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ARTICLE INFO ABSTRACT

Keywords: Angucyclines are one of the largest families of aromatic polyketides with various chemical structures and
Angucycline bioactivities. Decades of studies have made it easy for us to depict the picture of their early biosynthetic
Biosynthesis pathways. Two families of oxygenases, the FAD-dependent oxygenases and the ring opening oxygenases, con-
Oxygenase

tribute to the formation of some unique skeletons of atypical angucyclines. The FAD-dependent oxygenases
involved in the biosynthetic gene clusters of typical angucyclines catalyze two hydroxylation reactions at C-12
and C-12b of prejadomycin, while their homolog JadH in jadomycin gene cluster catalyze the C-12 hydro-
xylation and 4a,12b-dehydration reactions of prejadomycin, which leads to the production of dehydror-
abelomycin, a common intermediate during the biosynthesis of atypical angucyclines. Ring opening oxygenases
of a unique family of oxygenases catalyze the oxidative C—C bond cleavage reaction of dehydrorabelomycin,
followed by different rearrangement reactions, resulting in the formation of the various chemical skeletons of
atypical angucyclines. These results suggested that the functional differentiation of these oxygenases could

FAD-dependent monooxygenase
Ring opening oxygenase

apparently enrich the sources of aromatic polyketides with greater structure diversities.

1. Introduction

Angucyclines represent one of the largest families of aromatic
polyketides, which show various bioactivities such as antibacterial,
antitumor, antiviral and enzyme inhibitory activities [1]. Generally, the
angucyclines have a benz[a]anthracene skeleton, which is biosynthe-
sized by type II polyketide synthases (PKS). Briefly, a linear polyketide
chain is assembled by Claisen condensation of short chain acyl-CoA
(usually acetyl-CoA or its derivative malonyl-CoA), which is catalyzed
by the minimal PKS, consisting of a heterodimer of ketosynthase a and
B subunits and an acyl carrier protein (ACP) [1-3]. The nascent poly-
ketide chain is then modified by accessory enzymes, including a C-9
ketoreductase, a steroidogenic acute regulatory protein related lipid-
transfer (START) domain cyclase and a ferredoxin-like cyclase, to
generate the key angucycline product UWM6 (see Fig. 1) [4,5]. Sub-
sequent modification steps catalyzed by tailoring enzymes afford the
hundreds of structurally diverse angucyclines that have been identified
[1,6]. However, some aromatic polyketides without the typical benz[a]
anthracene skeleton, for instance jadomycins [5,7,8], gilvocarcins
[9,10], kinamycins [11-13], lomaiviticins [14,15] and fluostatins
[16,17], have been proved to be biosynthesized via oxidative B-ring
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opening and rearrangement of intermediates with typical benz[a]an-
thracene skeleton instead (Fig. 1). Therefore, these natural products are
defined as atypical angucyclines.

Jadomycins, possessing a unique pentacyclic benz[b]ox-
azolophenanthridine ring system (Fig. 1), is synthesized by Streptomyces
venezuelae ISP5230 (ATCC10712) under stress conditions [18,19]. The
biosynthetic mechanism of the strange ring system remained obscure
for years and was referred as a “black box” [20]. In 2005, Yang, Rohr
and co-workers proved that UWM6 and prejadomycin (also known as
2,3-dehydro-UWM6) were biosynthetic intermediates of jadomycin,
which harbored a typical benz[a]anthracene skeleton [5]. In vivo bio-
conversion experiments revealed that three oxygenases, including two
FAD-dependent monooxygenases JadF and JadH, and a unique ring
opening oxygenase JadG, could convert UWM6 and prejadomycin to
jadomycin A, suggesting the involvement of these oxygenases in the
formation the atypical skeleton of jadomycin [5].

