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Many labdane-related diterpenoids (LRDs) exhibit high values in drug development. Their diversity in
structure and bioactivity, to a large extent, arise from oxidative modifications which are mainly catalyzed
by cytochrome P450s (CYPs). The medicinal plant Euphorbia fischeriana Steud. is rich in LRDs with distinct
scaffolds. Herein, we characterized three cytochrome P450s involved in LRD biosynthesis from this plant.
Notably, CYP71D450 and CYP701A148 are two substrate-promiscuity CYPs. The former is the first example
of CYPs which can oxidize C-3 of ent-atisane skeleton and ent-isopimara-7(8),15-diene, and the latter is
the first example of CYPs which can oxidize C-19 of ent-abietane and ent-pimarane skeletons. This study
expands the toolkit for bioproduction of diverse LRDs.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Labdane-related diterpenoids (LRDs), the largest group of diter-
penoids, exhibit a vast structural diversity, including bicyclic struc-
tures (e.g., labdane), tricyclic structures (e.g., pimarane and abi-
etane) and tetracyclic structures (e.g., kaurane, atisane, beyerene,
and stemodane) [1]. Many LRDs have been used for drug devel-
opment [2], such as andrographolide (ent-labdane type, an anti-
inflammatory drug) [3,4], oridonin (ent-kaurane type, a promising
anti-cancer lead) [5], continentalic acid (ent-pimarane type, with
a dramatic inhibitory activity against methicillin-resistant Staphy-
lococcus aureus) [6], serofendic acid A (ent-atisane type, a potent
neuroprotective agent) [7,8], and ent-3,4-seco-16a-hydroxyatis-
4(19)-en-3-oic acid (ent-atisane type, with a significant inhibitory
activity against the biofilm adherence of Pseudomonas pseudoalcali-
genes) (Fig. 1) [9]. For all these LRDs, oxidative functionalization
is required for their bioactivities. In the biosynthesis of plant ter-
penoids, the olefin precursors are mainly oxidized by cytochrome
P450s (CYPs) [10]. Although CYPs involved in the biosynthesis of
plant LRDs have been widely characterized, the oxidative function-
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alization of many sites in the LRDs isolated to date remains un-
known. Mining CYPs with novel catalytic properties (e.g., specificity
or promiscuity in catalysis and substrate tolerance) can expand the
toolkit for bioproduction of diverse LRDs.

Euphorbia fischeriana Steud. is widely distributed in northern
China. Its dry roots, known as “langdu”, were used in traditional
Chinese medicine for the treatment of dyspepsia, abdominal dis-
tension, abdominal pain, cough, and lymph node tuberculosis [11].
Over 180 LRDs have been isolated from its root extracts [12-14].
These LRDs with various skeletons including abietane, pimarane,
kaurane, and atisane, play vital roles in the anticancer actions of
this plant [15-17]. Because most of them are oxidized at multi-
ple sites, we assume that E. fischeriana is a worthwhile deposit
for mining CYPs capable of oxidizing various LRD skeletons. In the
previous study, we characterized an ent-copalyl diphosphate (ent-
CPP) synthase and four class I LRD diterpene synthases (diTPSs)
which can respectively produce ent-atiserene (1), ent-kaurene
(2), ent-isopimara-7(8),15-diene (3) and ent-neoabietadiene (4)
[18].

We performed a phytochemical investigation on E. fischeriana,
which led to the isolation of 19 LRDs, including fourteen abietanes,
three atisanes, one pimarane and one kaurane (Fig. S1 in Support-
ing information) [19-21]. The configuration of all the isolated LRDs
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Fig. 1. Examples of active LRDs respectively from E. fischeriana (shadowed in pink)
and other species (shadowed in blue).

