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Pyrrolobenzoxazines are a rare terpene-amino acid family of natural products with potent biological activ-
ities. Here, we reported the full biosynthetic pathway of paeciloxazine (1), a typical pyrrolobenzoxazine,
with significant insecticidal activity. Base on heterologous expression, chemical complement experiment,
and in vitro biochemical assays, we demonstrated the sesquiterpene portion of 1 derived from discontin-
uously oxidations of amorphdiene, in which P450 monooxygenase PaxH catalyzed a cascade of hydroxy-
lation and epoxidation, while two flavin dependent monooxygenases are involved in the transformation
of the esterified tryptophan into a pyrrolobenzoxazine core. Furthermore, a total of 15 compounds were
generated through heterologous expression, of which 13, 17 and 20 showed potential antiepileptic activ-
ity. This study fully elucidated the biosynthetic pathway of paeciloxazine (1) and showed the diversity

P450 monooxygenase
Antiepileptic activity

and complexity of constructing natural products by organisms.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The diversity of chemical structures of active natural products,
which are the focus of innovative drug research [1], have spurred
interest in nature’s chemical strategy to produce complexity [2-
4]. The biosynthetic pathways of natural products employ power-
ful chemical concepts to more concise and efficient [2], including
convergent synthesis [5], oxidative cyclization [6], and cascade re-
actions [7]. Thus, uncovering the enzymatic basis of biosynthesis
could improve complexity generation strategies and increases the
toolbox of biocatalysts used to generate structural diversity.

Pyrrolobenzoxazines are a hybrid terpene-amino acid natural
product family [8-13], in which a rare pyrrolobenzoxazine core
is esterified to a heavily oxidized juniper-type sesquiterpene. This
characteristic of fusion of different fragment families is exem-
plary of the complexity generation strategy used by nature. The
pyrrolobenzoxazines are however rare, with eight examples (Fig. 1)
[8-13], and the majority of these products have been shown to
have potent biological activities [8-10,13-17]. For example, pae-
ciloxazine (1), which was first isolated from the fungus Pae-
cilomyces BAUA3058, was reported to show significant insecticidal
activity [8]. (J-12662 and (J-12663 which was isolated from As-
pergillus fischeri var. thermomutatus ATCC 18618, shows remarkable
antiparasitic activity [10].

The unique scaffold of pyrrolobenzoxazines has led to sev-
eral studies of total synthesis [11,18-20]. While the biosynthesis
of pyrrolobenzoxazines is rarely reported, in our previous study,
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we identified the biosynthetic gene cluster of 1 from Penicillium
janthinellum, and elucidated the mechanism that flavin dependent
monooxygenase PaxA catalyzed the construction of 1,2-oxazine in
1 via Meisenheimer rearrangement [12]. Here, we continue to ex-
plore the full biosynthetic pathway of 1 and peniciloxazine A (2).

The pax cluster, which is responsible for the biosynthetic of 1,
contains 9 genes (paxA-I) coding for several functional proteins,
including two P450 monooxygenases (PaxD and PaxH), two flavin
dependent monooxygenases (PaxA and PaxF), a nonheme, iron and
«-ketoglutarate dependent dioxygenase (PaxC), a methyltransferase
(PaxB), an acyltransferase (PaxE), a mono-modular NRPS (PaxG),
and a terpene cyclase (Paxl) (Fig. 2A, Fig. S1 in Supporting infor-
mation).

Based on the structural features of 1 and 2, we proposed that
the terpene and the alkaloid portions are heavily oxidized by redox
enzymes, and the sesquiterpene is a triply-oxygenated derivative of
amorphadiene, which is the precursor of antimalarial artemisinin
(Fig. S2 in Supporting information) [21]. Bioinformatic analysis
showed PaxD, PaxH and PaxC encoded by the pax cluster share
moderate similarity to sesquiterpene oxidase AneD (36%), AneG
(41%), and AneA (53%), respectively (Fig. S3 in Supporting infor-
mation) [12,22]. This indicates that PaxD, PaxC, and PaxH possibly
function at the sesquiterpene moiety in 2.