Gilvocarcins are produced by Streptomyces griseoflavus G63592 and
other Streptomycetes, which have a benzo[d]naphtha[1,2-b]pyran-6-
one skeleton (Fig. 1) [10,21]. The gilvocarcin biosynthetic gene cluster
was cloned in 2003 [21] and the pathway was elucidated clearly by
Rohr and co-workers [10,20,22-25]. Homologs of the three oxygenases
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Fig. 1. The biosynthetic pathways of atypical angucyclines.

in jadomycin biosynthetic cluster (JadF, JadH and JadG) were also
found in the gilvocarcin biosynthetic cluster, GilOIV, GilOI, and GilOII,
respectively [10,20,21]. Furthermore, Rohr and co-workers proved that
the inactivation of gilOI could be complemented by jadH, as well as
gilOIV which could be replaced by jadF when gilvocarcin cluster was
expressed heterologously in S. lividans TK24 [20]. These results de-
monstrated that to a large extent the formation of the jadomycin and
gilvocarcin skeletons might share a similar pathway.

Another atypical angucycline kinamycins were isolated from
Streptomyces murayamaensis in early 1970s [26,27], and their correct
chemical structures were determined with a 5-diazobenzo[b]fluorene
skeleton by Gould et al in 1994 [28]. Several biosynthetic intermediates
or related derivatives were identified via bioconversion experiments,
such as dehydrorabelomycin, kinobscurinone and prekinamycin
[29-31]. The first identified kinamycin biosynthetic cluster in S. mur-
ayamaensis was proved to be partial by heterologous expression in S.

lividans [32]. After that two new kinamycin clusters were found in
Streptomyces ambofaciens and Streptomyces galtieri Sgt26 (the alp clus-
ters) [33-36], and the latter was proved as the completed kinamycin
clusters via heterologous expression in Streptomyces albus J1074 [36].
Moreover, lomaiviticins were discovered in Micromonospora lomaivi-
tiensis, surprisingly formed by a dimeric kinamycin-type skeleton [37].
Then lomaiviticins were reisolated in Salinispora pacifica strain DPJ-
0019 [38] and the biosynthetic clusters were identified in several Sal-
inispora strains as time went by [14,39,40].

Fluostatins were isolated in many actinomycetes strains [41-46]
and their biosynthetic clusters were identified [16,17,46] afterwards.
Although the feeding experiment using '>C labelled acetate indicated
that the benzo[alfluorene skeleton of fluostatins was biosynthesized
from a precursor with typical angucycline skeleton [17], the detailed
reactions and enzymes involved were still not known.

These atypical angucyclines have different chemical skeletons;
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however, they are proved to share the same early biosynthetic pathway
with the typical angucyclines, for example, landomycin, oviedomycin
and gaudimycin [47-52]. After decades of research, we can now depict
the integrated picture of the biosynthetic pathways of these atypical
angucyclines. Both typical and atypical angucyclines could be formed
though similar early biosynthetic processes and shared two common
intermediates, UWMB®6 and prejadomycin. The branch point of two types
of angucyclines was prejadomycin, which was converted by different
reactions catalyzed by a subfamily of FAD-dependent monooxygenases
[48]. Dehydrorabelomycin was a common biosynthetic intermediate of
atypical angucyclines, and it was the branch point mentioned appearing
in the biosynthetic pathways of atypical ones. A unique oxygenase fa-
mily, the AlpJ-family ring opening oxygenases, catalyzed the oxidative
C—C bond cleavage reaction, followed by various rearrangement reac-
tions and generated products with multifarious skeleton [7,9,12,13,53].

2. The functional diversities of FAD-dependent monooxygenases
between atypical and typical angucyclines biosynthesis

FAD-dependent monooxygenases are widely presented in almost all
biosynthetic gene clusters of aromatic polyketides, and the number of
these enzymes and their sequence similarities have been reported clo-
sely related to the chemical structure of the final products [54]. All
known biosynthetic gene clusters of angucyclines have at least two
FAD-dependent monooxygenases, namely the M series and E series
monooxygenases [54]. The M series FAD-dependent monooxygenases
were proposed to catalyze the 2,3-dehydration reaction [25]. In the
study about the enzymatic total synthesis of defucogilvocarcin M (a
model compound with gilvocarcin-tyep skeleton), Rohr and co-workers
tried various combinations of enzymes involved in the biosynthesis of
angucyclines. They reported that combination of seven enzymes (ke-
tosynthase a and 3 subunits GilA, GilB, ACP RavC, ketoreductase GilF,
malonyl-CoA:ACP transacylase GilP, cyclases JadD and RavG) could
convert acetyl-CoA and malonyl-CoA to rabelomycin and UWMBS6, while
these enzymes incorporated with JadF could generate prejadomycin.
Furthermore, prejadomycin could be converted to defucogilvocarcin M
by combination of six post-PKS tailoring enzymes (including GilOI,
GilOll, JadF, methyltransferases GilM and GilMT [23], oxidoreductase
GilR [22] and necessary co-factors), but UWMG6 could not be converted.
Thus the authors concluded that UWM6 was a shunt product and JadF
catalyzed the 2,3-dehydration of an ACP-tethered UWMS6-like inter-
mediate [25]. On the other hand, the E series monooxygenases cata-
lyzed the C12-oxygenation reaction of prejadomycin, but the detailed
reactions were different for atypical angucyclines (jadomycin) and ty-
pical angucycline (gaudimycin, urdamycin and landomycin) [8,48].

