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ABSTRACT: Iron and 2-oxoglutarate dependent (Fe/2OG) enzymes
utilize an FeIV�O species to catalyze the functionalization of otherwise
chemically inert C−H bonds. In addition to the more familiar canonical
reactions of hydroxylation and chlorination, they also catalyze several
other types of reactions that contribute to the diversity and complexity of
natural products. In the past decade, several new Fe/2OG enzymes that
catalyze C−C and C−N bond formation have been reported in the
biosynthesis of structurally complex natural products. Compared with
hydroxylation and chlorination, the catalytic cycles of these Fe/2OG
enzymes involve distinct mechanistic features to enable noncanonical
reaction outcomes. This Review summarizes recent discoveries of Fe/
2OG enzymes involved in C−C and C−N bond formation with a focus on reaction mechanisms and their roles in natural product
biosynthesis.
KEYWORDS: Natural product, Oxygenase, Iron and 2-oxoglutarate dependent enzyme, Biosynthesis, C−H bond activation, C−C bond,
C−N bond, Enzyme mechanism

1. IRON AND 2-OXOGLUTARATE DEPENDENT
ENZYMES

Targeted C−H bond activation leading to diverse but well-
controlled outcomes has become a focal point of modern
chemistry, while it still remains a challenging task in organic
synthesis.1 In Nature, metalloenzymes with different metallo-
cofactor compositions are able to catalyze C−H bond
activation with exceptional regio- and stereoselectivity. In the
past two decades, iron and 2-oxoglutarate dependent (Fe/
2OG) enzymes have been discovered to catalyze an ever-
growing array of novel oxidative modifications of small
molecules, thereby contributing to the diversity and complexity
of the chemical structures seen in natural products. Compared
to other metalloenzymes that utilize alternative cofactors and
chemistry (e.g., cytochrome P450 and radical SAM enzymes
among others), the simple requirements of ferrous iron,
molecular oxygen, and 2OG make Fe/2OG enzymes ideal
candidates for the development of novel biocatalysts.2,3

Fe/2OG enzymes are widespread and play extremely diverse
roles in nature.4−6 First, they are involved in the modification
of protein in chromatin, regulation of transcription, and mRNA
demethylation.7 Additionally, Fe/2OG enzymes are known to
activate inert C−H bonds resulting in diverse oxidative
transformations including hydroxylation,8−10 desaturation,11,12

epimerization,13 halogenation,14−16 epoxidation,17−21 endoper-
oxidation,22 isonitrile formation,23−26 and C−C or C−N bond

formations in secondary metabolism. These oxidative reactions
lead to extensive structural diversity and complexity in
biosynthetic products that are critical to their biological
properties.
The structures of all Fe/2OG proteins characterized to date

exhibit a double-stranded β-helix (i.e., cupin) fold27 and, with
the exception of the halogenases, utilize a 2-His-1-carboxylate
triad (H-X-(D/E)-Xn-H) for iron binding (Figure 1).28 In
halogenases, the D/E ligand is replaced by a G/A residue for
the coordination of a halide ligand to the iron.14,29 In
nonhalogenases, the 2-His-1-carboxylate ligated ferrous (FeII)
center is coordinated with three water molecules in the resting
state. As the substrate , 2OG, and molecular oxygen are
introduced, the reaction occurs. Henceforth, the term
“substrate” refers to a target compound containing the C−H
to be activated. 2OG binds to the FeII via its C1 carboxylate
and C2-ketone moieties prior to subsequent coordination and
reduction of molecular oxygen, resulting in an FeIII-superoxo
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species (I → II).30 Release of CO2 followed by the formation
of a C−O bond between FeIII-superoxo and carbonyl carbon or
vice versa leads to the formation of the FeIV�O species (II →
III → V or II → IV → V). This highly reactive species
represents the common key intermediate of Fe/2OG enzyme
chemistry that abstracts a hydrogen atom from the substrate to
result in a substrate radical and FeIII−OH (VI). During
hydroxylation, oxygen rebound takes place to produce a
hydroxylated product and regenerate FeII. Consequently, Fe/
2OG enzymes catalyze a two-electron oxidation of the
substrate for each equivalent of O2 and 2OG that are
converted into H2O, CO2, and succinate.8,9,31−33 In
halogenases, following C−H bond activation, the substrate
radical can undergo either a halide or oxygen rebound
pathway. Based on spectroscopic,15,34,35 crystallographic,14

and computational studies,36,37 orientation of the FeIV�O
moiety, position of substrate with respect to the HO−Fe−Cl/
Br plane, and hydrogen bonding networks between protein
residues with Fe(III)-hydroxyl and succinate are involved to
facilitate halogenation outcome. Additionally, using a tyrosine
residue as the hydrogen atom donor to quench the substrate

radical to furnish epimerization is deployed by carbapenem
synthase to invert the chirality found in carbapenem
biosynthesis.13 Interestingly, based on the protein structure,
spectroscopic studies, along with mutagenesis, the resulting
tyrosyl radical is distributed among a few tyrosine residues.13

Several studies have recently explored the chemistry behind
nonhydroxylating reactions catalyzed by Fe/2OG enzymes,
emphasizing the different fates of the substrate radical and
Fe(III)−OH complex. In 2019, Pan et al. discovered that the
oxacyclases LolO and H6H as well as the chlorinase SyrB2
have sluggish hydroxyl rebound rates, leading to the proposal
that rebound is suppressed by structural and dynamical factors
that facilitate nonhydroxylating reaction outcomes.38 Recently,
Wenger et al. revealed that substrate positioning and shifts in
the FeIV�O···H (substrate) angle correlate with the reaction
outcome (101° vs 112° corresponds to epoxidation vs
hydroxylation).21 These studies established the groundwork
for understanding the intricate control that enables alternative
reaction outcomes, such as oxacyclization and chlorination.
However, mechanistic details on how Fe/2OG enzymes enable
other types of reactions remain to be established. This Review
summarizes recent discoveries and new mechanistic insights
regarding Fe/2OG enzyme-catalyzed C−C and C−N bond
formations observed in natural product biosynthesis.

2. C−C AND C−N BOND FORMING REACTIONS
Since the discovery of PlaO1,39 more than a dozen Fe/2OG
enzymes have been shown to catalyze C−C and C−N bond
installation reactions (Figure 2). Following targeted C−H
bond activation, subsequent C−C and C−N bond formation
instead of hydroxylation can result in structural rearrangements
as well as ring formation including the construction of
cyclopropane and aziridine moieties. Therefore, Fe/2OG
enzymes catalyzing these types of reactions have been found
to participate in a wide range of natural product maturation
processes including those of stipitatic acid,40 preaustinoid
A3,41 berkeleydione,42 anditomin,43,44 deoxypodophyllotox-
in,45 cycloclavine,46 nogalamycin,47 kainic acid,48 domoic
acid,49 okaramine E,50 dehydrofosmidomycin,51 pleurocybella-
ziridine,52 3-(2-nitrocyclopropyl)alanine,53,54 brevione W,55

helvamide B,56 arizonamide,57 and medicaol.58

Figure 1. Catalytic cycle of Fe/2OG enzyme catalyzed hydroxylation
and a vanadyl mimic of the FeIV�O species found in VioC (PDB:
6ALR).

Figure 2. Timeline of the discovery of C−C and C−N bond forming Fe/2OG enzymes and corresponding natural product structures. The red
lines represent the newly formed bonds.
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Despite the diverse reaction outcomes, chemistry similar to
that of canonical hydroxylation nevertheless appears to be
involved. Briefly, following the hydrogen atom abstraction, the
substrate radical may then undergo radical addition to an
electron donor in the form of a π-system or nitrogen with a
nonbonding electron pair, resulting in C−C or C−N bond
formation. However, a number of studies have also provided
evidence for the involvement of a carbocation intermediate
such that C−C or C−N bond formation takes place via
nucleophilic addition following electron transfer from the
substrate radical to the hydroxy−ferric complex. The following
sections are devoted to provide detailed examples of these
novel chemistries and are organized according to the overall
reaction types catalyzed including cyclopropanation, intra-
molecular cross-linking, oxidative rearrangement, and aziridi-
nation. In each section, the biosynthetic pathways and current
understanding of how Fe/2OG enzymes catalyze selective
reaction types are discussed.

