
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

6:
28

:4
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Discovery of pen
aXiangya International Academy of Translat

Changsha, Hunan 410013, China. E-mail: j
bHunan Engineering Research Center of C

Product Drug Discovery, Changsha, Hunan
cNational Engineering Research Center o

Discovery, Changsha, Hunan 410205, China
dState Key Laboratory of Natural and Biom

China, State Key Laboratory of Compo

University of Traditional Chinese Medicine,

† Electronic supplementary information (
and procedures, Fig. S1–S61;
https://doi.org/10.1039/d2sc04379c

Cite this: Chem. Sci., 2022, 13, 13475

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 5th August 2022
Accepted 28th October 2022

DOI: 10.1039/d2sc04379c

rsc.li/chemical-science

© 2022 The Author(s). Published by
taene polyols by the activation of
an enediyne gene cluster: biosynthetic implications
for 9-membered enediyne core structures†

Jian Pan, a Qingwen Tan,a Saibin Zhu,a Xiaohui Yan,d Yu Li,a Zhoukang Zhuang,a

Xiangcheng Zhu,ac Yanwen Duanabc and Yong Huang *ab

The identification and characterization of enediyne polyketide synthases (PKSEs) revealed that PKSE-bound

polyene is a common intermediate, while its subsequent tailoring steps to enediyne cores remain obscure.

Herein, we report pentaene polyols 5–7 and cinnamic acid derivatives 8 and 9 biosynthesized from an

activated enediyne biosynthetic gene cluster in Streptomyces sp. CB02130. The C-1027 pksE could partially

complement production of these polyene polyols in a CB02130 mutant where the native pksE is

inactivated. The yields of 5–7 were improved by increasing the cellular pool of L-Phe through either gene

inactivation of a prephenate dehydrogenase WlsPDH or supplementation of L-Phe. A flexible ammonia

lyase WlsC4 is responsible for biosynthesis of 8 and 9 from L-Phe. The co-localization of wlsPDH and PKSE

gene cassette supports their close evolutionary relationships and an enediyne genome mining strategy

using WlsPDH. These findings not only provide a facile approach to activate silent enediyne BGCs, but

suggest that a polyene epoxide intermediate may be formed for construction of 9-membered enediyne

macrocycles.
Introduction

Enediyne natural products are characterized by the unique
conjugation of two acetylenic groups to a double bond within a 9-
or 10-membered carbocycle (Fig. 1 and S1†).1–4 The last two
decades have witnessed deciphering the unique biosynthetic
logic of enediyne natural products, including the identication of
their biosynthetic gene clusters (BGCs),5–12 the discovery and
characterization of highly reducing iterative polyketide synthases
(PKSEs) for enediyne assembly,13–20 as well as novel enzymology to
construct peripheral moieties into enediyne architectures.21–26

However, the biosynthesis of enediyne cores has been a topic of
great interest and remains largely a mystery. The carbon skeleton
of enediyne cores is formed from iterative condensation of
malonyl-CoA catalyzed by PKSEs, leading to the isolation of
several polyenes 1–4,13–16,18–20 among which b-hydroxy acid 4 or its
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PKSE-bound analog was considered as the common intermediate
for 9- or 10-enediyne core biosynthesis.13,16,20 However, further
tailoring steps for enediyne construction and how the 9- or 10-
membered rings diverge remain unknown. Some underlying
reasons may include that (1) the functions of many conserved
Fig. 1 Proposed biosynthesis of enediyne cores. (A) Representative 9-
membered enediynes. (B) Biosynthesis of PKSE-catalyzed formation of
polyenes from acetate.
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genes for enediyne biosynthesis are unknown and (2) only a few
metabolites, e.g. 1–4, related to enediyne core processing were
discovered.

We and our colleagues recently reported PKSE gene cassette-
based genome mining approaches to discover enediyne
producers, leading to the isolation of new anthraquinone-fused
enediynes and several high-yield producers of C-1027.27–30 These
studies not only show wide-spread enediyne BGCs and their
huge biosynthetic potential, but highlight signicant chal-
lenges to activate silent enediyne BGCs and harness novel
chemistry, including intermediate steps towards enediyne core
biosynthesis.