2.1. JadH was a bifunctional hydroxylase/dehydrase

In vitro enzymatic assays revealed that JadH catalyzed the C-12
hydroxylation and 4a,12b-dehydration of prejadomycin and generated
CR1 (Fig. 2), which could be converted to dehydrorabelomycin in the
air spontaneously [8]. This result indicated that CR1 was the real
product of JadH-catalyzed reaction, and JadH was a bifunctional hy-
droxylase/dehydrase.

Since dehydrorabelomycin was the common biosynthetic inter-
mediate for atypical angucyclines (see below), and the homologs of
JadH were conserved in their gene clusters, it was proposed that the
catalytic activities of these JadH homologs were conserved in the bio-
synthesis of atypical angucyclines as well. In fact, CR1 and dehydror-
abelomycin were observed products for FlsO2, a homolog of JadH in
fluostatin biosynthetic cluster identified in Micromonospora rosaria
SCSIO N160 [16].

2.2. PgaE catalyzed two hydroxylation reactions at C-12 and C-12b

In 2007, Metsé-Keteld and co-workers reported the heterologous
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expression of two cryptic angucycline biosynthetic genes (designated as
pga and cab clusters), which produced typical angucyclines gaudimycin
A and B (see Fig. 2), respectively [54]. In the following years, the
comprehensive studies about PgaE revealed that JadH and PgaE cata-
lyzed different reactions of prejadomycin, although PgaE was con-
sidered as a homolog of JadH in the pga cluster [48,51,52].

In vitro enzymatic assays revealed that PgaE catalyzed two con-
secutive hydroxylation reactions of prejadomycin [52]. Together with
CabV, a short-chain alcohol dehydrogenase/reductase (SDR) catalyzing
the C-6 reduction of the product, PgaE could convert prejadomycin to
gaudimycin C (Fig. 2). Parallel kinetic quantitation of prejadomycin
and NADPH revealed that 2 moles of NADPH were consumed when 1
mole of prejadomycin was converted, indicating two separated mono-
oxygenation reactions [52]. The authors only observed the intermediate
generated by the first C-12 hydroxylation under controlled NADPH
concentration, since the second C-12b hydroxylation reaction was in-
hibited by prejadomycin. However, the C-12 hydroxylated intermediate
was too labile to be isolated [52].

2.3. The content-dependent regulation on the catalytic activities of FAD-
dependent monooxygenases controlled the formation of various angucyclines

A comparative study about several FAD-dependent monooxygenases
from typical angucycline biosynthetic clusters, such as UrdE (urda-
mycin), LanE (landomycin), PgaE and CabE (gaudimycins), together
with JadH from the atypical angucycline jadomycin cluster, suggested
interesting content-dependent regulation on the catalytic activities of
these enzymes [48]. Enzymatic assays in vitro revealed CabE, UrdE and
LanE also catalyzed two hydroxylation reactions of prejadomycin at C-
12 and C-12b, turning out converting prejadomycin to gaudimycin C
together with SDR family reductases (CabV or UrdMred, the reductase
domain of UrdM) [48]. However, LanE and LanV (SDR family reductase
in the landomycin cluster) converted prejadomycin to 11-deox-
ylandomycinone (Fig. 2), but not gaudimycin C [48]. As 11-deox-
ylandomycinone did not have a C-12b hydroxyl group, it was produced
from the C-12 hydroxylated intermediate. Detailed kinetic analysis re-
vealed that the formation of 11-deoxylandomycinone was in parallel
with the conversion of prejadomycin, which demonstrated that the
substrate of LanV was the C-12 hydroxylated intermediate, not the C-12
and C-12b double hydroxylated intermediate (Fig. 2) [48].

