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tions were discussed.

We reported the characterization of a novel brassicicene diterpene biosynthetic gene cluster, which con-
tains a unique a-ketoglutarate-dependent dioxygenase («KGD) enzyme, Abnl. Our findings revealed that
Abnl demonstrates remarkable substrate promiscuity and is capable of activating multiple sites on both
5-8-5 and 5-9-5 brassicicene skeletons, resulting in skeleton modifications and an unexpected ring sys-
tem rearrangement. These results suggested the potential utility of Abnl as an enzymatic tool for terpene
C-H functionalization. In addition, the catalytic mechanism of Abnl and its potential ecological implica-

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Microbial metabolites offer a valuable source of natural prod-
ucts with diverse and complex structures [1,2]. Enzymatic modi-
fications, such as C-H functionalization and backbone rearrange-
ment, are encoded within biosynthetic gene clusters (BGCs) that
are conserved across strains [3]. However, some strains have ac-
quired unique genes during evolution, enabling them to carry out
unexpected structural modifications [4]. Comparative analysis of
homologous gene clusters can identify novel enzymes [5-7], ex-
panding our understanding of biosynthetic pathways and offering
potential opportunities for enzyme catalysis and synthetic biology
design.

Our research focuses on brassicicenes, which are a group of
diterpenes that have been discovered in Alternaria brassicicola, a
fungus that causes dark leaf spots in Brassica plants [8]. The ring
system of some brassicicenes, such as brassicicene A (Fig. S1 in
Supporting information), is fused 5-8-5 and is similar to other
diterpenes such as fusicoccin A and cotylenin A (Fig. S1) [9], which
demonstrate phytohormone-like activity. Although all brassicicenes
were initially believed to have 5-8-5 ring systems, our group has
recently revised the structures of brassicicenes D-K (Fig. S1). They
contain a tricyclo[9.2.1.0]tetradecane core skeleton with a 5-9-5
ring system and a bridgehead double bond [10].
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The BGCs for both ring systems of brassicicenes were identi-
fied in two fungal species, including A. brassicicola ATCC 96836 and
Pseudocercospora fijiensis [11] (Fig. 1a). Oikawa et al. reported on
the complete biosynthesis of brassicicene D and found that the en-
zyme responsible for the ring system rearrangement is cytochrome
P450 BscF (Fig. 1b). This skeletal rearrangement, followed by vari-
ous oxidative tailings, is remarkable as it significantly expands the
chemical diversity of brassicicene diterpenes.

Of particular note is the observation that the reported brassici-
cene products from our producer strain A. brassicicola XXC exhibits
a greater degree of structural diversity than that obtained from the
heterologous expression strain reported by Oikawa et al. (Fig. S1)
[12-15]. This observation suggests that there may be other tailor-
ing enzymes yet to be discovered. Here we report on the identifica-
tion and characterization of Abnl, a cluster-specific enzyme found
in the XXC strain that is capable of activating multiple sites on
both 5-8-5 and 5-9-5 brassicicene skeletons, resulting in skeleton
modifications and an unexpected ring system rearrangement.

To begin, the genome of the XXC strain was sequenced, reveal-
ing a terpene BGC that is highly homologous to the two reported
BGCs. After naming the new BGC as “abn”, a comparative bioinfor-
matic analysis was performed on this cluster (Fig. 1a, Table S4 in
Supporting information). Notably, with the exception of Abnl, all of
the enzymes found in the abn cluster are present in one or both of
the previously reported BGCs, and their functions can be predicted
based on the known pathway of brassicicenes [9]. This comparison
highlighted the unique nature of Abnl and motivated us to inves-
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Fig. 1. (a) Brassicicene gene cluster (abn) from this study and its comparison with the other two BGCs from the previous works [10,12]. MT, methyltransferase; AT, acetyl-
transferase. Slash line means the gene location outside the BGC. (b) Biosynthetic pathway for brassicicene M (1) and other derivatives. The black arrows represent the steps
that were characterized by Oikawa et al., whereas the red arrows correspond to the steps that were characterized in this study. DMAPP, dimethylallyl diphosphate; IPP,

isopentenyl diphosphate.

tigate its functions. We analyzed its protein sequence using BLAST
and found that it shares 29.93% sequence identity with GA4 desat-
urase (an «KGD) [16], indicating that Abnl belongs to the family of
aKGDs.

