (Table S6, Supporting Information File 1)
[5,10,11,15,19-21]. A sequence-based classification of PPKs is
in most cases straightforward and unambiguous. Nevertheless,
there seem to be exceptions: regarding the amino acid sequence,
the PPK1 from Vibrio cholerae is very similar to the one from
E. coli with 82% similarity (64% identity) on the amino acid
level; however, it was described to show kinetic preferences of
a PPK2 [20]. While the PPK2 from P. aeruginosa catalyses
both synthesis and usage of ATP with kinetic preference for
ATP synthesis, the “model PPK2” from S. meliloti (SmPPK2)
only tested positively for ATP synthesis [5,10]. The PPK2 from
Corynebacterium glutamicum (CgPPK2) has kinetic prefer-
ences of a PPK1 although being a PPK2 regarding the amino
acid sequence [15].

The biocatalytic activity of PPKs can be used as a tool for the
regeneration of ATP (and other NTPs, Figure 3a) as well as for
the biocatalytic production of modified NTPs (Figure 3b)
[22,23]. Compared to other ATP regeneration systems using
phosphate donors such as phosphoenolpyruvate, carbamoyl
phosphate and acetyl phosphate, PPK catalysed reactions

benefit from their stable and inexpensive phosphate donor

Beilstein J. Org. Chem. 2022, 18, 1278-1288.

polyP [24]. Besides the difference among PPK families, further
process parameters determine the kinetic preference towards
ATP synthesis or utilisation. Especially for synthetic reactions
with the aim to produce and isolate phosphorylated product, the
initial substrate/product ratio is an important parameter for
kinetics and for the reaction equilibrium, as it defines how
much conversion will be achieved [25]. For acetate kinase a
conversion of at least 90% using stoichiometric amounts of
ADP and acetylphosphate was reported [26]. The reaction of
pyruvate kinase (phosphoenolpyruvate as phosphate donor) is
strongly favouring ATP synthesis both in vivo and in vitro, this
reaction was originally considered to be irreversible in cells and
a point of flux control. Newer findings showed the reaction to
be actually an equilibrium, although positioned far on the prod-
uct side [27-29]. Also for carbamate kinase (using carbamoyl
phosphate), the equilibrium lies far on the ATP side with a
calculated equilibrium concentration of 3.9 x 10™* M ADP
out of 0.1 M ADP [30]. As most kinases use a phosphate
donor with a high phosphate transfer potential (see Figure 3c)
and a product which has to be lower in its phosphate transfer
potential, the overall outcome of the reactions is expected
[28,29,31,32]. The phosphate transfer potential is a measure
of tendency of a molecule to transfer a phosphate group onto
an acceptor molecule. A high phosphate transfer potential
refers to a high energy release when the phosphate group is
hydrolysed. With PPKs, this seems slightly different: The
hydrolysis energy involving the terminal phosphate group of
polyP (ARGY = -30 kJ/mol) and internal phosphate groups
(ARGY = =30 to —40 kJ/mol) is comparable to the standard
hydrolysis energy of ATP [33,34]. Under physiological condi-
tions as well as in an in vitro system the actual AG may be dif-
ferent by coordination of cations and the ionic strength, tem-
perature and pH of the reaction solution [29,35,36]. Compared
to other ATP synthesis reactions very little is known about the
thermodynamics for the PPK1 and PPK2-catalysed reactions
with polyP as a phosphate donor since studies mainly focus on
the kinetic characterisation of these enzymes.

Considering the growing interest in the application of PPK en-
zymes, knowledge about the thermodynamic course of the reac-
tion would be useful for the optimisation of biocatalytic synthe-
ses of nucleotides as well as nucleotide regeneration systems
(Figure 3a and 3b). In a regeneration system (exemplarily
shown for the hexokinase-catalysed phosphorylation of glucose
(Figure 3a) the formed ADP has to be converted back to ATP to
maintain a sufficient pool of ATP for the hexokinase reaction
[37]. Each of the phosphate donors discussed can be used in
combination with the corresponding kinase to regenerate the
ATP rendering the available regeneration systems flexible and
broadly applicable. While the depicted regeneration system is

quite simple, the reaction can be embedded in complex biosyn-
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alytic NTP production. Usually, a sequence of different kinases with a suital

ble phosphate donor is used, depending on the starting material different

enzymes have to be employed. The example shows the final two reaction steps in the biosynthesis of 5-fluorouridine-5"-monophosphate (5F-UMP).
The phosphorylation of the NMP is catalysed by the ATP dependent nucleoside monophosphate kinase yielding a 5F-UDP and ADP. 5F-UDP is then

phosphorylated by pyruvate kinase under consumption of phosphoenol pyrt

uvate [42]. ¢) Ranking of different phosphate donors that can be used for

ATP regeneration or production because their phosphate group transfer potential is higher compared to ATP. From ATP the phosphate group can be
transferred onto various substrates but the phosphate group cannot be easily transferred back to ADP from a low energy compound [28-30].

thetic networks such as in vitro S-adenosylmethionine (SAM)-
or carbon dioxide fixation cycles, and de novo nucleobase syn-
thesis [38-41]. For the biocatalytic synthesis of ATP or deriva-
tives, up to three consecutive phosphorylation reactions are
coupled in a linear cascade to produce the desired NTP.
Figure 3b shows the reaction sequence from 5-fluorouridine-5’-
monophosphate to the triphosphate in an enzymatic synthesis of
an unnatural uridine nucleotide [42]. In these type of setup, the
yield of the overall reaction is strongly determined by the posi-
tion of the thermodynamic equilibrium of the last reaction step
[22,23,42-45]. To efficiently implement such a reaction se-
quence, detailed kinetic and thermodynamic information has to
be available to identify bottlenecks and improve the turnover of
such cascade systems [25].

In the present study, we analysed a set of well-known PPK en-

zymes regarding the thermodynamic equilibrium of ATP syn-

thesis and compared the experimental results obtained with the-
oretical calculations. The theoretical calculations addressed the
equilibrium position of the considered reactions as function of
the substrate concentration. In addition to the general question
of the equilibria of the PPK-catalysed reactions in comparison
to other kinases, we sought to evaluate the contribution of the
reported characteristic “preferences” of PPK1 and PPK2 en-
zymes regarding polyP synthesis and polyP degradation on the
reaction rate and equilibrium formation.

Results and Discussion

The enzymes investigated include all four kinds of identified
PPK1/PPK2 enzymes. PPK1 from E. coli (EcPPK1) and
V. cholerae (VcPPK1) [20] are two well investigated PPK1 with
different kinetic preferences [20,21]. SmPPK2 [10] is the model
PPK2 enzyme and often described as the counterpart of
EcPPK1. CgPPK2 is also designated to have different kinetic
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preferences compared to the model enzyme SmPPK2, favouring
the usage of polyP over the synthesis of ATP [15]. All enzymes
used in this work were produced in E. coli. While the PPK2s
were produced as soluble enzymes and could be easily purified
via Ni-NTA affinity chromatography using N-terminal His-tags,
the PPK1 enzymes required an N-terminal maltose binding pro-
tein (MBP-tag) to improve solubility [46,47]. Trials to cleave
the MBP-tag were unsuccessful and resulted in inactive protein
aggregates. It has been shown that large tags such as the MBP-
tag, as well as the positioning (N- or C-terminal) of the tag can
influence the activity of an enzyme [48]; nevertheless, its
thermodynamic characteristics should not be affected. Conse-
quently, we decided to use the enzymes with the tags, as this
likely is the most pragmatic and straightforward preparation of
the enzymes for their use in chemical synthesis. The assay setup
used for all PPKs is similar to established ATP regeneration
systems with PPK2 enzymes, with a 10:1 excess of polyP
(calculated as single phosphates [49]) over the nucleotide
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(default concentration in this work 2 mM) [39,50-52]. This is
also a realistic scenario for biosynthetic reactions using PPKs
for the production of NTPs [22,52]. The excess of polyP should
prevent depletion of sufficiently long polyP chains since accep-
tance of very short chains (n < 10) might differ between differ-
ent PPKs [10,15].

First experiments were conducted with the “model PPKs”
EcPPK1 and SmPPK2. At 37 °C and pH 8, each enzyme was in-
cubated with either ADP or ATP and polyP as co-substrate; the
resulting nucleotide distributions were analysed by HPLC as a
function of time (Figure 4). In all experiments, the equilibrium
was reached after 90 minutes with no further changes in prod-
uct concentrations upon extending incubation time. Regardless
of starting the reaction with ADP or ATP, the equilibrium tends
towards a ratio of 70% ATP and 30% ADP (molar ratio, ADP/
ATP = 0.43). About 5% AMP was observed during the reaction,
which is derived from the starting material and is not further
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Figure 4: Time courses of reactions started with ADP catalysed by a) SmPPK2 and b) EcPPK1. Time courses of reactions started with ATP cata-
lysed by ¢) SmPPK2 and d) EcPPK1. The nucleotide concentration was 2 mM, the reaction was carried out at pH 8.0 and 37 °C. Grey = AMP,

blue = ADP, orange = ATP; the nucleotide composition is given in mol %.
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accumulating over the course of the reaction. Higher phosphor-
ylated compounds such as adenosine 5'-tetraphosphate, which
are additional reaction products of PPK2 catalysed reactions,
were not detected under the conditions applied, this usually
requires higher enzyme concentrations [7,8]. A similar equilib-
rium concentration was observed for VcPPK1 (ADP/ATP
30%:70%, Figure S1, Supporting Information File 1). In the
CgPPK2-catalysed reaction, the ADP/ATP ratio (ADP:ATP
35-40%:65-60%, Figure S1, Supporting Information File 1), as
well as the amount of AMP formed was slightly higher com-
pared to the other PPKs, especially when starting from ADP as
substrate. This suggests that CgPPK?2 possesses a pronounced
myokinase (2 ADP < ATP + AMP) activity that cannot be
suppressed at the applied conditions nor separated from the
main reaction; this has been already described as a side reac-
tion for other PPK2s [7,17]. In summary, these findings demon-
strate that both, PPK1 and PPK2 enzymes catalyse the forma-
tion of the same equilibrium despite their different reaction
pathways. After 30 minutes the reaction was close to equilib-
rium formation; thus, no kinetic effect of family 1 or 2 could be
observed. The results obtained also show that polyP, despite its
rather low phosphate transfer potential, is a sufficient phos-
phate donor for the phosphorylation of ADP, as the thermo-
dynamic equilibrium is clearly positioned on the ATP side.

Next, we analysed the influence of the amount of the starting
nucleotide for the two model enzymes EcPPK1 and SmPPK2:
either one quarter (0.5 mM) or twice (4 mM) the default amount
(2 mM) of nucleotide was used. With 0.5 mM, the equilibrium
composition contained slightly lower amounts of ATP than with
2 mM after 30 min (60% ATP, Figure 4b, Figure S2, Support-
ing Information File 1). With 4 mM of starting nucleotide, the
equilibrium is composed similar to the one of the experiments
with 2 mM nucleotide (70% ATP/30% ADP, Figure S3, Sup-
porting Information File 1). This can be explained by a concen-
tration effect of the nucleotide on the reaction equilibrium. For
this, we applied the thermodynamic activity-based framework
that uses the equilibrium constant K,, which is independent of
concentration. It is expressed via the law of mass action, and

exemplarily for the reaction from ADP to ATP it reads as

MATP mPOlyPn_l YATP yPOlyPn_l

K, =const. = m(y) =
Mapp Mpolyp  YADP YPolyP
This equation shows that any change in the reaction equilib-
rium (ratio of the equilibrium molalities 7i) must be equalised
by the ratio of the equilibrium activity coefficients ¥ of the
reacting agents, or in other words # ~ (7)71. The activity coeffi-
cients describe the molecular interactions among the reaction
participants in the reaction mixtures, which has been estab-

lished for biochemical reactions [53,54]. The predictive elec-
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trolyte equation of state ePC-SAFT [55] was applied to predict
the activity coefficients at equilibrium. ePC-SAFT is an elec-
trolyte perturbation theory which describes physical interac-
tions by accounting for molecular repulsion and attraction
caused by van-der-Waals forces, hydrogen bonding, and
Coulomb forces. The ePC-SAFT parameters of the nucleotides
were fitted in previous works to experimental osmotic pres-
sures of pseudo-binary mixtures of nucleotide and water
[29,33]. As modelling polyP with high chain length is currently
not possible with ePC-SAFT, we assumed that only nucleotides
were present in water. The consequence of this assumption is
that interactions among nucleotides and polyP were considered
to be equal to interactions among nucleotides and polyP,_{, and
we focused only on the ratio of the nucleotides. Upon increas-
ing the nucleotide concentration, the equilibrium concentration
ratios shift to the ATP side of the reactions: the higher the initial
substrate concentration the lower the equilibrium ratio ADP/
ATP that is to be expected. This fits with the experimental data
shown in Figure 5a (experimental concentration ratio at equilib-
rium over the initial nucleotide concentration). It can be ob-
served from Figure 5b that the ePC-SAFT predictions are in
qualitative agreement with the experimental findings, since the
activity-coefficient ratio behaves reciprocally to the experimen-
tally observed concentration ratio at equilibrium (Figure Sa).
Thus, the interactions between the reacting agents (covered by
¥) cause a shift in the equilibrium position 7 according to the
results shown in Figure 5a fulfilling the above-shown thermo-
dynamic constraint 7 ~ (7)_1. As mentioned before, the theoret-
ical prediction procedure represented in Figure 5b ignores the
presence of polyP in the reaction mixture. However, in the reac-
tion also polyP,, and polyP,,_; take part; their concentration ratio
might additionally influence the equilibrium position of the
overall reaction. As it is not yet possible to characterise polyP
by thermodynamic modelling due to lack of experimental data
and knowledge of the precise distribution of chain lengths, in a
second step the influence of orthophosphate as a representative
for polyP was investigated on the qualitative behaviour of the
results in Figure 5b. The results are not shown in detail here, but
we found that the addition of orthophosphate did not change
the qualitative course of the activity-coefficient ratios from
Figure 5b.

Despite the qualitative success of the ePC-SAFT predictions,
some quantitative discrepancies can be observed between
Figure 5a and 5b. Using 4 mM of substrate or above, no further
change in the ADP/ATP equilibrium was experimentally ob-
served (Figure 5a), while ePC-SAFT predicts a linear behav-
iour with nucleotide concentration (Figure 5b). This discrep-
ancy between model and experiment might be explained by ex-
perimental issues (measurement uncertainty, occurrence of side

reactions not considered in the modelling) or by theory issues,
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depicted (orange: ATP as substrate, blue: ADP as substrate). a) The ratio (moles per kg) is shown against the concentration of initial ATP. b) ePC-
SAFT predicted ratio of activity coefficients for the two reactions against the concentration of initial ATP.

since, as described before, the influence of polyP was neglected
in modelling with ePC-SAFT. Further, it should be noted again
ePC-SAFT was used in a predictive mode, which was not fitted

at all to any reaction experiment.

In contrast to the reaction equilibria, substantial kinetic differ-
ences between PPK1 and PPK2 were observed at 4 mM sub-
strate concentration regarding the ATP synthesis reaction.
Starting from ADP, the SmPPK2-catalysed reaction reached the
equilibrium in 30 minutes, the same reaction catalysed by
EcPPK1 only after 240 minutes (Figure 6). Based on literature
data (Table S6, Supporting Information File 1), an opposite
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< 40
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0
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time[min]

trend was expected for the reaction started with ATP; however,
in this direction, no clear kinetic effect could be observed, and
the equilibrium is generally reached very quickly. This effect is
experimentally observed — it is shown in the literature that
kinetics should be expressed based on the thermodynamic activ-
ity of the enzyme [56]. The enzyme activity coefficients were
not taken into account in the present work, which does not
allow drawing conclusions from the concentration-based
kinetics presented in Figure 6 and the activity-based considera-
tion of the equilibrium constants yielding the results in Figure 5.
Nevertheless, the experimentally observed difference in

velocity agrees with the described kinetic “preference” of PPK2
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Figure 6: Time courses comparing EcPPK1 (blue) and SmPPK2 (green) for ATP synthesis (a) and ATP degradation (b) when 4 mM of the nucleotide
was provided. While there is very little difference in the degradation reaction, SmPPK2 reaches the equilibrium earlier than EcPPK1 in the synthesis

reaction.
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for nucleotide synthesis and the tendency to use these enzymes

for ATP (re)generation systems.

Another variable discussed in the context of PPK reactions is
the polyP chain length. Lowered or increased activity with dif-
ferent chain lengths of polyP is described for various PPKs
[5,15,19]. So far we used polyP,, with an average chain length
of n = 20 (as estimated by 3!P NMR, Figure S5, Supporting
Information File 1) for all reactions, therefore the question
remained whether or not the polyP chain length has a substan-
tial influence on the thermodynamic equilibrium. For this
reason, we conducted a reaction with a commercial polyP g
(calculated as single phosphates, average length confirmed by
31p NMR, Figure S6, Supporting Information File 1). Com-
pared to the data obtained for the identical reaction setup with
the polyP,( (Figure 2), no differences were observed (Figure
S4, Supporting Information File 1).

As discussed before, the conversion of a nucleotide diphos-
phate to the corresponding triphosphate is normally the last step
in the biomimetic synthesis of NTPs, and might have a substan-
tial influence on the yield of the whole cascade. A biomimetic
cascade published by Whitesides and co-workers for the synthe-
sis of ATP from adenosine uses an acetate kinase for the final
conversion of ADP to ATP (Table 1) [45]. Acetylphosphate has
long been preferred as phosphate donor over phosphoenolpyru-
vate in large-scale reactions, due to economic factors such as
ease of production and atom economy [57]. On an analytical
scale, this reaction reached conversions of up to 94%, which
agrees with the thermodynamic equilibrium for acetate kinase
of at least 90%:10% ATP:ADP [26].

A comparable one-pot synthesis was recently published by the
group of Li (Table 1) using two PPKs (PPK2-II and PPK2-I)

Beilstein J. Org. Chem. 2022, 18, 1278-1288.

with polyP as a phosphate donor for AMP and ADP phosphory-
lation; this reached yields up to 75% ATP thus supporting the
thermodynamic equilibrium for PPKs reported in this study
[44]. Interestingly, we obtained similar results when investigat-
ing the class-III PPK2 from Meiothermus ruber for its polyP-
dependent reaction with AMP (via ADP) to ATP (2.5% AMP/
27.5% ADP/70% ATP) [16].