3. CYCLOPROPANATION

The strained three-membered cyclopropyl group is a well-
known pharmacophore in several natural products.59 To date,
a number of Fe/2OG enzymes have been identified that
catalyze cyclopropanation reactions via different mecha-
nisms.60 For example, cyclopropanation in the biosynthesis
of the indole alkaloid cycloclavine46 and the meroditerpenoid
brevione W55 starts with a ring contraction, whereas de novo
biosynthesis of 3-(2-nitrocyclopropyl)alanine (Ncpa) uses a
nitro group to initiate cyclopropanation.53,54 While different
strategies are deployed to enable cyclopropanation, an assistant
group, e.g., the C�C, C�N, or C�O moiety that is
appended on the substrate or generated in situ, is involved to
compete with the oxygen rebound pathway. Whether a radical
or a cation is used to trigger cyclopropanation remains to be
established and could be different in each system.

3.1. BelL and HrmJ in Belactosin and Hormaomycin
Biosynthesis

Hormaomycin is a depsipeptide isolated from Streptomyces
griseof lavus W-384.61,62 The structure of hormaomycin
contains a couple of unusual building blocks, including 3-
propenylproline ((3-Pe)-Pro), 5-chloro-1-hydroxypyrrole-2-
carboxylic acid (Chpca), and 1′R,2′R-Ncpa (Figure 3B).
Belactosins are isolated from Streptomyces sp. UCK 14 and
characterized by a β-lactone moiety linked to a (1′R,2′S)-3-(2-
aminocyclopropyl)alanine (1′R,2′S-Acpa) via an amide
bond.63 The Acpa and Ncpa components share very similar
structures, with the only differences being the oxidation state of
the nitrogen atom and stereochemical configuration of the
cyclopropane ring.
Distinctive biosynthetic pathways are utilized to construct

belactosin A and hormaomycin (Figure 3A). The backbone
skeleton of belactosin A is assembled by ATP-dependent
amide synthases (BelV and U),64,65 whereas the depsipeptide
skeleton in hormaomycin is constructed by the nonribosomal
peptide synthase (NRPS) assembly line (HrmO, P, and L).66

Several enzymes are required to construct the precursors to
hormaomycin biosynthesis. Formation of Chpca is proposed to
begin with the linkage of L-proline with the peptidyl carrier
protein HrmL catalyzed by the acyl-CoA synthetase HrmK.
Subsequent aromatization catalyzed by two acyl-CoA dehy-
drogenases HrmM and HrmN, chlorination catalyzed by the
halogenase HrmQ,67 and N-hydroxylation by an unknown
oxygenase result in the biosynthesis of Chpca. The (3-Pe)-Pro
component is derived from L-Tyr following a pathway similar
to that of lincomycin biosynthesis.68 This pathway is mediated
by the L-tyrosine hydroxylase HrmE, extradiol dioxygenase
HrmF, SAM-dependent methyltransferase HrmC, F420-de-
pendent oxidoreductase HrmD, and γ-glutamyl transpeptidase
HrmG. The (β-Me)-Phe is proposed to be derived from α-keto
acid phenyllactate processed through a SAM-dependent
methyltransferase HrmS and an unknown transaminase.66

For belactosin A, the β-lactone moiety is built from 2-keto-3-

Figure 3. Biosynthetic gene clusters (A) and corresponding biosynthetic pathways (B) of belactosin and hormaomycin. (C) Possible mechanisms
accounting for cyclopropanation.
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methylvalerate64 by an ATP-dependent enzyme BelH, the
cryptic methyltransferase BelI, and a demethylase BelR.65,69

Formation of the cyclopropyl precursors 1′R,2′S-Acpa and
1′R,2′R-Ncpa involves very similar pathways which include
both a heme oxygenase-like dinuclear iron enzyme (HrmI or
BelK) and an Fe/2OG enzyme (HrmJ or BelL) (Figure
3B).53,54,70,71 HrmI/BelK catalyzes the oxidation of L-lysine to
L-6-nitronorleucine, which is followed by Fe/2OG enzyme
HrmJ/BelL catalyzed cyclopropanation to afford Ncpa. The
stereochemical configuration of the Ncpa intermediate is thus
highly dependent on the specific enzyme homologue involved.
A molybdopterin-dependent enzyme BelN further catalyzes the
reduction of 1′S,2′S-Ncpa to 1′R,2′S-Acpa in the biosynthetic
pathway of belactosins.70

Possible mechanisms for cyclopropanation have been
investigated by the Abe, Guo, and Chang groups (Figure
3C). Monitoring the decay kinetics of the FeIV�O complex
using stopped-flow optical absorption spectroscopy resulted in
measurement of a deuterium-kinetic isotope effect (D-KIE, ca.
12, on the decay rate of the FeIV�O) when the deuterated
isotopologue 4,4-2H2-L-6-nitronorleucine was used as a
substrate. This outcome is indicative of H atom transfer
from the C4 position.72 These results are corroborated by
Mössbauer spectroscopy of samples prepared using the freeze−
quench technique. The detailed spectroscopic analysis
confirmed the generation of FeIV�O species prior to H
atom abstraction from the C4 position.72

This led to the hypothesis that the C4 radical once
generated undergoes intramolecular radical addition to the
nitro enolate (a.k.a. nitronate) at C6.72 Following C−C bond
formation, an electron transfer occurs to complete cyclo-
propanation (pathway A). However, an alternative mechanistic
pathway can be envisioned that involves initial electron transfer
to yield a carbocation at C4, followed by nucleophilic addition
by the nitro enolate (pathway B). Significant formation of the
nitro enolate tautomer is established by analysis of the 13C
NMR spectrum. Specifically, 6-13C-L-6-nitronorleucine is found
to exhibit two C6 carbon resonances depending on pH which
is consistent with equilibration of the nitro and enolate
forms.54 Stereoselective transfer of the C4 pro-S H atom is
established in the catalytic cycles of HrmJ and BelL using
stereoselectively labeled deuterated substrates.53 Therefore,
C−C bond formation at C4 proceeds antarafacially and
suprafacially with respect to H atom abstraction in the
reactions catalyzed by BelL and HrmJ, respectively.
The variation in the stereoselectivity of cyclopropanation

among BelL and HrmJ homologues features their reaction
outcomes that are distinct from those of hydroxylases and
chlorinases. Instead of oxygen or chloride rebound, a C−C
bond formation occurs to furnish cyclopropane ring
installation. Several HrmJ homologues from two different
bacterial phyla (i.e., Actinomycetota and Proteobacteria) have
also been shown to catalyze the cyclopropanation of 6-
nitronorleucine but instead yielding cis-cyclopropane as
opposed to trans-cyclopropane rings. SrBelL and ScBelL
produce (1′S,2′R)-Ncpa and (1′R,2′S)-Ncpa as the major
products, respectively.72 While HrmJ homologues that catalyze
stereoselective cyclopropanation reactions to produce all four
product isomers have thus been identified and characterized,
the mechanistic features that control the stereochemical
outcome of these reactions remain to be established.

