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Nucleophilic addition promoted ring
rearrangement-aromatization in aza-/thio-
sesquiterpenoid biosynthesis

Hengyi Xu 1,2, Xianyan Zhang1, Yawen Zhang1, Guowei Liu1, Yinghan Chen 1,3,
Xuewen Hou1,2, Xiaolin Liu1,2, Kaijin Zhang1, Chuanteng Ma1, Ruqian Feng4,
Juan Shen 4, Blaine A. Pfeifer 5, Qian Che1, Tianjiao Zhu1 &
Guojian Zhang 1,2,6

The aromatization of terpenoid scaffold has received enduring attention as
it introduces diverse structural alterations and endows bioactivity to the
molecules. In this study, we discover a unique aromatization mechanism
involving consecutive [1,2]-alkyl migrations initiated by intramolecular
oxa/aza-nucleophilic addition in the biosynthesis of a family of
eremophilane-like sesquiterpenoid derivatives, including farfugin A (1) and
aza-janthinellin A (2a), a sesquiterpene-amino acid adduct. During this
process, JanF, a flavoprotein functioning as a dehydrogenase, is demon-
strated to be able to oxidize an allyl alcohol group of eremophilanes into an
α,β-unsaturated aldehyde, thereby facilitating the binding of primary amines
to the sesquiterpene skeleton. Furthermore, using JanF as a catalyst, we
generate a series of aromatic aza-/thio-sesquiterpenoids (aza-janthinellins
and thio-janthinellins), among which, thio-janthinellins exhibit potent cyto-
toxicity against human chronic myelogenous leukemia K562 cells. These
findings advance our understanding of the biogenesis of aromatic com-
pounds and enable the construction of diverse aza-/thio-terpenoids with
enhanced biological activity.

Aromatization is a critical process in the biosynthesis of natural pro-
ducts (NPs) and influences various metabolic pathways. In the shiki-
mate pathway, the aromatization of the key intermediate in chorismic
acid metabolism gives rise to the aromatic amino acids and other
benzene derivatives, including phenolic acids and phenylpropanoids1.
In the type II polyketide biosynthetic pathway, aldol condensation
initiates aromatization of the non-reducing polyketide precursor,
leading to the formation of aromatic clinical pharmaceuticals such as
doxorubicin and tetracycline2,3.

In addition to the above cases, there are some other distinct ori-
gins of aromatic rings, such as in terpene biosynthesis, during which
aromatization of the poly-isoprenoid scaffold may occur and be
mediated by specific tailoring enzymes to generate unique aromatic
terpenoids. For example, the sequential dehydrations of a dihydroxy-
keto intermediate catalyzed by a specialized ubiquitous glyoxalase
(SPG) led to the formation of the partially aromatized product of fur-
ocalamen (Fig. 1A, i), which is the key intermediate of gossypol, a well-
known chemical defense compound in cotton plants (Gossypium
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spp.)4. The sequential dehydrogenations catalyzed by two P450
enzymes in furanosteroid biosynthesis resulted in the aromatizationof
the steroid skeleton (Fig. 1A, ii)5.

Eremophilanes represent a prominent class of sesquiterpenoids,
distinguished by diverse skeletal structures and notable bioactivities
with potential medicinal applications6,7. Examples include the RNA
polymerase inhibitor PR-toxin8 and the cytotoxic agent 3-acetyl-13-
deoxyphomenone (Fig. S1)9. Biogenetically, all eremophilanes origi-
nated from the aristolochene framework, which is a typical sesqui-
terpenoid synthesized through cyclization of farnesyl diphosphate
(FPP) catalyzed by aristolochene synthetase (AS, a terpene cyclase)10,11.
Unlike canonical sesquiterpenes, the family of eremophilanes-type
terpenoids is comprised of a group of aromatic structures, for exam-
ple, paraconiothin H from Paraconiothyrium brasiliense12, citreo-
benzofuran D from Penicillium janthinellum13, and farfugin A (1) from
Farfugium japonicum14 (Figure S1). Distinct from those as thus far
documented aromatization processes for the formation of furocala-
men and furanosteroid4,5, the formation of the above aromatic
eremophilanes-type terpenoids involves disruption and rearrange-
ment of the poly-isoprenoid framework, generating skeletons with a
structurally close resemblance to aromatic polyketides. This pre-
viously unrecognized aromatization process implied in eremophilanes
biosynthesis has prompted our interest in further investigation.

In our recent work within the scope of natural product discovery
assisted by genome mining tools, we identified a silent sesquiterpe-
noids biosynthetic gene cluster (BGC, jan cluster) from a fungal strain
of Penicillium janthinellum H7-4 (Fig. S2). The cluster was activated by
overexpressing a pathway-specific transcriptional factor (JanG), and
resulted in the production of the non-aromatic eremophilane deriva-
tive of phomenone B (6)13 and the aromatic structure of farfugin A (1)14

(Fig. S2). Further heterologous expression of the functional genes
(janABCDEF) in Aspergillus nidulans A1145 afforded a variety of diver-
sified eremophilanes, including compound 1 and an aromatic
sesquiterpenoid-amino acid adduct of aza-janthinellin A (2a) (Fig. 1B),

accompanied by several non-aromatic structures like phomenonol A
(7), which showed promising anti-inflammatory activity. Of interest, 2a
possesses an unusual aza-aromatic terpenoid skeleton derived from
the integration of a sesquiterpene with L-threonine. Subsequent bio-
synthetic studies demonstrated a unique aromatization mechanism
involving the rearrangement of the cyclohexenone skeleton, initiated
by nucleophilic addition and consecutive [1,2]-alkyl migrations in the
assembly line of 1 and 2a. During this process, a FAD-dependent
monooxygenase (FMO), JanF, is identified to be indispensable for the
formation of the aza-janthinellin structures by catalyzing the oxidation
of the allyl alcohol end group into an α,β-unsaturated aldehyde, which
serves as a highly reactive intermediate undergoing nucleophilic
attack. Moreover, JanF also proves to be able to selectively direct the
1,2-addition reaction of the α,β-unsaturated ketone structure, which is
the critical step in generating the partial aromatic skeleton. Further
promiscuity studies on JanF led to the production of a series of alkyl
thiols-coupled aromatic sesquiterpenoids named as thio-janthinellins
(3) (Fig. 1B).

Here in this report, we describe the discovery the aromatic
eremophilane-like sesquiterpenoids, including farfugin A and aza-
janthinellin A, the formation of farfugin A and aza-janthinellin A, which
involves ring arrangement and aromatization initiated by heteroatom
nucleophilic addition, and the dehydrogenation function of the FAD-
dependent monooxygenase JanF in mediating the aromatization pro-
cess of the sesquiterpenoid skeleton.