To characterize the abn cluster, and in particular, to determine
the function of Abnl, we utilized heterologous expression in As-
pergillus oryzae NSAR1 (AO). In the previous study, Oikawa et al.
had characterized the function of BscA, B, C, D, E, F G, H and Orf2
in a heterologous expression system, but not Orf3. Based on their
findings, we were able to predict the functions of most of the en-
zymes in the abn cluster and transferred them into AO. As ex-
pected, the transformant AO-abnABCDE yielded compound 2, the
structure of which was confirmed by 'H nuclear magnetic reso-
nance (NMR) (Fig. S19 in Supporting information). Subsequently,
we constructed AO-abnFGK]J, AO-abnFGKHJ, and AO-abnFGKH]JI for
feeding experiments. Specifically, feeding 2 to AO-abnFGK] con-
firmed the production of compounds 5, 8, and 10 by comparing
them to standards (Fig. S3 in Supporting information). Feeding 2
to AO-abnFGKHJ confirmed the production of compound 6 (Fig. S3).
Finally, feeding 2 to AO-abnFGKHJI resulted in the production of a
new peak at m/z 403.2091, which was identified as brassicicene M
(1) through comparison with the standard (Fig. 2). These results
suggested several important findings: AbnJ (Orf3 homologue) may
catalyze the oxidation of hydroxyl groups at C-12 of the 5-8-5 ring
and C-13 of the 5-9-5 ring, resulting in the production of com-
pounds 5, 8, and 10. Moreover, our most significant finding was
that Abnl catalyzed the C-H bond activation at the C-11 position
of 6, leading to the production of 1. This is the first report of en-
zymatic C-H functionalization at this site.

To gain more insight into reactions catalyzed by Abn] and Abnl,
we performed in vitro activity studies. Both proteins were soluble
when fused with N-terminal His-tag (Fig. S4 in Supporting infor-
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Fig. 2. LC—MS profiles of the metabolites produced by AO heterologous expression
of the abn genes.

mation). AbnJ was co-incubated with compounds 7 and 9 based
on its in vivo activity. It was found that in the presence of nicoti-
namide adenine dinucleotide phosphate (NADP*), Abn] converted
the a—hydroxyl group at the C-13 position of 7 to a carbonyl group.
Surprisingly, compound 9 underwent spontaneous oxidation at the
C-13 «o-hydroxyl group in the buffer, which was accelerated by
Abn] (Fig. 3, Fig. S6b in Supporting information). This observation
indicates that Abn] exhibits substrate promiscuity with respect to
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Fig. 3. Extracted ion chromatography (EIC) of in vitro enzyme reaction of Abn] with 7 and 9.
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Fig. 4. High performance liquid chromatography (HPLC) of in vitro enzyme reaction
of Abnl with 6 using alpha-KG, ascorbate and Fe?* as cofactors.

the skeleton structure (5-8-5vs. 5-9-5). We also observed that
Abn] exhibits stereospecificity to its substrates, as it was unable to
react with compounds 19 and 20 (Fig. S7 in Supporting informa-
tion), the B-hydroxyl counterparts of 7 and 9 previously isolated
from the XXC strain.

We next performed in vitro assay on Abnl. Although the Pfam
analysis of its sequence did not give any known motif, BlastP
analysis offered a homologous enzyme GA4 desaturase character-
ized as an aKGD [19]. So we tried to add Fe2t, alpha-KG, ascor-
bate and substrate 6 to reconstitute its activity. Indeed 6 was
converted to brassicicene M (1) with Abnl catalyzing hydroxyla-
tion at C-11 (Fig. 4, lanes i and ii). Lack of alpha-KG and ascor-
bate abolished Abnl's activity (Fig. S5 in Supporting information,
lanes iii and iv). When not adding Fe2*, activity partly remained,
probably because there was Fe? left in the active site after
protein purification. When free Fe2* jon in the system was re-
moved by adding EDTA, the activity disappeared (Fig. S5, lanes
v and vi). We also employed Michaelis—Menten kinetic analysis
on Abnl, showing its kcay =0.17 £0.02 s, ky = 1.26 +0.36 umol/L,
keat/kn =0.13 Lumol—1s~1 (Fig. S13 in Supporting information).