To elucidate the biosynthetic pathway of the sesquiterpene
moiety in 1/2, we constructed recombinant strains of A. nidu-
lans expressing different combinations of genes paxC/D/E/H/I. When
pax(/I or paxD/I were co-expressed in A. nidulans, no new metabo-
lite was detected (Fig. 2B, traces iii and iv). While co-expression of
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Fig. 1. The family of pyrrolobenzoxazine natural products.

paxH/I led to genenation of two additional metabolites 9 and 10
(Fig. 2B, trace ii). NMR characterization revealed the oxidation at
C-2 and epoxidation at C-10/11 in the structures of 9 and 10. We
proposed that PaxH catalyzed the transformation of amorphadiene
into 9, which dehydrogenated to form 10 by the host. To confirm
the function of PaxH, we fed amorphadiene into Saccharomyces
cerevisiae expressing paxH (SC-paxH) and observed the generation
of 9 (Fig. S4 in Supporting information). These results verified that
P450 monooxygenase PaxH catalyze two-step oxidations, hydroxy-
lation and epoxidation, at amorphadiene to form 9.

With paxH/I, further expression of paxC did not lead to new
metabolite, while adding the paxD led to formation of 11 (Fig. 2B,
traces v-vi). The additional hydroxy group was assigned at C1
based on the HMBC correlations, which suggested PaxD was re-
sponsible for catalyzing hydroxylation at C1. In addition, when co-
expressed paxE/H/I in A. nidulans, we observed the formation of
12, which was confirmed to be 2-O-acetyl-9 (Fig. 2B, trace vii).
We proposed that acyltransferase PaxE catalyzed the conversion
of 9 to 12. To confirm the function of PaxE, we expressed and
purified PaxE as a recombinant protein from Escherichia coli BL21
Transetta and directly performed in vitro assays in the presence
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of 2.3 umol/L PaxE, 0.1 mol/L of acetyl-CoA and 0.1 mmol/L of sub-
strates (9 or 10). Liquid chromatograph-mass spectrometer (LC-MS)
analysis showed that the purified PaxE converted 9 and 11 to 12
and 14, respectively (Fig. S5 in Supporting information). In order
to further confirm the natural substrate of PaxE, we performed in
vitro reaction using low concertation of PaxE (0.1 umol/L) with 9
and 11 at a ratio of 1:1 as substrate, which showed that only 9
was converted to 12 (Fig. S6 in Supporting information). This result
highly suggested 9 as the preferred substrate of PaxE. Then we sep-
arately fed amorphadiene, 9, 12, and 13 into S. cerevisiae express-
ing paxD (SC-paxD) to identify the role of PaxD. Although feeding
amorphadiene did not lead to new metabolite, the transformation
of 9, 12, and 13 into 11, 14, and 16, respectively, was observed
(Fig. S7 in Supporting information), which indicated that PaxD is
the enzyme required for hydroxylation at C1 and the formation
of C1-OH happened after oxidation at C-2. Furthermore, we per-
formed in vitro assays using reactions containing PaxD microsomes,
0.1 mol/L of NADPH, and 0.2 mmol/L of the substrate (9/12/13) and
observed that only 12 was converted to 14 (Fig. S8 in Supporting
information). These highly suggested that the natural substrate of
PaxD was 12. We speculated that activity of PaxD in microsome
was weak in the in vivo assay, resulting in inability of conversion
of non-natural substrates.

We proposed the next step to form the terpene fragment is hy-
droxylation at C-8a. Co-expression of paxC/D/E/H/I in A. nidulans led
to the generation of 15, suggesting that PaxC was responsible for
the hydroxylation at C-8a (Figs. 2B and C). Furthermore, we also
detected the formation of 16 and 17, which were derived from
the hydration and acetylation of 14, respectively. To confirm the
function of PaxC, we then expressed and purified the recombinant
PaxC from E. coli BL21, and initially performed in vitro assays using
reactions containing 100 umol/L of purified PaxC, 1 mmol/L FeSQy,
10 mmol/L «-ketoglutarate («-KG) and 0.1 mmol/L of the substrate
(amorphadiene, 9, 11, 12, or 14, separately). The transformation
from 12 and 14 to 12a and 15, respectively, was observed (Fig. S9
in Supporting information), which indicates that hydroxylation at
C-8a was catalyzed by PaxC. While the failure of PaxD in conver-
sion of 12a to 15, highly suggested that 12a was a shunt product
(Figs. S7 and S8). In addition, the incomplete consumption of 14 at