Results
Identification of the Jan BGC
Themangrove endophytic fungus P. janthinellumH7-4was sequenced,
and the genomic data were mined by scanning the DNA sequences
using prx-ORF215, an aristolochene synthetase (AS, a terpene cyclase)
responsible for the biosynthesis of eremophilanes, as a probe. As a
result, we located a biosynthetic gene cluster (BGC) named jan, which
spans approximately 16.5 kb, comprising eight genes. Along with the
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characteristic terpene cyclase of AS (JanA), seven neighboring and
tailoring genes (JanB~H) were identified, encoding three cytochrome
P450 enzymes (JanB, D, E), a short-chain dehydrogenase (JanC), a FAD-
dependent monooxygenase (JanF), a pathway-specific transcriptional
factor (JanG), and an unknown protein (JanH) (Fig. 2A, Table S1). This
jan cluster shows homologywith the previously reported gene clusters
of AoL, which produces the compound 2-hydroxy, 8-oxo-
aristolochene16 and prx, which is responsible for the production of
PR-toxin10,11 (Fig. 2A). The above information suggests the capacity of
the jan cluster to produce versatile aristolochene-like sesquiterpe-
noids; however, as indicated by the transcriptomic data andmetabolic
profile, the jan cluster remains silent or unexpressed in thewild type of
H7-4 (Fig. S2B). We then activated the jan cluster by overexpressing
JanG, a zinc finger protein designated as a pathway-specific regulatory
transcriptional factor (Fig. S2C). The mutant strain with the over-
expression of JanG successfully produced phomenone B (6)13

(Fig. S2A), a canonical eremophilane derivative with a non-aromatic
skeleton and compound 1, with the intriguing aromatic structure
(Figs. S2A, S27-S28, CCDC 2341506, and Table S5).

Reconstitution of the Jan Cluster in A. nidulans resulted in the
production of aromatic sesquiterpenoids of farfugin A (1) and
aza-janthinellin A (2a)
To better understand the logic of the biosynthetic assembly line
encoded by the jan gene cluster, especially the biosynthetic steps of
the aromatic sesquiterpenoids, we then conducted stepwise recon-
stitution of the jan genes in the filamentousmodel strain ofA. nidulans
A1145. Protein sequence alignment showed that JanA~C have high
amino acid identity with AoTC, AoL4, and AoL1, which are involved in
the PR-toxin biosynthetic pathway of 8-keto-aristolochene (Fig. 2A)16.
Based on this analysis, the biosynthetic genes janA ~C were cloned
from the genome of H7-4 and heterologously expressed in the fungal

host A. nidulans A1145 (Fig. 2B, iv)17, which resulted in the production
of 3-hydroxy-8-oxo-aristolochene (4, Figs. S169–S170, and Table S8)18.
This result was consistent with the reported functions of JanB~C as
cytochrome P450 enzymes that cooperatively introduce the C-8 car-
bonyl group16. The extra P450 enzyme gene janD was then co-
expressed with janA ~C, leading to the production of the 13-carboxyl
congener of 5 (Figs. S171–S172, and Table S8)16, which confirmed for
the first time that JanD is responsible for oxidation at the C-13 position
(Fig. 2B, iii). Subsequently, co-expression of janA ~ E resulted in the
generation of threemetabolites: phomenoneB (6, Figs. S173–S174, and
Table S9)13, phomenonol A, a new structure resulting from the ring-
opening of the epoxide at C11–12 in 6 (7, Fig. 2C, Figs. S175–S181, and
Table S10), and the aromatic structure of farfugin A (1) (Fig. 2B, ii).
Then, the gene janF was added to the AN-janA ~ E cotransformant
(Fig. 2B, i), leading to the depletion of compounds 1, 6, and 7, but
accumulation of aza-janthinellins A (2a, Figs. S36–S42, and Table S6),
which was identified as a novel structure featuring an aromatic ses-
quiterpene skeleton covalently bonded to L-threonine. The stereo-
chemical configuration of 2a was further determined by Marfey’s
method (Fig. S3), ECD calculation (Fig. S26), and single-crystal X-ray
analysis (CCDC 2341504, Fig. 2C). Notably, compound 2a represents
the Initial example of a naturally occurring terpenoid featuring a
cyclohexyl-fused indole skeleton derived from an azaphilic process.

These results give a general sketch of the biosynthetic pathway
leading to the aromatic eremophilanes: the common precursor of FPP
wascyclized by JanA to give the aristolochene skeleton,whichwas then
processed by JanB~D to afford (4S,5R,7S)-12-hydroxyeremophila-
9,11(13)-dien-8-one (Fig. 2C)19. This previously reported non-aromatic
eremophilane could be oxidized by JanE to generate the epoxide
derivatives of 6 and 7 (Fig. 2C). However, the generation of the aro-
matic structures of 1 and 2a, with the catalysis of JanE and JanF,
remained a mystery that needed to be solved.
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The formation of farfugin A (1) involves the rearrangement of
the cyclohexenone skeleton
Recently, it has been proposed that the formation of aromatic ere-
mophilanes like paraconiothins H–J involves carbocation rearrange-
ment following the initial eremophilane skeleton construction
(Fig. S4)12. This hypothesis still requires rigorous experimental valida-
tion. To test the production of compound 1, we fed two non-aromatic
structures of 6 and 7, which were co-discovered along with 1 by het-
erologous expression of janA ~ E, into the culture of the strain AN-
janB ~ E. However, 1was not detected from the fermentation products
by LC-MS (Fig. S5), indicating that compound6or7 is unlikely to be the
precursor leading to 1.We then imagined theremight be someproduct
upstream of 6 and 7 serving as the precursor of 1. This speculation was
emphasized by the detection of an ion peak (compound 8, m/z 233
[M+H]+) with trace amounts in the LC–MS profile of the AN-janA ~ E

cotransformant (Fig. 3C, i). Meanwhile, recent reports indicated that
the C6–7 epoxide product could be transformed from its olefinic
precursor under the catalysis of Aoy13, a homology of P450 enzyme
JanE functioning in eremophilane sesquiterpene biosynthesis
(Fig. S6A)20. The above facts supported the inference that compound
8, a previously known structure (nigriterpene D21) with a double bond
at the C6-7 position, might be the precursor of 6–7 and certainly 1,
which is characteristic of the aromatic skeleton (Fig. S6B). However,
due to the high catalytic activity of JanE, intermediate 8was consumed
rapidly, making it hard to isolate and characterize this product.

To test the above hypothesis, we chemically synthesized com-
pound 8 starting from 6 using the Mo(CO)6-promoted facile dehy-
drogenation method (Fig. 3B and S183–S190, Table S11, and
Supporting Information)22. The purified 8 was then fed back into the
culture of Saccharomyces cerevisiae Y59 expressing the gene janE (SC-