3.2. EasH in Cycloclavine Biosynthesis

Cycloclavine is a cyclopropane-containing ergot alkaloid.73

Cycloclavine was first discovered from the seeds of the plant
Ipomoea hildebrandtii vatke in 1969 and later isolated from
Aspergillus japonicus in 1982 (Figure 4).74,75

The biosynthetic gene cluster of cycloclavine was identified
by the O’Connor group in 2015 and shown to encode eight
proteins. Seven are homologous to previously reported
proteins in the biosynthesis of the ergot alkaloids festuclavine
and agroclavine (Figure 4A and B).46 Therefore, cycloclavine
shares the biosynthetic intermediate chanoclavine aldehyde
with other ergot alkaloids.73 Its formation involves five
enzymes, with L-tryptophan serving as the initial biosynthetic
precursor. The prenyltransferase DmaW and N-methyl trans-
ferase EasF catalyze dimethylallylation and methylation at the
benzene ring and α-amino group, respectively. The putative
oxidoreductase EasE and catalase EasC mediate intramolecular
decarboxylative cyclization to install a cyclohexane, thereby
forming chanoclavine-I, which is then oxidized in a reaction
catalyzed by EasD to the form chanoclavine aldehyde. The
flavin-containing enzyme EasA has been proposed to generate
a cyclic iminium intermediate, which is isomerized to a neutral
enamine. EasH then triggers C−C bond formation to complete
the 3,5-bicyclic ring formation. Final reduction to form
cycloclavine is then proposed to be catalyzed by the
NADPH-dependent reductase EasG.46

As one of the early examples of an Fe/2OG enzyme that
catalyzes the biosynthesis of a cyclopropyl ring via C−C bond
formation, EasH broadens the reaction scope of this enzyme
family. Two mechanisms for cyclopropanation have been
proposed (Figure 4C).76 In the first mechanism, EasH acts as a
hydroxylase, leading to C10 hydroxylation such that the newly
installed hydroxyl group functions as a leaving group to trigger
intramolecular C−C bond formation (pathway A). However,

Figure 4. (A) Biosynthetic gene cluster and (B) the proposed
biosynthetic pathway of cycloclavine. (C) Possible mechanisms of the
EasH-catalyzed cycloproponation.
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the crystal structure of EasH bound with 2OG (PDB: 5DAP)76

revealed that the substrate-binding pocket is hydrophobic and
does not contain any potential proton donors in order to
protonate and thus stabilize the hydroxyl leaving group. This
led to an alternative mechanism involving radical-mediated
cyclization (pathway B). Following H atom abstraction from
C10, the resulting substrate radical may undergo radical
addition to the enamine, thereby forming the cyclopropane
and a secondary radical stabilized via conjugation with the
tertiary amine before electron transfer completes the reaction.
While this reaction could instead proceed via nucleophilic
addition of the enamine following one-electron oxidation of
the radical intermediate to a tertiary carbocation, computa-
tional studies favor radical-mediated cyclization without
intermediary carbocation formation.77

3.3. BrvJ in Brevione Biosynthesis

Brevione E is a fungal-derived hexacyclic meroterpenoid
allelopathic agent isolated from Penicillium brevicompactum.78

The structure of brevione E is initially proposed to include an
oxepane,78 which is later revised to a tetrahydrofuran ring by
the Matsuda group (Figure 5B).55 The same research group
revealed that the biosynthetic gene cluster of brevione E in
Penicillium bialowiezense CBS 227.28 encodes a total of 15
proteins including seven enzymes shared with the setosusin
pathway (BrvA−C and BrvE−H) responsible for synthesizing
the intermediate brevione B.79

Biosynthesis of brevione E begins with formation of 5-
methyl triacetic acid lactone (5-methyl-TAL) catalyzed by the
nonreducing polyketide synthase BrvA before geranylgerany-
lation, which is mediated by the prenyltransferase BrvB using
geranylgeranyl pyrophosphate (GGPP) provided by the GGPP
synthase BrvC. Subsequently, a flavin-dependent monooxyge-
nase BrvE catalyzes epoxidation of the olefin, and the resulting
product is cyclized by the terpene cyclase BrvF. The P450
enzyme BrvH then catalyzes spiro ring formation, which is
followed by oxidation catalyzed by the short-chain dehydro-

Figure 5. (A) Biosynthetic gene cluster and (B) corresponding biosynthetic pathway of brevione E. (C) Under in vitro conditions, BrvJ catalyzes
multiple reactions. (D) Possible mechanisms of BrvJ catalyzed oxidative rearrangements.
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genase BrvG to yield brevione B. Heterologous expression
experiments established that Fe/2OG enzyme BrvJ plays a vital
role in converting brevione B into brevione C via brevione A as
a potential intermediate.55 Feeding experiments using sodium
1,2-13C2-acetate and a strain producing brevione A and C
indicated the ring expansion occurs at C18.55 Two P450
enzymes BrvD and BrvI then catalyze multiple oxidative
reactions to form brevione H. BrvN subsequently hydrolyzes
the pyrone moiety of brevione H, and a SAM-dependent
decarboxylase BrvO performs decarboxylation to yield
deacetylbrevione E, which is O-acetylated by BrvL to produce
brevione E.
As an Fe/2OG enzyme, BrvJ can catalyze three successive

oxidation reactions including the desaturation, ring expansion,
and cyclopropanation to afford brevione W. Cyclopropanation,
however, has only been observed under in vitro conditions
(Figure 5C). Biochemical assays established that brevione A
and C are intermediates in the production of brevione W,
leading to the proposed reaction mechanism shown in Figure
5D that includes ring expansion and cyclopropanation.55 The
reaction begins with H atom transfer to yield the C18 substrate
radical that attacks the C3 carbonyl to form a cyclopropyl ring
and an oxygen radical. This is followed by C3−C4 bond
homolysis that results in ring expansion before a second H
atom transfer from C18 yields brevione C. Oxidation of
brevione C to W is then proposed to be initiated by H atom
abstraction from C5. The resultant radical triggers cyclopropyl
ring formation between C5 and C1 followed by oxygen
rebound to yield brevione W; however, another pathway

including a carbocation intermediate has also been proposed.55

Interestingly, BrvJ is homologous to SetK that utilizes brevione
B as substrate for hydroxylation in setosusin biosynthesis.79

Comparison of predicted substrate-binding sites from model
structures of BrvJ and SetK combined with mutagenesis have
led to the conversion of BrvJ to a hydroxylase.55

3.4. PlaO1 in Phenalinolactone A Biosynthesis

Phenalinolactone A is a diterpenoid glycoside antibiotic
isolated from Streptomyces sp. Tü 6071.80−82 Its structure
contains the core anti/anti/syn-perhydrophenanthrene deco-
rated with a distinct γ-butyrolactone moiety (Figure 6B). The
biosynthetic gene cluster of phenalinolactone A (pla BGC) has
been enclosed by in situ gene disruption and heterologous
expression experiments (Figure 6A).83,84

The biosynthesis of the tricyclic diterpenoid core in
phenalinolactone A is elucidated by heterologous reconstitu-
tion.85 PlaT3 adds a three-carbon α-keto acid of unknown
origin to GGPP. Sequential epoxidation and cyclization,
directed by flavin-dependent monooxygenase PlaT1 and type
II terpene cyclase PlaT2, generate the diterpenoid core. A
desaturation catalyzed by the unknown enzyme leads to the
formation of intermediate PL CD6. After that, an Fe/2OG
enzyme PlaO1 catalyzes γ-butyrolactone moiety formation.39
During PlaO1 reaction, following hydroxylation, a three-
membered intermediate is proposed to be generated that
undergoes ring-opening and cyclization to afford butyrolactone
(PL HS6, Figure 6C). Finally, after multistep structural
modifications, including three hydroxylations by three P450s

Figure 6. (A) Biosynthetic gene cluster and (B) corresponding biosynthetic pathway of phenalinolactone A. (C) The plausible mechanism for γ-
butyrolactone formation catalyzed by PlaO1.
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PlaO3/O4/O5 and addition of acetyl, 5-methylpyrrole-2-
carboxylic acid, and L-amicetose moieties, presumably
catalyzed by acyltransferase PlaV/P2 and glycosyltransferase
PlaA6, phenalinolactone A is furnished.39

4. RING FORMATION

4.1. KabC and DabC in Kainic Acid and Domoic Acid
Biosynthesis
Domoic acid and kainic acid are glutamate receptor
agonists86−88 which have been isolated from the red macro-
algae Chondria armata and Digenea simplex,89 respectively.
Their structures have a common scaffold derived from
glutamate and a pyrrolidine isoprenoid (Figure 7B−C).