In theory, the addition of another, ideally irreversible reaction
can be used to pull the equilibrium further to the product side.
Another recent application of PPKs in the cascade synthesis of
cladribine triphosphate (2-chloro-2'-deoxyadenosine 5'-triphos-
phate) could be discussed as an example for this (Table 1).
Here, PPK2 enzymes are used to produce 2-CI-ATP which is
then reduced to the desired product. The final reduction could
be considered as a pull effect on the PPK2 reaction, since it
removes 2-Cl-ATP from the PPK2 reaction equilibrium. In fact,
the authors observed an (compared to the adenosine-to-ATP
cascades) increased yield of 80% cladribine triphosphate, with
2-Cl-dADP being the major byproduct [22]. The incomplete
conversion (despite the irreversible reduction step) has been ex-
plained by the previously mentioned myokinase side reactivity
of PPK2 enzymes [22]. An alternative explanation might be the
PPK equilibrium: most PPKs accept a broad range of nucleo-
side substrates, therefore some 2-Cl-dATP produced could
be a substrate for a PPK2 catalysed 2-CI-dATP/2-Cl-dADP

equilibrium.

Conclusion

PPK2, and also PPK1 enzymes are frequently used in ATP
regeneration systems as well as in cascade reactions for NTP
biosynthesis [22,23,39,44,50,58-60]. Therefore, the results
presented here can serve to further tune and improve these

multi-enzyme reactions and the yield of biomimetic NTP syn-

Table 1: Comparison of selected enzymatic syntheses of ATP (derivatives). The triphosphate-forming step is in bold, stoichiometrically added sub-

strates are underlined.

Reaction sequence

(1) (a) adenosine + ATP — AMP + ADP
(b) AMP + ATP — 2 ADP
(c) ADP + acetylphosphate — ATP + acetate
(2) (a) adenosine + ATP — AMP + ADP
(b) AMP + polyP, — ADP + polyP,_4
(c) ADP + polyP, — ATP + polyP,_4
(3) (a) 2-Cl-adenine + PRPP — 2-CI-AMP +PP;
(b) 2-CI-AMP+ polyP, — 2-CI-ADP + polyP,_1
(c) 2-CI-ADP+ polyP, — 2-CI-ATP + polyP,_4
(d) 2-CI-ATP — 2-CI-dATP

Yield of ATP Reference

94% R. L. Baughn et al. [45]
70-75% C. Sun et al. [44]

80% J. Frisch et al. [22]
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thesis systems. Usually, reactions for polyP-dependent ATP
regeneration as well as NTP biosynthesis are carried out under
conditions comparable to the ones used for this study
[22,39,50,52]. Overall, we can clearly see a preference of the
thermodynamic system towards ATP. This behaviour was not
impacted by the choice of PPK, regardless of the different reac-
tion mechanisms. The thermodynamic equilibrium of the PPK
reaction is not as close to the product side as in other ATP
regenerating systems, which corresponds to the phosphate
transfer potential of the different phosphate donors. This raises
the question if PPK/polyP based systems are actually the best
choice for biocatalytic syntheses of NTPs and other phosphory-
lated compounds, or if a phosphate donor with a higher phos-
phate transfer potential would be more useful. In our opinion,
this has to be tailored to each individual system and depends on
the characteristics of the starting material, and factors such as
the necessity to purify the end product. Also, especially PPK2s
are described to be very flexible regarding the nucleobase,
which is not the case for all other kinases [10,17,61]; depending
on the system this might compensate for the not ideal conver-
sion rates. Nevertheless, as it becomes evident from the
cladribine system, exactly this broad substrate range might be
disadvantageous, thus highlighting the necessity to tailor the
choice of enzymes to the substrates and reaction sequence in
question. In ATP regeneration systems, the equilibrium issue
might be less relevant, as the ATP produced will be directly

used by the main reaction.

In future, it will be interesting to investigate the detailed reac-
tion mechanism including the effects of the polyP chain length
and counter ions as well as to study the thermodynamic activity
of the enzymes. Especially in reaction setups where the synthe-
sised ATP is not directly removed by follow up reactions,
options to tune the reaction conditions in order to increase the
conversion and yields of the final cascade product will be an
important aim.

Supporting Information

Supporting Information File 1

Details of materials and methods and additional figures and
tables.

[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-134-S1.pdf]
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The cytochrome P450 monooxygenase (CYP) superfamily comprises hemethiolate enzymes that perform remarkable regio- and

stereospecific oxidative chemistry. As such, CYPs are key agents for the structural and functional tailoring of triterpenoids, one of

the largest classes of plant natural products with widespread applications in pharmaceuticals, food, cosmetics, and agricultural

industries. In this review, we provide a full overview of 149 functionally characterised CYPs involved in the biosynthesis of triter-

penoids and steroids in primary as well as in specialised metabolism. We describe the phylogenetic distribution of triterpenoid- and

steroid-modifying CYPs across the plant CYPome, present a structure-based summary of their reactions, and highlight recent exam-

ples of particular interest to the field. Our review therefore provides a comprehensive up-to-date picture of CYPs involved in the

biosynthesis of triterpenoids and steroids in plants as a starting point for future research.

Introduction

Triterpenoids are a large class of natural products derived from
precursors containing 30 carbon atoms and composed of six
isoprene units (Cs). The structural variety of triterpenoids found
in plants is particularly astonishing, and so are their biological
activities. To date, more than 20,000 different plant triter-
penoids have been identified, and many of these have found ap-
plications in agronomic [1], food [2], cosmetics [3] and pharma-
ceutical industries [4]. Plant triterpenoids include primary
metabolites such as phytosterols or steroidal hormones such as

brassinosteroids, but also specialised metabolites that convey

diverse biological functions [5]. A key factor for the structural
richness of triterpenoids and steroids from plants lies in their
extensive oxidative tailoring, which in many cases is carried out
by cytochrome P450 monooxygenases (CYPs). CYPs represent
one of the largest superfamilies of enzymes in plants; in many
species, around 1% of all genes encode CYPs [6]. CYPs are
well-known for their capacity to catalyse highly regio- and
stereospecific reactions on complex substrates. Besides simple
hydroxylations, they can also introduce oxo, carboxy, or epoxy

moieties or double bonds. Such decorations often also enable
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additional layers of diversification by glycosyltransferases or
acyltransferases [7]. Hence, there is considerable interest in
CYPs involved in triterpenoid and steroid metabolism in plants
not only for improving our understanding of plant specialised
metabolism, but also for synthetic biology and chemoenzymat-
ic synthesis. In this review, we will provide an extensive
overview of CYPs involved in tailoring of triterpenoids and
steroids in plants. We will first introduce the nomenclature and
mechanistic properties of these enzymes, before we describe the
phylogenetic distribution of triterpenoid-modifying CYPs and
summarise their reaction space. Lastly, we will highlight
selected recent examples of multifunctional CYPs that catalyse
particularly remarkable modifications of triterpenoids. We
therefore hope to provide an up-to-date overview over these key
enzymes in plant triterpenoid and steroid metabolism since the
last comparable endeavour from Ghosh in 2017 [7]. In addition,
readers might also be interested in other excellent reviews or
resources providing a more general overview over plant CYPs
or CYPs from other plant pathways [6,8-13].

Review

Nomenclature

Considering the enormous numbers of genes encoding
cytochrome P450 monooxygenases in plants, a universal
naming system is crucial to group related CYPs and to facili-
tate functional predictions. Hence, CYPs from all kingdoms are
systematically named according to their amino acid identity by
the cytochrome P450 nomenclature committee (David Nelson:
dnelson@uthsc.edu). CYPs are grouped into clans, families, and
subfamilies. The broadest hierarchy level is represented by
clans, which comprise one or multiple families. An example
CYP name is CYP51G1; here, “CYP51” designates the family,
“G” refers to the subfamily within the CYP51 family, and “1”
represents the isoform of CYPs in this subfamily [14]. Typical-
ly, all CYPs in the same subfamily share more than 55% amino
acid sequence identity, and all CYPs in the same family more
than 40%, although exceptions exist [15,16]. These thresholds
also underline the remarkable sequence variety of CYPs, as
even enzymes with only 60-70% amino acid identity can

display almost identical biochemical activity.

Enzymatic mechanism

As monooxygenases, CYPs catalyse the transfer of a single
oxygen atom from molecular oxygen to their substrates
(Figure 1A). Decades of research on CYPs led to detailed
insights into their mechanistic properties based on a variety of
biochemical, biophysical and computational methods [17-21].
Key for the oxidative chemistry performed by CYPs is a heme
prosthetic group that activates molecular oxygen using elec-
trons from an electron donor such as NADPH. A central Fe(III)

ion is coordinated by the heme porphyrine system as well as a

Beilstein J. Org. Chem. 2022, 18, 1289-1310.

cysteine thiolate ligand from the protein backbone (Figure 1B).
The generally accepted catalytic cycle for hydroxylations is

shown in Figure 1C.

In the resting state A, the central ferric ion is coordinated by six
ligands, four from the porphyrin ring system, one cysteine thio-
late group and an aqua ligand (water), resulting in an octahe-
dral complex [17]. The oxidative reaction is initiated by dis-
placement of the axial water molecule by the substrate (step 1),
which pushes the Fe(Il) ion out of the porphyrin plane in inter-
mediate B [17]. This geometrical distortion promotes electron
transfer from a reductase partner protein (step 2). The most
common electron donors in plants are cytochrome P450 reduc-
tases which employ NADPH for the electron transfer, but
several other electron transfer systems are known [22]. The
reduced ferrous intermediate C, bearing an overall negative
charge, can then efficiently bind molecular oxygen (step 3),
leading to dioxygen adduct D. Transfer of an additional elec-
tron from a reducing partner such as cytochrome P450 reduc-
tase (step 4) generates peroxo intermediate E, which upon pro-
tonation (step 5) gives hydroperoxo intermediate F, also called
compound 0. This nucleophilic and basic intermediate is prone
to dehydration (step 6), leading to the strongly electrophilic and
oxidising key intermediate G, which is commonly known as
compound I (cpd I). Although there has been a lot of debate
regarding the exact structure and electronic properties of com-
pound I (intermediate G), it is now generally accepted as a
ferryl (Fe(IV)) oxo species with a radical cation in the porphy-
rin system [18,23]. In the case of hydroxylations, the oxygen
from compound I (intermediate G) can then be transferred by an
oxygen rebound mechanism (steps 7 and 8) via the ferryl
hydroxy intermediate H, also known as compound II. This leads
to the hydroxylated product coordinated to ferric ion (intermedi-
ate I). Lastly, displacement of the product by water regenerates
the resting state A (step 9). In addition to simple hydroxyla-
tions, slight deviations from this general mechanistic cycle can
also lead to different reaction outcomes, e.g., rearrangements,
desaturations or epoxidations. Multiple oxidation rounds,
leading to aldehydes/ketones or carboxylic acids, are also com-
monly observed. Together, this versatile oxidative chemistry
makes CYPs key enzymes in specialised metabolism in general
[8,11], and crucial agents for the structural diversity of triter-
penes.

Phylogenetic distribution of triterpenoid- and
steroid-modifying plant cytochrome P450

monooxygenases

To assess the phylogenetic distribution of triterpenoid-modi-
fying CYPs in comparison to other CYPs from plants, we
collected a total of 149 CYPs from plants reported in the litera-

ture which are involved in triterpenoid or steroid metabolism
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cYP ’
A R-H +NADPH + H* + 0, — R -H+ H,0+ NADP*

Figure 1: Enzyme function of cytochrome P450 monooxygenases (CYPs). A) Typical net reaction of CYPs, resulting in hydroxylation of a substrate.
As monooxygenases, CYPs catalyse transfer of only one oxygen atom from molecular oxygen to their substrate. B) Heme prosthetic group containing
the reactive Fe ion. Also shown is the abbreviated form of the cofactor used in the catalytic cycle. C) Catalytic cycle of CYPs. The key intermediates
F, G, and H, called compound 0, compound |, and compound Il, respectively, are highlighted. For details see main text. Figure 1 was created with
BioRender.com. This content is not subject to CC BY 4.0.

(Table 1), and generated a neighbour-joining tree together with ~ CYPs do not seem to occur randomly in various CYP clans and
266 non-triterpenoid CYPs with a different substrate scope families; instead, certain clans and families represent “hotspots”

(Figure 2). Notably, our analysis highlights that triterpenoid  of triterpenoid/steroid-modifying CYPs.
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Table 1: List of characterised plant cytochrome P450 monooxygenases (CYPs) modifying triterpenoids or steroids.

Name

CYP51G1

CYP51G1

CYP51H10

CYP51H14

CYP51H15

CYP51H16

CYP51H35

CYP51H37

CYP71A16

CYP71BQ5

CYP71CD2

CYP71D353

CYP71D443

CYP81AQ19

CYP81Q58

CYP81Q59

CYP82J17

Clan Family Species

51

51

51

51

51

51

51

51

71

71

71

71

71

71

71

71

71

51

51

51

51

51

51

51

51

71

71

71

71

71

81

81

81

82

Sorghum
bicolor

Arabidopsis
thaliana

Avena
strigosa

Brachy-
podium
distachyon
Brachy-
podium
distachyon
Brachy-
podium
distachyon
Triticum
aestivum

Triticum
aestivum

Arabidopsis
thaliana

Melia
azedarach

Melia
azedarach

Lotus
japonicus

Ajuga
reptans

Momordica
charantia

Cucumis
sativus

Cucumis
melo

Trigonella
foenum-
graecum

Accession
number

XM_0214
610212.1

AB01445
9

DQ68085
2

ON10867
7

ON10867
8

ON10867
9

ON10866

9

ON10867
0

NM_1236
23.5

MK80326
4.1

MK80327
1
KF460438
LC066937

LC456843

KM65585
6

Melo3C02
2375

MK63670
9

Scaffold

steroid

steroid

pentacyclic
oleanane

pentacyclic
triterpene

pentacyclic
triterpene

pentacyclic
triterpene

pentacyclic
triterpene

pentacyclic
triterpene

monocyclic
triterpene
aldehyde

tirucallane

triterpenoid

tirucallane
triterpenoid

pentacyclic
lupane

steroid

tetracyclic
triterpenoid

tetracyclic
triterpenoid

tetracyclic
triterpenoid

steroid

Substrate

obtusifoliol

obtusifoliol

B-amyrin

19-hydroxy-
isoarborinol

isoarborinol
7,19,28-tri-
hydroxyiso-
arborinol
isoarborinol
19-hydroxy-

isoarborinol

marneral /
marnerol
dihydroniloticin
tirucalla-7,24-

dien-3p-ol

dihydrolupeol /
20-hydroxy-
lupeol

3B-hydroxy-5p-

Reaction

Cl4a
demethylation

Cl4a
demethylation

C12-C13p
epoxidation /
C16 B
hydroxlation

C7 and C28
hydroxylation

C19
hydroxylation

C1
hydroxylation

C19
hydroxylation
C25
hydroxylation
and C2
oxidation
Cc23
hydroxylation

C21
hydroxylation

Cc23
hydroxylation
and C24-C25
epoxidation
C20
hydroxylation
/ C28
oxidation

C22

cholestan-6-one hydroxylation

cucurbitadienol

19-hydroxy-
cucurbitadienol

11-carbonyl-
20B-hydroxy-
cucurbitadienol

16S-hydroxy-
22-0x0-
cholesterol

C23a
hydroxylation

C25
hydroxylation
/ double bond
shift
C2B
hydroxylation

C27 hydroxy-
lation / spiro-
ketalisation

Product

4a-methyl-
5a-ergosta-8,
14,24(28)-
trien-3p-ol
4a-methyl-
5a-ergosta-8,
14,24(28)-
trien-3p-ol
12,13-B-
epoxy-16-B-
hydroxy-
amyrin
7,19,28-tri-
hydroxyiso-
arborinol
19-hydroxy-
isoarborinol

1,7,19,28-
tetrahydroxy-
isoarborinol
19-hydroxy-
isoarborinol

ellarinacin

23-hydroxy-
marneral /
23-hydroxy-
marnerol

melianol

dihydro-
niloticin

20-hydroxy-
lupeol /
20-hydroxy-
betulinic acid
3B,22R-
dihydroxy-5pB-
cholestan-6-
one

cucurbita-
5,24-dien-
3,23a-diol
19,25-

dihydroxy-
cucurbita-
dienol

11-carbonyl-
2p3,20B-
dihydroxy-
cucurbita
dienol

diosgenin

Ref.