Fig. 3 | Detailed studies on the enzymatic andnon-enzymatic transformationof
8. A The biosynthetic routes of the enzymatic and spontaneous transformation of
8. B The chemical synthesis converting 6 into 8. C LC–MS analysis of in vivo bio-
transformation inA. nidulans and S. cerevisiae demonstrated JanE is responsible for
the formation of 6 from 8 but not involved in the formation of 1.DHPLC analysis of

spontaneous reactions of 8 at 30 °C for 72 h in H2O. E LC–MS analysis of INT-2R
during the acid-mediated conversion of compound 8 to 1 in citric acid/Na2HPO4

buffer (pH 5). F DFT calculations for the process of [1,2]-methyl migrations from 8
to 1 and 9 (Cartesian coordinates of the optimized structure shown in Supple-
mentary Data 1).
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Y59-janE). Gratifyingly, compounds 1 (m/z 429 [2M+H]+) and 6 (m/z
249 [M+H]+) (Fig. 3C, iii) were successfully produced, which con-
firmed ambiguously JanE is responsible for introducing the C6–7
epoxide. However, unexpectedly, the results also indicated that 8
could be transformed into 1 even in the control entry without adding
JanE (Fig. 3C, iv), suggesting that a non-enzymic transformation pro-
cessmight takeplace for 1 formation. Compound8was then incubated
at 30 °C for 72 h in H2O (pH 7.0) (Fig. 3D, iv) in a cell-free system.
However, the generation of 1was not observed, which contradicts the
result obtained from the non-enzymic transformation experiment.
Given that the pH of yeast cultures exhibits dynamic changes during
fermentation23–25, we systematicallymonitored pH changes in the yeast
fermentation system across various cultivation time points (Fig. S7).
The experimental data revealed a progressive acidification of the cul-
ture medium during metabolism. Based on this observation, we
established a pH gradient ranging from 4.0 to 7.0 and subsequently
investigated the non-enzymatic transformation of compound 8 in
aqueous solutions with varying acidity levels (Fig. 3D). The results
revealed that increasing the acidity will significantly enhance the
conversion rates from 8 to 1 (Fig. 3D, i−iii). Meanwhile, a byproduct
compound 9, named farfuginC (Fig. 3A, D, Figs. S29–35, and Table S5),
was also generated from the acidic environment with pH 4.0. Fur-
thermore, incubating 8 in alkaline gradients also showed improved
conversion rates (Fig. S8), which indicated acid–base catalysts may
promote the reaction by either increasing the strength of the nucleo-
phile (proton abstraction) and/or the stability of the leaving group
(proton donation). The above findings clearly demonstrate two pos-
sible biochemical conversion routes for 8: one pathway involves oxi-
dation catalyzed by JanE to yield epoxide 6 and 7 (Fig. 3A). In contrast,
the other pathway entails a non-enzymatic process under acidic or
alkaline conditions leading to the formation of aromatic products 1
and9 (Fig. 3A). During this process, P450 enzyme JanEwas identified to
be able to introduce the C6–7 double bond and further convert it into
an epoxide structure.

Assisted by density functional theory (DFT) calculations, we pro-
posed the detailed conversion steps from 8 to 1 (Fig. 3F, and Fig. S7).
For DFT calculation, we adopted two computationalmethods,M06-2X
and B3LYP, both of which are extensively applied in studies on terpene
biosynthesis26–28. DFT calculations reveal that the reaction proceeds
through twocritical stages:first, intramolecular cyclization initiated by
carbonyl protonation (ΔG = +17.44 kcal/mol), followed by an acid-
catalyzed dehydration step (ΔG = +12.79 kcal/mol). Initially, the car-
bonyl oxygen of compound 8 is protonated by acid, facilitating an
intramolecular nucleophilic addition of the lone pair electrons from
the C-13 hydroxyl to the C-8 carbonyl, thereby generating a hemiketal
intermediate INT-2R. The ensuing dehydration at C-8 leads to the
formation of the carbocationic intermediate INT-3. The calculated
activation energy barrier for the dehydration step (+25.6 kcal/mol,
Fig. 3D) appears relatively elevated. This may be attributed to the
selection of acetic acid (pKa = 4.76) as the acid catalytic model, chosen
primarily for simulating the intracellular physiological pH conditions.
INT-3 undergoes two alkyl shifts and dehydrogenation, ultimately
yielding 1 (Fig. 3F). The overall reaction pathway bears a resemblance
to that observed in the dienone-phenol rearrangement29, wherein p-
cyclohexadienone frameworks are converted into phenols (Fig. S9).
However, it is noteworthy that product 1 experiences dehydration
during this transformation without forming a phenol structure
(Fig. 3D). To further investigate and validate the calculated reaction
process, we repeated the transformation experiment of compound 8
in a citric acid/Na2HPO4 buffer (pH 5) and monitored the reaction
mixture using LC–MS asto assess any reaction intermediates. For-
tunately, an extra ion peak withm/z 233 [M+H]+, whichwas attributed
to the intermediate of INT-2R, was identified from the MS profile
(Fig. 3E). However, due to its instability and rapid transformation, we
failed to purify INT-2R. Nevertheless, the signal intensity of INT-2R

increased over time as substrate 8 was consumed, providing direct
evidence for the involvement of INT-2R in the rearrangement process
and further supporting the proposed reaction mechanism.

In addition, we successfully isolated and characterized a by-pro-
duct, compound 9, which is presumed to be derived from the rear-
rangement and C4–5 bond cleavage of the carbon cation intermediate
INT-3, followed by water neutralization of the subsequent carbon
cation intermediate of INT-6. DFT calculations revealed that the
byproduct 9 exhibits a less exergonic reaction profile
(ΔG = −36.11 kcalmol−1) compared to the main reaction pathway
(ΔG = −56.10 kcalmol−1) (Fig. 3F), indicating its thermodynamic
instability relative to compound 1. These theoretical calculation results
align well with the experimental observation that compound 1was the
main product of the rearrangement-aromatic reaction.

Meanwhile, we also tested the effects of acidity and alkalinity on
the aromatization reaction of compound 8 by repeating the transfor-
mation experiment in different alkaline conditions. Results showed
compound 8 could be spontaneously transformed into 1 even in a
strong alkaline environment with pH13 (Fig. S8), which aligns with the
mechanism wherein deprotonation at the C-13 position is activated
under alkaline conditions, thereby facilitating the nucleophilic reac-
tion. In addition, we also tested the progression of the spontaneous
transformation of 8 in a broadpH range of 2–16. The results supported
the broad pH range for the spontaneous conversions, with the optimal
yield achieved at pH 4 (Table S13).

In summary, through in vivo and in vitro transformation experi-
ments and assisted byDFT calculations, we confirmed formation of the
aromatic ring is triggered by intramolecular nucleophilic addition of
oxygen to carbonyl groups, followed by two [1,2]-methyl shifts and
deprotonation to produce 1 (for9, only deprotonation is involved).We
attributed the core driving force of this kind of reaction to the ten-
dency to form more thermodynamically stable structures with an
aromatic ring system. Informed by this mechanism, we also proposed
the conversion route for the previously reported citeobenzofuran F13,
which involves a similar nucleophilic addition (Fig. S10).

The flavin-dependent monooxygenase of JanF converts allyl
alcohol into α,β-unsaturated aldehyde which serves as the key
intermediate of aza-janthinellin A (2a)
Previous experiments demonstrated that the co-expression of janF
with janA ~ E resulted in the disappearance of compounds 1, 6, and 7
but accumulation of 2a (Fig. 2B, ii). To further investigate whether 1, 6,
and 7 are precursors responsible for the formation of 2a, we purified
JanF from both E. coli and S. cerevisiae expression systems and pro-
ceeded with in vitro assays using 1, 6, and 7 as substrates in PBS buffer
nourished with L-threonine and FAD. However, multiple attempts
failed to produce 2a. We subsequently repeated the in vitro transfor-
mation using the crude enzyme of JanF prepared from cryogenic
groundmyceliumof theAN-janF strain. Results showed that6 could be
completely converted into 2a after 2 h’ incubation, confirming 6 as the
precursor of 2a (Fig. 4A, ii).