The experiments above demonstrate that Abnl is an «KGD en-
zyme which serves as a late-stage tailoring enzyme to produce
brassicicene M. Our next step was to elucidate its catalytic mech-
anism. Upon searching its sequence against the InterPro scan [17],
we found that it belongs to the hydroxylase/desaturase AsaB-like
family (Fig. S14 in Supporting information). Within this family,
there are «KGDs such as Nvfl (PDB ID: 7DE2) and CTB9 (PDB ID:
7EUU) whose crystal structures were recently reported [18,19]. Us-
ing AlphaFold2, we generated a protein structure model of Abnl,
which showed structural similarities to Nvfl and CTB9 with a root

H291 H157%

306

Fig. 5. Molecular docking of Abnl-Fe".«KG-substrate 6 complex.

mean square deviation (RMSD) of 2.412 and 1.141A (Fig. S15a in
Supporting information).

Abnl possesses a classical double stranded B-helix core (DSBH)
fold that includes a His291-His157-Asp159 catalytic triad, which
is highly similar to that of Nvfl. For the Abnl-Fell.«KG complex,
we chelated the iron ion between these three residues along with
alpha-KG, based on the active site structure of Nvfl. The bidentate
alpha-KG fits well in the complex, stabilized by hydrogen bonding
interactions with R312 and R306. We further conducted molecu-
lar docking of 6, resulting in an Abnl-Fe!l.«KG-substrate 6 complex
with the following possible hydrogen bonding interactions: R109
with C8-OH, K155 with C16-0, and D159 with C12-OH (Fig. 5).
Site-directed mutagenesis demonstrated that mutations in these
residues abolished or greatly reduced the activity of Abnl (Fig. S12
in Supporting information). Notably, C-11 of 6 is closer to the iron
center compared to other hydrogen-containing carbons, offering a
structure-based explanation for why the C-11 of 6 undergoes hy-
droxylation in Abnl. Abnl and NvflI lack a tyrosine residue in close
proximity to the iron center in the active site, which is present in
COX and FtmOx1-like enzymes that mediate hydrogen atom trans-
fer (HAT). This observation suggests that Abnl does not depend on
this residue to mediate the HAT in the catalytic process, unlike the
FtmOx1 or COX-like model [18,20-23]. This finding supports the
direct hydroxyl rebound mechanism, where the Fe!V=0 species ab-
stracts the hydrogen at C-11 of compound 6, followed by the di-
rect oxygen rebound between the substrate radical and the ferric-
hydroxy species (Fig. S8a in Supporting information).

Meanwhile, when comparing the active site of Abnl to other
«KGDs of the AsaB-like family, we noticed that Abnl has a sig-
nificantly larger active site volume (Fig. S15b in Supporting infor-
mation), indicating a potentially flexible substrate scope. To inves-
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Fig. 6. Enzymatic assays of Abnl with the brassicicene derivatives. The asterisk on 18 indicates that its structure was not fully elucidated due to the limited amount.

tigate this possibility, we conducted enzymatic assays with vari-
ous brassicicene derivatives, including 5-8-5 skeleton compounds
7 and 11, 5-9-5 skeleton compounds 12 and 13, and dimer com-
pounds 14 and 15. Surprisingly, Abnl was able to transform all the
compounds except for 13 and 15 (Fig. 6 and Fig. S1). We com-
pared the catalytic efficiency of Abnl against these substrates and
found that the order of efficiency was 6 > 12 > 11 > 7 (Fig. S18
in Supporting information). Conducting molecular docking of the
substrates separately revealed that they all fall within a reasonable
reaction distance near the catalytic center (Fig. S16 and Table S7 in
Supporting information).