OH = 0
TH: :
AcO. :

Fig. 2. Biosynthesis of sesquiterpene moiety in 2. (A) The pax gene cluster from P. janthinellum. (B) LC-MS analysis of metabolites produced by A. nidulans transformed with
different combinations of pax genes. (C) Biosynthetic pathway from farnesyl diphosphate (FPP) to 15.
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Fig. 3. Biosynthesis of pyrrolobenzoxazine core of 2. (A) LC-MS analysis of chemical remediation experiment of 14. (B) LC traces from in vitro assays of PaxC activity. Reaction
conditions: 0.1 mmol/L substrate, 0.1 pmol/L PaxC, 1 mmol/L FeSO,4, 10 mmol/L o-KG and 50 mmol/L Tris-HCl buffer (pH 7.9), 20°C for 5min. (C) Biosynthetic pathway from

14 to 1 and 2. Blue marks: terpene moiety; black marks: alkaloid portions.

the high concentration of PaxC, suggested that 14 may not be the
natural substrate of PaxC.

Having established the pathway of the sesquiterpene frag-
ments in 2, we next tried to identify the pathways leading to the
pyrrolobenzoxazine core. To identify the role of NRPS PaxG, com-
pounds 11, 14, and 15 were separately fed to A. nidulans express-
ing paxG (AN-paxG) (Fig. 3A, Fig. S10 in Supporting information).
While feeding 11 (or 15) did not led to any new metabolites, feed-
ing 14 led to the formation of 18, an adduct of 14 and L-tryptophan
(Fig. 3A, Fig. S10). These supported that PaxG function before PaxC
which catalyze the hydroxylation at C-8a.

With 18 in hand, we next investigated the formation of the
N-methylpyrroloindoline scaffold. Feeding of 14 to A. nidulans ex-
pressing paxG/B did not lead to any methylated indole products
(Fig. 3A, trace iii), which suggested that the function of PaxB
probably required the presence of pyrroleindole ring in the sub-
strate. The remain oxidases, PaxA and PaxF, were clustered with
the indole hydroxylase AspB [23] in phylogenetic analysis (Fig. S11
in Supporting information) and our previous study has identified
PaxA as the enzyme responsible for the formation of 1,2-oxazine
core [12], which suggested that PaxF could be a candidate enzyme
to install the pyrroleindole core. Indeed, when 14 was fed to A.
nidulans expressing paxG/F (AN-paxG/F), the generation of a new
product 19 was observed (Fig. 3A, trace iv). NMR characterization
revealed a pyrroleindole core in the structure of 19. These results
highly suggested PaxF responsible for installation of pyrroleindole
moiety. Base on the enzymatic mechanism of homologues of PaxF,
such as AspB [23], NotB [24], and CtdE [25] (Fig. S12 in Support-
ing information), a mechanism of PaxF catalyzing the formation
of pyrroleindole core could be proposed. A first formation of 2,3-
B-face epoxidation to facilitate o-amino attack at electrophilic C2
of the epoxyindole ring (Fig. 3C). Next, we fed 14 into the AN-
paxG/F/B to identify the role of PaxB, and N-methylpyrroleindole
product 20 was detected (Fig. 3A, trace v). These results indi-
cated that the formation of pyrroleindole ring happened before N-
methylation catalyzed by PaxB.