is ent. This is consistent with the finding that EfTPS54 (an ent-CPP
synthase) is the only class I LRD diTPS in E. fischeriana [12,13].
The liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis [22,23] of the isolated LRDs was conducted. The charac-
teristic fragmentation patterns of the LRDs with distinct skeletons
were deduced, such as the transformation of «,f-unsaturated y-
lactone (ring D) into 2H-oxete via loss of carbon monoxide (CO)
for abietanes, C ring cleavage for atisanes and kauranes, and B ring
cleavage via retro Diels-Alder reaction for pimaranes (Fig. S2 in
Supporting information). Based on these characteristic fragmenta-
tion patterns, a total of 74 LRDs were identified from the extracts
of the roots, flowers, leaves, and stems of E. fischeriana (Figs. S1
and S3-S6 in Supporting information), including 46 abietanes, 9
atisanes, 8 pimaranes, 7 kauranes, and 4 abietane-phloroglucinol
meroterpenoids. Among them, 66 LRDs (89.2 %) were mainly found
in the roots. The abundances of 62 LRDs in roots were over ten
times higher than those in the other tissues. Whereas stems,
leaves, and flowers respectively contain only one predominant LRD
with an abundance over ten times higher than those in the other
tissues. Therefore, LRDs of E. fischeriana predominantly exist in the
root, the part used for medicinal purposes in traditional Chinese
medicine. This finding further indicates that LRDs are the impor-
tant pharmacological ingredients of this plant.

In the previous study, a transcriptome database across various
tissues was established [18]. We thus analyzed the correlation be-
tween the relative contents of 74 LRDs and the transcript levels
of CYP genes across all the tissue samples. Out of 424 CYP tran-
scripts identified from the transcriptome data of E. fischeriana, the
levels of 247 were closely correlated with the relative contents of
74 LRDs (Pearson’s r=0.9) (Fig. S7 in Supporting information). 199
CYP transcripts with a length over 700 bp were chosen for further
analysis.

Next, we used the previously characterized LRD-related CYPs
(Table S1 in Supporting information) as the queries to perform a
BLAST search against the transcriptome data of E. fischeriana. The
top 10 closest CYPs of each query sequence were selected. A to-
tal of 40 CYPs were identified after eliminating the redundant se-
quences. Among them, 25 were included in the 199 CYPs whose
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transcript levels were highly correlated with the tissue distribu-
tion of LRDs. Phylogenetic analysis showed that all the previously
characterized LRD-related CYPs belong to CYP71 and CYP85 clans
(Fig. S8 in Supporting information). Among 25 candidate CYPs, 20
locate within CYP71 clan and 5 locate within CYP85 clan (Fig. S8).
In particular, 16 CYPs belong to the CYP71 subfamily, and 4 CYPs
belong to CYP76 subfamilies (Fig. S8) in which many members are
related to LRD biosynthesis [1]. We subsequently sought to charac-
terize the 25 candidate CYPs.

We successfully cloned 22 out of 25 candidate CYP genes. Sac-
charomyces cerevisiae was firstly used to characterize these CYPs.
To increase the production of the potential diterpenoid products
in S. cerevisiae, we expressed tHMG1 (the truncated 3-hydroxy-
3 methylglutaryl coenzyme A reductase) and UPC2-1 (the G888D
mutant of the transcription factor UPC2) to reinforce the meval-
onate (MVA) pathway [24,25], expressed two fusion enzymes
BTS1 (GGPP synthase)-ERG20 (farnesyl diphosphate synthase) and
ERG20-mERG20"6C (the F96C mutate of ERG20) to increase the
conversion rate of farnesyl diphosphate (FPP) to geranylgeranyl
diphosphate (GGPP) [26], and depressed ERG9 by replacing its na-
tive promotor with a glucose-induced promotor Puyxy; to reduce
FPP consumption in triterpenoid/steroid biosynthesis [27], thus
establishing the strain LRDO4 (Table S2 in Supporting informa-
tion). Then, we respectively expressed EfTPS43 (an E. fischeriana
ent-atiserene synthase), EfTPS1 (an E. fischeriana ent-kaurene syn-
thase), EfTPS41 (an E. fischeriana ent-isopimara-7(8),15-diene syn-
thase) and EfTPS14 (an E. fischeriana ent-neoabietadiene synthase)
[18] along with ZmAN2 (a Zea mays ent-CPP synthase) [28] in
LRDO4 to obtain LRDO5 to LRDO8 (Table S2). A tiny amount of 1
and 2 were detected in LRDO5 and LRDO6 (Fig. S9 in Support-
ing information), respectively, but neither 3 nor 4 was detected
in LRDO7 and LRDO08. As diffusion of the intermediates produced
by the upstream enzymes may lead to decrease in the concen-
tration surrounding the downstream enzymes, fusion of the con-
secutive enzymes may bring their active sites into a closer prox-
imity, thereby enhancing metabolic flux channeling to biosynthe-
sis of the target products [26]. It was reported that the fusion
of SmCPS (a labdadienyl/copalyl diphosphate synthase from Salvia
miltiorrhiza) and SmKSL (a kaurene synthase-like from S. miltior-
rhiza) resulted in a significant increase of miltiradiene titer [29].
Hence, we respectively fused EfTPS43, EfTPS1, EfTPS41 and EfTPS14
with ZmAN2, using GSG (glycine-serine-glycine) as the linker, and
subsequently expressed the resulting fusion enzymes in LRD04
to increase the titers of the diterpene olefins. LRD09 expressing
ZmAN2-GSG-EfTPS43 and LRD10 expressing ZmAN2-GSG-EfTPS1
respectively produced much more 1 and 2 compared to LRD05 and
LRDO6 (Table S2 and Fig. S9), but 3 and 4 were still not detected.