(24]

(28]

(1]

(26]

(26]

[26]

(26]

(26]

[27,28]

[29]

[29]

(30]

(31]

(32]

(33]

(34]

(35]
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Table 1: List of characterised plant cytochrome P450 monooxygenases (CYPs) modifying triterpenoids or

CYP93A220 /
laAO5

CYP93E1

CYP93E2

CYP93E3

CYP93E4

CYP93E5

CYP93E6

CYP93E7

CYP93E8

CYP93E9

CYP705A1

CYP705A5

CYP712K1

CYP712K2

CYP712K3

CYP712K4

CYP72A61

CYP72A61v2

CYP72A62v2

CYP72A63

CYP72A64v2

CYP72A65v2

71

71

71

71

71

71

71

71

71

71

71

71

71

71

71

71

72

72

72

72

72

72

93

93

93

93

93

93

93

93

93

93

705

705

712

712

712

712

72

72

72

72

72

72

llex asprella

Glycine max

Medicago
truncatula
Glycyrrhiza
uralensis
Arachis
hypogaea
Cicer
arietinum
Glycyrrhiza
glabra

Lens
culinaris
Pisum
sativum
Phaseolus
vulgaris
Arabidopsis
thaliana
Arabidopsis
thaliana

Tripterygium
wilfordii

Tripterygium
wilfordii

Tripterygium
wilfordii

Maytenus
ilicifolia

Medicago
truncatula
Medicago
truncatula
Medicago
truncatula

Medicago
truncatula

Medicago
truncatula

Medicago
truncatula

MZ50843
3

AB23133
2

DQ33579
0

AB43732
0
KF906535
KF906536
KF906537
KF906538
KF906539
KF906540
NM_0013

41032.1

NM_1241
73.3

MN62124
3

MN62124
4

MN62124
5

MK82981
4

DQ33579
3

XM_0036
05422

AB55814
7

AB55814
6

MK53454
8

XM_0036
28012.4

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane
tricyclic
triterpenoid
tricyclic
triterpenoid

pentacyclic
triterpenoid

pentacyclic
triterpenoid

pentacyclic
triterpenoid

pentacyclic
triterpenoid

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

B-amyrin

B-amyrin /
sophoradiol

B-amyrin
B-amyrin
B-amyrin
B-amyrin
B-amyrin
B-amyrin
B-amyrin
B-amyrin
arabidiol

7B-hydroxy-
thalianol

friedelin

friedelin

friedelin

friedelin

24-hydroxy-
B-amyrin
24-hydroxy-
B-amyrin
B-amyrin

B-amyrin

B-amyrin

B-amyrin
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steroids. (continued)

C24 oxidation

C24
hydroxylation

C24
hydroxylation

C24
hydroxylation
C24
hydroxylation
C24
hydroxylation
C24
hydroxylation
C24
hydroxylation
C24
hydroxylation
C24
hydroxylation
C15-C16
cleavage

C15-C16
desaturation

C29 oxidation

C29 oxidation

C29 oxidation

C29 oxidation

Cc22
hydroxylation

Cc22
hydroxylation

C29 oxidation

C30 oxidation

C29 oxidation

C21
hydroxylation

a-boswellic
acid
24-hydroxy-
B-amyrin /
soyasapo-
genol B
24-hydroxy-
B-amyrin
24-hydroxy-
B-amyrin
24-hydroxy-
B-amyrin
24-hydroxy-
B-amyrin
24-hydroxy-
B-amyrin
24-hydroxy-
B-amyrin
24-hydroxy-
B-amyrin
24-hydroxy-
B-amyrin
14-apo-
arabidiol
desaturated
(C15-C16)
7B-hydroxy-
thalianol
polpunonic
acid and
29-hydroxy-
friedelin

polpunonic
acid and
29-hydroxy-
friedelin

polpunonic
acid and
29-hydroxy-
friedelin

polpunonic
acid or
maytenoic
acid
soyasapo-
genol B

soyasapo-
genol B
29-hydroxy-
B-amyrin /
epi-katonic
acid
11-deoxy-
glycyrrhen-
tinic acid
29-hydroxy-
B-amyrin /
epi-katonic
acid
21-hydroxy-
B-amyrin

(36]

(37]

(38]
(39]
(40]
[40]
[40]
[40]
[40]
[40]
(28]

[41]

[42]

(42]

(42]

(43]

(44]
[44]

(45]

(46]

(45]

(45]
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Table 1: List of characterised plant cytochrome P450 monooxygenases (CYPs) modifying triterpenoids or

CYP72A67

CYP72A68

CYP72A68v2

CYP72A69

CYP72A141

CYP72A154

CYP72A302

CYP72A397

CYP72A552

CYP72A557

CYP72A558

CYP72A559

CYP72A613

CYP72A616

CYP72A694

CYP72A697

CYP72A699

CYP714E19

CYP714E88/
laAO4

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

72

714

714

Medicago
truncatula

Medicago
truncatula

Medicago
truncatula

Glycine max
Glycine max

Glycyrrhiza
uralensis

Phaseolus
vulgaris

Kalopanax
septemlobus
Barbarea
vulgaris
Medicago
truncatula
Medicago
truncatula
Medicago
truncatula

Trigonella
foenum-
graecum

Paris
polyphylla

Vigna
angularis

Lotus
japonicus
Trifolium
pratense

Centella
asiatica

llex asprella

DQ33578
0

DQ33578
2

XM_0136
08494.3

LC143440

MK53453
2

AB55815
3

MK53453
7

KT150517

MH25257
1

MK53454
4

MK53454
5
MK53454

6

MK63670
8

MK63670
5

MK53453
8

MK53453
9
MK53454

9

KT004520

MZ50843
7

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

steroid

steroid

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane /
ursane

pentacyclic
oleanane /
ursane

oleanolic acid /
hederagenin /
gypsogenic acid
/ gypsogenin

oleanolic acid /
hederagenin /
gypsogenin
oleanolic acid /
hederagenin /
gypsogenin
soyasapogenol
B

B-amyrin
B-amyrin /
11-oxo-B-amyrin
B-amyrin
oleanolic acid
oleanolic acid
B-amyrin
B-amyrin
B-amyrin
16S-hydroxy-

22-0x0-
cholesterol

16S-hydroxy-
22-oxo0-
cholesterol
B-amyrin /
29-hydroxy-
B-amyrin

B-amyrin
B-amyrin /
29-hydroxy-

B-amyrin

oleanolic acid /
ursolic acid

ursolic acid /
oleanolic acid

Beilstein J. Org. Chem. 2022, 18, 1289-1310.

steroids. (continued)

C2p
hydroxylation

C23 oxidation

C23 oxidation

c21
hydroxylation

C29
hydroxylation
C30 oxidation

C29
hydroxylation

C23 oxidation
C23 oxidation

C21
hydroxylation

c21
hydroxylation
C21
hydroxylation

c27
hydroxylation
/ spiro-
ketalisation
C27 hydroxy-
lation / spiro-
ketalisation

C29 oxidation

C29
hydroxylation

C29 oxidation

C23 oxidation

C23 oxidation

2B-hydroxy-
oleanolic acid
/ bayogenin /
medicagenic
acid / 23,3p-
dihydroxy-
olean-12-en-
23-0x0-28-
oic acid
hederagenin
/ gypsogenin
/ gypsogenic
acid

hedera-
genin /
gypsogenin /
gypsogenic
acid
soyasapo-
genol A
29-hydroxy-
B-amyrin
30-hydroxy-
B-amyrin /
glycyrrhetinic
acid
29-hydroxy-
B-amyrin
hederagenin

hederagenin

21-hydroxy-
B-amyrin
21-hydroxy-
B-amyrin
21-hydroxy-
B-amyrin
diosgenin

diosgenin

29-hydroxy-
B-amyrin /
epi-katonic
acid
29-hydroxy-
B-amyrin
29-hydroxy-
B-amyrin /
epi-katonic
acid
hederagenin
/ 23-
hydroxy-
ursolic acid
23-carboxyl-
ursolic acid /

gypsogenic
acid

[47,48]

(48]

[44]

(49]
(48]

[46]

[45]
[50]
[51]
[45]
[45]
[45]

(35]

(35]

(45]

(45]

(45]

(52]

(36]
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Table 1: List of characterised plant cytochrome P450 monooxygenases (CYPs) modifying triterpenoids or steroids. (continued)

CYP734A7

CYP749A63

CYP85A1

CYP85A1

CYP85A2

CYP85A3

CYP87D16

CYP87D18

CYP87D20

CYP88D6

CYP88L2

CYP88L7

72

72

85

85

85

85

85

85

85

85

85

85

734

749

85

85

85

85

87

87

87

88

88

88

Solanum
lycoper-
sicum

Crataegus
pinnatifida
Arabidopsis
thaliana

Solanum
lycoper-
sicum

Arabidopsis
thaliana

Solanum
lycoper-
sicum

Maesa
lanceolata
Siraitia
grosvenorii

Cucumis
sativus

Glycyrrhiza
uralensis
Cucumis
sativus

Momordica
charantia

AB22304
1

MF59615
5

ABO03586
8

Us4770

AB08780
1

AB19044
5

KF318735

HQ12857
0

CsalG04
4890

AB43317
9

Csa3G90
3540

LC456844

steroid

pentacyclic
oleanane

steroid

steroid

steroid

steroid

pentacyclic
oleanane

tetracyclic
triterpenoid

tetracyclic
triterpenoid

pentacyclic
oleanane

tetracyclic
triterpenoid

tetracyclic
triterpenoid

castasterone / C26

28-nor- hydroxylation
castasterone /

brassinolide

oleanolic acid C24
hydroxylation

6-deoxoteaster- C6 oxidation
one / 3-dehydro-
6-deoxoteaster-

one / 6-deoxo-

typhasterol /

6-deoxo-

castasterone

6-deoxoteaster- C6 oxidation
one / 3-dehydro-
6-deoxoteaster-

one / 6-deoxo-

typhasterol /

6-deoxo-

castasterone

castasterone /  Baeyer-
6-deoxo- Villiger
castaster- oxidation / C6

one / 6-deoxo-  oxidation
typhasterol /

3-dehydro-6-

deoxo-

teaster-

one

6-deoxocastas- Baeyer-

terone / Villiger

castasterone oxidation / C6
oxidation

B-amyrin C16a
hydroxylation

cucurbitadienol / C11 oxidation
11a-hydroxy-

cucurbitadienol/

24,25-di-

hydroxy-

cucurbitadienol

cucurbitadienol /  C11 oxidation
11-oxo-cucur- / C20B
bitadienol hydroxylation

B-amyrin C11 oxidation

cucurbitadienol / C19

11-oxo-cucur- hydroxylation

bitadienol

cucurbitadienol  C19
hydroxylation,
C5and C19
ether bridge

26-hydroxy-
castaster-
one/
26-hydroxy-
norcastaster-
one/
26-hydroxy-
brassinolide
4-epi-
hederagenin
teasterone /
3-dehydro-
teasterone /
typhasterol /
castasterone

teasterone /
3-dehydro-
teasterone /
typhasterol /
castasterone

brassinolide /
castaster-
one/
typhasterol /
3-dehydro-
teasterone

castasterone
/ brassinolide

16a-hydroxy-
B-amyrin
11a-hydroxy-
cucurbita-
dienol /
11-oxo0-
cucurbita-
dienol /
mogrol

11-oxocucur-
bitadienol /
11-carbonyl-
20B-hydroxy-
cucurbita-
dienol
11-oxo0-B-
amyrin
19-hydroxy-
cucurbita-
dienol

cucurbita-
5,24-dien-
3B,19-diol
and 53,19-
epoxy-
cucurbita-
6,24-dien-
3B-ol

(53]

[54]

(58]

[56]

[57,58]

(58]

[59]

(34]

(34]

(39]

(34]

(32]
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Table 1: List of characterised plant cytochrome P450 monooxygenases (CYPs) modifying triterpenoids or steroids. (continued)

CYP88L8

CYP90A1

CYP90B1

CYP90B2

CYP90B3

CYP90B27

CYP90B27

CYP90B50

CYP90B51

CYP90B52

CYP90B71

85

85

85

85

85

85

85

85

85

85

85

88

90

90

90

90

90

90

90

90

90

90

Momordica
charantia

Arabidopsis
thaliana

Arabidopsis
thaliana

Oryza sativa

Solanum
lycoper-
sicum

Veratrum
californicum

Paris
polyphylla
Trigonella
foenum-
graecum

Trigonella
foenum-
graecum

Paris
polyphylla
Dioscorea
zingi-
berensis

LC456845 tetracyclic
triterpenoid

X87367 steroid

NM_1149 steroid
26.4

AB20657
9

steroid

NM_0012 steroid
79330.2

KJ869252 steroid

KX90482
2

MK63670
7

steroid

steroid

MK63670
6

steroid

MK63670
1

MN82944
1

steroid

steroid

cucurbitadienol

6-deoxocat-
hasterone /
6-deoxoteaster-
one/
22S-hydroxy-
campesterol /
22R,23R-di-
hydroxycam-
pesterol

campesterol /
24R-ergost-4-
en-3-one/
24R-50-ergos-
tan-3-one /
campestanol /
6-oxocampes-
tanol

campesterol /
campestanol

campesterol /
24R-ergost-4-
en-3-one/
24R-50-ergos-
tan-3-one /
campestanol

cholesterol /
26-hydroxy-
cholesterol /
7B-hydroxy-
cholesterol

cholesterol

cholesterol

cholesterol

cholesterol

cholesterol

C7B
hydroxylation

C3 oxidation

Cc22
hydroxylation

c22
hydroxylation

Cc22
hydroxylation

C22
hydroxylation

Cc22
hydroxylation
C22R, C16
dihydroxy-
lation

C225
hydroxylation
/ C22R
hydroxylation

c22s8
hydroxylation

C22R
hydroxylation

cucurbita- [32]
5,24-dien-
3B,7B-diol
22S-hydroxy- [60]
5a-campes-
tan-3-one /
3-dehydro-6-
deoxo-
teasterone/
22S5-hydroxy-
campest-4-
en-3-one /
22R,23R-
dihydroxy-
campest-4-
en-3-one
22S-hydroxy- [61]
campesterol /
22S-hydroxy-
24R-ergost-
4-en-3-one /
22S-hydroxy-
24R- 50
ergostan-3-
one/ 6-
deoxocat-
hasterone /
cathasterone
22S-hydroxy- [62]
campesterol /
6-deoxo-
cathasterone
22-hydroxy-  [63]
campesterol /
22S5-hydroxy-
24R-ergost-
4-en-3-one /
22S5-hydroxy-
24R-50-
ergostan-3-

one/

6-deoxo-
cathasterone
22R-hydroxy- [64]
cholesterol /
22,26-di-
hydroxy-
cholesterol /
7B,22-di-
hydroxy-
cholesterol
22R-hydroxy- [65]
cholesterol
16S,22R- [35]
dihydroxy-
cholesterol
22S-hydroxy- [66]
cholesterol /
22R-hydroxy-
cholesterol
22S-hydroxy- [35]
cholesterol
22R-hydroxy- [66]
cholesterol
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Table 1: List of characterised plant cytochrome P450 monooxygenases (CYPs) modifying triterpenoids or

CYP90C1

CYP90D1

CYP90D2

CYP90D3

CYP90G1v1

CYP90G1v2

CYP90G1v3

CYP90G4

CYP90G6

CYP708A15

CYP708A15v2

CYP708A16

85

85

85

85

85

85

85

85

85

85

85

85

90

90

90

90

90

90

90

90

90

708

708

708

Arabidopsis
thaliana

Arabidopsis
thaliana 23

Oryza sativa

Oryza sativa
0

Veratrum
californicum

Veratrum
californicum

Veratrum
californicum

Paris
polyphylla 2

Dioscorea
zingi- 2
berensis

Iberis amara
0

Iberis amara

Iberis amara
6

NM_1122

NM_0014
09071

AAT4431

KJ869258

KJ869261

KJ869260

MK63670
MN82944

MW51455
MW51455
1

MW51455

NM_0013 steroid
42408.1

steroid

steroid

steroid

steroid

steroid

steroid

steroid

steroid

tetracyclic
triterpenoid

tetracyclic
triterpenoid

tetracyclic
triterpenoid

22S-hydroxy-
24R-5a-ergost-
an-3-one /
3-epi-6-
deoxocat-
hasterone
22S-hydroxy-
24R-5a-ergost-
an-3-one /
3-epi-6-
deoxocat-
hasterone
22S-hydroxy-
24R-5x-ergost-
an-3-one /
3-epi-6-
deoxocat-
hasterone
22S-hydroxy-
24R-5x-ergost-
an-3-one /
3-epi-6-
deoxocat-
hasterone
22R-hydroxy-
cholesterol /
22,26-di-
hydroxycholes-
terol /
22-hydroxy-26-
aminocholes-
terol
22R-hydroxy-
cholesterol /
22,26-di-
hydroxycholes-
terol /
22-hydroxy-26-
aminocholes-
terol
22R-hydroxy-
cholesterol /
22,26-di-
hydroxycholes-
terol /
22-hydroxy-26-
aminocholes-
terol
22R-hydroxy-
cholesterol

22R-hydroxy-
cholesterol

16B-hydroxy-
cucurbitadienol

16B-hydroxy-
cucurbitadienol

cucurbitadienol
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steroids. (continued)

C23
hydroxylation

Cc23
hydroxylation

Cc23
hydroxylation

Cc23
hydroxylation

C22
hydroxylation

Cc22
hydroxylation

C22
hydroxylation

C16 oxidation

C16 oxidation

c22
hydroxylation

c22
hydroxylation

C16
hydroxylation

3-dehydro-6-
deoxoteas-
terone /
6-deoxo-
typhasterol

3-dehydro-6-
deoxoteas-
terone /
6-deoxo-
typhasterol

3-dehydro-6-
deoxoteas-
terone /
6-deoxo-
typhasterol

3-dehydro-6-
deoxoteas-
terone /
6-deoxo-
typhasterol

22-keto-
cholesterol /
22-keto-26-
hydroxy-
cholesterol /
verazine

22-keto-
cholesterol /
22-keto-26-
hydroxy-
cholesterol /
verazine

22-keto-
cholesterol /
22-keto-26-
hydroxy-
cholesterol /
verazine

16S,22R-
dihydroxy-
cholesterol
16S,22R-
dihydroxy-
cholesterol
16p,22-
dihydroxy-
cucurbita-
dienol
16p,22-
dihydroxy-
cucurbita-
dienol
16B-hydroxy-
cucurbita-
dienol

(67]

(67]

(68]

(68]

(64]

(64]

(64]

(66]

(66]

(69]

(69]

(69]
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Table 1: List of characterised plant cytochrome P450 monooxygenases (CYPs) modifying triterpenoids or steroids. (continued)

CYP708A2

CYP716A1

CYP716A2

CYP716A12

CYP716A14v2

CYP716A15

CYP716A17

CYP716A44

CYP716A46

CYP716A51

CYP716A52v2

CYP716A75

CYP716A78

CYP716A79

CYP716A80

CYP716A81

CYP716A83

CYP716A86

CYP716A94

CYP716A110

85

85

85

85

85

85

85

85

85

85

85

85

85

85

85

85

85

85

85

708

716

716

716

716

716

716

716

716

716

716

716

716

716

716

716

716

716

716

716

Arabidopsis
thaliana
Arabidopsis
thaliana

Arabidopsis
thaliana

Medicago
truncatula

Artemisia
annua

Vitis vinifera

Vitis vinifera

Solanum
lycoper-
sicum
Solanum
lycoper-
sicum
Lotus
japonicus

Panax
ginseng
Maesa
lanceolata
Cheno-
podium
quinoa
Cheno-
podium
quinoa
Barbarea
vulgaris