Previously, we have identified 21 as the natural substrate of
PaxA, which suggested that hydroxylation at C-8’a occurred before
the formation of 1,2 oxazine core [12]. To identify the natural sub-
strate of PaxC, the in vitro reactions using low concertation (0.1
umol/L) of PaxC with substrates (14/18/19/20) at 20°C for 5 min

were performed (Fig. S13 in Supporting information). When co-
incubated with 14 and PaxC (0.1 pmol/L), the formation of C8'a-OH
product 15 was not detected, which supported the above result of
feeding 14 to AN-paxG. Then the compounds 18, 19, and 20 were
separately add to in vitro assays of PaxC, and only the correspond-
ing C-8’a hydroxylation products of 19 and 20 were detected. Fur-
thermore, when a mixture of 19 and 20 (1:1 ratio) was used in the
in vitro assay, 20 was firstly converted to 21 (Fig. 3B). Therefore, 20
was suggested as the natural substrate of PaxC.

Based on the results of heterologous expression, feeding exper-
iment and in vitro biochemical assays, we established the com-
plete biosynthetic pathway of paeciloxazine (1) and peniciloxazine
A (2). Firstly, the terpene cyclase PaxI converts FPP to amorphadi-
ene, which is converted to 9 catalyzed by the P450 monooxyge-
nase PaxH through two-step oxidations, hydroxylation at C-2 and
epoxidation at C-9/10. Next, 9 is transform into 12 catalyzed by
acyltransferase PaxE, followed by the formation of C1-OH to ob-
tain 14 catalyzed by PaxD. Then the esterification of L-tryptophan
with 14 occurs in the presence of PaxG to form 18, which is cat-
alyzed by a FMO PaxF and methyltransferase PaxB in turn to form
N-methypyrroleindole 20. Then, 20 is converted to paeciloxazine
(1) catalyzed by PaxA. Alternatively, 20 can also be converted to
21 by PaxC, following by the formation of 2 catalyzed by PaxA (Fig.
S14 in Supporting information).

In all, the full biosynthetic pathway of 1 and 2 was estab-
lished and 15 compounds were obtained by heterologous expres-
sion. In order to explore the potential applications of these on-
pathway intermediates, 1, 2, 9-17, 20 and 21 were evaluated for
their inhibitory effect on epileptiform activity of 4-AP-induced syn-
chronized calcium oscillations (SCOs), with the NMDA receptor in-
hibitor MK801 [26] as a positive control. Compounds 13, 17, and
20 showed significant activities of inhibiting calcium oscillation
(Fig. 4), which suggested their potential antiepileptic activity.

During our investigation of the biosynthesis of 1, Tang group
reported the biosynthetic pathway of another pyrrolobenzoxazine
compound CJ-12662 (Fig. S15 in Supporting information) [27].
Analysis of the biosynthetic pathways of C]J-12662 and penicilox-
azine A (2) showcased the different strategies nature employs to
generate similar nature product (Fig. S16 in Supporting informa-
tion). First, the hydroxylation happened at C2, C1, and C8a in turn
in the biosynthesis of paeciloxazine A (2), while happened at C1,
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Fig. 4. Representative curves of inhibition of SCOs by the positive drugs MK801 and
compounds 13, 17, and 20. The arrows: vehicle control.

C2, and C8a in turn in CJ-12662. Contrast with the P450 monooxy-
genase ThmG in the biosynthesis of CJ-12662, which is responsi-
ble for C8a hydroxylation of dihydroxyl sesquiterpene, the «-KG
dependent dioxygenase PaxC in biosynthesis of 2 catalyzes the
C8a hydroxylation of an alkaloid-terpene substrate 20. It is notable
that different strategies were employed for acetylation during the
biosynthesis of these two compounds. The acetylation requires the
presence of polyketide synthase (PKS) ThmK and acyltransferase
Thm] in the biosynthesis of CJ-12662, whereas the acetylation is
accomplished by acetyltransferase PaxE alone in the case of 2. Dif-
ferent from ThmG that catalyzes the hydroxylation at C2, PaxH is
responsible for the epoxidation at C9/10 besides the formation of
C2-OH.

In summary, we fully elucidated the biosynthetic pathway of
paeciloxazine (1), and revealed the diversity and complexity of
constructing natural products by organisms. In addition, a total of
15 compounds were obtained by heterologous expression, of which
compounds 13, 17, and 20 showed potential antiepileptic activities.
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