Here, we report the activation of a putative Wuliangshan
(wls) enediyne BGC in Streptomyces sp. CB02130 and the
discovery of three novel pentaene polyols 5–7 and cinnamic acid
derivatives 8 and 9. Their biosynthetic study suggests that 5–7
are likely shunt metabolites during the construction of 9-
membered enediynes, which support epoxidation of the PKSE-
tethered polyene intermediate during the biosynthesis of 9-
membered enediynes.

Results and discussion
Bioinformatics analysis revealed a subclass of putative
enediyne BGCs

Bioinformatic analysis revealed a sub-cluster of putative ene-
diyne BGCs with a conserved regulatory network with
Fig. 2 Production and structure elucidation of 5–9 from S. sp. CB0213
BGCs. (B) Activation of wls BGC to produce 5–9 and identification of ge

13476 | Chem. Sci., 2022, 13, 13475–13481
neocarzinostatin (Fig. 2 and S2†).7 S. sp. CB02130 was priori-
tized as a prototype for this sub-family since it could produce
the heptaene metabolite 1, while no enediyne natural products
could be identied. Heterologous expression of WlsPKSE and
a type II thioesterase WlsE10 in Escherichia coli also accumu-
lated 1, which further supports the operation of previously re-
ported enediyne PKS chemistry in CB02130 (Fig. S3 and Table
S2†).
Discovery of 5–9 from an activated wls BGC

Since manipulation of pathway-situated regulators could
improve the yield of C-1027,32,33 we systematically inactivated
putative negative regulators in wls BGC by gene replacement of
wlsR2 and wlsR3 using a thiostrepton-resistance gene. An extra
copy of putative positive regulators, including wlsR1, wlsR5,
wlsR6, and wlsR7, was also individually introduced into
CB02130 through site-specic integration (Fig. S4†).34 When we
inactivated wlsR3 encoding a TetR regulator, a series of
metabolites 5–9 were produced, while DwlsR2 and mutants
overexpressing wlsR1, wlsR5, wlsR6, and wlsR7 had no obvious
metabolite overproduction (Fig. 2B, panel II; S5, S9†). Intro-
duction ofwlsR3 to DwlsR3mutant restored its phenotype to the
wild-type strain (Fig. 2B, panel III). Interestingly, deletion of
wlsE and wlsE10 in DwlsR3 only abolished the production of 5–
7. Inactivation of wlsC4 encoding a 4-methylideneimidazole-5-
one-dependent ammonia lyase abolished the production of 8
0. (A) The high sequence similarity between wls and neocarzinostatin
nes for their biosynthesis. (C) Structure elucidation of 5–9.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cross-complementation of the PKSE function in the DwlsE/
DwlsR3 mutant by WlsE and PKSE for C-1027 biosynthesis from
Streptomyces sp. CB02366. (A) The production of pentaene polyols 5–
7. (B) The production of heptane (1) was observed in the comple-
mentation mutants (panels III and IV).
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and 9 (Fig. 2B, panels VI). The above data suggest the activation
of wls BGC in DwlsR3.

Compounds 5–7 are likely related to enediyne core biosyn-
thesis, but the low titer hindered their isolation. Further anal-
ysis of wls BGC revealed two potential chorismate-related
pathways: WlsD and WlsG share high sequence identity with
SgcD and SgcG for the biosynthesis of benzoxazolinate from
chorismate in C-1027,31 while wlsOrf3 and wlsPDH encode
putative chorismatase and prephenate dehydrogenase (PDH),
respectively. WlsOrf3 and wlsPDH, along with wlsOrf30 pre-
dicted to encode a 2-hydroxyacyl-CoA lyase, are not present in
the known enediyne BGCs (Fig. S2†). We therefore deleted
wlsOrf3, wlsOrf30, and wlsPDH in DwlsR3, respectively, to
investigate their roles in 5–9 biosynthesis (Fig. 2B, panels VII–
X). No new metabolites and obvious yield change of 5–9 were
observed in DwlsORF3/DwlsR3 and DwlsORF30/DwlsR3; in
contrast, the yields of 5–7 increased by about 8-fold in
DwlsPDH/DwlsR3, while gene replacement of wlsPDH in
CB02130 wild-type had no obvious changes (Fig. 2B, panel XI).
Gene inactivation of wlsR3 or wlsR3 and wlsPDH also led to
signicant overproduction of heptaene 1, while further over-
expression of putative positive regulators wlsR1 and wlsR6
under the control of ermEp* in DwlsR3 had no effects towards
the production of 1 and 5–7 (Fig. S14 and S15†).