Barbarea
vulgaris

Centella
asiatica

Centella
asiatica

Kalopanax
septemlobus
Aquilegia
coerulea

NM_0013
44756.1

NM_1230
02.2

LC106013
A

FN99511
3

KF309251

AB61980
2

AB61980
3

XM_0042
39248.4

XM_0042
43858

AB70629
7

JX036032
KF318733

KX34307
5

KX34307
6

KP79592
6

KP79592
5

KU87884
9

KU87884
8

KT150521

KU87886
4

tricyclic
triterpenoid
pentacyclic
ursane /
oleanane /
lupane

pentacyclic
ursane /
oleanane /
lupane

pentacyclic
ursane /
oleanane /
lupane

pentacyclic
ursane /
oleanane

pentacyclic
ursane /
oleanane /
lupane

pentacyclic
oleanane

pentacyclic
ursane /
oleanane

pentacyclic
ursane /
oleanane

pentacyclic
ursane /
oleanane /
lupane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
ursane /
oleanane /
lupane

pentacyclic
ursane /
oleanane /
lupane

pentacyclic
ursane /
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
oleanane

thalianol
o-amyrin /
B-amyrin /
lupeol
o-amyrin /

B-amyrin /
lupeol

o-amyrin /
B-amyrin /
betulin

o-amyrin /
B-amyrin

o-amyrin /
B-amyrin /
betulin

B-amyrin

o-amyrin /
B-amyrin

o-amyrin /
B-amyrin

a-amyrin /
B-amyrin /
lupeol
B-amyrin

B-amyrin

B-amyrin

B-amyrin

o-amyrin /
B-amyrin /
lupeol
o-amyrin /
B-amyrin /
lupeol

o-amyrin /
B-amyrin

B-amyrin
B-amyrin

B-amyrin

C7B
hydroxylation

C28 oxidation

C16/C22a/
Cc28
hydroxylation

C28 oxidation

C3 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation
C28 oxidation

C28 oxidation

7B-hydroxy-
thalianol
ursolic acid /
oleanolic
acid /
betulin

uvaol /
C22¢-
hydroxy-B-
amyrin /
erythrodiol /
betulin
ursolic acid /
oleanolic
acid /
betulinic acid
o-amyrone /
B-amyrone

ursolic acid /
oleanolic
acid /
betulinic acid

oleanolic acid

ursolic acid /
oleanolic acid

ursolic acid /
oleanolic acid

ursolic acid /
oleanolic
acid /
betulinic acid

oleanolic acid
oleanolic acid

oleanolic acid

oleanolic acid

ursolic acid /
oleanolic
acid /
betulinic acid

ursolic acid /
oleanolic
acid /
betulinic acid

ursolic acid /
oleanolic acid
oleanolic acid

oleanolic acid

oleanolic acid

(41]

[70]

[70]

[71]

[72]

(73]

(73]

(74]

(74]

(78]

(76]

[59]

[77]

[77]

(78]

(78]

[79]

[79]
(50]

[79]
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Table 1: List of characterised plant cytochrome P450 monooxygenases (CYPs) modifying triterpenoids or steroids. (continued)

CYP716A111

CYP716A113

CYP716A140

CYP716A140v2

CYP716A141

CYP716A154

CYP716A155

CYP716A175

CYP716A179

CYP716A180

CYP716A210 /

laAO1

CYP716A244

CYP716A252

CYP716A253

CYP716A265

CYP716A266

85

85

85

85

85

85

85

85

85

85

85

85

85

85

85

85

716

716

716

716

716

716

716

716

716

716

716

716

716

716

716

716

Aquilegia
coerulea
Aquilegia
coerulea

Platycodon
grandiflorus

Platycodon
grandiflorus

Platycodon
grandiflorus

Catharan-
thus roseus

Rosmarinus
officinalis

Malus
domestica

Glycyrrhiza
uralensis

Betula
platyphylla
llex asprella

Eleuthero-
coccus
senticosus

Ocimum
basilicum

Ocimum
basilicum

Lager-
stroemia
speciosa

Lager-
stroemia
speciosa

KY04760
0

KU87886
6

KU87885
3

LC209199

KU87885
5

JN565975

MK59285
9

XM_0083
92874

LC157867

KJ452328

MK99450
7
KX35473
9
JQ958967

JQ958968

MG70818
7

MG70818
8

pentacyclic
oleanane

tetracyclic
triterpenoid

pentacyclic
oleanane /
ursane

pentacyclic
oleanane

pentacyclic
oleanane

pentacyclic
ursane /
oleanane /
lupane

pentacyclic
lupane

pentacyclic
ursane /
oleanane /
lupane

pentacyclic
ursane /
oleanane /
lupane

pentacyclic
lupane

pentacyclic
ursane /
oleanane

pentacyclic
oleanane

pentacyclic
ursane /
oleanane

pentacyclic
ursane /
oleanane

pentacyclic
ursane /
oleanane /
lupane

pentacyclic
ursane /
oleanane /
lupane

B-amyrin

cycloartenol

B-amyrin /
16B-hydroxy-
B-amyrin /
12,13a-epoxy-
B-amyrin
B-amyrin

B-amyrin /
oleanolic acid

o-amyrin /
B-amyrin /
betulin

lupeol

o-amyrin /
B-amyrin /
lupeol /

germanicol

o-amyrin /
B-amyrin /
betulin

lupeol

a-amyrin /
B-amyrin

B-amyrin

o-amyrin /
B-amyrin

a-amyrin /
B-amyrin

o-amyrin /
B-amyrin /
lupeol

o-amyrin /
B-amyrin /
lupeol

C16pB
hydroxylation

unknown
regio-
selectivity

C28 oxidation

C28 oxidation

C28 oxidation
/C16B
hydroxylation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation
/ C22a
hydroxylation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

C28 oxidation

16B-hydroxy-
B-amyrin
hydroxy-
cyclo-
artenol,
performs
non-
specific
reaction of
endogenous
yeast
compounds

oleanolic

acid /
16B-hydroxy-
oleanolic acid

oleanolic acid

oleanolic
acid /
16B-hydroxy-
oleanolic acid
ursolic acid /
oleanolic
acid /
betulinic acid

betulinic acid

ursolic acid /
oleanolic
acid /
betulinic
acid /
morolic acid

ursolic acid /
C22a-
hydroxy-
amyrin /
oleanolic
aicd /
betulinic acid

betulinic acid

ursolic acid /
oleanolic acid

oleanolic acid

ursolic acid /
oleanolic acid

ursolic acid /
oleanolic acid

ursolic acid /
oleanolic
acid /
betulinic acid
ursolic acid /
oleanolic
acid /
betulinic acid

[79]

[79]

[79]

(80]

[79,80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(88]

(89]

(89]
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Table 1: List of characterised plant cytochrome P450 monooxygenases (CYPs) modifying triterpenoids or

CYP716C11

CYP716C49

CYP716C55

CYP716E26

CYP716E41

CYP716S1

CYP716S5

CYP716U1

CYP716Y1

laAO2

CYP724A1

CYP724B1

CYP724B2

CYP94D108

CYP94D109

85

85

85

85

85

85

85

85

85

85

85

85

85

86

86

716

716

716

716

716

716

716

716

716

716

724

724

724

94

94

Centella
asiatica

Crataegus
pinnatifida

Lager-
stroemia
speciosa
Solanum
lycoper-
sicum
Centella
asiatica

Panax
ginseng
Platycodon
grandiflorus

Panax
ginseng

Bupleurum
falcatum

llex asprella

Arabidopsis
thaliana

Oryza sativa

Solanum
lycoper-
sicum

Paris
polyphylla

Paris
polyphylla

KU87885
2

MF12028
2

MG70819
1

XM_0042
41773

KU87885
1

JX036031

KU87885
6

JN604536

KC96342
3

0OL60422
7

NM_0013
43334.1

AB15875
9

XM_0042
43170

MK63670
3

MK63670
4

pentacyclic
oleanane /
ursane

pentacyclic
oleanane /
ursane /
lupane

pentacyclic
ursane /
oleanane

pentacyclic
ursane /
oleanane

pentacyclic
oleanane /
ursane

tetracyclic
triterpene

pentacyclic
oleanane

tetracyclic
triterpene

pentacyclic
ursane /
oleanane

pentacyclic
ursane /
oleanane

steroid

steroid

steroid

steroid

steroid

oleanolic acid /
ursolic acid /
6B-hydroxy-
oleanolic acid

oleanolic acid /
ursolic acid /
betulinic acid

ursolic acid /
oleanolic acid

a-amyrin /
B-amyrin

oleanolic acid /
ursolic acid /
maslinic acid

protopanaxadiol

B-amyrin /
oleanolic acid

dammarene-
diol-Il
o-amyrin /
B-amyrin

o-amyrin /
B-amyrin

possibly
brassinosteroids

campesterol /
campestanol

campesterol /
24R-ergost-4-
en-3-one/
24R-5a-ergos-
tan-3-one /
campestanol

16S-hydroxy-
22-0x0-
cholesterol
16S-hydroxy-
22-0x0-
cholesterol
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steroids. (continued)

C2a
hydroxylation

C2a
hydroxylation

C2a
hydroxylation

c6p
hydroxylation

Cc6pB
hydroxylation

C6
hydroxylation
C12-C13a
epoxidation

C12
hydroxylation

C16a
hydroxylation

C28 oxidation

Cc22
hydroxylation

c22
hydroxylation

Cc22
hydroxylation

C27 hydroxy-
lation / spiro-
ketalisation
C27 hydroxy-
lation / spiro-
ketalisation

maslinic
acid /
2a-hydroxy-
ursolic acid /
6B-hydroxy-
maslinic acid
maslinic
acid /
corosolic
acid /
alphitolic acid

corosolic
acid /
maslinic acid

6B-hydroxy-
a-amyrin /
daturadiol
6B-hydroxy-
oleanolic
acid /
6B-hydroxy-
ursolic acid /
6B-hydroxy-
maslinic acid
protopanaxa-
triol
C12-C13a-
epoxy-p-
amyrin /
C12-C13a-
epoxy-
oleanolic acid
protopanaxa-
diol
16a-hydroxy-
a-amyrin /
16a-hydroxy-
B-amyrin
ursolic acid /
oleanolic acid

22S-hydroxy-
campesterol /
6-deoxo-

cathasterone

22-hydroxy-
campesterol /
22S-hydroxy-
24R-ergost-
4-en-3-one /
22S-hydroxy-
24R-50-
ergostan-
3-one/
6-deoxo-
cathasterone

diosgenin

diosgenin

[79]

(54]

(89]

[74]

[79]

[76]

[79]

[76]

(38]

(36]

(90]

(62]

(63]

(35]

(35]
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Table 1: List of characterised plant cytochrome P450 monooxygenases (CYPs) modifying triterpenoids or steroids. (continued)

CYP94N1 86 94 Veratrum KJ869255 steroid
californicum

CYP710A1 710 710 Arabidopsis AB21942
thaliana 3

CYP710A2 710 710 Arabidopsis  AB23342
thaliana 5

CYP710A4 710 710 Arabidopsis NM_1284
thaliana 44.2

CYP710A11 710 710 Solanum NM_0012
lycoper- 47585.2
sicum

Probably the most well-known example of a triterpenoid-biased
CYP family are the CYP716s (part of the CYP85 clan) [79], but
also other families of the CYP85 clan such as CYP87, CYPS85,
or CYP90 contain mostly triterpene-modifying CYPs to date.
The small clans CYP51 and CYP710 are other important exam-
ples of groups with a high preference for triterpenoid substrates.
The highly diverse CYP71 clan, in contrast, only contains a few
triterpene-modifying CYPs, particularly in the families CYP93,
CYP712 and CYP705. The CYP72 family (CYP72 clan) also
contains several known representatives. In other clans, however,
not a single triterpene-modifying CYP has been identified so
far, for example CYP97, CYP74, or CYP711.

The discovery of biosynthetic genes in plants often involves the
screening of large pools of gene candidates derived from
sequencing studies [93-96]. Hence, efficient approaches are
needed to select the most promising gene candidates, particular-
ly for large gene families such as CYPs. Our summarised
phylogenetic distribution of known triterpenoid-modifying
CYPs therefore might facilitate the discovery of new CYPs in
triterpenoid and steroid pathways in plants by highlighting CYP
families with a known propensity to participate in these path-

ways.

Major reaction types of triterpenoid- and
steroid-modifying CYPs

The basic polycyclic skeletons of triterpenoids and steroids are
created by oxidosqualene cyclases (OSCs) from the universal
substrate 2,3-oxidosqualene [5]. As different folding modes
(chair—boat—chair vs chair—chair—chair) and different ring sizes
can occur during this cyclisation cascade, resulting triterpene
and sterol scaffolds have drastically different three-dimensional
shapes. For this reason, CYPs are typically specific to a certain

group of triterpenoid scaffolds. Hence, we summarised our list

steroid

steroid

steroid

steroid

22R-hydroxy- C26 22,26-di- [64]
cholesterol hydroxylation hydroxy-
cholesterol
and
22-hydroxy-
cholesterol-
26-al
B-sitosterol C22 stigmasterol  [91]
desaturation
B-sitosterol / Cc22 stigmasterol/  [91]
24-epi- desaturation  brassicaster-
campesterol ol
[-sitosterol C22 stigmasterol  [91]
desaturation
B-sitosterol c22 stigmasterol  [91]
desaturation

of 149 triterpenoid/steroid CYPs (Table 1) according to their
target scaffold.

Figure 3 covers plant CYPs acting on steroid, cucurbitacin, or
simple tetracyclic triterpenoid scaffolds. Important scaffolds
here are campesterol (1), B-sitosterol (2), cholesterol (3), cucur-
bitadienol (4), and dammarenediol-II (5). Not surprisingly,
CYPs involved in the biosynthesis of essential sterols in plants
are highly conserved and play a crucial role in their growth and
development. For example, members of the CYP710A
subfamily were characterised as C22 desaturases in Arabidopsis
and tomato [91,97]. Three CYPs, CYP710A1, CYP710A2 and
CYP710A4 were identified in Arabidopsis and CYP710A11
was identified in tomato. All four CYPs could produce stigmas-
terol from B-sitosterol (2) in enzyme assays performed in vitro.
However, Arabidopsis CYP710A2 showed substrate flexibility
towards campesterol (1) epimers and could also produce brassi-
casterol from 24-epicampesterol in vitro. Enzymes of the
CYPS51G subfamily (CYPS1 clan) function as sterol 14a-
demethylases in green plants [24,25,98]. These enzymes cata-
lyse oxidation of the C14a methyl group to trigger elimination
of formic acid [24,25]. The sister subfamily CYP51H, on the
other hand, is only found in monocots. AsCYP51H10 from
Avena sativa (oat) is a multifunctional CYP that performs
hydroxylation and epoxidation reactions of the f-amyrin (6)
scaffold to produce 12,13B-epoxy-16f8-hydroxy-f-amyrin
[1,99]. Thus, CYP51H10 is an example of a neofunctionalised

CYP recruited from primary sterol metabolism.

Two members of the CYP87D subfamily decorate the tetra-
cyclic scaffold in plants from the Cucurbitaceae family
(Figure 3B). CYP87D18 (CYPS85 clan) was identified as a
multifunctional C11 oxidase involved in the biosynthetic path-

way of mogrosides. Mogrosides, isolated from ripe fruits of
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clan
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CYP85
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82 ' CYP74
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Figure 2: Phylogenetic distribution of CYPs acting on triterpenoid and steroid scaffolds (red nodes) compared to other CYPs from higher plants [15].
Numbers and black bars mark CYP families containing CYPs known to act on triterpenoids and steroids. Amino acid sequences (149 triterpenoid
CYPs, 266 non-triterpenoid CYPs) were aligned using MUSCLE [92], and a neighbour-joining consensus tree of 1,000 bootstrap replicates was gener-
ated using the Jukes—Cantor model. The final tree was visualised in Python using the ete3 package. Annotations in Figure 2 were created with
BioRender.com. This content is not subject to CC BY 4.0. A high resolution version with tip labels is available as Supporting Information File 1.

Siraitia grosvenorii (Cucurbitaceae) are glycosylated triter-
penoid saponins with rare C24 and C25 hydroxylation [100].
Based on feeding assays in yeast it was found that CYP87D18
catalyses a two-step sequential C11 oxidation of cucurbita-
dienol (4) to 11-hydroxycucurbitadienol and 11-oxo-cucurbita-
dienol [101]. CYP87D18 also catalysed C11 hydroxylation of
trans-24,25-dihydroxycucurbitadienol to form trihydroxylated
mogrol in yeast [102].