Feeding experiments demonstrated that domoic acid arises
from the condensation of glutamic acid and geranyl
pyrophosphate (GPP).90,91 The biosynthetic gene cluster of
domoic acid (dab) is biochemically investigated from the
Pseudonitzschia multiseries and found to encode three func-
tional proteins. The N-prenyltransferase DabA catalyzes
condensation between GPP and L-Glu to yield N-geranyl-L-
glutamic acid (NGG) followed by the P450 enzyme DabD that
catalyzes oxidation of NGG to 7′-carboxy-NGG. The Fe/2OG
enzyme DabC mediates oxidative cyclization of 7′-carboxy-L-
NGG to yield isodomoic acid A (Figure 7B).49 The isomerase
that converts isodomoic acid A to domoic acid remains to be
identified.
A homologous gene cluster of dabBGC from the first

reported domoic acid producing strain Chondria armata (rad)
is also reported (Figure 7A).92 Notably, the DabB, a
hypothetical protein, homologue is missing in rad, and RadC
catalyzes 7′-carboxy-L-NGG to isodomoic acid B as the major

product rather than isodomoic acid A, which are E/Z-isomers
of one another.92 Additionally, RadC is found to accept NGG
as a preferred substrate and furnish domoic acid A formation.93

The biosynthesis of kainic acid is directed by the kab gene
cluster from Digenea simplex, which encodes a concise two-
enzyme biosynthetic pathway. KabA catalyzes condensation of
L-Glu and dimethylallyl pyrophosphate (DMAPP), which is
followed by KabC catalyzed cyclization.48

The mechanism of pyrrolidine formation catalyzed by KabC
has been investigated using pre-steady state kinetics and
freeze−quench coupled Mössbauer spectroscopy.94 A primary
deuterium KIE is thus measured for the decay of the FeIV�O
intermediate using C3-deuterated prekainic acid as the
substrate, indicating that C3 is the site of initial H atom
abstraction. Furthermore, the reaction outcome could be
redirected to hydroxylation at C3′ via the oxygen rebound
upon successive fluorination of a terminal methyl group
suggesting involvement of a carbocation intermediate in the
desaturation step.94 The overall reaction has thus been
proposed to begin with transfer of the C3 H atom to the
FeIV�O complex to produce a C3 substrate radical that
undergoes radical addition to the olefin moiety, leading to
pyrrolidine ring formation. Subsequent electron transfer and
proton transfer from the methyl group lead to desaturation that
furnishes kainic acid.
4.2. DPS in (−)-Deoxypodophyllotoxin Biosynthesis
Podophyllotoxin is an aryltetralin-type lignan discovered in the
plant Podophyllum peltatum in 1881, and its chemical structure
has been later solved in 1932.95 Podophyllotoxin features a
tetracyclic fused system (A−D rings) with a pendant benzene
ring (E ring) (Figure 8A).96−98 Biosynthesis of podophyllotox-
in begins with coniferyl alcohol derived from the phenyl-
propanoid pathway.98 Dimerization catalyzed by dirigent
protein oxidase (DPO) and dirigent protein (DIR) converts

Figure 7. (A) Biosynthetic gene clusters and biosynthetic pathways of
(B) domoic acid and (C) kainic acid. Possible mechanisms for
pyrrolidine formation are shown in panel C.

Figure 8. (A) Proposed biosynthetic pathway of (−)-deoxypodo-
phyllotoxin. (B) Possible mechanism of DPS-catalyzed ring closure.
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coniferyl alcohol to (+)-pinoresinol.99 Afterward, a pinor-
esinol-lariciresinol reductase (PLR) converts (+)-pinoresinol
into (−)-secoisolariciresinol via (+)-lariciresinol.100 Oxidation
of (−)-secoisolariciresinol is then catalyzed by a NAD-
dependent secoisolariciresinol dehydrogenase (SDH) to form
(−)-matairesinol.101 The methylenedioxy bridge of (−)-plu-
viatolide is constructed by the P450 enzyme CYP719A23.102

However, it is not until 2015 that Sattely’s group discovered
the biosynthesis of (−)-deoxypodophyllotoxin.45 Formation of
(−)-deoxypodophyllotoxin from (−)-pluviatolide requires four
enzymes, including one P450 enzyme (CYP71CU1) for
hydroxylation, two O-methyltransferases, OMT1 and OMT3,
for methylation, and one Fe/2OG enzyme (DPS) for the ring
C installation. Notably, the hydroxylase needed to convert
(−)-deoxypodophyllotoxin to podophyllotoxin remains un-
known.
Deoxypodophyllotoxin synthase (DPS) catalyzes C−C bond

formation to yield the six-membered C ring of the fused
tetracyclic system. While DPS catalyzed Csp2−Csp3 bond
formation is similar to other types of C−C bond formation
enabled by Fe/2OG enzymes, in this instance, the π-system is
part of an aromatic ring. A possible reaction mechanism for
DPS has been proposed based on substrate-bound protein
structures, biochemical assays of substrate analogs that replace
the para-methoxy group on the pendant benzene ring with
other moieties (e.g., H and CH3) and studies of model
chemical reactions (Figure 8B).103−105 The reaction is thus
hypothesized to proceed through carbocation-triggered C−C
bond formation in which the para-substituent significantly
affects the reaction efficiency. An electron-donating group
stabilizes the carbocation, thus facilitating C−C bond
formation. In the presence of an electron-withdrawing group,
however, hydroxylation is observed as a side reaction. The
crystal structure of the DPS•Fe•succinate•(±)-yatein complex
(PDB: 7E38)104 reveals that the substrate binds in a U-shaped
conformation in the active site, which facilitates H atom
abstraction from C7 to form the initial substrate radical. The
structure also reveals tight anchoring of the D and E rings that
explains the observed stereoselectivity of C ring formation.105

Recent computational studies have implied an unusual radical
reaction mechanism that includes the participation of
CO2,

106,107 the byproduct generated from the oxidative
decarboxylation of 2OG. However, experimental evidence of
this proposal is still needed.
4.3. OkaE in Okaramines Biosynthesis

Okaramines are a class of insecticidal fungal indole alkaloids
isolated from Penicillium simplicissimum and Aspergillus
aculeatus.108−113 Okaramines are characterized by the eight-
membered azocine ring; however, okaramines such as B−E
also contain a unique four-membered azetidine ring (Figure
9B). Structure−activity relationship studies have demonstrated
that both the azetidine and azocine rings are indispensable for
insecticidal activity.114

The biosynthetic gene cluster for okaramines (oka) is
reported by the Lin group (Figure 9A).50 The oka gene cluster
only encodes seven functional enzymes required for the
biosynthesis of these structurally complex natural products.115

Two of the gene products are responsible for production of the
prenylated diketopiperazine (DKP), diprenyl cyclo-L-Trp-L-
Trp (Figure 9B). OkaA is a NRPS enzyme that catalyzes
formation of the DKP skeleton, and a dimethylallyltryptophan
synthase (DMATS) OkaC enables reverse prenylation at N1

and C2′ of the indole ring. This biosynthesis is followed by an
epoxidation and cyclization catalyzed by the flavin-dependent
monooxygenase OkaB to afford hexahydropyrrolo[2,3-b]indole
in Okaramine C. OkaD is a P450 enzyme that catalyzes the
introduction of the eight-membered azocine ring via C−N
bond formation to yield okaramine A. Of particular interest is
the Fe/2OG enzyme OkaE that mediates formation of the
four-membered azetidine. This core skeleton is further
decorated with okaramine B and D through hydroxylation
and methylation by the P450 enzyme OkaG and the
methyltransferase OkaF.
A possible reaction mechanism has been proposed for the

four-membered azetidine (Figure 9C).50 Following H atom
abstraction from C8a, the substrate radical adds to the olefin
moiety to form the azetidine and C12 radical. Oxygen rebound
leads to okaramine E. Notably, the in vitro assay revealed that
OkaE converts okaramine A into 12-deshydroxyl okaramine E,
without hydroxylation, if the reaction buffer contains a very
high concentration of reductant such as 20 mM β-
mercaptoethanol, which implies that the product radical can
be quenched by reducing species. The 12-deshydroxyl
okaramine E can be further hydroxylated in the presence of
OkaE to yield okaramine E (Figure 9B).
4.4. SnoK in Nogalamycin Biosynthesis
Nogalamycin is a type II polyketide anthracycline produced by
Streptomyces nogalater.116−118 The structure of nogalamycin is
distinct from those of other anthracyclines because it contains
two deoxysugars. L-Nogalamine is attached to polyketide
aglycone via two bonds, the O-glycosylation at C1 and a C−C
bond between C2 and C5″, whereas nogalose is attached at the
C7 position (Figure 10B).
The nogalamycin biosynthetic gene cluster (sno) spans

approximately 38 kb length in the genome of S. nogalater
(Figure 10A).119−125 Biosynthesis of nogalamycin can be
divided into two stages: formation of the anthracycline
aglycone and subsequent modification via glycosylation