Scaled-up fermentation of DwlsR3 or DwlsPDH/DwlsR3
mutants thus led to the isolation of 8 and 9, or 5–7, respectively.
Compound 5 was isolated as a colorless powder that was
analyzed for the molecular formula C15H22NaO4, by HR-ESI-MS
(m/z 289.1403 [M + Na]+, calcd 289.1416) (Fig. S6†). It contains
ve degrees of unsaturation, consistent with a conjugated
pentaene structure with characteristic UV/Vis absorption at lmax

312.2, 330.2, and 348.2 nm. Analyses of 1D and 2D NMR spectra
of 5 revealed that it contains one terminal methyl as a doublet at
l 1.1 (J= 6.6 Hz, H15) and one terminal hydroxylmethyl at l 3.49
(2H, m, H1), three oxymethine protons [3.62 (1H, t, J = 6.6),
H14; 3.90 (1H, m), H13; 4.17 (1H, m), H2], two trans olenic
protons [5.74 (1H, dd, J = 15, 3.0 Hz), H12; 5.73 (1H, dd, J = 15,
2.4 Hz), H3], and eight overlapping olenic protons at l 6.27–
6.33 (m, H5–H10) (Table S4 and Fig. S16–S26†). HSQC and
HMBC experiments showed that these proton signals correlated
with their corresponding 13C NMR bands and established their
connections. The geometry of the remaining three double
bonds is likely in the E conguration, since (1) 5 is the iterative
acting PKSE product and (2) the overlapping signals of H5–H10
would suggest a pseudo-centrosymmetric structure, similar to
all trans congurations of 1–4. Therefore, the planar structure of
5 was identied as (3E, 5E, 7E, 9E, 11E)-pentadeca-3, 5, 7, 9, 11-
pentaene-1, 2, 13, 14-tetraol.

Compound 6 was likely a diastereoisomer of 5, since both
compounds had identical HR-ESI-MS and similar NMR data
(Table S4 and Fig. S27–S39†). Compound 7 was isolated as
a colorless powder with an almost identical UV/Vis spectrum to
5, suggesting a similar molecular structure. The difference of 7
is that it contains two extra hydroxylmethyl groups [3.59 (2H, br
m), H1′; 3.48 (2H, m), H3′] and one oxymethine proton at l 3.65
(1H, m, H2′), corresponding to a three-carbon glycerol unit
(Fig. S40–S53†). HMBC correlations fromH-1 to C-1′, H-2 to C-3′,
© 2022 The Author(s). Published by the Royal Society of Chemistry
as well as H-1′ to C-3′ and H-3′ to C-1′ established the connection
of the glycerol unit to the pentaene skeleton of 7.

The 13,14-diol in 5/6/7 was assigned with an anti-
conguration, due to the relatively large 3JH,H constants (6.6
Hz) and the presence of NOE between H-15/H-13 and H-12/H-14
and the absence of NOE between H-12/H-15.39 The character-
istic electronic circular dichroism of 5 and 6 also suggested that
they are diastereoisomers (Fig. S7†). However, 5 had no optical
rotation when measured in methanol, suggesting a pseudo
mesomeric structure. Several highly symmetric polyene polyols
with a tetraene unit anked by diols were isolated, while their
optical rotation ranged from −2 to −15.40 In contrast, 6 exhibits
an optical rotation of [a]25D +149 (c 0.04, MeOH) and less signal
overlapping in both its 1H and 13C spectra, indicating rather
different stereochemistry. Taken together, the relative stereo-
chemistry of 5–7 is shown in Fig. 2B. The structures of 8 and 9
were determined by their corresponding 1D and 2D NMR and
HR-ESI-MS, which are the known cinnamic acid derivatives
(Fig. S6 and S54–S61†).