CYPs acting on pentacyclic 6-6-6-6-6 triterpenes, which include
the extremely important and widespread scaffolds f-amyrin (6),
a-amyrin (7), and friedelin (8), are summarised in Figure 4. Of
particular relevance in this area is the CYP716 family, which
plays a central role in the diversification of triterpenoids in
eudicots [79]. Members of the CYP716A subfamily were
mostly identified as C28 oxidases that catalyse three-step oxida-

tion of a-amyrin (7), B-amyrin (6) and lupeol (10) to ursolic
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CYP71D443 (R)

A CYP90B27 (R)
CYP90B71 (R)
CYP724A1 (S)
CYP724B1 (S)
CYP724B2 (S)
CYP90B1 (S)

CYP734A7
CYP90B2 (S)
CYP90B3 (S) CYP710A1 CYP82J17

CYP710A2 CYP94D108
CYP90B51 (S + R)
CYP90B52 (S) \CYP71OA4 CYP94D109

CYP710A11 CYP72A613
ggggg]x; /: CYP72A616
CYP90G1v3 CYPOANT
26/
||H 23
\ CYP90C1 (R)
3 CYP90D1 (R)
HO T 5 g CYP90D2 (R
VSO T CYP90D3 (R)
CYP51 G1
CYPS5A1 CYP90B50 (B
CYP85A2 CYP90G4 (B
CYP85A3 CYP90GS6 (B) ,
colour code:
hydroxylation
B CYP708A15 (S) multi-step oxidation (oxo / carboxy)
CYP708A15v2 (S) dehydrogenation
CYP87D18 CYP81Q58 other or multifunctional

CYP87D20 o 22

» \\CYP81AQ1 9 (R)

7 CYP708A16 (B)
AN

CYP81Q59

YP88L8
CYP88L2C ®)

CYP88L7

CYP716U1 () on

CYP716S1 (a)

Figure 3: CYPs modifying steroid (A), cucurbitacin steroid (B) and tetracyclic triterpene (C) backbones. Substructures in grey indicate regions where
major structural differences occur between different substrates of the same class. Representative substrate skeletons (not exact substrates) are
shown in the dotted boxes. For exact substrate specificity see Table 1.

acid, oleanolic acid, and betulinic acid, respectively [71,73]. and f-amyrin (6), C16a oxidation of f-amyrin (6), or C22a oxi-
Nonetheless, other CYP716 enzymes have evolved to perform a  dation of a-amyrin (7) [40,72,79]. Some members even act on
wider range of modifications of triterpenoids; several CYP716 triterpenoid scaffolds other than the 6-6-6-6-6 pentacyclic triter-

enzymes were found to catalyse C3 oxidation of a-amyrin (7)  penes. For example, two CYP716 enzymes from Panax ginseng
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CYP712K1
colour code: CYP712K2
hydroxylation CYP712K3
multi-step oxidation (oxo / carboxy) CYP712K4 8$E;12212
epoxidation CYP72A62v2 Cvprionts
dehydrogenation CYP72A64v2 CYPT16A17
: ; CYP72A141
other or multifunctional CYP72A302 CYP716A44
CYP72A694 CYP716A46
CYP72A697 CYP716A51
CYP72A699 CYP716A52v2
CYP72A63 CYP716AT75
(CYP72A66v2) / CYP72A65v2 (?) CYP716A78
CYP72A69 (3) CYP716A79
CYP51H10 30 29 CYP72A557 (?) CYP716A80
gzg;lga ; Ea; CYP716S5 / CYP72A558 (2) S%JSQSQ
o 2
CYP716C55 (o) ~ C' 0806 CYPT2ASS9 () Cyp716A86
CYPT72A67 (B) CYP716A2 (0)  CYP716A%4
CYP72A61 (§)  CYP716A110
\ 28 CYP716A140
CYP716A14v2 ? NG CYP716A140v2
T3 CYP716A111(B)  CYP716A141
f CYP716A141 (B)  CYP716A154
H CYP72A154 (B) CYP716A175
CYP93E1 % 23 CYP716Y1 (a) CYP716A179
CYP93E2 T CYP716E26  CYP87D16 () CYP716A244
CYP93E4 CYP714E19 CYP716A253
CYP93E5 CYP72A68 CYP716A254
CYP93E6 CYP72A68v2 CYP716A265
CYP93E7 CYP72A397 CYP716A266
CYP93ES8 CYP72A552 1aAO1 (CYP716A)

Figure 4: CYPs modifying pentacyclic 6-6-6-6-6 triterpenes. Substructures in grey indicate regions where major structural differences occur between
different substrates of the same class. Representative substrate skeletons (not exact substrates) are shown in the dotted boxes. For exact substrate

specificity see Table 1.

act on tetracyclic scaffolds; CYP716U1 hydroxylates
dammarenediol-II (5) to protopanaxadiol, and CYP716S1
hydroxylates the C6 of protopanaxadiol to form protopanaxa-
triol [76,103]. CYP716A113v1l from Aquilegia coerulea
hydroxylates cycloartenol with unknown regiospecificity when
expressed in a yeast strain harbouring a tomato cycloartenol
synthase gene [79].

CYP712 family members (clan 71) were first identified in the
biosynthetic pathway of nor-triterpenoid celastrol, a potent anti-
obesity metabolite [42,43]. In two independent studies, tran-
scriptome mining and functional studies in Nicotiana
benthamiana were used to identify the CYPs CYP712K1,
CYP712K2, CYP712K3, and CYP712K4 capable of oxidising
friedelin (8) into polpunonic acid via an aldehyde intermediate
[42,43].

Members of the CYP93E subfamily are restricted to legumes
and are involved in the biosynthesis of triterpenoid saponins. So
far, nine CYP93E members were identified from different
legume species [37,40]. All of these perform C24 hydroxyl-
ation of B-amyrin (6) to form 24-hydroxy-f-amyrin. CYP93E1
also catalyses the conversion of sophoradiol to soyasapogenol B
[37,40,46]. Members of other CYP93 subfamilies (CYP93A, B,
C and G) are ubiquitous in flowering plants and are mostly
involved in flavonoid biosynthesis [25,26].

Lastly, CYPs acting on either pentacyclic 6-6-6-6-5 scaffolds,
such as isoarborinol (9) or lupeol (10), or on unusual triterpene
scaffolds such as arabidiol (11) or thalianol (12) are grouped in
Figure 5. Enzymes from the CYP705 and CYP708 family cata-
lyse Brassicaceae-specific reactions. The corresponding genes

were found in operon-like gene clusters and catalyse the modifi-
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CYPT71 D353\\
20

OYPSIHIS () \ OYP710A80
8
CYP51H CYP716A81
X ™ CYP51H14 CYP716A155
CYP716A179
HO CYP51H14 CYP716A180
isoarborinol (9) lupeol (10) gigﬂgﬁggg
colour code:
hydroxylation
S AN X multi-step oxidation (oxo / carboxy)
B o \‘/\/\( dehydrogenation
other or multifunctional
marnerol
CYP71A16 Y\/Y
CYP705A1 HO *
HO bidiol (11
CYP705A5 arabidiol (11)

/ﬁv/\Yv\Y
16

CYP708A2 (B)

Figure 5: CYPs modifying pentacyclic 6-6-6-6-5 triterpenes (A) and unusual triterpenes (B). Substructures in grey indicate regions where major struc-

tural differences occur between different substrates of the same class. Repre
dotted boxes. For exact substrate specificity see Table 1.

cation of monocyclic marnerol and tricyclic thalianol (12) in
Arabidopsis [27,41]. Marneral synthase (MRN1) produces two
oxidation products, one is marneral (aldehyde) and the other
marnerol (alcohol). Arabidopsis CYP71A16 hydroxylates the
allylic methyl side-chain of monocyclic marneral/marnerol to
23-hydroxymarneral/23-hydroxymarnerol. Modification of
thalianol (12) involves CYPs from two clans. Genes encoding
CYP708A2 (clan 85) and CYP705A5 (clan 71) are physically
clustered with the thalianol synthase (THAS) gene, encoding
the corresponding oxidosqualene cyclase. CYP708A2 oxidises
the tricyclic thalianol (12) scaffold to 7fB-hydroxythalianol,
while CYP705AS5 is a desaturase and introduces a double bond
at C15 [41]. The related Arabidopsis CYP705A1 (also from
clan 71) accepts a slightly different scaffold, arabidiol (11), trig-
gering cleavage of the side chain at the same C15 instead of de-
hydrogenation. This shows that even closely related CYPs from
the same subfamily can exhibit distinct differences in their sub-

strate and reaction profiles.

Recent examples of triterpenoid and steroid
cytochrome P450 monooxygenases

In this last section, we will illustrate selected examples that
showcase the enzymatic versatility of CYPs in plant triter-

penoid and steroid metabolism (Figure 6).

sentative substrate skeletons (not exact substrates) are shown in the

Diosgenin (13) is a specialised plant natural product with a
unique 5,6-spiroketal moiety that serves as an inexpensive raw
material for the industrial synthesis of steroidal drugs. Dios-
genin (13) biosynthesis from cholesterol (3) was explored in
Paris polyphylla (Pp; monocot), Trigonella foenum-graecum
(Tf; dicot) and Dioscorea zingiberensis (Dz; monocot)
(Figure 6A) [35,66]. Multifunctional CYPs PpCYP90G4/
TfCYP90B50 were independently recruited from the ancient
CYPI90B subfamily involved in brassinosteroid biosynthesis to
catalyse the initial C22,16 dihydroxylation of cholesterol (3)
[35]; in contrast, the related CYP DzCYP90B71 was found to
catalyse only the first hydroxylation at C22 [66]. This step is
followed by a rate-limiting cyclisation step through unstable
furostanol intermediate 14 that involves CYP-catalysed oxida-
tive ring closure, leading to a hemiketal bridge between C16
and C22. Following these initial hydroxylations, CYPs from
multiple families catalyse end-of-chain hydroxylation at C27
which is followed by spontaneous spiroketalisation to form
diosgenin (13). The CYP pairs PpCYP90G4-PpCYP94D108 in
P. polyphylla and TECYP90B50-TfCYP82J17 in T. foenum-
graecum resulted in the highest diosgenin (13) production.
Diosgenin (13) biosynthesis in distantly related plants is an ex-
ample of catalytic plasticity embedded within the ancient
CYP90Bs. Especially CYPs from large families often show
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Figure 6: Recent examples of multifunctional CYPs in triterpenoid and steroid metabolism in plants that install complex oxidative modifications; in ad-
dition, their discovery also showcases modern approaches to elucidate plant specialised metabolism. A) CYPs from different plants producing dios-
genin (13) (Tf: Trigonella foenum-graecum; Pp: Paris polyphylla; Dz: Dioscorea zingiberensis) [35,66]. B) Formation of the defence compound ellari-
nacin (15) in bread wheat [26]. Stereochemistry of ellarinacin (15) is shown as published. C) Biosynthesis of the key intermediate melianol (21) in the

pathway to the limonoid limonin (18) [29]. The stereochemistry is shown as published.

high substrate promiscuity which facilitates duplication events
resulting in neofunctionalisation [15].

Ellarinacin (15) is a defence-related arborinane-type triter-
penoid that was recently discovered in bread wheat (Triticum
aestivum) by genome mining (Figure 6B) [26]. The ellarinacin
gene cluster encodes the three CYP enzymes TaCYP51H35,
TaCYPS51H37 and TaCYP51H13P, with the latter carrying a
premature stop codon. TaCYP51H35 catalyses the C19-
hydroxylation of isoarborinol (9) to form 19-hydroxyisoar-
borinol (16), which is oxidised to ketone 17 by a dehydroge-
nase (TaHID). TaCYP51H37 then carries out a remarkable
double oxidation at the methyl group C25 as well as C2, leading
to the highly unusual acetal-epoxide proposed for ellarinacin
(15). This work therefore not only represents an important ex-
ample how a CYP51H evolved by gene duplication and

neofunctionalisation from a sterol biosynthetic gene, but also

demonstrates the capacity of CYPs to catalyse unique enzy-
matic cascades.

Limonoids are highly oxidised, modified and truncated triter-
penoids; one of the most well-known limonoids is the epony-
mous compound limonin (18), which contributes to the bitter
taste of citrus products (Figure 6C) [104]. The first steps of
limonoid biosynthesis were recently explored by functional
characterisation in heterologous hosts [29,105-107]. There,
CYP enzymes MaCYP71CD2 and MaCYP71BQ5 from Melia
azedarach initiate the ring formation on the side chain of the
triterpene precursor tirucalla-7,24-dien-38-ol (19) in a sequen-
tial manner. MaCYP71CD2 is a bifunctional CYP that hydroxy-
lates C23 and additionally introduces a C24—C25 epoxide on
the side chain of tirucalla-7,24-dien-38-ol (19), yielding dihy-
droniloticin (20). MaCYP71BQS5 then oxidises the methyl

group C21 to a formyl group, leading to spontaneous hemi-
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acetal ring formation in the product melianol (21). It is believed
that these transformations are the starting point for formation of

the characteristic furan ring of limonoids [29].

Taken together, these case studies not only represent impres-
sive examples how CYPs create chemical complexity in plant
triterpenoid and steroid metabolism, but also illustrate state-of-
the-art approaches to discover and characterise new CYPs by
genome mining, co-expression analyses, and efficient hetero-
logous expression systems.

Conclusion

In this review, we provided a comprehensive overview over the
phylogenetic distribution and diverse metabolic reactions cata-
lysed by CYPs involved in the tailoring of triterpenoids and
steroids from plants, covering 149 CYPs that have been func-
tionally characterised to date (Table 1). Considering that up to
1% of all plant genes encode CYPs and that triterpenoids are
one of the largest natural product classes in plants, we expect
that this number will rise quickly in years to come. Several of
our examples highlight the substrate promiscuity embedded
within ancient CYP families, which enables rapid functional
extension to acquire unique catalytic functions during duplica-
tion events [15,26,79]. The increasing availability of high-
quality transcriptome and genome data even of non-model
plants together with reliable and efficient expression systems in
yeast and in Nicotiana benthamiana will facilitate future ap-
proaches to fully harness the diversity of triterpenoids and
steroids found in plants. In combination with ground-breaking
machine learning approaches for protein structure prediction
such as AlphaFold2 [108], we anticipate that the catalytic reper-
toire of CYPs will be exploited much more for the biotechno-
logical production of tailor-made triterpenoids and steroids in
the near future. We hope that our review provides a good
starting point for such further studies.
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Fusicoccane-type terpenoids are a subgroup of diterpenoids featured with a unique 5-8-5 ring system. They are widely distributed in

nature and possess a variety of biological activities. Up to date, only five fusicoccane-type diterpene synthases have been identified.

Here, we identify a two-gene biosynthetic gene cluster containing a new fusicoccane-type diterpene synthase gene tadA and an as-

sociated cytochrome P450 gene fadB from Talaromyces wortmannii ATCC 26942. Heterologous expression reveals that TadA

catalyzes the formation of a new fusicoccane-type diterpene talaro-7,13-diene. D,O isotope labeling combined with site-directed

mutagenesis indicates that TadA might employ a different C2,6 cyclization strategy from the known fusicoccane-type diterpene

synthases, in which a neutral intermediate is firstly formed and then protonated by an environmental proton. In addition, we demon-

strate that the associated cytochrome P450 enzyme TadB is able to catalyze multiple oxidation of talaro-7,13-diene to yield talaro-

6,13-dien-5,8-dione.

Introduction
Terpenoids are a large class of natural products that attract ex-
tensive attention, due to not only their potential applications in

pharmaceuticals, agrochemicals, etc. but also due to their abun-

dant structural architectures [1]. Fusicoccane (FC)-type

terpenoids are a subgroup of diterpenoids possessing a unique

5-8-5 tricyclic skeleton, which can be produced by plants, fungi
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and bacteria [2]. This type of diterpenoids, represented by fusic-
occin A and cotylenin A, can serve as efficient modulators of
14-3-3 protein—protein interactions (PPIs) [3.,4]. 14-3-3 PPIs,
which refer to the binding interactions of 14-3-3 proteins with
hundreds of “client” proteins, are associated with many
diseases, such as cancer and neurodegenerative diseases [3,4].
As aresult, lots of attempts, including traditional isolation from
nature [5-8] and chemical synthesis [9], have been made to
expand the structural diversity of FC-type diterpenoids for drug
development.

Along with the development of low-cost sequencing technolo-
gies and tractable heterologous expression systems, genome
mining has become a promising strategy for targeted discovery
of natural products [10-12], which can also provide enzymatic
tools toward combinatorial biosynthesis [13,14]. As terpene
synthases play a fundamental role in constructing molecular
skeletons, great efforts have been devoted to mining novel
synthases in pursuit of new terpenoids [15-17]. It is generally
accepted that the FC-type diterpene skeleton is formed from
geranylgeranyl diphosphate (GGPP) via a concerted
C1,11-C10,14-bicyclization, followed by a C2,6-cyclization
[18-21]. Theoretically, according to the configuration of stereo-
genic centers at C2, C6, C10, and C14 introduced during the
two cyclization steps, FC-type diterpene synthases (DTSs)
could be divided into 16 subtypes [20]. Furthermore, consid-
ering the modes of potential carbocation rearrangement and
final carbocation quenching, there might be more FC-type
DTSs in nature. To date, only five distinct FC-type DTSs, in-
cluding fungi-derived PaFS/SdnA/MgMS and bacteria-derived
CotB2/CpCS, have been reported (Figure 1) [20-24], implying
that there still exists a large enzymatic space remaining to be

explored.

fusicocca-2,10(14)-diene
PaFS

myrothec-15(17)-en-7-ol
MgMS

\/

H f

H..,

. H
cycloaraneosene cyclooctat-9-en-7-ol chryseodiene

SdnA CotB2 CpCS
Figure 1: The five distinct FC-type DTSs and the corresponding prod-
ucts.
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Herein, we characterize a two-gene cluster from Talaromyces
wortmannii ATCC 26942, in which TadA is identified to be a
new FC-type DTS responsible for the formation of talaro-7,13-
diene, and the associated P450 enzyme TadB is characterized to
be a multifunctional enzyme, converting talaro-7,13-diene to
highly oxygenated talaro-6,13-dien-5,8-dione.

Results and Discussion
Identification of a new fusicoccane-type DTS

and an associated P450 enzyme

We used MgMS, a previously identified FC-type DTS in our
group [20], as a query to perform local BLAST search against
our in-house fungal genome database, and then found a candi-
date enzyme TadA from T. wortmannii ATCC 26942. Further
phylogenetic analysis of TadA and representative fungal DTSs
showed that TadA falls within the clade of FC-type DTSs
(Figure 2A). In light of showing low amino acid sequence iden-
tity (<50%) to reported fungal FC-type DTSs [20,22,24,25],
TadA was annotated as a putative new FC-type DTS. We then
scanned the flanking region of fadA, and found a cytochrome
P450 gene tadB. Accordingly, the two-gene cluster was termed
tad cluster (Figure 2B), and the sequence data was deposited in
GenBank under the accession number ON624151.

Functional analysis of the FC-type DTS TadA
In order to analyze the function of TadA, we introduced tadA

into the quadruple auxotrophic host Aspergillus oryzae NSAR1

FC-type DTSs
63 TadA
A 1
) Q8 MgMS
QDADFS
6 PaPS
ngGS
98 EWS
| PcCS
63 CgDS
SdnA
| |
0.2
B)
) ) 3 kb
tadA tadB
Amino  Protein Similarity/ . )
Gene acids homolog identity (%) Putative function
tadA 319 MgMS 59/45 Terpene synthase
tadB 508 ESZ98217.1  73/56 P450

Figure 2: Bioinformatics analysis of the tad cluster. A) Phylogenetic
tree of TadA and representative fungal DTSs. B) Putative functions of
the tad cluster.
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(niaD™, sC™, AargB, adeA™) (Supporting Information 1, Tables
S1 and S2) [26], which has been widely used for biosynthesis of
fungi-derived natural products due to its genetic tractability
[27]. The resulted transformant was cultivated in the modified
Czapek-Dox medium for four days, and then mycelia were
harvested and extracted for analysis. Upon gas chromatography-
mass spectrometry (GC-MS) analysis, we observed an addition-
al peak at m/z = 272 [M]" from the tadA harboring transfor-
mant, implying that TadA can catalyze the formation of a diter-
pene hydrocarbon (Supporting Information 1, Figure S1). The
crude extract was also subjected to high-performance liquid
chromatography—mass spectrometry (HPLC-MS) analysis. It
showed that introduction of fadA led to the generation of two
products 1 and 2, but at low yields (Figure 3A, lines i and ii).
To facilitate the isolation of these compounds, we co-expressed
tadA with the GGPP synthase (GGPPS) gene (Supporting Infor-
mation File 1, Note S1) derived from Nodulisporium sp.
(No. 65-12-7-1) [28] in A. oryzae NSARI1. Although GGPP was
not detected, production of 1 was increased by five-fold
(Figure 3A, line iii). Finally, we isolated 1 and 2 through large-
scale fermentation.