Figure 9. Biosynthesis of okaramines. (A) Biosynthetic gene cluster of
okaramines. (B) The proposed biosynthetic pathway of okaramines.
(C) The proposed mechanism of OkaE-catalyzed azetidination.
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(Figure 10B).125,126 Aglycone is derived from one acetyl-CoA
and nine malonyl-CoA, which are assembled in nine rounds of
iterative Claisen condensations catalyzed by minimal polyke-
tide synthase. The resulting linear decaketide is converted to
tricyclic nogalonic acid in a series of enzyme catalyzed
reactions. Subsequent methylation, cyclization, and ketoreduc-
tion yield the tetracyclic anthracycline scaffold of nogalavinone.
The tailoring steps begin with glycosylation at C7 catalyzed by
SnogE. After hydroxylation catalyzed by a two-component
monooxygenase SnoaW/SnoaL2,127 SnogD catalyzes O-
glycosylation at C1 with another deoxysugar, L-rhodos-
amine.127 The Rieske enzyme SnoT catalyzes 2″-hydroxylation
of L-rhodosamine after the initial glycosylation step.128 In
2016, the Metsa-̈Ketela ̈ group revealed that this is followed by
an unusual C5″−C2 carbocyclization catalyzed by the Fe/2OG
enzyme SnoK upon in vitro assay of nogalamycin K as the
substrate;47 however, later works indicated that nogalamycin T
is likely the native substrate for SnoK.128 In the same work,
SnoN is found to catalyze epimerization at C4″.47 It is possible
that the remaining methyltransferases (Sno gM, gL, and gY)
catalyze the final series of O-methylation reactions on nogalose
to generate nogalamycin.
Based on the proximity of both carbons to the iron center in

the crystal structure of Fe•2OG•SnoK docked with the
substrate nogalamycin K, a radical mechanism for C5″−C2

cyclization has been proposed (Figure 10C). The reaction is
initiated by H atom abstraction from C5″. A second H atom
transfer from C2 to the FeIII−OH followed by radical
recombination forms the C5″−C2 bond. More expreimts will
be needed toestablish the reaction mechanism. It is noteworthy
that SnoK is structurally similar to epimerase SnoN with an
overall RMSD value of 0.83 Å. Furthermore, swapping amino
acids in the active site allows switching reaction outcomes.129

4.5. ParG and Hvm1 in Piperazine Biosynthesis

Piperazine contains a six-membered heterocycle with two
nitrogen atoms at opposite positions.130 A diverse array of
phenylpropanoid piperazines have been discovered from fungi.
The main structural features of them are a central piperazine
ring with different substituents at both of nitrogen atoms as
well as complex ring formation.130 Recently, two Fe/2OG
enzymes Hvm1 and ParG are identified to catalyze these
modifications in the biosynthesis of helvamide B and
arizonamides (Figure 11A and B).56,57

Biosynthesis of the piperazine core in helvamide B and
arizonamide A involves the monomodular NRPS (ParA/
Hvm11) coupled with a NmrA-like reductase (ParB/Hvm10)
to generate xenocockiamide H. Similar to the biosynthetic
pathway of hancockiamide,131 methoxy and methylenedioxy
groups are proposed to be introduced via the action of four
enzymes (tyrosinase ParI/Hvm8, FAD-dependent phenol

Figure 10. Biosynthesis of nogalamycin. (A) Biosynthetic gene cluster and (B) proposed biosynthetic pathway of nogalamycin. (C) The proposed
mechanism of SnoK-catalyzed C−C bond formation.
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Figure 11. (A) Biosynthetic gene clusters and (B) the proposed biosynthetic pathways of helvamide B and arizonamides. (C) Proposed
mechanisms for helvamide B and arizonamides A and B catalyzed by Hvm1 and ParG with helvamide as the substrate. (D) Proposed mechanisms
for arizolidines A and B catalyzed by ParG using arizonamide A as the substrate.
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hydroxylase ParJ/Hvm9, O-methyltransferase ParD/Hvm6,
and P450 ParC/Hvm5) to yield hancockiamide H.56,57

Subsequent acetylation and benzoylation of the two amino
groups are catalyzed by the acetyltransferase ParE/Hvm7 and
the NRPS ParH/Hvm4 to yield chrysosporazine D. Dehydro-
genation of chrysosporazine D to helvamide is catalyzed by the
Fe/2OG enzyme ParF/Hvm2. ParF has also been reported to
catalyze the C2 hydroxylation of chrysosporazine D that results
in piperazine cleavage to yield chrysosporazine V.
Helvamide serves as a common substrate for the Fe/2OG

enzymes ParG and Hvm1 to generate helvamide B and
arizonamides A and B, respectively, via consecutive C−C bond
formations. These three compounds are all stereoisomers of
one another that differ only in the stereochemistry at C3 and
C3′. Hvm1 can catalyze desaturation of chrysosporazine D
similar to ParF and Hvm2. Moreover, in vitro assays have
demonstrated that ParG can further catalyze the trans-
formation of arizonamide A into the spirocyclic arizolidines
A and B as well as chrysosporazine W; however, these
compounds have not been detected in the metabolic profile of
the producing strain (Figure 11B).56,57

Hvm1 and ParG catalyzed ring construction involves two
consecutive C−C bond formations. Starting from H atom
abstraction from the C3′ position, the resulting radical adds to
the double bond to form the first C−C bond between C2 and
C3′ and a second radical. A carbocation is proposed to trigger
a second C−C bond formation followed by rearomatization to
furnish helvamide B (Figure 11C).56 However, the detailed
mechanisms remain to be elucidated, and an alternative

proposal involves radical addition to the phenyl ring to
generate the second C−C bond in arizonamides A and B.57

Prediction of the ParG structure using AlphaFold2 combined
with molecular docking and mutagenesis has implicated Phe67
as a crucial residue in determining the stereochemical course of
the second C−C bond formation.57 In particular, Phe67 may
induce a conformational change that positions the radical
intermediate for C−C bond formation with S versus R
stereochemistry at C3 of arizonamide A and B, respectively
(Figure 11C). Formation of the spirocyclic arizolidines A and
B is a consequence of further oxidative rearrangement which
appears to be triggered by hydroxylation at C1′ (Figure 11D).
Furthermore, arizolidine A cannot be converted into
arizolidine B in vitro, such that a distinct pathway that includes
a second intermediary hydroxylation reaction may underlie its
formation.57 The reactions catalyzed by Hvm1 and ParG are
remarkable; elucidation of their mechanisms will require
further study.

5. REARRANGEMENT

5.1. DfmD in Dehydrofosmidomycin Biosynthesis
Fosmidomycin (FR-31564) and its unsaturated derivative
dehydrofosmidomycin (FR-32863) are discovered from
Streptomyces lavendulae.132−134 Although the biogenesis of
fosmidomycin remains unknown, the biosynthetic gene cluster
(dfm) of dehydrofosmidomycin has been identified in S.
lavendulae, and the biosynthetic pathway is well-characterized
through heterologous protein expression, intermediate charac-
terization, and biochemical experiments (Figure 12A and B).51