Specifically, Abnl was found to activate C-7 of 11 and 14, result-
ing in the formation of novel compounds 16 and 18, respectively
(NMR and structure elucidation results were shown in Figs. S20-
S26, S29-S31, Tables S5 and S6 in Supporting information), while
C-12 activation of 7 and 11 led to the formation of 8 and 17 respec-
tively (Figs. S27 and S28 in Supporting information). Although Abn]
is also capable of catalysing the conversion from 7 to 8, we pro-
pose that the mechanism differs between the two enzymes. Abn]
utilizes a typical hydride transfer mediated by NADP*, whereas
Abnl catalyzes a hydroxylation on C-12 followed by dehydration,
leading to the formation of the ketone group. The most interesting
finding is the C-11 activation of the 5-9-5 skeleton, which can re-
sult in at least two outcomes: when C-12 is a hydroxyl group and
C-13 is a ketone, as in the case of 6, Abnl catalyzes the hydroxyla-
tion on C-11. When C-12 is a hydroxyl group and C-13 is unmod-
ified, as in the case of 12, Abnl catalyzes the Wagner-Meerwein
(W-M) rearrangement to form 8 (Fig. 6, lines iii and iv, the reaction
mechanism proposed in Scheme S1b in Supporting information).
Based on our simulation calculations of bond dissociation energies
and molecular docking, it is speculated that the substrate promis-
cuity resulting from the C-13 carbonyl group may be due to the

combined effects of the stability of the radical intermediate and
the distance of the radical intermediate from the catalytic center
(Scheme S1 and Figs. S32 and S34 for detailed mechanism discus-
sion in Supporting information). Notably, Abnl is the second en-
zyme in the BGC that can cause the skeleton rearrangement, with
the first being the P450 AbnF, which catalyzes the oxidative rear-
rangement from 5 to 8-5 to 5-9-5. Additionally, a 5-9-4 skele-
ton product, 24 (Fig. S1), was also found in the XXC strain [24],
which could be a rearranged product of compound 1. Upon acid
treatment of 1, liquid chromatography-mass spectrometry (LC-MS)
analysis revealed the formation of multiple products, one of which
corresponded to the standard of 24 (Fig. S9 in Supporting informa-
tion). Given that compound 1 is the C-H functionalization product
of Abnl, it is evident that the rearrangement of the 5-9-5 skeleton
induced by Abnl is diverse and intriguing.

In our results, Abnl demonstrated substrate and product
promiscuity, which raises an interesting question: what is the eco-
logical significance of introducing Abnl into the brassicicene BGC?
The first point is obvious: Abnl brings about chemical diversity,
leading to the creation of new structures such as 1 and 16. On the
other hand, we observed 8 was generated by three distinct path-
ways, with one pathway being catalyzed by Abn] and the other
two being catalyzed by Abnl (Fig. 1). To investigate the role of
Abnl in the production yield of 8, we conducted a feeding ex-
periment and found that the concentration of 8 was significantly
higher in the AO-abnFGKBJI compared to the AO-abnFGKBJ transfor-
mants (Fig. S17 in Supporting information). This suggests a possible
role for Abnl in increasing the concentration of 8 in the metabolite,
and potentially increasing the concentration of other downstream
5-8-5 skeleton compounds. As there have been limited investiga-
tions into the bioactivity of 5-8-5 and 5-9-5 brassicicenes [13], it
is crucial to conduct further exploration into their ecological func-
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tions to determine the potential benefits of obtaining high concen-
tration of compound 8.

In summary, we fully characterized a new brassicicene BGC
containing a unique «KGD Abnl. Prior to our investigation, the ori-
gin of C-11 hydroxyl group in compound 1 was unclear, with two
possible mechanisms: (1) through the addition of water to the C-
11 carbocation after W-M rearrangement during 5-9-5 skeleton
formation (Fig. S8b in Supporting information); (2) through enzy-
matic hydroxylation on 6 (Fig. S8a). Our in vivo and in vitro re-
sults provided compelling evidence supporting the second mech-
anism, resolving the ambiguity regarding the formation of the C-
11 hydroxyl group. Furthermore, Abnl demonstrated remarkable
substrate promiscuity, capable of activating multiple sites on 5-
8-5 and 5-9-5 skeletons, indicating its potential utility as a cat-
alytic tool for terpene C-H functionalization. Significantly, Abnl
collaborates with AbnF to convert 5-8-5 and 5-9-5 ring sys-
tems. Its potential role in increasing the concentration of 8 with
5-8-5 skeleton warrants further investigation into its ecological
functions.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