Subsequently, to identify the related intermediate participating in
the transformation process from 6 to 2a, we repeated incubating JanF
with 6 under different conditions (change of time-course, tempera-
tures, and acidic/basic buffers). The reaction products were then
subjected to HPLC and LC–MS analysis to monitor the generation of
potential intermediates. Results showed compound 6 was partially
consumed in all the entries within the temperature range of 5–45 °C
(Fig. S11), however, no final product was detected from the mixture.
Subsequently, phylogenic analysis indicated that JanF showed a close
evolutionary relationship with MacF30, which was characterized as a
dehydrogenase of the meroterpenoid of macrophorn,
AOL_s00251g27931, proposed to catalyze epoxidation, and HrL416,
which was responsible for carboxylation of the eremophilane skele-
ton (Fig. 4A).
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To verify the exact function of JanF (oxygenation or dehy-
drogenation), we synthesized the aldehyde-derivatized product 10,
the carboxylated product 10a, and the epoxidized product 10b using
compound 6 as the substrate (Fig. 4B; NMR data for the products are
provided in Figs. S182–S201). The incubation experiments showed that
only compound 10 could react with L-Thr to form the adduct com-
pound of 2a (25 °C, 2 h) (Fig. 4C, v–vii), validating the function of JanF
as a dehydrogenase that converts the end hydroxyl into an aldehyde.
Furthermore, the generation of 10 was detected by LC-MS from the
reaction mixture with 6 catalyzed by the crude enzyme of JanF
(Fig. 4D), which unambiguously confirmed the function of JanF as an
alcohol oxidase.

To gain more insight into the formation of the terpene-amino
acid adduct, we then focused on assessing whether the primary
amine was bound to 10 before or during the rearrangement process
of 10. For this purpose, we adjusted this reaction process by pre-

incubating 10 in water and thereafter added L-threonine to the
reaction mixtures with different pre-incubating durations of 10
(Fig. 4E, v−vii). The results still showed the consumption of 10 and
generation of 2a but without any stable intermediate detected from
the reaction mixtures. However, with the pre-incubating duration
increasing, the production of 2a decreased accordingly, which
means that without the presence of L-threonine, 10will be consumed
and spontaneously converted into unstable intermediates. More-
over, these intermediates are unlikely to react with L-threonine, thus
resulting in the production of 2a. These data suggest the primary
amine might be bound to 10 before the spontaneous rearrangement
process. We then added L-threonine to the dichloromethane reaction
system, where compound 10 could be maintained in a stable state,
and the formation of 2a was consistently observed without any
decrease in the final yield of 2a (Fig. 4E, iv), which also supported the
inference above.

Fig. 4 | Comprehensive analysis of the formation of aza-janthinellin A (2a)
triggeredby the JanF-mediated aza-Michael addition. A Phylogenetic analysis of
JanF with other FMOs from NCBI by the neighbor-joining method using MEGA 11.
The bootstrap scores are based on 1000 reiterations. B Chemoenzymatic biomi-
metic simulation of JanF homologs-mediated catalytic transformation of com-
pound 6 (aldehyde/carboxylation/epoxidation-modification) reveals functional
characterization of JanF.C LC–MS analysis of extracts from in vitro assays involving
1, 6, and 7 with JanF (i–iv), as well as the incubation of 10a, 10b, and 10 with L-
threonine (v–vii). D LC–MS analysis of in vitro reactions of JanF with 6 at 4 °C for

5min. E LC–MS analysis of solvent-dependent stability profiles of compound 10
and its chemoselective conversionwith L-Thr, including structural integrity analysis
in anhydrous dichloromethane (DCM) vs. aqueous systems (ii–iii), and time-course
conversion efficiency correlated with nucleophilic attack mechanisms (iv–vii).
F Computed energy profile for the proposed nitrogen-bindingmechanism from 10
to 2a. For the 3D structures of TS-1’–TS-6’, unimportant hydrogens have been
omitted for clarity, and bond lengths for partially formed bonds are given in Å
(Cartesian coordinates of the optimized structure shown in Supplementary Data 1).
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Based on the above analysis and assisted by DFT calculations, we
propose a nitrogen-binding mechanism for the formation of aza-
janthinellin A (2a) (Fig. 4F). Due to the strong electron-withdrawing
effect of theα,β-unsaturated aldehyde group, the aza-Michael addition
of a nucleophilic primary amine to the electrophilic C-12 carbon forms
INT-1’ via the transition state TS-1’. Subsequently, the electronic
transformation yields the epoxide ring-opened intermediate INT-2’ via
the transition state TS-2’. Then the second nucleophilic attack from
nitrogen to the C-8 carbonyl produces the tricyclic intermediate, INT-
3’, via the transition state TS-3’, followed by dehydration of the C-8
hydroxyl group, which results in the formation of INT-4’. The sub-
sequent steps followed a mechanism analogous to the previously
described process of compound 1, wherein INT-4’ undergoes two
sequential alkyl migrations to yield the stable aromatic structure
(Fig. 4F). According to the calculation results, the entire nitrogen-
binding reaction is exothermic, with the highest energy barrier of
19.0 kcal/mol, indicating that the process can spontaneously occur at
room temperature. As shown in the above reaction scheme, the for-
mation of the aza-aromatic structure of 2a requires two nucleophilic
attacks by nitrogen, while the incubation of 10with L-threonine would
not provide any stable intermediates as analyzed by LC–MS. This may
be because the first nucleophilic attack is the rate-limiting step, but
once the highly reactive intermediate, such as INT-2’, is generated, it is
prone to receive a rapid secondary nucleophilic attack at the C-8 car-
bonyl position to complete the rearrangement-aromatization. In view
of this, L-proline, which features a secondary amine instead of a pri-
mary amine, was selected as the nucleophile. As proline lacks the
second dissociable hydrogen atom, it is not able to promote the sec-
ond nucleophilic attack, and as a result, further intramolecular cycli-
zation and rearrangement-aromatizationwill not take place. Under this
situation, it would accumulate some enamine intermediate for detec-
tion. After incubating 10 and L-proline in water, the imine intermediate
of INT-Pro1 (measured m/z 362.1971, calculated 362.1962, Δ =0.8831
mmu) and INT-Pro3 (measured m/z 344.1863, calculated 344.1856,
Δ = 2.0499 ppm) were successfully detected (Fig. S13B. C). Based on
the above findings, we proposed the reaction cascade for 10 in cou-
pling with L-proline, which includes the following steps: selective
nucleophilic attack at C-12, intramolecular cyclization, and dehydra-
tion to access the final product (Fig. S13A). The above results further
verified the unique ring rearrangement-aromatization mechanism,
which requires sequential heteroatom nucleophilic additions as pre-
sented in Fig. 4F.