Given that different combinations of hydroxylases (PgaE, CabE,
UrdE or LanE) and SDR family reductases (CabV, UrdMred or LanV)
were tested for the conversion of prejadomycin, Metsi-Keteld and co-
workers made a conclusion that the products were largely determined
by the SDR family reductases [48]. When CabV or UrdMred was used,
prejadomycin would be transformed to gaudimycin C, while 11-deox-
ylandomycinone was produced when LanV participated. The authors
suggested that these results could be explained by the relatively high
substrate selectivity of LanV towards the C-12 hydroxylated inter-
mediate, and presented an interesting example of biosynthetic context-
dependent regulation as an essential cause of the structural diversities
of the final products [48]. Notably, the authors also represented the
potential of catalyzing the C-12b hydroxylation for JadH. When pre-
jadomycin was utilized as substrate, JadH catalyzed the C-12 hydro-
xylation and 4a, 12b dehydration reactions with or without SDR family
reductase. Nonetheless, JadH could convert the C-12 hydroxylated in-
termediate to gaudimycin C in the presence of either CabV, UrdMred or
LanV [48]. These results indicated that JadH retained the catalytic
activity of C-12b hydroxylation of the presumed ancestral enzymes
[48].

3. The functional diversities of the ring opening oxygenases and
the structural diversities of the atypical angucyclines

It is known that dehydrorabelomycin is determined as a common
intermediate of atypical angucyclines [1,8,17,55]. A small family of
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Fig. 2. Reactions catalyzed by FAD-dependent monooxygenases and SDR family reductases in vitro.

oxygenases, ring-opening oxygenases, catalyze the oxidative B-ring
opening of dehydrorabelomycin and the following rearrangement re-
actions [7,9,12,13], and other tailoring enzymes in subsequent steps
contribute to the final structure of derivative products [9,23,35,36].
Sequence comparison and database searches demonstrate that these
ring-opening oxygenases are found only in biosynthetic clusters of
atypical angucyclines, strongly suggesting they played critical roles in
the ring opening of atypical angucyclines [7,53]. JadG (jadomycin),
GilOII (gilvocarcin), AlpJ (kinamycin) and other homologs are re-
presentative members of these particular ring-opening oxygenases fa-
mily [53].

3.1. Ring-opening oxygenases catalyzed the oxidative C—C bond cleavage
and rearrangement reactions of dehydrorabelomycin

For gilvocarcin biosynthesis, GilOII plays a pivotal role in the for-
mation of gilvocarcin-type skeleton. In 2011, Rohr and co-workers re-
ported that GilOIl, GilM, GilMT and GilR could convert dehydror-
abelomycin to defucogilvocarcin M, a model compound containing the
same benzo[d]naphtha[1,2-b]pyran-6-one skeleton as other gilvocarcin
derivatives (Fig. 3) [25]. Among the four enzymes, GilM and GilMT
were proved to be O-methyltransferases, and GilR was identified as an
FAD-dependent oxidoreductase which was responsible for oxidizing the
hemiacetal of pregilvocarcins to the lactone of gilvocarcins [22,23]. A
Baeyer-Villiger-type hydroxyoxepinone intermediate was isolated from
the reaction mixture of GilOII and Fre (Escherichia coli flavin reductase
[56,571) using dehydrorabelomycin as substrate in the presence of the
cofactors FAD and NADPH (Fig. 3). This hydroxyoxepinone inter-
mediate could be converted to defucogilvocarcin M by GilOII, GilM,
GilMT, GilR and Fre (with the supply of FAD and NADPH) [9]. How-
ever, the end product of the GilOII catalyzed reaction was not isolated.