Figure 12. (A) Biosynthetic gene cluster and (B) proposed biosynthetic pathway of dehydrofosmidomycin. (C) Proposed mechanism for DfmD
catalyzed desaturation and C−C bond formation.
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Figure 13. Biosynthesis of anditomin and emeridone F. Biosynthetic gene clusters (A) and proposed biosynthetic pathways of (B) andiconin, (C)
anditomin, and (D) emeridone F. Proposed reaction mechanisms for (E) AndA and (F) SptF.
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Biosynthesis of dehydrofosmidomycin thus begins with
conversion of phosphoenolpyruvate to phosphonopyruvate
catalyzed by PEP mutase (DfmK)135 followed by trans-
formation to 2-aminoethylphosphonate (2AEP) under the
actions of phosphonopyruvate decarboxylase DfmL and
aminotransferase DfmM. Subsequently, SAM-dependent meth-
yltransferases DfmB and/or DfmC catalyze the methylations of
2AEP to trimethyl-2AEP which is utilized by an Fe/2OG
enzyme DfmD to afford methyldehydrofosmidomycin through
a two-step reaction.51,136,137 After that, the nucleotide
transferase DfmH is proposed to catalyze the transfer of a
CMP group to methyldehydrofosmidomycin, followed by N-
hydroxylation catalyzed by a flavin-dependent amine mono-
oxygenase DfmG. The remaining oxidation of the methyl
group to a formyl group and the removal of the CMP may be
performed by DfmG or DfmD and the metallophosphoesterase
DfmF to yield dehydrofosmidomycin.
The reaction mechanism of DfmD has been investigated by

the Metcalf, Guo, and Chang groups.136,137 Because conversion
of trimethyl-2AEP to methyldehydrofosmidomycin and form-
aldehyde is a four-electron oxidation process, it likely involves
two turnovers catalyzed by DfmD with an intermediate
product. Using 13C-labeled substrate isotoplogues and
substoichiometric concentrations of 2OG, the previously
uncharacterized desaturated intermediate 2-(trimethylamino)-
vinylphosphonate (TMAVP) is identified,136 thereby confirm-
ing that the overall transformation includes sequential
desaturation and rearrangement reactions requiring 2 equiv
of 2OG for the complete reaction. In addition, incubation of
synthetic trans-TMAVP with DfmD reaction conditions further
proved TMAVP is an intermediate rather than a shunt
product.137 Transient kinetic studies coupled with Mössbauer
measurements revealed that the FeIV�O intermediate in the
desaturation reaction is unusually long-lived. Additionally, the
quaternary ammonium center of trimethyl-2AEP is found to be
critical for desaturation such that dimethyl-2AEP only
undergoes hydroxylation.136

In order to determine the site of H atom abstraction during
the rearrangement reaction, a substrate isotopologue bearing
one deuterated methyl and two methyl groups at natural
abundance is synthesized for an internal competition experi-
ment.136 The mass spectrometry results reveal a distribution of
product isotopologues with different deuterium incorporated
positions, indicating that rearrangement begins with H atom
transfer from an N-methyl group. The resulting N-methyl
radical then adds to the double bond introduced during the
first half-reaction to generate an N,N-dimethyl aziridinium
cation radical stabilized via conjugation with the phosphonate
moiety. Rearrangement and hydroxylation via two proposed
pathways result in alkyl chain elongation and demethylation
with the elimination of a formaldehyde (Figure 12C).
5.2. AndF and SptF in Anditomin and Emeridone F
Biosynthesis

Fungal meroterpenoids derived from 3,5-demethylorsellinic
acid (DOMA) and terpenoid represent a class of natural
products notable for their structural complexity. Several Fe/
2OG enzymes have been found to be responsible for
rearrangement reactions during the biosynthesis of andito-
min,43 emeridone F,138 austinol,41 and paraherquonin.42

Anditomin is first found from Aspergillus variecolor.139

Isotope-feeding studies reveal that it is constructed from
DMOA and farnesyl pyrophosphate (FPP).139−142 More

recently, emeridone F143 and the structurally similar
emervaridones144 are isolated from Emericella sp. TJ29. The
biosynthetic gene clusters of anditomin (and BGC)43 and
emeridone F (spt BGC)138 are nearly the same except that the
former encodes a flavin-dependent monooxygenase AndJ for
seven-membered lactone synthesis and a short-chain dehydro-
genase/reductase AndH for enoyl reduction at the C6′−C7′
position. The spt BGC also encodes the Fe/2OG enzyme SptN
that catalyzes C9 hydroxylation (Figure 13A).
The biosynthetic pathways of both anditomin and

emeridone F have been proposed to include the common
intermediate andiconin. Its biosynthesis involves a type-I
nonreducing PKSs AndM/SptM that produces DMOA during
the initial stages of the pathway. Following hydroxylation and
lactonization enabled by the bifunctional P450 AndK/SptK,
5,7-dihydroxy-4,6-dimethylphthalide (DHDMP) is produced.
This is followed by sequential reactions catalyzed by a
prenyltransferase (AndD/SptD), an epoxidase (AndE/SptE),
and a terpene cyclase (AndB/SptB) that produce pentacyclic
preandiloid A. Subsequent transformation to preandiloid B is
catalyzed by the short chain dehydrogenase/reductase AndC/
SptC. The Fe/2OG enzyme AndA then catalyzes formation of
the enone preandiloid C, which rearranges to the
bicyclo[2.2.2]octane core of andiconin (Figure 13B). Interest-
ingly, in vitro experiments reveal that both dehydrogenation
and rearrangement are almost completely abolished in the
absence of ascorbate.43

Andiconin is oxidized to andilesin D via Baeyer−Villiger
oxidation catalyzed by AndJ before ketoreduction and
acetylation, and nonenzymatic elimination of acetate yields
andilesin B. The second SDR AndH catalyzes enoyl reduction
to generate andilesin C, which is recognized by the Fe/2OG
enzyme AndF to generate anditomin (Figure 13C). In the
biosynthesis of emeridone F (Figure 13D), after andiconin D
formation via the activities of SptI and SptG, the Fe/2OG
enzyme SptF catalyzes oxidative rearrangement to generate
emervaridone B. SptF can also catalyze epoxidation of
emervaridone B to yield emervaridone C, which is then
hydroxylated to produce emeridone F by SptN. Notably, SptN
can hydroxylate andiconin D at the C9 position, which induces
rearrangement to afford emeridone A.
Based on protein structures, mutagenesis, and computations,

the AndA catalyzed rearrangement is proposed to begin with H
atom abstraction from the C12 methyl group. The resulting
radical induces C−O cleavage that produces the exocyclic
double bond and a radical at C5′. The reaction continues
through sequential C−C bond formations before the final
radical is reduced to yield andiconin (Figure 13E).44 The
biological reductant remains unknown. Structural and muta-
tional experiments reveal that Arg239 and Tyr272 are essential
for rearrangement; however, variants at these positions retain
dehydrogenation activity.
While AndF and SptF share 94% protein sequence identity,

SptF not only catalyzes ring oxidative rearrangement reaction
(andiconin D → emervaridone B) but also enables epoxidation
to yield emervaridone C (Figure 13F).138 A mechanism of
SptF has been proposed. Following HAT at C11, a radical
triggers C4′−C3′ bond cleavage, which is followed by C4′−
C11 single bond and C3′−C9′ double bond formations to
result in emervaridone B. Finally, a second round of oxidation
results in the epoxidation of emervaridone C. SptF is a
promiscuous enzyme that accommodates the AndF substrate
andilesin C as well.145
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5.3. PrhA and AusE in Paraherquonin and Austinol
Biosynthesis

Austinol and paraherquonin also belong to a class of DOMA-
derived fungal meroterpenoids (Figure 14B). Austinol can be
isolated from Aspergillus ustus and A. nidulans and contains a
unique spiro-lactone ring system.146,147 Paraherquonin identi-
fied from Penicillium paraherquei IFO 6234 in 1982 possesses a
unique cyclic molecular architecture.148

The austinol biosynthetic gene cluster (aus BGC) (Figure
14A) has been identified in A. nidulans and consists of two
parts located in two separate regions of the chromosome.149,150

The functions of 14 genes in the aus BGC have been proposed

by targeted gene knockout experiments. Based on the
compounds isolated from the knockout mutants combined
with heterologous reconstitution in a nonproducing strain, a
complete biosynthetic pathway for austinol has been
proposed.41,150,151

The biosynthetic pathway begins with construction of the
intermediate protoaustinoid A following a similar route as
observed in the cases of other DMOA-derived meroterpenoids
(Figure 14B).152 Heterologous reconstruction of methyltrans-
ferase-encoding gene ausD in A. oryzae NSAR1, however, has
shown that methylation of the carboxyl group of DMOA is
essential prior to cyclization catalyzed by AusL.151 Proto-