Since PKSE genes belonging to 9-membered enediynes could
cross-complement C-1027 or neocarzinostatin production when
the native pksE gene was inactivated,13 we therefore overex-
pressed wlsE10 and pksE for C-1027 biosynthesis from Strepto-
myces sp. CB02366 in the DwlsE/DwlsR3 mutant (Fig. 3).30 Both
mutants overexpressing pksECB02366 and wlsE could produce 1
and partially restored the production of 5–7 in the wlsE null
mutant, suggesting the operation of enediyne PKS chemistry
and interaction of C-1027 PKSE with accessory enzymes in
CB02130.

Since the 1, 2-diol functionality is present in many known 9-
membered enediyne natural products, epoxide hydrolases
including SgcF and NcsF2 from C-1027 or neocarzinostatin
BGCs were proposed for the hydrolysis of epoxide
intermediates.35–37 To study the role of WlsF, a close homolog of
Chem. Sci., 2022, 13, 13475–13481 | 13477
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Fig. 4 Characterization of WlsC4 as an L-Tyr and L-Phe ammonia lyase
in vitro.
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SgcF and NcsF2 for the formation of vicinal diols in 5–7, it was
inactivated in DwlsR3. The production of 5–7 was unchanged in
the resulting mutant (Fig. 2B, panel XII). We next inactivated
wlsORF8 and wlsORF24 encoding putative monooxygenases
with high sequence similarity to SpoT4 and SpoORF18 in
sporolides BGC,10 as well as putative oxidoreductase genes wlsL
and wlsE9, and cytochrome P450 monooxygenase gene wlsE7 in
the DwlsR3 mutant, while the production of 5–7 seemed
unchanged in the resulting mutant strains DwlsORF8/DwlsR3,
DwlsORF24/DwlsR3, DwlsL/DwlsR3, DwlsE7/DwlsR3, and
DwlsE9/DwlsR3 (Fig. S13†).

Characterization of WlsC4 as an amino lysase

Both 8 and 9 disappeared when wlsC4 was inactivated inDwlsR3
(Fig. 2B, panel VI). This suggests that 9 was likely a product of
WlsC4, while further O-methylation of 8 may yield 9. Bio-
informatics analysis showed that WlsC4 shares high sequence
similarity to several L-Tyr or L-Phe ammonia mutases or lyases,
including SgcC4 (80.45% amino acid sequence identity) known
as amino mutase that converts L-Tyr into (S)-b-tyrosine.41–43

However, in vitro assay conrmed that puried WlsC4 from
heterologous expression in E. coli utilized both L-Tyr or L-Phe as
substrates to produce 4-hydroxyl cinnamic acid or cinnamic
acid, while it prefers L-Tyr (Fig. 4). To decipher whether L-Tyr or
L-Phe was the substrate for WlsC4 in vivo, both compounds were
individually added to the production medium of the DwlsR3
mutant as a sole nitrogen source (Fig. S11†). Surprisingly, 5–9
could only be produced with the exogenous L-Phe, while the
production of heptaene 1 was comparable when either L-Tyr or
L-Phe was used. These data suggest that L-Phe may be the
genuine substrate for biosynthesis of cinnamic acid derivatives
8 and 9, while the cellular concentration of L-Phe is important to
regulate the production of pentaene polyols 5–7. In addition,
supplementation of L-Phe (6 mM) to the original production
medium signicantly increased the yields of 5–7 in DwlsR3,
even comparable to those in DwlsPDH/DwlsR3 (Fig. S12†).
WlsPDH shares 30.69% sequence identity with characterized
prephenate dehydrogenase MtPDH from Mycobacterium tuber-
culosis H37Rv and it can oxidatively decarboxylate prephenate
derived from chorismate to 4-hydroxyphenylpyruvate, followed
by its conversion into L-Tyr by tyrosine aminotransferase. Gene
inactivation of wlsPDH likely increased the cellular L-Phe
concentration by removing the branch point to L-Tyr from
chorismate, since it can oxidatively decarboxylate prephenate
derived from chorismate, which thus led to enhanced pentaene
polyol production (Fig. 2B, panel X).