We are very grateful to Professor Hideaki Oikawa at Divi-
sion of Chemistry, Graduate School of Science, Hokkaido Uni-
versity for providing Aspergillus oryzae NSAR1 heterologous ex-
pression system and useful suggestions on the work. This work
was financially supported by the National Key R&D Program of
China (Nos. 2021YFA0910500, 2021YFA0910503), the National Nat-
ural Science Foundation of China (Nos. 22277035, 32000045 and
81973205), the Program for Changjiang Scholars of Ministry of Ed-
ucation of the People’s Republic of China (No. T2016088), the Na-
tional Natural Science Foundation for Distinguished Young Scholars

Chinese Chemical Letters 35 (2024) 108788

(No. 81725021), the National Science and Technology Project
of China (No. 2018ZX09201001-001-003), Innovative Research
Groups of the National Natural Science Foundation of China (No.
81721005), and the Fundamental Research Funds for the Central
Universities (No. 2020kfyX]JS043). We thank the Analytical and
Testing Center at HUST for ECD, UV, and IR analyses.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.cclet.2023.108788.

References

[1] Q. Li, M. Zhang, X. Zhang, et al., Chin. Chem. Lett. 35 (2024) 108193.
[2] ZW. Tong, T.T. Wang, P. Yang, et al., Chin. Chem. Lett. 35 (2024) 108488.
[3] A. Rokas, M.E. Mead, ].L. Steenwyk, H.A. Raja, N.H. Oberlies, Nat. Prod. Rep. 37
(2020) 868-878.
[4] LM. Podust, D.H. Sherman, Nat. Prod. Rep. 29 (2012) 1251-1266.
[5] M. Ferrara, A. Gallo, G. Perrone, D. Magista, S.E. Baker, Front. Microbiol. 11
(2020) 581309.
[6] U. Galm, E. Wendt-Pienkowski, L. Wang, et al., ]. Nat. Prod. 74 (2011) 526-536.
[7] M.C. Tang, X. Cui, X. He, et al., Org. Lett. 19 (2017) 5376-5379.
[8] M. Nowakowska, M. Wrzesifiska, P. Kamifiski, et al.,, Eur. J. Plant Pathol. 153
(2018) 131-151.
[9] Y. Ono, A. Minami, M. Noike, et al., J. Am. Chem. Soc. 133 (2011) 2548-2555.
[10] Y. Tang, Y. Xue, G. Du, et al., Angew. Chem. Int. Ed. 55 (2016) 4069-4073.
[11] A. Tazawa, Y. Ye, T. Ozaki, et al., Org. Lett. 20 (2018) 6178-6182.
[12] F. Li, W. Sun, ]. Guan, et al., Org. Biomol. Chem. 16 (2018) 8751-8760.
[13] F. Li, L. Pan, S. Lin, et al., Bioorg. Chem. 100 (2020) 103887.
[14] E Li, S. Lin, S. Zhang, et al., J. Nat. Prod. 83 (2020) 1931-1938.
[15] E Li, S. Lin, S. Zhang, et al., Org. Lett. 21 (2019) 8353-8357.
[16] A. Bhattacharya, S. Kourmpetli, D.A. Ward, et al,, Plant Physiol. 160 (2012)
837-845.
[17] T. Paysan-Lafosse, M. Blum, S. Chuguransky, et al., Nucleic Acids Res. 51 (2023)
D418-D427.
[18] T. Mori, R. Zhai, R. Ushimaru, Y. Matsuda, I. Abe, Nat. Commun. 12 (2021) 4417.
[19] X. Liu, Z. Yuan, H. Su, et al., ACS Catal. 12 (2022) 3689-3699.
[20] T. Mori, I. Abe, Beilstein J. Org. Chem. 18 (2022) 707-721.
[21] C.A. Rouzer, LJ. Marnett, ]. Lipid Res. 50 (Suppl) (2009) S29-S34.
[22] N.P. Dunham, J.M. Del Rio Pantoja, B. Zhang, et al., J. Am. Chem. Soc. 141 (2019)
9964-9979.
[23] L. Wu, Z. Wang, Y. Cen, B. Wang, J. Zhou, Angew. Chem. Int. Ed. 61 (2022)
€202112063.
[24] Z. Hu, W. Sun, F. Li, et al., Org. Lett. 20 (2018) 5198-5202.