Figure 14. Biosynthesis of paraherquonin and austinol. (A) Biosynthetic gene clusters and (B) proposed biosynthetic pathway of paraherquonin
and austinol. (C) The proposed mechanisms of AusE and PhrA catalyzed reactions.
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austinoid A is oxidized to berkeleyone A by another flavin-
dependent monooxogenase (AusB, FMO) before dehydrogen-
ation catalyzed by the Fe/2OG enzyme AusE generates
preaustinoid A. The third FMO enzyme AusC functions as a
Baeyer−Villiger monooxygenase to yield preaustinoid A1,
which undergoes AsuE catalyzed desaturation and rearrange-
ment to produce the spiro-lactone skeleton of preaustinoid A3.
Finally, formation of austinol involves multiple reactions
including isomerization, ketoreduction, lactonization, oxida-
tion, and hydroxylation catalyzed by AusF/G/H/I/J/K,
respectively.
The early steps of paraherquonin biosynthesis are the same

as those of austinol, according to bioinformatic analysis.
Furthermore, PrhI is homologous to C3 alcohol dehydro-
genases in the biosynthesis of other meroterpenoids, and PrhJ
and PrhK are highly similar to AusB and AusC; therefore, they
have been proposed to catalyze similar oxygenations of
protoaustinoid A to yield preaustinoid A1 (Figure 14B). This
hypothesis has been supported by gene reconstruction in
chassis Aspergillus oryzae.42 The Fe/2OG enzyme PrhA may
then catalyze construction of the cycloheptadiene moiety of
berkeleydione from berkeleyone B. Conversion of berkeley-
dione to paraherquonin is proposed to be directed by three
P450s (PrhB, D, and N) and one isomerase (PrhC).42

Possible reaction mechanisms for the various Fe/2OG
enzyme catalyzed reactions in these pathways have been
studied using protein structure determination and mutagenesis
(Figure 14C).153 AusE and PrhA share 72% sequence identity,
and their structures are highly similar (main chain RMSD of
0.6 Å). Notably, only three residues are found to be different
between the active sites of PrhA and AusE, where a double
mutant V150L/A232S of PhrA switches its activity to AusE.153

AusE catalysis has been proposed to begin with H atom
abstraction from C5 which may then undergo oxygen rebound
to form a hydroxylated intermediate that rearranges to
preaustinoid A3 (pathway A) versus a radical mediated
rearrangement (pathway B). Crystal structures of PrhA-
V150L/A232S in complex with substrates including berke-
leyone B, preaustinoid A1, preaustinoid A2, and preaustinoid
A3 reveal that pathway B is plausible for spiro-lactone skeleton
formation because of the lack of potential catalytic base near
H-9 for pathway A.
A similar reaction pathway has been proposed for PhrA.42

Due to the different A/B ring conformations, however, radical
initiation begins at C1. The reaction propagates via radical
addition of C1 at C5 to generate a cyclopropylcarbinyl radical
species which undergoes ring opening via homolysis of the
C5−C10 bond and double bond formation to yield the
cycloheptadiene moiety of berkeleydione (Figure 14C).
5.4. TropC in Stipitatic Acid Biosynthesis

Tropolones represent a class of compounds with a seven-
membered cyclohepta-2,4,6-trienone aromatic ring moiety.154

Stipitatic acid is one such example of a tropolone that is
isolated from Penicillium stipitatum in 1942155 and structurally
characterized in 1945.156

The biosynthetic origin of stipitatic acid is investigated
through feeding experiments using isotopically labeled
compounds,157,158 and only one oxygen from O2 is
incorporated into the tropolone skeleton during the ring
expansion.159 About a decade ago, the Cox group described the
biosynthesis of fungal tropolones including stipitatic acid
(Figure 15A and B).40,160,161 The stipitatic acid biosynthetic

gene cluster from Talaromyces stipitatus encodes three key
enzymes for the formation of the seven-membered cyclohepta-
2,4,6-trienone aromatic ring. A nonreducing polyketide
synthase TropA directs formation of methylorcinaldehyde,162

which is followed by an FAD-dependent monooxygenase
TropB to form a dearomatized hydroxycyclohexadione. The
Fe/2OG enzyme TropC then catalyzes oxidative ring
expansion to furnish the tropolone scaffold. After that, P450
monooxygenase TropD hydroxylates stipitaldehyde at C9
before nonenzymatic cyclization yields the hemiacetal
stipitacetal. The following steps that convert stipitacetal into
stipitatic acid remain to be established; however, a one-pot
reaction with stipitalidehydic acid, NAD-dependent dehydro-
genase TropH, hydrolase TropI, and decarboxylase TropJ
successfully produces stipitatic acid implicating their direct
involvement in stipitatic acid biosynthesis.161

The ring expansion catalyzed by TropC is initially proposed
to proceed via Lewis’ acid/base chemistry (pathway A)
following Fe/2OG catalyzed hydroxylation (Figure 15C).
This hypothesis is consistent with the observed shunt product
trihydroxybenzaldehyde.40 However, the Narayan group
proposed an alternative mechanism where the substrate radical
propagates via radical-mediated ring expansion (pathway B),
which is consistent with protein structure and computational
studies.163 In addition, several residues of TropC that are
critical for controlling reaction pathways between hydrox-
ylation and ring expansion are identified through ancestral
sequence reconstruction-guided strategy analysis.164

5.5. MtMOS in the Biosynthesis of Medicaol
Strigolactones represent a class of phytohormones produced by
the roots of some plants, e.g., tomato and rice.165

Strigolactones can be divided into canonical and noncanonical
subtypes, according to their chemical structures. The structure
of a canonical strigolactone is characterized by a tricyclic
lactone (the ABC rings) linked to a butenolide D ring via an
enol-ether bridge. These compounds can be further divided

Figure 15. (A) Biosynthetic gene cluster and (B) proposed
biosynthetic pathway of stipitatic acid. (C) The proposed mechanisms
of the TropC catalyzed reaction. Formation of the shunt product
trihydroxybenzaldehyde is shown in the box.
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into the strigol-type and orobanchol-type based on the
stereochemistry at the BC ring junction.165 Medicaol, an
orobanchol-type strigolactone, is identified in the root exudates
of Medicago truncatula (barrel medic). It features a special
seven-membered cycloheptadiene A ring (Figure 16A).166

The final step of medicaol biosynthesis is recently shown to
be catalyzed by the Fe/2OG enzyme MtMOS with the
substrate orobanchol (Figure 16A).58 Orobanchol is generated
from carlactone, which is in turn produced via D27 catalyzed
isomerization from all-trans-β-carotene to 9-cis-β-carotene.
This is followed by CCD7 catalyzed formation of 9-cis-β-
apo-10′-carotenal, which is then converted to carlactone in the
presence of CCD8.167 Carlactone is further converted into
carlactonoic acid in a reaction catalyzed by the P450 enzyme
CYP711A.168−170

The conversion of carlactonoic acid to orobanchol was
shown to proceed through two different pathways. In rice, the
P450 enzyme OsCYP711A2 catalyzes stereoselective BC-ring
closure to form 4-deoxyorobanchol, which is subsequently
hydroxylated by OsCYP711A3.169 In tomato, the P450 enzyme
SICYP722C catalyzes oxidation of carlactonoic acid to 18-
oxocarlactonoic acid before stereoselective BC-ring formation,
which is catalyzed by SISFR, a dirigent domain-containing
enzyme.171

Two pathways for ring expansion catalyzed by the Fe/2OG
enzyme MtMOS have been proposed (Figure 16B).58 In
pathway A, the reaction starts with hydroxylation. Elimination
of the hydroxyl group is proposed to trigger ring expansion
through a Wagner−Meerwein rearrangement. In pathway B,

ring expansion proceeds via a radical mediated pathway, where
a cyclopropyl radical intermediate is produced to result in
rearrangement. At the present, no detailed mechanistic studies
of MtMOS catalysis have been reported.