JanF directs regio-selective nucleophilic addition onto the car-
bonyl groupof theα,β-unsaturatedketone-containing substrate
Based on the eremophilane aromatization mechanism proposed
above, we hypothesized that the addition of primary amine reagents
with strong nucleophilic abilities would facilitate the production of
diverse aza-janthinellins. Accordingly, we incubated 6 with a panel of
primary amine reagents (1mg/mL), including ammonia, and amino
acids in the presence of JanF. As shown in Fig. 5A, non-native aza-
janthinellins B–J (2b–j) were successfully isolated and characterized
from the in vitro conversion results (Figs. S43−S105 and Table S6),
thereby confirming the general applicability of the aza-Michael addi-
tion in constructing aromatic terpenoid skeletons. The conversion
steps starting from 10 and primary amine (e.g., L-glycine) to aza-
janthinellins were also supported by DFT calculations (Fig. S14). To
determinewhether the function of JanF is required in the reactionof 10
with primary amines, we incubated 10 with the above primary amines
in buffers with and without the presence of JanF. Consequently, 2b–j
were produced in both conditions (Fig. S15). However, in the presence
of JanF, the reaction rates of compound 10 with these primary amines
were observed to increase to varying extents (Fig. 5B). This indicates
that JanF may promote the nucleophilic addition and the aromatiza-
tion process in the formation of aza-janthinellins. To gain more

information regarding the function of JanF in mediating the aza-
nucleophilic reactions, we replaced the above primary amines with
aniline, which is a relatively weak nucleophilic reagent due to the
aniline–allyl conjugation between the nitrogen lone pair and the aro-
matic system, and repeated the transformation experiments with and
without the presence of JanF. In the presence of JanF, the theoretical
product 2k (Figs. S106−S112 and Table S6) was successfully detected
(Fig. 5C, ii). In contrast, in the reaction proceeding without JanF, two
sesquiterpene-aniline adducts, aza-janthinellins K–L (2k–l, and
S106–S119 and Table S6), were identified (Fig. 5C, iii). This likely
occurred because the relatively weak nucleophilicity of the nitrogen
decreased its chance in attacking the C-8 ketone group in 10, but
increased the opportunity of dehydration and elimination of the C-6
hydroxyl group, which was possibly derived from the opening of the
epoxide caused by the nucleophilic addition of the aniline (Fig. 5D).
The dehydration of the 10-aniline adduct then results in the produc-
tion of the dienone intermediate INT-2c’, which will undergo intra-
molecular nucleophilic addition in alternative routes: for one route,
the nitrogen attacks the α,β-unsaturated ketone at C-8 position (1,2-
addition),similar to the case in the formation of 2b–j using alkylamines
as stronger nucleophilic reactants (Fig. 4F), and initiates the aromati-
zation process, leading to the production of 2k (Fig. 5D); for another
route, the aza-Michael reaction (1,4-addition) takes place, followed by
elimination of the 8-hydroxyl group and subsequent methanolysis to
give 2l (Fig. 5D). To confirm, we re-examined the enzyme-free reaction
mixtures of amino acids incubated with 10. Trace amounts of C-6
addition products 2a’ (m/z 347) and 2f’ (m/z 393) were detected by
LC–MSalongwith their C-8 addition counterparts (Fig. S16). The above
findings verified again that with the presence of JanF, the aza-
nucleophilic reaction preferred to take place at the C-8 position.

These results demonstrated that JanF not only functions as a
dehydrogenase on the allyl alcohol group on the eremophilane ske-
leton, but also facilitates the conjugation of eremophilane with pri-
mary amines by affecting the regioselectivity during the nucleophilic
addition to the α,β-unsaturated ketone intermediate. Using the above
logic, we produced a group of aromatic sesquiterpene-amine adducts,
greatly expanding the chemical diversity of the aza-janthinellin-like
structures.

Studies of catalytic sites and promiscuity of JanF led to the dis-
covery of thio-janthinellins (3) generated by thio-michael
addition
Multiple sequence alignment of JanF together with other homologous
proteins revealed that JanF conserves His99 as the key residue
responsible for covalent binding the cofactor FAD32, while the sites of
Tyr158 andAsn273 are unique to JanF (Fig. S19). To gain insight into the
structural basis of the catalytic mechanism of JanF, the 3D structure of
JanF was generated through a protein structure prediction service,
AlphaFold233, and a docking engine AutoDockVina34, was used to
probe the structural details of substrate 6 in binding to JanF (Fig. S17).
The results showed that the C-13 atomof 6was situated 2.9 Å from the
N-5 position of the FAD isoalloxazine ring (Fig. 6A). The distances from
the C-13 hydroxyl to Tyr158 and from C-8 carbonyl to Asn273 are 3.5 Å
and 3.8 Å, which suggests the Tyr158 and Asn273 may stabilize the
domain interface by forming a hydrogen bondwith the C-8 ketone and
C-13 hydroxyl group, thus positioning the substrate correctly (Fig. 6A).
To verify the function of these residues, we site-mutated the residues
of Tyr158 and Asn273, together with 8 additional residues within 4 Å of
6. The results demonstrated that, in addition to the H99Amutant, the
T158A andN273Amutants also significantly impacted the formation of
2a (Figs. S18 and 6C, ii and iii). The above bioinformatic analysis and
docking-directed site-mutation results supported the inference that
His99, Tyr158, and Asn273 are the key sites for the oxidative function
of JanF. Among those three residues, His99 acts as the tentacle to
attach cofactor FAD, and Tyr158 and Asn273 are responsible for
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accommodating and orienting the substrate of 6 in the JanF cavity.
Moreover, as reported for other flavn-dependent enzymes35, the
interaction of Tyr158 with the C-13 hydroxyl through a hydrogen bond
is important for the efficient hydride ion transfer from the substrate,
benefiting the dehydrogenation process.

To better understand the protein-small molecule interaction and
the accommodation of these substrates and intermediates, we con-
tinued molecular docking studies with JanF and INT-2c’, which is a
proposed intermediate formedby the addition of aniline to compound
10. The results indicated that the JanF enzyme cavity has sufficient
space to accommodate various aldimine intermediate substrates with
a very similar accommodation manner as compound 6, where Asn273
stabilizes the C-8 carbonyl group via hydrogen bonding, and the ani-
line moiety in the intermediate is significantly oriented toward the C-8
position. Further molecular docking studies of the enamine inter-
mediates formed between compound 10 and various amino acids
revealed that the cavity of JanF has ample space to accommodate a
wide range of amino acid substrates (Fig. S20). This protein-substrate
interaction effectively explains the preference for the 1,2-addition
reaction in the α,β-unsaturated ketone structure. On the one hand,
JanF stabilizes the conformation of the enamine intermediate via
hydrogen bonds, positioning the nitrogen atom closer to the C-8
carbonyl group in space. On the other hand, Asn273 enhances the

electrophilicity of the C-8 position of intermediate INT-2c’ through
hydrogen bonding, thereby facilitating its nucleophilic attack by the
nitrogen atom. Subsequently, incubation of compound 10 and aniline
in the JanF-N273A variant resulted in the detection of both 2k and 2l in
the products (Fig. 6C, iv), which confirmed the above mechanism. To
further investigate the size of the JanF cavity in accommodation of the
enamine intermediates, a large steric hindrance primary amine,
amantadine, which bears an adamantanyl substitution, was co-
incubated with compound 10. With the large spatial constraint, ada-
mantylamine is supposed to be unable to enter the cavity of JanF, thus
leaving equal reaction opportunities for the C-8 and C-6 nucleophilic
attack. To our expectation, the result showed the generation of both
the C-8 and C-6 nucleophilic attack products of 2m and 2m’ (Fig. S21),
which was consistent with the results from these JanF-free experi-
ments. The above results strongly support that JanF could accom-
modate the enamine intermediate with smaller steric hindrance, and
meanwhile, composes a regioselectivity effect on the intramolecular
nucleophilic attack. Additionally, through site-directed mutagenesis
experiments guided by molecular docking analysis combined with
in vivo catalytic studies, we confirmed that the sites of Y158 and N273
possibly contribute to binding and stabilizing both the substrate of 6
and the following enamine intermediate such as INT-2c’ (Fig. 6A, B),
thus facilitating the nucleophilic attack at the C-8 position.