As for jadomycin biosynthesis, inactivation of JadG prevented the
biosynthesis of jadomycin B and A, and then three compounds with an
intact B-ring were accumulated, including dehydrorabelomycin and
prejadomycin [58]. In vitro enzymatic analysis revealed that JadG
catalyzed the ring opening and rearrangement of dehydrorabelomycin
to form jadomycin A when i-isoleucine was supplied (Fig. 3) [7].
FMNH, or FADH, was required as cofactors, and it could be provided
by either a cluster-situated flavin reductase JadY or the E. coli Fre. JadY
was characterized as an NAD(P)H-dependent FMN/FAD reductase, with
FMN as the preferred substrate [7]. Tan, Yang and co-workers reported
that the transcription of jadY was tightly controlled by a cluster-situated
regulator JadR*, to ensure a timely supply of cofactors and avoid un-
necessary consumption of NAD(P)H [59].

For kinamycin biosynthesis, inactivation of AlpJ, the ring-opening
oxygenase in the kinamycin cluster of S. ambofaciens, caused accumu-
lation of dehydrorabelomycin, while the complement mutant
(AAalpJ::alpJ) produced a series of new compounds, POJ1, POJ2 and
POJ4, all possessing a 7,8-dihydroxy-3-methyl-naphtho[2,3-c]chromen-
6-one structure and regarded as rearrangement products of the B-ring
opened aldehyde/acid intermediates (Fig. 3) [12]. Analysis in vitro
presented that AlpJ (with FADH, supplied by E. coli Fre) was qualified
to convert dehydrorabelomycin to two B-ring contraction products:
benzofluorene intermediate and its dimer (Fig. 3). Hence, these results
highlighted that AlpJ could catalyze the oxidative ring opening and
contraction of dehydrorabelomycin to generate kinamycin-type pro-
ducts [12].

Sequence comparison of the benzo[b]fluorene-producing gene
clusters displayed a conserved pair of oxygenases (AlpK-AlpJ homo-
logs), suggesting that AlpK was functionally associated with AlpJ.
Inactivation of AlpK caused accumulation of PK1, a trimer of benzo-
fluorene [12]. Heterologous expression in Streptomyces lividans TK24
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and bioconversion using dehydrorabelomycin as substrate revealed that
PK1 was produced by AlpJ solely, while co-expression of AlpJ and AlpK
could convert dehydrorabelomycin to seongomycin (a shunt product of
kinamycin biosynthesis) in vivo. While in vitro, researchers discovered
that AlpK could replace Fre and offer cofactors for AlpJ. When N-
acetylcysteine was added, AlpJ and AlpK turned dehydrorabelomycin
to seongomycin in vitro. These results indicated that AlpK catalyzed the
reaction following the ring-opening and rearrangement reactions in
kinamycin biosynthesis [12]. Similar results were reported by Balskus
and co-workers for AlpJ and KinO1 (the homolog of AlpK in S. mur-
ayamaensis) later [13]. They also found the formation of stealthin C via
an intramolecular S—N-type Smiles rearrangement reaction for AlpJ,
KinO1/Fre and 1-cysteine with dehydrorabelomycin as substrate [13].
Stealthin C has an aminobenzo[b]fluorene skeleton, and has been
proposed as a biosynthetic intermediate by Gould et al. [60]. However,
recent study about the biosynthesis of fosfazinomycin and kinamycin
revealed that the N—N bonds in the two natural products were formed
via an acetylhydrazine biosynthetic synthon, which was carried on
glutamic acid and would be transferred to a kinobscurinone-type sub-
strate [61]. These results precluded the possibility of stealthin C as a
biosynthetic intermediate of kinamycin.

3.2. The structure and evolution of ring-opening oxygenases

The crystal structure of AlpJ was determined by Liu, Yang and co-
workers in 2016 [53]. AlpJ and other ring opening oxygenases showed
weak sequence similarities with the well-known anthrone oxygenases,
such as TemH, ElmH and ActVA-Orf6, whereas they were doubled in
length [62-64]. Both static light scattering and size-exclusion chro-
matography experiments indicated that AlpJ was a monomer in

solution. The overall structure of AlpJ monomer resembled the dimeric
structure of ferredoxin-like proteins, containing two similar domains.
Structure comparison revealed that the monomeric AlpJ was a struc-
tural equivalent of the homodimer of ActVA-Orf6 [65]. Both the N- and
C-terminal domains contained putative substrate binding pockets,
which might form reasonable interactions with the substrate dehy-
drorabelomycin as revealed by molecular docking [53]. Mutations in
the N-terminal domain (N60A and W64A), the C-terminal domain
(W181A) and the domain interface (H50A and Y178A) significantly
reduced the catalytic activity of AlpJ. These results made clear that the
putative active sites in both the N- and C-terminal domain were vital for
the catalytic activity of AlpJ, and they might function in a cooperative
manner [53].