6. C−N BOND FORMATION
6.1. TqaL Catalyzed Aziridination
Until 2024, the only Fe/2OG enzyme known to catalyze
aziridination was TqaL in the biosynthetic pathway of the
fungal tremorgenic mycotoxin tryptoquialanine from Penicil-
lium aethiopicum.172 Recently, several TqaL homologues
together with the haloalkanoic acid dehalogenase-type hydro-
lase TqaF and NovR/CloR-like nonheme iron oxygenase
TqaM were reported to mediate the biosynthesis of the
nonproteinogenic amino acid 2-aminoisobutyric acid
(AIB).52,173,174 AIB is a building block found in many fungal
natural products including atrovirdin B from Hypocrea
atroviridis.175 Its biosynthesis begins with an aziridination
reaction catalyzed by TqaL. The reaction is followed by ring
opening and subsequent oxidative decarboxylation enabled by
TqaF and TqaM to form AIB (Figure 17A).
Abe’s group first solved the apo-form crystal structure of a

truncated TqaLNc72−382 variant.
52 Biochemical assays reveal

that TqaLNc can use L-Val, L-Ile, and L-allo-Ile as substrates to
produce aziridine and hydroxylated products (Figure 17A).
Moreover, when (2S,3S)-4,4,4-2H3-Val is supplied as the
substrate, an approximately 1:1 ratio of 2S,3S- and 2S,3R-
aziridines is produced, which suggests that the C2−C3 bond
undergoes rapid rotation to result in both retention and
inversion of chirality at the C3.173

Initial mechanistic proposals to explain the aziridination
reaction involve transfer of the H atom from the β-carbon to
the FeIV�O complex (Figure 17B). Subsequent electron
transfer from the radical to the FeIII−OH species generates a
C3 carbocation that undergoes intramolecular cyclization. An
alternative mechanism, however, involves oxygen rebound to
yield a β-hydroxylated species such that subsequent C−N
bond formation takes place via an intramolecular 3-exo-tet
nucleophilic substitution. Recently, the Guo and Chang groups
provided experimental evidence in favor of a cationic
intermediate by observing a primary deuterium KIE on the
FeIV�O decay when the reaction is run with the C3-
deuterated substrate isotopologue and monitored by stopped-
flow absorption spectroscopy and freeze quench Mössbauer
spectroscopy.174 Moreover, distinct O origin from 18O-water
or O2 at hydroxylated products that have opposite stereo-
chemistry at the hydroxylation site supports quench of a
carbocation (pathway A). Recently, the Wang group put
forward a different mechanism (pathway C) based on
computational studies involving conformational change of
the FeIV�O complex and N-coordination of the substrate that
would lead to a selective C−N coupling reaction.176

6.2. GAME33 and GAME34 in Steroidal Glycoalkaloid
Biosynthesis
Steroidal glycoalkaloids (SGAs) are secondary metabolites
isolated from Solanaceous crops such as tomato, potato,
etc.177−179 The structure of SGAs includes two components,
the N-containing steroid aglycone unit and an oligosaccharide
attached to the C-3 hydroxy group of the former moiety. The
α-solanine and α-chaconine are representative SGAs that
comprise ∼90% cultivated potato SGAs.180,181 Additionally,
habrochaitoside A is discovered from ripening fruit of S.

Figure 16. Biosynthesis of medicaol. (A) Proposed biosynthetic
pathway of medicaol and (B) proposed reaction mechanisms of the
Fe/2OG enzyme MtMOS catalyzed reaction.
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habrochaites (a wild tomato species) and contains a unique
seven-membered N-heterocycle (Figure 18A).182

Biosynthesis of SGAs begins with sequential hydroxylation
of cholesterol by two P450 enzymes, GAME7 and GAME8,
and one Fe/2OG enzyme GAME11 (Figure 18A).183

Oxidization at C22 followed by E-ring closure is catalyzed by
a P450 enzyme, GAME6. The resulting product is then
oxidized at C26 by another P450 enzyme, GAME4. An
aminotransferase, GAME12, converts the aldehyde into
spirosolane-type skeleton dehydrotomatidine, where a N-
heterocycle is formed. As a biosynthetic branch point, a 3β-
hydroxysteroid dehydrogenase/Δ5,4 isomerase GAME25 in
tomato transforms dehydrotomatidine into tomatid-4-en-3-
one, which is reduced to tomatidine by the unidentified
reductases.184 This reduction generally does not occur in the
potato. Finally, several uridine diphosphate-dependent glyco-
syltransferases catalyze glycosylation to yield α-tomatine in
tomato183 and α-solamarine and β-solamarine in potato.185−187
Recently, Mizutani et al. reveal that a Fe/2OG enzyme DPS-

st from Solanum tuberosum directs the E- and F-ring formation
of α-solamarine and β-solamarine.188 The 18O2-labeling
experiments indicate that the oxygen at C16 does not originate
from molecular oxygen. A possible reaction mechanism is
proposed (Figure 18B). DPS-st first catalyzes C16-hydrox-
ylation and followed by imine formation and C−O bond
cleavage, resulting in 16-oxo species. A nucleophilic attack
from imine to the carbonyl group forms an imine-oxy
zwitterion. Additionally, Aharoni et al. report a similar reaction
catalyzed by Fe/2OG enzyme GAME33 from wild tomato S.
habrochaites. GAME33 recognizes α-tomatine and generates
prashantoside A.189 Besides, an Fe/2OG enzyme GAME34
that directs the ring-expansion of α-tomatine to form
habrochaitoside A is identified where two possible pathways
are considered (Figure 18C). Pathway A involves hydrox-

ylation at C20, which serves as a leaving group during the
rearrangement to yield final product. Another route includes a
carbocation as key intermediate to trigger rearrangement.

7. CONCLUSION AND PERSPECTIVE
Detailed mechanistic studies have established the general
importance of the FeIV�O intermediate for C−H bond
activation in the catalytic cycle of Fe/2OG enzymes. However,
recent studies on hydroxylation,190 chlorination,15,35,36,191,192

and epoxidation21 have revealed an intricate balance between
the oxygen rebound and the nonrebound pathways in defining
the reaction outcomes. The FeIV�O-substrate disposition
defined by the (C)H···O−Fe angle and H···O distance creates
two C−H activation channels. A more obtuse (C)H···O−Fe
angle (closer to linear) enables a σ-channel CH activation (the
σ-pathway), while a more acute (C)H···O−Fe angle (closer to
90°) allows a π-channel C-H activation (the π-pathway). The
σ-pathway appears to lead to more efficient C−H activation
and may result in a closer distance between the resulting
carbon radical and OH moiety of the FeIII−OH species,
thereby facilitating subsequent rebound to afford hydroxyla-
tion. On the other hand, the π-pathway provides a less efficient
C−H activation pathway characterized by a more long-lived
FeIV�O intermediate. Together with the hydrogen bonding
networks provided by the secondary coordination sphere, the
resulting substrate radical and FeIII−OH are impaired for
oxygen rebound. The π-pathway may thus bias the catalytic
cycle toward nonhydroxylation outcomes including chlorina-
tion, epoxidation, and other reactions, e.g., C−C and C−N
bond formations. However, factors including FeIV�O and
FeIII−OH orientation (offline vs online), substrate and the
resulting radical position, an involvement of an assistant group
on the substrate, and coordination of secondary sphere
residues may also influence the reaction outcomes. Further

Figure 17. (A) An aziridine intermediate occurs in the proposed biosynthetic pathway of 2-aminoisobutyric acid and is formed from L-valine in an
oxidation reaction catalyzed by TqaL, which can also accept other branched-chain amino acids as substrates. (B) Possible reaction mechanism of
Fe/2OG enzyme TqaL.
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exploration of these mechanistic hypotheses and their
generality will help to shed light on the C−C and C−N
bond forming reactions discussed in this Review, thereby
providing a foundation for protein design and engineering.
In the past decade, several newly discovered Fe/2OG

enzymes have been found to catalyze C−C and C−N bond
forming reactions that result in strained cyclopropane and
aziridine rings in addition to complex oxidative rearrange-
ments. These reactions contribute to the late-stage modifica-
tion of natural products by introducing additional structural
complexity and diversity necessary for their biological
properties. With further development and exploration of the
biosynthetic chemistry of these enzymes and bioactive
molecules, it is reasonable to predict that new Fe/2OG
enzymes catalyzing unique and unexpected transformations in
diverse biosynthetic pathways will continue to be discovered.
Driven by investigations of the enzyme mechanisms, these
studies are expected to serve as a treasure trove for the
development of sustainable biocatalysts to enable useful
transformations.
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