Fig. 5 | Expand the chemical diversity of aza-janthinellins, and molecular
docking revealed the spatial selectivity of JanF. A Structure of 2b–k. B The
comparative analysis of the rates of aza-janthinellins produced in the presence
versus absence of JanF. The reactions were carried out as follows: substrate 10
(2μmol)wasmixed at roomtemperaturewith amines (2μmol) in the crudeenzyme
system (200μL) of AN-WT or AN-janF (i.e., with orwithout JanF present). According
to TLC, the time required for the reaction to consume the starting material is
calculated, allowing the reaction rates of various primary amines and substrates 10
with and without JanF to be inferred. Data are shown as the mean ± SEM of 3

independent experiments. Analysis used an independent samples t-test (two-
sided), with no multiple comparison correction, and p <0.05 was defined as sta-
tistically significant. P2b = 0.0005, P2c = 0.0003, P2d = 0.0006, P2e = 0.0034,
P2f = 0.0113, P2g = 0.0004, P2h = 0.0011, P2i = 0.0100, P2j = <0.001, P2k = 0.0006.
*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. Source data are provided as a
SourceDatafile.C LC–MSanalysis of extracts from invitro assays incubating 10 and
aniline in the presence and absence of JanF (i–iii). D In the presence of JanF, com-
pound 10 was co-incubated with aniline to yield compound 2k; in the absence of
JanF, this reaction also produced compound 2l alongside compound 2k.
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The molecular docking analyses also indicated that the epoxide
group at C6-7 did not interact with JanF, suggesting the catalyzing
activity of JanF may be affected little by the modification on such this
position and indicating potential promiscuity for JanF. To confirm this
inference, we incubated the crude enzyme of JanF with 8, which pos-
sesses a double bond at C6–7 instead of an epoxide. After 12 h-culti-
vation, we found that 8 was completely consumed but without any
products detected, which indicated that some unstable oxidation
products were generated, just as the case in the formation of aza-
janthinellins. We then added L-threonine to the reaction mixture with
the intention of capturing the reactive intermediate. However, there
was still no product detected. To determine whether the unstable
oxidation product could react with other intracellular metabolites, we
repeated in vivo biotransformation in the AN-janF living cells. To our
delight, the retrieved LC–MS data revealed the emergence of several
novel peaks (Fig. 6D, i). After large-scale fermentation, we character-
ized 7 novel structures designated as thio-janthinellins A–G (3a–g), all
of which are aromatic eremophilane-alkyl thiol adducts (Fig. 6D, E).
Their structures with absolute configurations were determined based
on extensive NMR spectra and HRESIMS (Figs. S120−S168 and
Table S7), ECD calculations (for 3a, 3b, and 3e, Fig. S26), single-crystal
X-ray diffraction (for 3f, CCDC: 2382465), and phenylglycine methyl
ester (PGME) transformation (for 3c/3d, Fig. S22, Supporting Infor-
mation). These structures contain two distinct pairs of diastereomers,
3a/3b and 3c/3d. Among them, the major products, 3a/3b, exhibit an
unprecedented pentacyclic meroterpenoid skeleton, comprising a 6/
6/5/6 ring system with a rare thiapyran moiety. In contrast, 3c/3d
includes a sulfoxide group that is relatively uncommon in NPs. Addi-
tionally, compounds 3a/3b were discovered to be able to convert into

3c/3d through gradual oxidation (Fig. S23). Based on the catalytic
activity of JanF and the rearrangement mechanism of the cyclohex-
enone as discovered in the formation of the aza-janthinellins, we
proposed a biotransformation pathway leading to the above thio-jan-
thinellins, which required the Michael addition of one molecule of
mercaptocarboxylic acid such asβ-mercaptopyruvate and thioglycolic
acid (commonly found in living cells as a degradation product of
cysteine)36 to one molecule of 8b in the presence of JanF (Fig. S24),
which is responsible for converting the C-13 hydroxyl group into the
reactive α,β-unsaturated aldehyde group in 8b. The conversion from
8b to 3a/3b was further supported by DFT calculations (Fig. S25). The
above results identified a unique methodology for the generation of
C-S bonds in constructing novel NP derived skeletons.

Bioactivity evaluation of compounds
The cytotoxicity of 3a, 3b, and 2l was evaluated against hthe uman
chronic myelogenous leukemia cell line K562 with doxorubicin as a
positive control. The results showed that the mono-substituted deri-
vatives displayed moderate to strong cytotoxicity against K562 cells
with IC50 values ranging from 2.63 to 9.25μM (Fig. 6F). In addition, the
compounds obtained were evaluated for the in vivo anti-inflammatory
activity using the zebrafish Tail Amputation InflammationModel.Wild-
type AB line zebrafish were self-bred to obtain eggs, which were
immersed in 3% methyl blue solution until 3dpf (3 days post-fertiliza-
tion). Then, the wild-type AB strain zebrafish larvae of 3dpf were
anaesthetized with 0.2% tricaine solution, and the caudal fin was
truncated using a sterile 1mL syringe needle to establish the Tail
Amputation Inflammation Model. Results showed that compound 7
could reduce adjacentmyeloid cells near the infected caudal fin, which

Fig. 6 | Molecular docking revealed the promiscuity of JanF and, based on this,
the generation and bioactivity evaluation of thio-janthinellins (3).A JanF active
site cavity docked with 6. Two polar residues of Tyr158 and Asn273 that constitute
the substrate binding pocket are indicated (Prompt: without eutectic solutions,
docking may not indicate the actual protein-small molecule interactions).
B Molecular docking revealed the binding mode of the enamine intermediate,
which is formed via the condensation of compound 10 with aniline, to the JanF
protein. C LC–MS analysis of the incubation reactions between aniline and com-
pounds 6 or 10 in the JanF mutant strain. D 3a − g were produced in the 8-sup-
plemented cultures of the AN-janF transformants. E 3a −g were produced in the 8-
supplemented cultures of the AN-janF transformants. FCytotoxic activity of 3a, 3b,

and 2l. G The black dots are stained with Sudan black and indicate the recruitment
number of neutrophils at the injury site of the zebrafish(3dpf) tail fin. Effective
compound 7 reduces the number of myeloid cells near the infected tail fin of
zebrafish. Source data is provided as a Source Data file.H The bar chart is obtained
by statistically analyzing the blackdotswithin a 200nm range from thewound site.
Data are shown as the mean ± SEM of 15 independent experiments. The statistical
test is Dunnett’s multiple comparisons test (two-sided) in the ordinary one-way
ANOVA. PDMSO vs DEX = 0.0002, PDMSO vs 7 =0.0099, PDMSO vs 6 =0.0106, PDMSO vs

8 =0.3402, PDMSO vs 4 =0.0432, PDMSO vs 5 =0.6771. * P <0.05, ** P <0.01, ***
P <0.001. Source data is provided as a Source Data file.
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was comparable to the positive control dexamethasone (Fig. 6G, H).
The thio-containing compoundswerealso tested for their antibacterial
activity against a panel of Gram-negative and Gram-positive patho-
gens. As a result, compounds 3a and 3c showed promising activity
against the Gram-negative pathogen of Acinetobacter baumannii AB34
with MICs of 32μM and 16μM, and compounds 3f and 3g showed
activity against the Gram-positive pathogen of Staphylococcus aureus
with MICs of 16μM and 32μM, respectively (Table S14).