On the basis of the quasi-molecular ion at m/z 273.2599
[M + H]" (calcd. for CogHj33, 273.2582) (Supporting Informa-
tion File 1, Figure S2) detected by high-resolution electrospray
ionization mass spectrometry (HRESIMS), the molecular
formula of 1 was deduced as CygH3), indicating that 1 has five
degrees of unsaturation. The !3C NMR spectrum showed that
there are four olefinic carbons (¢ 153.2, 137.4, 125.1, 118.6) in
1. We thus reasoned that 1 features a tricyclic system. Subse-
quently, the extensive NMR analysis established the planar
structure of 1, and its relative configuration was partially
assigned as 25*,35*,6R*,10R* by the NOESY spectrum (Sup-
porting Information File 1, Table S3 and Figures S3-S8). As to
the stereochemistry of C11, quantum chemical calculations of
13C NMR chemical shifts were performed, which enabled us to
determine that C18 and H10 are located on opposite sides of the
five-membered ring (Supporting Information File 1, Figures S9
and S10). The conclusion was in agreement with NOE correla-
tions between H10 and Hal2, and between H318 and Hb12
(Supporting Information File 1, Table S3). The absolute config-
uration of 1 was later determined based on its oxidized product
4 generated by TadB. Based on these results, TadA was experi-
mentally determined as a new FC-type DTS, which catalyzes
the formation of talaro-7,13-diene (1, Scheme 1A).

According to the HRESIMS spectrum and NMR analysis (Sup-
porting Information File 1, Table S4 and Figures S11-S17), 2
was established as the C19-hydroxylated form of 1. As during
heterologous expression in A. oryzae, shunt products could

sometimes be generated by endogenous enzymes [29,30], we
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A)

208 nm
(v) GGPPS+TadA/B
2 3 1
(iv) GGPPS+TadAY9™

(i) GGPPS+TadA

(i) TadA

(i)A.oryzae
35 38

15 20 25 30
Retention time (min)

B)

4 254 nm
(i) GGPPS+TadA/B
*_,_J.‘_L«J—»——-*—-—— (i) GGPPS+TadA

35 38

15 20 25 30
Retention time (min)

Figure 3: HPLC-MS analysis of mycelial extracts from A. oryzae
NSART1 transformants. A) The HPLC profiles monitored at 208 nm.
B) The HPLC profiles monitored at 254 nm.

performed feeding experiments to test whether 2 was generated
by A. oryzae NSAR1. The result showed that the heterologous
host indeed converts 1 to talaro-7,13-dien-19-ol (2, Scheme 1A;
Supporting Information File 1, Figure S18).

Mechanistic characterization of TadA

So far, cyclization mechanisms of FC-type diterpenes afforded
by PaFS [18], MgMS [20], CotB2 [19], and CpCS [21] have
been deciphered. All these enzymes undergo a common
C1,11-C10,14-bicyclization to form a C15 carbocation, but
differ a lot at the following C2,6 cyclization (Scheme 1B).
CotB2 and CpCS trigger the C2,6 cyclization via a distant
hydride shift, whereas PaFS employs an intramolecular proton
transfer. We recently showed that a water-mediated concerted
deprotonation—protonation is required for the MgMS-mediated
cyclization [20]. In order to probe the mechanism underlying

the cyclization of 1, we used Hisg-tagged TadA to carry out in
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A)

B)

CotB2

|

chryseodiene

Scheme 1: Biosynthesis of FC-type diterpenoids. A) The biosynthetic pathway of 1, 2 and 4. B) Cyclization mechanisms of 1 and reported FC-type
diterpenes.
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vitro enzymatic reactions with or without addition of deuter-
ated water (D,0O). GC-MS analysis showed that when the reac-
tion mixture was supplemented with D,O, the ion peak at
m/z 273 was observed, indicating that exogenous deuterium was
incorporated into 1 (Supporting Information File 1, Figure S19).
This suggests that TadA might adopt a similar strategy as
MgMS to initiate C2,6 cyclization though protonation at C2 by
bulky water.

To obtain further insights into the C2,6-cyclization process of
TadA, its three-dimensional (3D) protein structure was
constructed with SWISS-MODEL using PaFS (PDB entry Ser8)
as the template, and the proposed bicyclic neutral intermediate
was docked into the active pocket of TadA (Supporting Infor-
mation File 1, Figure S20). We searched for the amino acid
residues surrounding C2 or C3, which might be involved in the
C2 protonation, and found the candidate residue Tyr91. In the
corresponding site, PaFS possesses a histidine residue (Support-
ing Information File 1, Figure S20). To test its role, Tyr91 in
TadA was mutated to His, and then analyzed by an in vitro
enzymatic assay. The result showed that the variant could give
an additional product 3 (Supporting Information File 1, Figure
S21). For isolation of 3, the mutated fadA, along with GGPPS
gene, was introduced into A. oryzae NSAR1, and the resulted
transformant produced 3 at a titer of 0.6 mg/L (Figure 3A, line
iv). By comparison of NMR data and specific optical rotation
values, together with quantum chemical calculations of
I3C NMR chemical shifts, 3 was determined to be
(3aS,5E,9E,12aR)-3,3a,4,7,8,11,12,12a-octahydro-3a,6,10-
trimethyl-1-(1-methylethyl)cyclopentacycloundecene [31] (Sup-
porting Information File 1, Figures S22—-S24), indicating that
Tyr91 is an essential amino acid residue involved in C2,6-cycli-
zation. Intriguingly, through careful examination of the GC-MS
profile of the transformant expressing tadA, we also observed
the appearance of 3, the content of which is rather lower than
that in the radAY?/H_containing transformant (Supporting Infor-
mation File 1, Figure S25). Based on these, we propose that
though both MgMS and TadA use protonation-induced C2,6
cyclization, TadA likely adopts a more asynchronous process to
give a neutral intermediate 3 first followed by protonation to
form 1, which is different from the highly concerted deproton-
ation—protonation process employed by MgMS (Scheme 1B).
Further isotope labeling experiments and density functional
theory (DFT) calculations are needed so as to gain deeper

insight into the cyclization mechanism of 1.

Functional analysis of the cytochrome P450
enzyme TadB

Due to the significance of tailoring enzymes in terms of struc-
tural diversification and bioactivity improvement [11], we then

turned to the associated cytochrome P450 gene tadB. We found
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that introduction of tadB into the transformant possessing tadA
and the GGPPS gene could result in disappearance of 1, but no
additional products were observed at 208 nm (Figure 3A, line
v). When the detective wavelength was switched from 208 nm
to 254 nm, additional product 4 was detected (Figure 3B, lines i
and ii), which was elucidated to be the highly oxygenated prod-
uct of 1 through the exhaustive NMR analysis (Supporting
Information File 1, Table S5 and Figures S26-S32). Based on
NMR data and the fact that 4 is derived from 1, the relative
configuration of 4 was assigned as 25*,35* 10R*,1 1R*. And
as the experimental electronic circular dichroism (ECD) spec-
trum of 4 resembled the calculated ECD spectrum of
(25,35,10R,11R)-4, the absolute configuration of 4 was deter-
mined to be 25,35,10R,11R (Supporting Information File 1,
Figures S33 and S34). The highly oxidized properties of talaro-
6,13-dien-5,8-dione (4) indicate that TadB is a multifunctional
P450 enzyme (Scheme 1A). Since no other intermediates were
obtained, we could not determine the exact order of TadB-medi-
ated oxidation, or exclude the possibility that endogenous en-

zymes from A. oryzae NSAR1 was involved in formation of 4.

In addition, elucidating the stereochemistry of 4 also allowed
us to assign the absolute configurations of 1 and 2 as
25,35,6R,10R,11R, raising a possibility that 1 might be the
biosynthetic precursor of roussoellol C, a cytotoxic FC-type
diterpenoid isolated from T. purpurogenus PP-414 [7]. It will be
important to elucidate the biosynthetic pathway of roussoellol
C, providing enzymatic tools for expanding the chemical diver-
sity of talaro-7,13-diene related FC-type diterpenoids via
combinational biosynthesis [14].

Conclusion

We have identified a new fungal FC-type DTS, which is re-
sponsible for the biosynthesis of talaro-7,13-diene (1). Further
mechanistic studies revealed that 2,6-cyclization in the forma-
tion of 1 is likely to be triggered by protonation of the neutral
intermediate 3, and Tyr91 in TadA plays a significant role in
this process. The associated P450 enzyme TadB can catalyze
multiple oxidation of 1 to highly oxygenated product talaro-
6,13-dien-5,8-dione (4). This study has expanded the enzyme
inventory for structural diversification of FC-type diterpenoids.

Supporting Information

Supporting Information File 1

Experimental methods, nucleotide sequence, tables, and
figures.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-144-S1.pdf]
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Abstract

Natural products are structurally highly diverse and exhibit a wide array of biological activities. As a result, they serve as an impor-
tant source of new drug leads. Traditionally, natural products have been discovered by bioactivity-guided fractionation. The advent
of genome sequencing technology has resulted in the introduction of an alternative approach towards novel natural product scaf-
folds: Genome mining. Genome mining is an in-silico natural product discovery strategy in which sequenced genomes are analyzed
for the potential of the associated organism to produce natural products. Seemingly universal biosynthetic principles have been
deciphered for most natural product classes that are used to detect natural product biosynthetic gene clusters using pathway-
encoded conserved key enzymes, domains, or motifs as bait. Several generations of highly sophisticated tools have been developed
for the biosynthetic rule-based identification of natural product gene clusters. Apart from these hard-coded algorithms, multiple
tools that use machine learning-based approaches have been designed to complement the existing genome mining tool set and focus
on natural product gene clusters that lack genes with conserved signature sequences. In this perspective, we take a closer look at
state-of-the-art genome mining tools that are based on either hard-coded rules or machine learning algorithms, with an emphasis on
the confidence of their predictions and potential to identify non-canonical natural product biosynthetic gene clusters. We highlight
the genome mining pipelines' current strengths and limitations by contrasting their advantages and disadvantages. Moreover, we
introduce two indirect biosynthetic gene cluster identification strategies that complement current workflows. The combination of all
genome mining approaches will pave the way towards a more comprehensive understanding of the full biosynthetic repertoire

encoded in microbial genome sequences.
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Introduction

In 2002, the genome sequences of the model actinomycete
Streptomyces coelicolor A3(2) [1] and the producer of the
antiparasitic drug avermectin, Streptomyces avermitilis [2],
were published. These index cases marked the transition from
the pre- to the post-genomic era in microbial natural product
(NP) research [3]. The introduction of next-generation
sequencing technologies [4] has led to a constant decrease in
sequencing costs [5]. As a result, the number of publicly avail-
able genome sequences has rapidly increased and paved
the way for a completely new avenue: genome mining.
Genome mining describes the targeted bioinformatic analysis of
(meta-)genomes to identify gene clusters involved in the bio-
synthesis of NPs [3]. NPs have been shown to act as signaling
metabolites (e.g., acylhomoserine lactones (1) [6]), siderophores
(e.g., pyoverdines (2) [7]), virulence factors (e.g., malleicyprol
(3) [8-10]), toxins (e.g., bongkrekic acid (4) [11]), antibacterial
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(e.g., vancomycin (5) [12]) or antifungal compounds (e.g.,
amphotericin B (6) [13]) (Figure 1). The identification of almost
all clinically relevant antibiotics using bioactivity-guided frac-
tionation approaches long before the beginning of the post-
genomic era initiated the field of microbial NP research. In the
"golden age" of antibiotic discovery from the 1940s to 1970s,
microbes and especially bacteria have been identified as an
almost untapped treasure trove for the discovery of bioactive
NPs. For the longest time, researchers focused on a few talented
NP producers, that have mainly been isolated from soil samples
[14]. Since the low hanging fruits have been picked using tradi-
tional bioactivity-based workflows, this approach frequently
results in the rediscovery of known metabolites. The introduc-
tion of genome mining revolutionized NP research and helped
overcome the rediscovery problem frequently encountered
using traditional approaches. Contrary to earlier estimations that
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Figure 1: Examples of prominent natural products: N-butyrylhomoserine lactone (1), pyoverdin (2), malleicyprol (3), bongkrekic acid (4), vancomycin

(5), and amphotericin B (6).

1657



were based on bioactivity-guided discovery strategies, mining
microbial genomes revealed a much higher biosynthetic poten-
tial than initially anticipated [14]. Streptomyces hygroscopicus
sp. XM201, for instance, harbors more than 50 putative biosyn-
thetic gene clusters (BGCs), many of which are cryptic, i.e.,
BGC:s for which the corresponding NPs have yet to be identi-
fied [15]. A problem when it comes to the characterization of
the full biosynthetic potential of an organism is the fact that
many BGCs are silent. Silent BGC are not expressed under
standard laboratory cultivation conditions as they might lack a
specific ecological clue for their expression. As a result, two
types of approaches have been developed to unleash this hidden
biosynthetic potential. Several pleiotropic (non-targeted, e.g.,
modifying culturing conditions) and pathway-specific (e.g.,
heterologous expression or in situ pathway activation) ap-
proaches have been developed to awaken silent biosynthetic
pathways [16]. Most importantly, however, genome mining can
prevent the time-consuming re-discovery of already known
metabolites [14]. In-silico dereplication can be performed on
two levels: First, BGCs identified by genome mining can be
compared to characterized BGCs [17]. Second, in many cases
NP core structures can be predicted from genome sequence
information and the predicted structures can then be used to
search in NP databases for identical or related compounds
[18,19]. While the BGC-centric approach might be more accu-
rate, it is limited by the number of characterized BGCs in
publicly available databases. Since significantly more NPs than
NP BGCs are characterized, the search space of known metabo-
lites is significantly larger than that of experimentally verified
BGCs [20]. The accuracy of the predicted core structures on the
other hand might restrict the approach.

In this perspective, we will take a closer look at the most com-
monly used state-of-the-art genome mining tools, ranging from
algorithms based on hard-coded rules to machine learning
(ML)-based approaches with regard to the natural product
biosynthetic principles they are most suited for. We focus on
how the different genome mining tools identify BGCs and high-
light their advantages and limitations. Moreover, we will show-
case two potential strategies for the targeted identification of
non-canonical pathways to chart the full biosynthetic potential
encoded in bacterial genomes.

Perspective

Natural product biosynthetic principles

NPs are structurally highly diverse and can be divided into
several classes depending on their biosynthetic concepts. NP
biosynthesis follows two fundamentally different principles:
NPs can either be produced in an assembly line-like fashion
(Figure 2A) or by discrete, multi-enzymatic assemblies

(Figure 2B). Discrete, multi-enzymatic assemblies utilize mono-
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functional enzymes for the consecutive build-up and decoration
of a NP scaffold. In comparison to biosynthetic assembly lines,
intermediates are not permanently covalently bound to carrier
proteins in discrete, multi-enzymatic assemblies. In both
biosynthetic principles, the NP backbone is first assembled by
core enzymes and then further modified by tailoring enzymes
that decorate the NP scaffold.

A Assembly line-like pathways

O

OO

B Discrete multi-enzymatic assemblies

i ¥

Qi/.()qi>

0N

y

|
g om0 &8,

D Assembly line core domain

O Building block

Figure 2: Biosynthetic principles of (A) assembly line-like pathways
and (B) discrete multi-enzymatic assemblies. Assembly line-like path-
ways use large mega enzymes and generate NPs via the successive
addition and/or modification of building blocks (e.g., non-ribosomal
peptide biosynthesis) using conserved core domains. In discrete multi-
enzymatic assemblies, distinct and mostly monofunctional enzymes
catalyze the built-up of the NP scaffold and its decoration (e.g., in

(I) ribosomally synthesized and post-translationally modified peptide,
(I) terpene, or (Ill) alkaloid biosynthesis).

A
(/‘ Distinct protein

4

0 Building block modification

Assembly line-like pathways are characterized by mega en-
zymes, which can be subdivided into modules. Each module is
responsible for the incorporation (and/or processing) of one
building block into the nascent product. A “textbook™ exten-
sion module minimally harbors three core domains, responsible
for the activation and loading, tethering, and condensation of
building blocks and intermediates. The biosynthesis is direc-
tional and starts at the N-terminal module with the activation
and loading of the first building block onto the assembly line
(Figure 2A) [21]. The specificity of the activating domain deter-
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mines the type of building block incorporated. The growing
intermediate stays permanently bound to the assembly line until
the final product is released at the C-terminal module. However,
modules can also be skipped, used for the modification of the
nascent NP rather than its chain extension, or utilized itera-
tively [22,23]. In textbook assembly line-like pathways, the
architecture of the mega enzyme complex correlates with the
product structure, a principle that is referred to as the colin-
earity rule [24]. Examples of these assembly line-like pathways
are canonical type I cis-acyltransferase polyketide synthases
(PKSs) and type A non-ribosomal peptide synthetases (NRPSs)
(Figure 2A) [25,26]. The substrate specificity of the specificity
conferring domains in each module can be predicted from the
sequences of adenylation (A) (for NRPS [26]), acyltransferase
(AT) (for cis-AT PKS [15]), or ketosynthase (KS) domains (in
trans-acyltransferase PKS systems [19,27]). Moreover, in the
large majority of cases, the gene order within a BGC reflects the
order of the corresponding enzymes during the biosynthesis of
the associated NP [19]. trans-AT PKSs are much more com-
plex than cis-AT PKS systems as they harbor non-elongating
modules, cryptic domains and seemingly superfluous domains.
Moreover, they frequently employ a number of frans-acting
modifying enzymes, are characterized by modules that are split
between proteins and they often harbor non-canonical module
architectures and cryptic domains [19,22]. As a result, the colin-
earity rule cannot be applied to predict trans-AT PKS-derived
polyketide core structures [19]. Instead, it has been observed
that the amino acid sequences of the ketosynthase domains in
trans-AT PKSs correlate with their substrate specificity [27].
This correlation can be used for the prediction of trans-AT
PKS-derived polyketide core structures and is referred to as the
correlation rule [19]. All commonly occurring domains in
assembly line-like NP biosynthetic pathways as well as their
non-modular homologs (e.g., type II and III PKSs) show a high
degree of sequence homology. For that reason, their sequence
can be used by genome mining tools as universal signature se-
quences to identify the genes encoding the respective domains
and the remaining genes of the BGC (Figure 3A and B (e.g.,
bialaphos (7) [11])) [28].