The homologs of ring opening oxygenases (200-250 residues) were
found mainly in the biosynthetic gene clusters of atypical angucyclines,
including AlpJ and KinG (kinamycin) [32,34,36], Lom28 and its
homologs (lomaiviticin) [14,15,39], Nes27 (nenestatin) [66], Flul7,
FIsG, and Fluo6 (fluostatin) [16,17,46], GilOIl (gilvocarcin) [21],
ChryOII (chrysomycin), RavOII (ravidomycin) [67], and JadG (jado-
mycin) [68], etc. The only exception so far was HrbK in the gene cluster
of the typical angucycline hatomarubigin, whose catalytic function was
still unknown [69]. Phylogenetic analysis certified these ring opening
oxygenases formed a unique protein family, which involved three
subclades (see Fig. 4) [53]. Each subclade of ring opening oxygenases is
correlated with a family of atypical angucyclines sharing the same
chemical skeleton, for instance the subclade of JadG for jadomycin
skeleton, the subclade of GilOIl, ChryOIl and RavOII for gilvocarcin-
type skeleton, and a large subclade including ring opening oxygenases
from kinamycin, lomaiviticin, nenestatin and fluostatin biosynthetic
gene clusters. It was notable that the ring opening oxygenases from the
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fluostatin clusters were in the same subclade of those from the kina-
mycin and lomaiviticin clusters, although the skeletons of their final
products were different [53]. This interesting discovery indicates that
the fluostatin-type skeleton is possibly generated via the rearrangement
of a kinamycin-type structure [16,70].

4. Conclusion

It is widely acknowledged that aromatic polyketides are usually
biosynthesized by type II PKS, and that tailoring enzymes contribute to
the formation of their final structures [6]. Case studies about the bio-
synthesis of angucyclines have revealed that functional diverse oxyge-
nases are responsible for the chemical diversity of these natural pro-
ducts.

Although PgaE, CabE, UrdE, LanE and JadH, FlsO2 belonged to the
same subfamily of FAD-dependent monooxygenase, they catalyzed
different reactions of prejadomycin [5,8,16,48,52]. Among them JadH
and FIsO2 catalyzed the C-12 hydroxylation and 4a,12b-dehydration
reactions of prejadomycin and produced dehydrorabelomycin, namely
the common intermediate of atypical angucycline biosynthesis [8,16].
On the contrary, PgaE and its homologs catalyzing the C-12 and C-12b
hydroxylation reactions of prejadomycin, lead to the formation of
several typical angucyclines with C-12b hydroxyl group [48,52]. Si-
milar diversification appears to have occurred for the ring opening
oxygenases. Although these oxygenases, GilOIl, JadG and AlpJ, for in-
stance, belonged to this unique oxygenase family, they catalyzed three
types of reaction of dehydrorabelomycin and formed final products
with the corresponding structures [7,9,12]. These results suggested that
the functional differentiation of the oxygenases were one of the con-
siderable sources of the structure diversities of natural products.

The comparative studies about the FAD-dependent monooxygenases
also revealed the biosynthetic context-dependent regulation on their
catalytic activities [48]. Although PgaE, CabE, UrdE and LanE, could
catalyze the consecutive C-12 and C-12b hydroxylation reactions, the
end products were controlled by the following SDR family reductases
such as CabV and LanV. Due to the different substrate affinities of the
reductases towards various biosynthetic intermediates, the second C-
12b hydroxylation might happen or not happen at all, which caused the
formation of gaudimycin and landomycin-like products, respectively
[48]. Thus, the substrate affinities of the tailoring enzymes contributed
to the structure diversities of the natural products as well.

Taken together, the post-PKS tailoring enzymes, especially the FAD-
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dependent monooxygenase family and the ring opening oxygenase fa-
mily, offered interesting examples for the study about the enzyme
evolution and functional differentiation, which also contributed to the
discovery of natural products with novel chemical skeletons.
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