Discussion
By reconstituting an isoprenoid biosynthetic pathway in A. nidulans,
we successfully obtained a series of eremophilane derivatives, among
which farfugin A (1) and aza-janthinellin A (2a) feature intriguing aro-
matic skeletons derived from the aristolochene skeleton. Notably, the
discovery of 2a has put forward an NP resource of azaphilic structures
originating from the isoprenoidpathway, in addition to thewell-known
azaphilonoids derived from polyketide biosynthetic pathways.

Biosynthetic studies of those aromatic terpenoid structures have
unraveled an unprecedented type of aromatization mechanism which
involves two consecutive [1,2]-alkyl migrations initiated by intramole-
cular spontaneous oxo-/aza-nucleophilic addition. During this process,
a group of oxygenases (P450s of JanB, D, E, SDR of JanC, and FMO of
JanF) play crucial roles in modifying the aristolochene skeleton and
providing highly reactive intermediates. Among these enzymes, JanF
mediates the formation of 2a by oxidizing α,β-unsaturated alcohols to
α,β-unsaturated aldehydes. The aza-nucleophilic promoted aromati-
zation reaction involved in the formation of 2ademonstrates a feasible
method for constructing cyclohexylindole skeletons by adding pri-
mary amine building blocks to a sesquiterpene framework.

Inspired by the afore-mentioned mechanism, we established a
cell-free biotransformation system that incorporated phomenone B
(6) and amino acids as precursors, utilizing JanF’s FMO as the catalyst.
This system supports the generation of a series of sesquiterpene-
amine adducts. When phomenone B (6) was substituted with nigri-
terpene D (8) in the reaction system, several sesquiterpene-
mercaptocarboxylic acid adducts (3) were generated, confirming
JanF’s promiscuity in catalyzing the dehydrogenation of eremophilane
substrates. Notably, compounds 3a and 3b exhibited remarkable
cytotoxicity against the K562 cell line, thereby validating the feasibility
of leveraging the substrate promiscuity of this biotransformation
system to generate bioactive compounds for drug discovery and
development.

In conclusion, this report elucidates an unusual machinery for the
biosynthesis of a group of aromatic sesquiterpenoids, which involves
several enzymatic and non-enzymatic steps emphasized by rearran-
gement of the sesquiterpenoid skeleton, which was initiated by het-
eroatom nucleophilic addition in the biosynthesis of a group of
aromatic sesquiterpenoids. This innovative biosynthetic logic has
enhanced our understanding of the biogenesis of aromatic com-
pounds and provides a route to construct aza- and thio-containing
terpenoids with expanded diversity and biological activity.

Methods
General experimental procedures
Specific rotations were obtained on a JASCO P-1020 digital polari-
meter. UV spectra were recorded from 200 to 600nm on a Hitachi
5430. ECD spectra were measured on a JASCO J-715 spectro-
polarimeter. NMR spectra were recorded on Agilent 500MHz
DD2 spectrometers (Agilent, Beijing, China) using tetramethylsilane as
an internal standard, and the chemical shifts were recorded in δ values.
HRESIMS were obtained using a Thermo Scientific LTQ Orbitrap XL
mass spectrometer. Semipreparative HPLC was performed using an
ODS column [HPLC (YMC-PackODS-A, 10 × 250mm, 5μm, 3mL/min)].
High-performance liquid chromatography–ultraviolet–mass spectro-
metry (LC–UV–MS) was performed on a Waters SQ Detector Liquid

mass spectrometer (USA) using Waters ACQUITY UPLC Shield RP18
(1.7μm, 21 × 50mm, 0.5mL/min). Column chromatography (CC) was
performed with silica gel (100–200 mesh, 200–300 mesh, Qingdao
Marine Chemical Inc.) and Sephadex LH-20 (Amersham Biosciences),
respectively. UV spectrum of DNA was recorded on a NP80 Nano-
Photometer (Implen) with an 8.5mmcuvette. All chemicals used in the
study were of analytical grade, except the preparative HPLC and
LC–MS, with chromatographic grade.

General DNA manipulation techniques
All the DNA manipulations in this study were conducted according to
the manufacturer’s protocol. PCR reactions were performed using the
Phusion® high-fidelity DNA polymerase, Q5® High-Fidelity DNA Poly-
merases (New England Biolabs), Hieff Canace® Gold High-Fidelity DNA
Polymerase (Yeasen), and KOD OneTM PCR Master Mix (Toyobo)
according to the manufacturer’s instructions. cDNA was synthesized
by using the PrimeScript RT-PCR Kit (TaKaRa). Custom oligonucleo-
tides were synthesized by Shanghai Sangon DNA Technologies. Frag-
ments were respectively amplified by the condition: step 1: 95 °C for
3min; step 2: 95 °C for 15 s; step 3: Tm for 15 s; step 4: 72 °C by 30 s/kb
(KOD for 5 s/kb); step 5: step 2 to step 4 for 35 cycles; step 6: 72 °C
10min, then the products were purified by gel. Escherichia coli strain
XL-1 was used for routine cloning. Saccharomyces cerevisiae Y31 was
used for in vivo yeast DNA recombination cloning. Saccharomyces
cerevisiae Y59 was used to express target enzymes and cultured on
yeast extract peptone dextrose (YPD)medium at 28 °C formicrosomal
in vitro assays. Penicillium janthinellum H7-4 was cultured at 28 °C on
PDA plates, and spores were collected after 7 days of growth by
flooding the plates with sterile 0.1% Tween 80. H7-4 was grown in
Elenmeyer flasks containing 150mL of liquid culture medium, com-
posed of glucose (1%), maltose (2%), mannitol (2%), monosodium
glutamate (1%), KH2PO4 (0.05%), MgSO4·7H2O (0.03%), and yeast
extract (0.3%) after adjusting its pH to 6.5 before RNA isolation or in
PDAmedium for isolation of genomic DNA. Aspergillus nidulans A1145
was grown at 28 °C in CD (0.1% Glucose, 0.5 v/v% 20× nitrate salts,
0.01 v/v% trace elements, and 2% agar for solid media) media for
sporulation or in CD-ST (2% starch, 2% casamino acids, 5 v/v%
20×nitrate salts, 0.1 v/v% trace elements) media for heterologous
expression and compound production.