In contrast, discrete multi-enzymatic assemblies utilize distinct,
monofunctional enzymes. Examples are terpene (e.g., cyclooc-
tatin (8) [29]), ribosomally synthesized and post-translationally
modified peptide (RiPP), or NRPS-independent alkaloid path-
ways. In the case of terpene biosynthesis, terpene cyclases
generate the oftentimes multicyclic, hydrocarbon scaffold via a
carbocation-mediated cascade reaction [30]. Terpene cyclases
are obligatory components of canonical terpene pathways and
are used to identify terpene BGCs (Figure 3B) [30,31]. RiPPs,
on the other hand, lack genes that are conserved across all 40
plus RiPP families [32]. However, each RiPP BGC family fea-
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tures genes encoding characteristic tailoring enzymes, or pre-
cursor peptides, that show a high degree of sequence conserva-
tion within the family. These conserved genes can be utilized
for the targeted, family-specific identification of RiPP BGCs
(Figure 3C (e.g., tryptorubin (9) [33])) [21]. In addition,
multiple RiPP tailoring enzymes harbor a precursor peptide-
binding domain, the so-called RiPP recognition element (RRE)
(Figure 3D (e.g., pyrroloquinoline quinone (PQQ, 10) [34])).
RRE-derived signature motifs (i.e., short sequences that are
conserved across different types of enzymes and that have a
specific function) are used to identify RiPP BGCs beyond
family borders as they are present in the BGCs of approxi-
mately 50% of all RiPP families [35]. BGCs without conserved
signature sequences are almost impossible to identify using cur-
rent bioinformatic approaches (Figure 3E (e.g., kojic acid (11)
[36])). Therefore, the prediction of these BGCs is mainly based
on the co-localization of adjacent genes encoding tailoring or
additional core enzymes.

The current BGC prediction approach has its limitations, as
genes involved in the biosynthesis of a NP might be dispersed
(i.e., not clustered) throughout the genome and hence cannot be
recognized by genome mining algorithms due to the missing
proximity of the biosynthetic gene sets (BGSs) (Figure 3F (e.g.,
pyonitrin (12) [37])). NPs whose biosynthesis significantly
deviates from the well-established biosynthetic principles (e.g.,
through the lack of signature sequences) (Figure 3E) [38] are
frequently overlooked by state-of-the-art genome mining
pipelines. Most genome mining algorithms rely on the identifi-
cation of signature sequences (Figure 3A-D). As a result, BGCs
of the most commonly studied NP classes (e.g., PKS and NRPS
BGCs) can be identified with high confidence based on the se-
quence homology of the commonly occurring biosynthetic
domains. Since chemical novelty in assembly line-like path-
ways is typically obtained through novel arrangements of a
limited set of module architectures, a limited diversity of
sequential module arrangements, and varying substrate speci-
ficities, the probability of identifying truly novel biosynthetic
principles and biochemical transformations in these systems is
restricted when using hard-coded biosynthetic principles that
are based on the detection of the frequently encountered biosyn-
thetic domains [21]. As a result, a lot of effort is currently being
put into the development of complementing workflows to chart
the “biosynthetic dark matter” (i.e., overlooked biosynthetic
pathways) that we currently cannot access bioinformatically
[39]. State-of-the-art genome mining tools are ideally suited for
the detection of assembly line-like pathways. The focus on
these pathways led to a strong bias in training sets: In the
MIBiG database of characterized BGCs nearly 80% of all
deposited NP BGCs are PKS, NRPS, or terpene BGCs (April
2022) [20]. As the largest database of characterized BGCs,
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Figure 3: Universal (A, B, F) NP class and NP family-specific (C, D, F) signature sequences in NP BGCs and selected examples of each scenario.
Genome mining tools utilize signature sequences to identify NP BGCs derived from (A) gene-encoded conserved core domains of assembly line-like
pathways (e.g., modular NRPSs/PKSs), (B) distinct core enzymes (e.g., terpene or type Il PKS biosynthesis), (C) tailoring enzymes (e.g., character-
ized families of RiPP biosynthetic pathways), (D) as well as signature motifs (e.g., RiPP biosynthetic pathways that utilize tailoring enzymes contain-
ing RREs). (E) BGCs without signature sequences (e.g., NRPS-independent alkaloid biosynthesis) or (F) genomically dispersed (i.e., not clustered)
genes (here also referred to as biosynthetic gene sets) are difficult to identify. The enzymes encoded in core biosynthetic genes are responsible for
assembling the NP backbone; additional biosynthetic genes encode tailoring enzymes and other components of a pathway (transporters, regulators,

immunity enzymes). Conserved domains are depicted in yellow, genes in green and motifs in violet.

MIBIG is frequently used as a training data set for the develop-
ment of genome mining algorithms. The imbalanced representa-
tion of NP BGCs in the database, however, might introduce a
bias when it comes to the training of novel algorithms. Another
obstacle to overcome is the efficient mining of the vast quantity
of genomic data generated via next-generation sequencing, as a
lot of genome mining algorithms are not capable of handling
big data [40].

Genome mining principles and tools
Many genome mining tools are based on gene homology and

rely on alignments of annotated open reading frames (ORFs).

Yet, their purpose, functions, and additional features such as
comparative analyses of BGCs, dereplication concepts, or NP
structure prediction differ significantly. In addition, some tools
implement alternative BGC identification methods like phylo-
genetic analyses or ML approaches. In many cases, these ML
approaches are based on well-established strategies adopted
from other disciplines (e.g., natural language processing or
comparative genomics) that were adapted by the NP commu-
nity [41].

In the following section, we will look at representative genome

mining tools and discuss their underlying BGC detection princi-
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ples, along with advantages and limitations of the BGC identifi-

cation process.

Genome mining algorithms based on hard-

coded biosynthetic principles

An early approach to identify NP BGCs in (meta-)genomic data
sets were sequence alignments with known genes and domains
using algorithms like BLAST (Figure 4) [42]. BLAST detects
similar sequences to a given query sequence [42]. The first
version of the tool BAGEL utilized BLAST analysis, among
others, to identify putative BGCs of bacteriocins (= antimicrobi-
al peptides and proteins) [43-46]. The advantage of such refer-
ence alignment methods that are based on sequence homology
is their high confidence. The performance of these tools can be
rapidly improved via the addition of new reference databases,
which was contributing to their success at the beginning of the
genome mining era. However, using BLAST-based approaches,
the identification of real structural or biosynthetic novelty
remains relatively sparse, as the BLAST algorithm is most suit-
able to detect close homologs of the query sequence. Up to this
day, tools like BAGEL are predestined for the rapid and compu-
tationally cost-effective characterization of genomic data [43].

Hidden Markov Models (HMMs) are statistical models that are
used by the NP community as a more flexible approach to iden-
tify BGCs (Figure 4). These models consist of a sequence of
(e.g.,
nucleotides at a certain position of a protein or DNA sequence,

“states” the occurrences of specific amino acids or
respectively) with pre-determined transition probabilities from
one state to the next (e.g., the transition probability in a se-
quence between one base at a given position to another base at
the next position). A sequence of probabilities is calculated

from given sequence alignments, for instance, of members of a
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given gene or protein family. By adding up all possibilities, the
likelihood of the complete sequence being a member of the
gene family can be calculated [47]. Derivatives of HMMs,
so-called profile Hidden Markov Models (pHMMs), are addi-
tionally taking gaps and incomplete sequences into considera-
tion. In addition to whole genes or proteins, sequences of
conserved key domains of assembly line-like pathways like
PKSs (e.g., acyl-carrier-proteins, AT or KS domains) [25] or
NRPSs (e.g., peptidyl-carrier-proteins, A domains, condensa-
tion (C) domains) [26] are utilized for the generation of
pHMMs. The resulting pHMMs recognize signature sequences
of such conserved domains in genomic query sequences.
pHMMs cannot only be employed to detect and annotate BGCs
but also to predict substrate specificities that are essential for
NP structure predictions [19,39,48]. After the identification of
the core biosynthetic genes, co-localized genes are analyzed and
the locus and borders of the BGC are predicted via hard-coded
rules based on textbook biosynthetic knowledge, e.g., the
minimum amount of domains in a typical NRPS. Due to their
seemingly universal biosynthetic principles and modular com-
position, canonical PKS and NRPS BGCs are predestined for
the high confidence detection of their encoded biosynthetic core
domains using pHMMs. Structural novelty in these systems that
predominantly comprise the same set of conserved domains
arises from the novel arrangement of the limited set of different
module architectures (e.g., around a dozen in cis-AT PKSs vs
>150 in trans-AT PKSs [19]) along with varying substrate
selectivities of specificity-conferring domains (e.g., A domains
in NRPSs, AT domains in cis-AT PKSs, and KS domains in
trans-AT PKSs). Moreover, since these assembly line-like path-
ways follow the same biosynthetic principle, they often form
hybrids with other biosynthetic assembly line-like pathways
[21].

HMMs

¥ACTACTG CGCGCGTACTACTGCG CGCG
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Figure 4: Concepts of algorithms in order of complexity and examples of genome mining tools that employ the respective concept.

1661



Prominent examples of the usage of pHMMs are the original
algorithm of the antibiotics & Secondary Metabolite Analysis
Shell (antiSMASH) [17,29,49-52] as well as PRediction Infor-
matics for Secondary Metabolomes (PRISM) [18,53-55]. In ad-
dition to PKSs and NRPSs, both tools identify a high number of
NP classes and families using pHMMs (antiSMASH 6: 876
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pHMMs, PRISM 4: 1772 pHMMS). Apart from BGC detection
by pHMMs, several stand-alone tools have been implemented
into antiSMASH to improve BGC identification, annotation,
and substrate predictions (Table 1) (described in detail below).
Therefore, we distinguish the original antiSMASH algorithm
from the antiSMASH platform (Table 1). Although the BGC

Table 1: Purpose, principles, advantages, and disadvantages of selected genome mining tools. The upper part of the table contains hard-coded tools
and the lower part ML-based tools. Novelty refers to the ability of a genome mining tool to chart non-canonical BGCs. Confidence refers to the ability
of a genome mining tool to correctly identify a NP BGC.

Tool [first/latest
version]

antiSMASH algorithm
[17]
2011/2021

antiSMASH platform
[17]

2011/2021
https://antismash.seco
ndarymetabolites.org

ARTS

[59]

2017/2020
http://arts.ziemertlab.co

m/index

BAGEL

[49]

2006/2018
http://bagel4.molgenru

gl

CASSIS and SMIPS
[60]

2016
https://sbi.hki-jena.de/c
assis/

ClusterFinder
[61]

2014
Implemented in
antiSMASH

eSNaPD

(62]

2014
http://esnapd?2.rockefell
er.edu/

EvoMining

[63]

2016/2019
https://github.com/nsel
em/evomining

Purpose

identification of a broad
range of NP BGC
classes and families

identification of a broad
range of NP BGC
classes and families,
functional and
comparative analyses,
structure prediction

target directed genome
mining for antibiotics in
bacteria via resistance
genes

identification of bacterial
bacteriocins and RiPPs
in (meta-) genomic
sequences

BGC detection in fungi

BGC detection without
functional assignment of
NP class

BGC detection in
non-assembled bacterial
metagenomic sequences

identification of BGCs
integrating evolutionary
principles

BGC identification (Dis-)advantages Novelty Confidence
principles
pHMMs, hard-coded comprehensive NP class low high
rules detection
ClusterFinder®: pHMM comprehensive analysis medium  high
RODEOQ: BLAST, pHMM, covering many NP
SVMs classes, dereplication via
RRE-Finder: comparative analysis,
pHMMs/HHpred usage of NP BGC
database databases
pHMMs for BGC targeted approach for low high
prediction (antiSMASH), bioactivity
TIGRFAM for detection
of housekeeping genes,
phylogenetic analysis for
identification of
horizontal gene transfer
BLAST analysis, HMMs, restricted to RiPP and low high
hard-coded rules bacteriocin BGCs
CASSIS: Density of precise cluster borders  low high
transcription factor
binding sites, SMIPS:
Signature sequences
HMM for whole cluster comprehensive NP class high low
detection
BLAST analysis against comprehensive NP class low high
BGC database detection of smaller
BGCs that are similar to
known BGCs
phylogenomic analysis in independent of medium  medium

combination with
antiSMASH analysis

commonly used
signature sequences
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Table 1: Purpose, principles, advantages, and disadvantages of selected genome mining tools. The upper part of the table contains hard-coded tools
and the lower part ML-based tools. Novelty refers to the ability of a genome mining tool to chart non-canonical BGCs. Confidence refers to the ability
of a genome mining tool to correctly identify a NP BGC. (continued)

PRISM identification of a broad = HMMs for BGC comprehensive analysis low high
[55] range of NP BGCs, detection, BLAST covering many NP
2015/2020 structure prediction analysis, protein motifs  classes, several
https://prism.adapsyn.c and HMMs for domain structure suggestions,
om/ specificity prediction, dereplication via
support vector machines  structural comparisons
for activity prediction

SMURF identification of fungal HMMs, hard-coded rules comprehensive NP class low high
[64] BGCs detection
2010
http://smurf.jcvi.org/run
_smurf.php
transATor annotation of trans-AT pHMMs, hard-coded restricted to trans-AT low high
[19] PKSs and accurate rules PKSs
2019 structure predictions of

trans-AT PKS-derived

polyketides
decRiPPter identification of RiPP SVMs, pan-genomic restricted to RiPP BGCs medium  medium
[65] BGCs analyses
2020
https://github.com/Alex
amk/decRiPPter
DeepBGC identification of bacterial neural network with comprehensive NP class high medium
[41] and fungal BGCs vector- represented detection
2019 Pfam domains (ML)
https://github.com/Merc
k/deepbgc
DeepRiPP identification of RiPP natural language restricted to RiPP BGCs medium  medium
[66] BGCs, structure processing (deep
2019 prediction learning)
http://deepripp.magarv
eylab.ca
GECCO identification of bacterial conditional random fields comprehensive NP class high medium
[67] and fungal BGCs detection
2021
https://github.com/zelle
rlab/GECCO
NeuRiPP identification of RiPP neural networks restricted to RiPP medium  medium
[68] precursors precursors
2019
https://github.com/emz
odls/neuripp
RODEO identification of RiPP BLAST analysis of restricted to RiPP BGCs  low medium
[69] BGCs tailoring enzymes,
2017 pHMMs, SVMs for

https://rodeo.scs.illinois
.edu/

precursor detection

aClusterFinder is not available on the antiSMASH web server any longer but is incorporated into the standalone antiSMASH command line tool.

identification approach of antiSMASH and PRISM is quite sim-
ilar, both tools differ in the downstream processing of the iden-
tified BGCs. While antiSMASH focuses on functional and com-

parative analyses of the biosynthetic genes and BGCs, the focus
of PRISM lies on a comprehensive chemical structure predic-
tion of the associated NP [56-58]. In silico dereplication to
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eliminate BGCs associated with known NPs is one of the major
functions of genome mining to avoid the time-consuming and
costly re-isolation of known NPs. For instance, the antiSMASH
platform compares putative BGCs with reference databases to
detect BGCs that are similar to previously characterized BGCs
[15,20,58]. However, as many NPs were isolated during the
pre-genomic era, they have not been linked to their correspond-
ing BGC. As a result, BGC databases are incomplete which is a
drawback when it comes to the dereplication on a gene level.
PRISM aims at overcoming this obstacle via retro-biosynthetic
building block predictions of known NPs from multiple data-
bases in combination with several BGC-derived NP structure
suggestions [58].

To identify RiPP BGCs, the antiSMASH algorithm and PRISM
utilize pHMMs based on RiPP-family-specific signature se-
quences derived from tailoring enzymes or precursor peptides
(Figure 3C and D). These family-specific pHMMs are likewise
used in tools like BAGEL or RODEO and enable the identifica-
tion of novel members of known RiPP families [46,69]. RRE-
Finder, which is integrated into the antiSMASH platform and
RODEDQO, utilizes the presence of RREs, predicted via pHMMs,
to detect RiPP BGCs (Figure 3D). Since the RRE motif is only
present in approximately 50% of all RiPP families, it restricts
the predictable biosynthetic space. Yet, RRE-Finder is one of
the few RiPP genome mining tools which is capable of identi-

fying RiPP BGCs in a family-independent manner [70].

Since the potential of identifying truly novel BGCs via signa-
ture sequences is limited, the tool ClusterFinder was developed
and implemented into the command line version of anti-
SMASH [61]. ClusterFinder annotates BGCs via pHMMs from
a string of contiguous Pfam domains (protein domains anno-
tated in the protein family database) instead of individual genes.
pHMMs are calculated using training sets of known BGCs and
non-BGC sequences. Here, two states “BGC” and “non-BGC”
are distinguished depending on the Pfam domain frequency in
the training data set and the identities of adjacent domains.
Consequently, the ClusterFinder algorithm is designed to detect
BGC:s that are overlooked by other biosynthetic pipelines. As in
many other algorithms for the detection of true biosynthetic
novelty, high false positive rates have to be taken into consider-
ation, which makes the output of low-confidence/high novelty

algorithms more difficult to interpret [61].

An alternative to the above mentioned classical genome mining
approaches is the utilization of evolutionary information for the
detection of NP BGCs. The EvoMining concept is based on the
assumption that secondary metabolite biosynthetic enzymes are
distant paralogs of enzymes involved in primary metabolism

[63,71]. These NP biosynthetic enzymes are hypothesized to

Beilstein J. Org. Chem. 2022, 18, 1656-1671.

have undergone significant sequence and selectivity changes
while still operating based on the same reaction mechanism
(e.g., fatty acid biosynthesis — polyketide biosynthesis). As
such, NP biosynthetic pathways utilize members of existing en-
zyme families that have evolved to perform new metabolic
functions. Consequently, NP BGCs “borrow” genes encoding
paralogs of enzymes that have their origin in primary metabo-
lism and that have diverged into catalyzing alternative meta-
bolic functions. That way, the EvoMining approach identifies
members of biosynthetic enzyme families that have likely been
repurposed and thus, their corresponding genes are prime
targets for a closer inspection of the genomic context to iden-
tify new types of BGCs. Although EvoMining is a signature se-
quence independent concept and instead uses phylogenetic anal-
ysis of primary metabolite biosynthetic enzymes, it remains a
“hard-coded” sequence similarity-based approach that uses
phylogenetic analysis instead of pHMMs for BGC detection
[63,71].