In silico genomemining of enediyne BGCs containing wlsPDH
homologs

We next studied the distribution of WlsPDH homologs in
GenBank and its evolutionary relationship with enediyne BGCs
(Fig. 5). Using WlsPDH as an in silico probe, a GenBank BlastP
search resulted in 67 homologous PDH proteins clustered with
putative enediyne BGCs (Table S5†). Phylogenetic analysis
revealed that WlsPDH and homologous proteins are from acti-
nomycetes, and they are clustered in one clade clearly separated
13478 | Chem. Sci., 2022, 13, 13475–13481
from the known PDHs or arogenate dehydrogenases. These 67
putative enediyne BGCs were then winnowed into 31 repre-
sentative BGCs by a PKSE similarity threshold of 93.86%, which
resulted in an enediyne genome neighborhood network (Tables
S6–S36†). The newly discovered enediyne BGCs likely all belong
to the 9-membered enediyne family, since they contain the 9-
membered enediyne conserved genes, including E2, E7–E9, E11,
as well as M and J, while all of them contain one PDH.
Proposed pathway for putative enediyne natural product
biosynthesis in wls BGC

Gene inactivation of wlsR3 led to activation of wls BGC in S. sp.
CB02130 and the production of polyene polyol 5–7, suggesting
a common polyene epoxide precursor for the 9-membered
enediyne core (Fig. 6): a hydrogen atom may be abstracted from
the terminal methyl group of the polyene intermediate 10 to
yield resonance and generate 11,19,20,38 followed by epoxidation
of C15–C16 to produce 12 and then ring closure of C4–C15 in
a site-specic fashion and cleavage of oxygenated C16. In
contrast, quenching of the allylic radical 12 by a hydroxyl
radical, followed by nucleophilic addition of H2O or glycerol to
its terminal epoxide and hydrolysis mediated by WlsE10 and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Phylogenetic analysis of 67 PKSE co-localized with putative prephenate dehydrogenases mined from GenBank using WlsPDH as
a probe. PDHs from streptomycetes are labeled in blue, while these from other actinomycetes are labeled in purple. Previously characterized
proteins are labeled with a black circle with their preferred PDH or ADH activity. (B) The genome neighborhood network analysis of 31 putative
enediyne BGCs, along with C-1027, neocarzinostatin, andwls BGCs. The enediyne BGC sub-cluster contains PKSE gene cassette (i.e., E3, E4, E5,
E, E10) and the seven additional conserved genes (i.e. E2, E7, E8, E9, E11,M, J) of 9-membered enediynes. The analysis was displayed with an E-
value threshold of 10−6.
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subsequent decarboxylation would afford 5–7. Compared to 1–
4, the production of these pentaene polyols suggests accessory
enzyme-mediated oxidation for 9-membered enediyne core
biosynthesis. Alternative mechanisms for the construction of
the enediyne core without the epoxide formation, including
Fig. 6 A proposed biosynthetic mechanism for potential 9-membered

© 2022 The Author(s). Published by the Royal Society of Chemistry
carbocation or electrocyclic chemistry, may also be possible.
These data support the proposal that 9- and 10-membered
enediyne biosynthesis diverges in post-PKS steps.17 We also
envision the converged biosynthesis of a putative 9-membered
enediyne natural product from the enediyne core and
enediyne natural products in S. sp. CB02130.

Chem. Sci., 2022, 13, 13475–13481 | 13479
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a cinnamic acid derivative via chorismate metabolism in
CB02130. In addition, the co-localization of homologous PDHs
in these 31 BGCs suggests it as a convenient probe to discover
potential enediyne BGCs, while their role in coordinating cho-
rismate metabolism and enediyne biosynthesis needs further
study.
Conclusion

Biosynthetic study of enediyne natural products continuingly
provides new natural products and new enzymology.3,4,22 Here,
we have reported the isolation and structure elucidation of 5–9
from the activated wls enediyne BGC by gene inactivation of
a negative transcriptional regulator wlsR3. The correlation of
the polyene polyols 5–7 with enediyne core biosynthesis was
established by genetic complementation of a wlsE/wlsR3
mutant using PKSE from the C-1027 biosynthetic pathway. We
further discovered that an ammonia lyase WlsC4 is involved in
the formation of 8 and 9, and proposed that WlsPDH could be
used as an in silico probe to discover enediyne BGCs. Although
we were unable to obtain genuine enediynes from S. sp.
CB02130, the isolation and initial biosynthetic studies of 5–9 is
one step forward to understanding how nature builds 9-
membered enediyne chromophores, especially in this specic
sub-class.
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