Heterologous expression of jan gene cluster in Aspergillus
nidulans
The jan gene cluster sequences were PCR-amplified using genomic
DNA from Penicillium janthinellum H7-4 as a template, with primer
sequences detailed in Table S3. For vector preparation, plasmids pYTU
(pyrG), pYTP (pyroA), and pYTR (riboB)—carrying auxotrophic mar-
kers for uracil, pyridoxine, and riboflavin biosynthesis, respectively—
were digested with PacI and SwaI restriction enzymes. The resulting
fragments were used in yeast homologous recombination to construct
heterologous expression plasmids. Colonies confirmed by PCR were
pooled, and the plasmids were extracted using a yeast miniprep pro-
tocol. Purified plasmids were then transformed into Escherichia coli
XL-1 cells via electroporation using the Zyppy Plasmid Miniprep Kit
(Zymo Research, USA). Single-plasmid transformants were identified
through bacterial plasmid isolation and verified by DNA sequencing
before being cataloged as recombinant plasmids (Table S2). For
transformation of Aspergillus nidulans strain A1145, 50 µL of freshly
prepared protoplast suspension was mixed with the target plasmids
and incubated on ice for 60minutes. Following this, 500 µL of PEG
solution (60% PEG, 50mM CaCl2, 50mM Tris-HCl, pH 7.5) was added,
and the mixture was incubated at room temperature for 20minutes.
The transformation mixture was then spread onto regeneration med-
ium consisting of CD agar supplemented with 1.2M sorbitol and
appropriate nutrients (10mM uridine, 5mM uracil, 0.5 µg/mL pyr-
idoxine HCl, and/or 2.5 µg/mL riboflavin, depending on the plasmid
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selection marker). After incubation at 37 °C for 2–3 days, individual
colonies were transferred to CD-ST liquid medium (composition per
liter: 20 g starch, 20 g tryptone, 50mL 20× nitrate salts, 1mL trace
elements, pH 6.5) for metabolite production.

Biotransformation assays with microsomal S. cerevisiae
To verify the function of enzyme(s) of interest by yeast bio-
transformation, the S. cerevisiaeY59 strain transformedwith individual
plasmids was used for biotransformation. The transformant yeast
strains were selected on solid selective drop-out media for 2–3 days,
then single colonies were inoculated into 3mL selective drop-out
media and grown for 24 h to be used as inocula for YPD media. The
yeast microsomes or crude enzymes were then extracted and co-
incubated with different substrates as described earlier. The products
of different reaction systemswere analyzed and detected by LC–MS to
judge the reaction situations (spontaneous reaction verification
experiments based on H+ were added in different time intervals of
different reaction systems according to requirements).

In vitro assay for JanE
For in vitro assays of JanE, centrifugation of yeast overexpressing JanE
(25mL at 28 °C, 250 g for 3 days in YPD medium) was performed and
submerged in liquid nitrogen, and then resuspended in buffer C. The
crude enzyme was incubated with different substrates and cofactors:
20μM 8, 400μM NADPH in a total 100 µL reaction. The reaction was
incubated at 28 °C overnight and extracted with 100 µL ethyl acetate
twice. After the solvent was evaporated, the extraction of this system
was dissolved in methanol and detected by HPLC.

Spontaneous reactions of 8
For determining the pH effects on the reactions, assays were per-
formed in a total volume of 100 μL containing 100μM 8, in H2O with
pH values ranging from 4 to 7, with incubation at 30 °C for 72 h. The
buffers were prepared as follows: citric acid/Na2HPO4 buffer (pH 4‒6);
H2O (pH 7). In general, the reactions were analyzed by HPLC using the
general analytical HPLC method.

Biotransformation assays with the crude enzyme of A. nidulans
To verify the function of enzyme(s) of interest by A. nidulans bio-
transformation, the A. nidulans A1145 strain transformed with indivi-
dual plasmids was used for biotransformation. The transformant
strains were selected on solid selective drop-out media for 2–3 days,
then single colonies were inoculated into 20mL selective drop-out
media and grown for 3 days to be used as inocula in CD-ST medium.
The crude enzymes were then extracted and co-incubated with dif-
ferent substrates as described earlier. The products of different reac-
tion systems were analyzed and detected by LC–MS to judge the
reaction situation.

In vitro assay for JanF
For in vitro assays of JanF, centrifugation of A. nidulans A1145 over-
expressing JanF (25mLat 28 °C, 250g for 3 days inCD-STmedium)was
performed and submerged in liquid nitrogen, and then resuspended in
buffer C. The crude enzyme was incubated with different substrates
and cofactors: 20μM 1, 6, and 7, 20μM FAD in a total of 100 µL reac-
tion. The reaction was incubated at 28 °C overnight and extractedwith
100 µL ethyl acetate twice. After the solvent was evaporated, the
extraction of this system was dissolved in methanol and detected
by HPLC.

In vitro assay for JanFH99A/Y158A/N273A/ S275A/ T277A/ F334A/ F343A/T382A/ T384A/ L417A

For in vitro assays of JanFH99A/Y158A/ N273A/ S275A/ T277A/ F334A/ F343A/ T382A/ T384A/ L417A,
centrifugation of A. nidulans A1145 overexpressing JanF site-directed
mutants (25mL at 28 °C, 250g for 3 days in CD-ST medium) was

performed and submerged in liquid nitrogen, and then resuspended in
buffer C. The crude enzyme was incubated with different substrates
and cofactors: 20μM 6, 20μM FAD, and 20μM L-Thr in a total 100 µL
reaction. The reaction was incubated at 28 °C overnight and extracted
with 100 µL ethyl acetate twice. After the solvent was evaporated, the
extraction of this system was dissolved in methanol and detected
by HPLC.

Feeding experiments using the AN-janF
For feeding experiments in A. nidulans, 8 (1mg) was added to 100mL
of CDST medium, 2 days after the cultivation of the AN-JanF transfor-
mants. After further incubation at 28 °C for 2 days, the fermentation
broth was extracted with ethyl acetate twice and concentrated in
vacuo. The dried extracts were dissolved in methanol for HPLC
analysis.

Spontaneous reaction of compound 10 with primary amines
A typical reactionmixture included 100 µM 10 and 200 µML-Thr inH2O
in a total volume of 100 µL with incubation at 30 °C for 2 h. Products
were analyzed by HPLC using the general analytical HPLC method or
subjected to LC–MS analysis.

Commonly misidentified lines
K562 cells are frequently misidentified as HL-60 cells in experimental
settings due to overlapping morphological and functional character-
istics. Nevertheless, K562 cells serve a critical and irreplaceable func-
tion in chronic myeloid leukemia-targeted therapy, immunotherapy,
and high-throughput drug screening, offering robust and reliable
biological support for experimental outcomes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the conclusions of this study are presented in the
main text, Supplementary Information, and from the corresponding
author upon request. Source data are provided with this paper. The
X-ray crystallographic coordinates for structures reported in this study
have been deposited at the Cambridge Crystallographic Data Centre
(CCDC), under deposition numbers 2341504 [https://doi.org/10.5517/
ccdc.csd.cc2jljd2], 2341506 [https://doi.org/10.5517/ccdc.csd.cc2jljg4],
and 2382465 [https://doi.org/10.5517/ccdc.csd.cc2kz4qf]. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Source data are
provided with this paper.
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