Machine learning-based genome mining tools
Some NP BGCs contain solely family-specific features, and
lack universal class-specific signature sequences. In these cases,
only members of the same subfamily can be identified via
pHMMs. An example of the latter are RiPPs that are the most
rapidly expanding NP subclass. Eighteen new RiPP families
have been characterized over the span of just § years,
suggesting that many more RiPP families have yet to be discov-
ered [32]. To exploit these currently overlooked biosynthetic
treasures, multiple recently developed genome mining tools
make use of ML algorithms that have been adapted from other
research fields like image recognition [65-68]. Most ML-based
tools utilize “supervised learning,” a strategy that employs a
dataset with known classifications to train the algorithm [72].
Traditional ML algorithms include regression, decision tree-
based classifiers, and support vector machines (SVM), which
construct a hyperplane that splits the n-dimensional data-space
(i.e., different features/categories serve as dimensions of this
space) into different areas that correspond to the different
classes (Figure 4) [72]. These algorithms usually lead to robust
and interpretable predictions but are limited when it comes to
solving complex problems [72].

An example of an advanced combination of different ap-
proaches and methods for the identification of RiPPs is the
Data-driven Exploratory Class-independent RiPP TrackER
(decRiPPter) [65]. decRiPPter uses a support vector machine
algorithm trained on a set of known precursor genes to detect
RiPP precursor genes semi-independently of their subclass.
Subsequently, a pan-genome analysis is performed to identify
the corresponding BGCs with the putative RiPP precursor genes

as seeds. Putative NP BGCs are identified that are organized in
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operon-like structures and prioritized based on the taxonomic
distribution of the cluster. decRiPPter was successfully used for
the identification of a new lanthipeptide subfamily, providing

experimental validation of the algorithm [65].

A more advanced form of supervised learning is deep learning
(Figure 4). An example of a deep learning architecture is the
artificial neural network inspired by the human brain architec-
ture. It consists of artificial neurons processing information
organized in different layers and connected by synapses [73].
These advanced algorithms often provide higher accuracy in
their prediction but are no longer interpretable as a result of
their high level of abstraction [73]. NeuRiPP, for instance,
utilizes a parallel convolutional neural network to predict novel
RiPP precursor genes independent of their RiPP family. The
neural network is trained on a RiPP precursor training set that is
based on experimentally verified precursors and precursors pre-
dicted by other tools [68]. Both RiPP-specific tools, NeuRiPP
and decRiPPter, allow a more flexible BGC identification than
hard-coded algorithms but are biased in that the precursor iden-
tification depends on training sets consisting of precursors from

known RiPP families.

In contrast to NeuRiPP and decRiPPter, DeepBGC is not
restricted to a single NP class. Comparable to some hard-coded
algorithms, DeepBGC is based on HMM-generated Pfam anno-
tations. However, instead of utilizing Pfam-domains as features,
it converts the arrays of Pfam annotations into numeric vectors
using a shallow two-layer neural network, an approach adopted
from natural language processing [41,72]. These high-dimen-
sional vectors are then used as input for a second two-layer
neural network trained on a set of BGC and non-BGC se-
quences to predict NP BGCs. In the last step, the NP class is
predicted using a random forest classifier (Figure 4) [41,74].
DeepBGC outperforms ClusterFinder in its accuracy and false-
positive rates due to its ML approach. Like with many other
tools, a major disadvantage of DeepBGC is that BGCs lacking
canonical biosynthetic domains and small BGCs are filtered out
in a pruning stage. Consequently, small BGCs (e.g., biarylitides
15 [75] and tryptorubins 9 [33]) or those that feature solely
atypical biosynthetic genes are not recognized, which reduces
the likelihood of identifying true biosynthetic novelty [41].

A similar approach is utilized by GECCO, that uses conditional
random fields on arrays of Pfam annotations [67]. Conditional
random fields belong to the statistical methods and can be clas-
sified between HMMs and simpler machine learning algo-
rithms. An advantage of conditional random fields is their inter-
pretability [67]. GECCO outperforms rule-based models in
terms of novelty and DeepBGC in terms of accuracy while

being less computationally expensive than both [67]. Like
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DeepBGC, GECCO currently lacks functional proof for the
identification of a novel natural product guided by the tool [67].

Challenges and potential solutions to identify

currently overlooked BGCs

Genome mining was pivotal for the expansion of NP chemical
space in the past two decades. Despite the development of more
and more sophisticated genome mining platforms, in many
cases where truly novel NP scaffolds were described, the NP
was isolated first and only then linked to its corresponding BGC
[38]. Notable examples include the (thio-)peptides polytheon-
amide A (13) [76], closthioamide (15) [77] (Figure 5), and tryp-
torubin A (9) [33]. It was not until the structure of each of these
peptides was determined, that manual retrobiosynthetic analy-
sis resulted in the proposal of biosynthetic models that were
subsequently experimentally verified. Once the biosynthesis of
a NP is determined using this approach, the NP family can be
expanded by developing genome mining algorithms to identify
BGC:s that follow similar biosynthetic principles [56].

One crucial challenge in the development of novel genome
mining tools is balancing novelty and confidence, as one tends
to fall short as the other is optimized [39]. On the one hand,
genome mining tools that are focused on detecting non-canon-
ical BGCs (high-novelty) are usually characterized by the iden-
tification of many putative BGCs that might not be involved in
NP biosynthesis (high false-positive rate). These false-positive
BGCs are automatically pruned and the resulting putative BGCs
need to undergo a second round of manual verification and
prioritization prior to functional characterization [39]. On the
other hand, hard-coded algorithms detect BGC with high confi-
dence but are restricted when it comes to the identification of
BGCs that deviate significantly from what the algorithm's
pHMMs have been trained to identify (true biosynthetic
novelty) [39]. As most algorithms are at least to some extent
signature sequence or sequence homology based, they heavily
rely on the sequence space of known BGCs. The bias of hard-
coded algorithms is embedded in the biosynthetic rules used for
BGC detection and the dataset used to create pHMMs. The bias
of ML-based algorithms results from their training sets that
usually consist of characterized, canonical BGCs that are then
used for the targeted identification of non-canonical BGCs [39].
Utilizing fewer gene family-based features, like the occurrence
of Pfam domains or the sequence itself, for predictions can help
to avoid overfitting, i.e., the problem of getting the algorithm to
perform very well on the training data but underperform on
unseen data [39].

Most genome mining algorithms rely on functionally annotated

ORFs for the prediction of BGCs. State-of-the-art genome

annotation algorithms are not yet able to recognize all ORFs
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Figure 5: Examples of peptide NPs, the corresponding BGCs of which were determined through retrobiosynthetic analysis and then experimentally
verified: polytheonamide A (13) [76], closthioamide (14) [77], and biarylitide YYH (15) [33].

correctly, especially very short ORFs like RiPP precursor genes
[78]. Combined with many false ORF annotations, missing
annotations impair BGC predictions downstream of the annota-
tion process. Moreover, the BGCs of certain NP families are
inherently easier to identify than others. For example, domains
of canonical NRPSs and PKSs can be identified by signature se-
quence-based pHMMs with high confidence (Figure 3).
Furthermore, pHMMs of conserved domains can be subdivided
into dozens of individual pHMMs used to determine the sub-
strate specificity of a conserved domain [17,19]. However,
BGCs lacking known signature sequences are inherently more
difficult to identify. In addition, the size of the BGC of interest
impacts the predictive power of the algorithms: Extremely small
BGC:s, harboring only a few genes, are frequently overlooked as
they usually do not pass hard-coded thresholds. For instance,
the 1.2 kb gene cluster linked to tryptorubin (9) biosynthesis
only encodes a 26 amino acid precursor peptide and a single
cytochrome P450 monooxygenase [33,79], and hence it was
overlooked by genome mining algorithms. On the other hand,
large PKS or NRPS BGCs can be split across multiple contigs.
This mosaic-like distribution of a single BGC makes the identi-
fication of the entire BGC a challenging endeavor especially if

multiple assembly line-like BGCs are present in a genome.

Moreover, the quality of assembled genomes obtained from
short reads decreases with highly repetitive sequences present in
many large PKS or NRPS genes [39].

Although the traditional hard-coded rule- and ML-based ap-
proaches differ fundamentally when it comes to the implemen-
tation of the respective NP BGC identification, they are both
based on the same principle: The direct identification of NP
BGCs. Both approaches heavily rely on training sets to generate
pHMMs or to train the respective ML algorithm. As a conse-
quence, they are both hypothesis-driven approaches resulting in
an inherent bias “to identify what the algorithm was trained to
identify” rather than to chart the entire biosynthetic space. This
bias is largely based on the fact that both approaches use the
characterized NP biosynthetic space as a training set for its
expansion. Even though there might be no truly unbiased ap-
proach towards the expansion of NP biosynthetic space,
indirect NP BGC detection methods might be capable of
complementing the current strategies. These indirect ap-
proaches are exclusively based on the assumption that NP
biosynthetic genes are clustered in microbial genomes (even
though this might not be true for all NP biosynthetic pathways)

and do not require prior knowledge about characterized biosyn-
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thetic pathways as training data sets. Below, we are showcasing
two putative solutions to complement existing approaches to
expand NP biosynthetic space and to chart biosynthetic dark

matter.

Genome-wide characterization of all
clustered genes as an approach to identify
non-canonical pathways

One concept that is based on the above outlined indirect ap-
proach is the genome-wide characterization of all clustered
genes (gcBGC). In comparison to state-of-the-art genome
mining tools, gcBGC inverts the current BGC identification
process. Instead of identifying NP BGCs, all clustered genes
involved in primary and secondary metabolite biosynthesis are
identified. To specifically target non-canonical BGCs, BGCs
that can be unambiguously assigned to primary metabolism and
those BGCs that are detected by state-of-the-art genome mining
pipelines are filtered out. Based on the initial hypothesis under-
lying the gcBGC approach, the remaining BGCs are likely
involved in non-canonical NP biosynthesis (‘“biosynthetic dark

matter” in Figure 6).

The gcBGC concept is based on the assumption that secondary
metabolite BGCs evolve from primary metabolite biosynthetic
pathways, and that the transition between both is fluid [71].
First, gcBGC identifies all clustered genes in a signature se-
quence-independent manner via analysis of operon-like struc-
tures (e.g., promoters or transcription start sites) as shown in
fungi by the tool CASSIS/SMIPS [60]. This concept contrasts

Primary metabolism
f

Predictability
T
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the commonly used principles that rely on the direct detection
of genes via (p)HMMs- or ML-based approaches, both of which

typically require a training data set.

As this approach leads to the identification of a large number of
primary and secondary metabolite BGCs that are likewise
detected by state-of-the-art genome mining pipelines, a filtering
step is required to prioritize the putative non-canonical BGCs
that are currently overlooked by existing genome mining tools
[17,41,55,80] (Figure 6). Moreover, additional information on
taxonomic relationships, pan-genome analyses, or whole-
genome comparisons of all members of the pan-genome can be
used for further prioritization (Figure 6) [81]. gcBGC is
restricted to well-studied organisms where primary metabolite
gene cassettes can be confidentially identified. However, the
inverted BGC identification concept combined with the focus
on as-of-yet unidentified BGCs suggests gcBGC-like ap-
proaches to be promising alternatives for the detection of non-
canonical pathways.

A comparative genomics approach to

identify non-canonical BGCs

Another concept for the expansion of NP biosynthetic space is
based on a Comparative Genomics Approach (CGA). This ap-
proach relies on the fact that many BGCs are introduced into
microbial genomes via horizontal gene transfer (HGT). A
genome can be subdivided into groups of genes called syntenic
blocks [82]. Among related strains, the order of these syntenic
blocks, as well as their gene composition, is highly similar

Secondary metabolism

1

Biosynthetic dark matter

Comparative genomics
Hard-coded algorithms

Database search

|
1

Comparative genomics

Machine learning-based tools

Hard-coded algorithms

Database search

Figure 6: gcBGC prioritization process. The bar represents all identified gene clusters in one organism and is subdivided into primary (green) on the
left and secondary metabolism (yellow) on the right. Gene clusters associated with primary or secondary metabolism (both ends of the spectrum) are
identified using the strategies listed below the bar and subsequently excluded from further analysis. gcBGC aims at identifying as-of-yet overlooked
BGCs that cannot be detected by state-of-the-art bioinformatic platforms, here referred to as “biosynthetic dark matter.”
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(Figure 7). Evolutionary young HGT events in single/few
strains can disrupt this order, leading to the insertion of non-
syntenic blocks (Figure 7) [82]. These insertions are detectable
by comparing multiple closely related strains utilizing whole
genome alignments, a technique adopted from the field of com-
parative genomics [83]. In a recent study, 10 Aspergillus
genomes were compared to identify BGCs in non-syntenic
blocks, leading to the confirmation of all previously known
BGCs using the CGA concept [84]. As a proof of concept, the
previously characterized kojic acid (11) BGC, which escaped
detection by state-of-the-art genome mining algorithms, was
identified [84]. The kojic acid (11) BGC lacks the classical
biosynthetic signature sequences typically used for BGC identi-
fication, thus showing the potential of the approach (Figure 3)
[84].

CGA aims at scaling this approach and comparing all
sequenced strains of one genus (e.g., Streptomyces) to find non-
syntenic blocks that might code for NP BGCs. Comparable to
the genome-wide characterization of all clustered genes
concept, CGA focuses on BGC detection independently of
signature sequences and known NP families to expand the
known NP chemical space via the identification of non-canon-
ical pathways.

The first step of CGA consists of the homogenous functional
annotation of all genes of the selected genomes to reduce false
positive rates of non-syntenic blocks due to different annota-
tions of genes using different annotation algorithms. Subse-
quently, all annotated genes are clustered based on sequence
similarity to improve functional annotations [85]. The obtained
sequential arrangements of gene annotations representing the
different genomes are aligned to compare the genomes not on a

sequence level, but instead on the gene-function level [86].
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Whole genome alignments are performed to detect single
diverging gene loci that are subsequently expanded by their
genomic neighborhood to detect genomic islands. Therefore,
the genomic neighborhoods of the identified genes are analyzed
for differences in their synteny to detect HGT regions
composed of multiple genes. In addition, these regions are
analyzed for genetic characteristics like promoters or trans-
posase genes to identify operon-like structures. Single gene
duplication events are filtered out and all known BGCs are
excluded in a similar fashion as in the gcBGC approach. The
presence of prototypical tailoring enzymes ubiquitously distri-
buted in secondary metabolism might serve as an additional line
of evidence for a functional NP BGC. This approach is compu-
tationally expensive yet feasible with the availability of high-
performance computer clusters but requires excellent quality of
the analyzed genomes. This method has the advantage over
simpler approaches to detect HGT events, like for example
comparing GC contents of different regions, that it can be used
to detect HGT events from closely related strains.

Conclusion

The development of next-generation sequencing technologies
[4] and the resulting availability of a seemingly exponentially
increasing number of genome sequences enabled or revolution-
ized several biological fields including comparative genomics
[81], functional genomics [87], and NP-genome mining [88].
From simple BLAST analyses through pHMM-based algo-
rithms to ML-based approaches, genome mining is a continu-
ously evolving field that has benefited from other disciplines,
such as mathematics, image processing, or linguistics. State-of-
the-art sequence homology- and ML-based genome mining
tools identify BGCs that share even low levels of similarity with
known BGCs with high confidence. Traditional pHMMs-based
approaches are ideally suited to chart the biosynthetic space of

speces 1 — -
speces»— [ N

Figure 7: Genome alignments of related organisms revealing the presence of syntenic (purple) as well as non-syntenic blocks (blue). The order of
syntenic blocks can be disrupted by putative HGT events, leading to the integration of non-syntenic blocks that are subsequently screened for operon-
like structures containing multiple continuous gene arrangements (blue) without large gaps.
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assembly line-like pathways that are typically composed of
novel arrangements of recurring module architectures with
varying specifications of the substrate specificity-conferring
domains. ML-based approaches on the other hand are more
frequently employed to target non-homogeneous NP classes
such as RiPPs whose BGCs do not share sequence homologies
across all 40 plus RiPP-families and to identify NP BGCs that
are currently overlooked by state-of-the-art sequence
homology-based tools. Even though the scope and implementa-
tion of both approaches differs significantly, the underlying
concept is the same: The direct, hypothesis-driven identifica-
tion of clustered NP biosynthetic genes based on a training data
set that requires a database of characterized BGCs. This training
data set might comprise individual domains from characterized
pathways to generate pHMMs to complex features that are
extracted from characterized BGCs. The bias introduced
through the dependence on these reference datasets is likely to
result in an inherent limitation when it comes to the identifica-
tion of truly non-canonical pathways that share low to no simi-
larity to characterized pathways. To address these limitations,
indirect approaches that do not rely on training data sets of
characterized BGCs might be capable of complementing the
current suite of highly sophisticated genome mining tools as
they might be ideally suited to identify non-canonical pathways
that are overlooked by direct identification approaches. We
showcased two such hypothetical indirect approaches that we
named “genome-wide characterization of all clustered genes”
and “comparative genomics-based identification of non-canon-
ical BGCs”. These indirect BGC detection concepts are solely
based on the assumption that biosynthetic genes are clustered in
bacterial genomes. Both approaches are based on the sequence
similarity-independent identification of non-canonical BGCs
via recognition of operon-like structures or usage of compara-
tive genomics to detect horizontally transferred gene clusters. In
a subsequent prioritization step, clustered genes that are
involved in primary metabolite biosynthesis or that can be like-
wise detected by state-of-the-art genome mining pipelines can
be excluded to target uncharted biosynthetic space also referred
to as biosynthetic dark matter. These indirect concepts might
serve as an inspiration for further innovative tools for the

targeted discovery of hidden biosynthetic treasures.
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