We thus used LRD09 and LRD10 to screen 22 candidate CYPs by
expressing each of them associated with the different cytochrome
P450 reductases including AaCPR (from Artemisia annua) [25], ATR1
(from Arabidopsis thaliana) [30], SaCPR (from Santalum album L.)
[31] and CrCPR (from Catharanthus roseus) [32]. The results showed
that CYP71D450 and CYP701A148 oxidized both 1 and 2 (Figs. 2
and 3), and exhibited the highest activities when accompanied by
AaCPR.

CYP71D450 oxidized 1 into two compounds 5 and 6 with the
molecular weights of 288 and 330 Da, respectively (Fig. 2A and Fig.
$10 in Supporting information). To further increase the production
of 5 and 6 and prepare sufficient amounts of them for structural
elucidation, CYP71D450 and AaCPR were integrated into the ROX1
(a yeast transcriptional repressor which can repress the expression
of genes involved in terpene biosynthesis in yeast) locus of LRD09
to afford LRD13 (Table S2) [33,34]. After LRD13 was cultured by
fed-batch fermentation, 6 was isolated as an orthorhombic crystal
and its structure was determined as acetylated ent-atiseren-3a-ol
by nuclear magnetic resonance (NMR) and X-ray crystallography.
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Fig. 2. Functional characterization of CYP71D450. GC-MS detection of the extracts of the yeast strains respectively expressing CYP71D450/EfTPS43 (A) and CYP71D450/EfTPS1
(B). GC-MS detection of the extracts of the E. coli strain expressing CYP71D450/EfTPS41 (C) and N. benthamiana expressing CYP71D450/EfTPS14 (D). (E) The structures of the

products.
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Because the molecular weight of 5 (288 Da) is 42 Da less than that
of 6 (330 Da) (Fig. S10), 5 is ent-atiseren-3x-ol. We assumed that
6 was acetylated by a yeast endogenous acetyltransferase as CYPs
are incapable of catalyzing acetylation reaction. To confirm this, we
expressed CYP71D450 in S. cerevisiae WAT11 harboring ATR1, and
prepared microsome to perform in vitro reactions (Fig. S11 in Sup-
porting information). Only 5 was detected from the extract of the
reaction mixture, which supported that acetylation of 5 to 6 was
catalyzed by a yeast acetyltransferase. CYP71D450 also oxidized 2
to 7 and 8 in S. cerevisiae (Fig. 2B and Fig. S10). After fed-batch fer-
mentation, sufficient 7 was isolated for acquisition of its NMR data
which completely match those of ent-kauren-3«-ol [35]. The signal
of H-3 in the 'H NMR spectrum of 7 is a doublet of doublets with
a big coupling constant of 11.6Hz and a small coupling constant
of 4.9Hz (Table S3 in Supporting information), suggesting an ax-
ial position of H-3, which is consistent with 3a-hydroxylated ent-
kauranes [36]. 7 was therefore determined as ent-kauren-3w-ol.
And like 5, 7 was also acetylated in S. cerevisiae to yield acetylated

ent-kauren-3«-ol (8), with a molecular weight of 330Da which is
42 Da bigger than that of 7 (Fig. 2B, Figs. S10 and S11).

Expression of CYP701A148 and AaCPR in the ent-atiserene-
producing strain LRD09 led to the detection of three products 9,
10 and 11 with the molecular weights of 286, 288 and 302 Da,
respectively (Fig. 3A and Fig. S12 in Supporting information). Af-
ter fed-batch fermentation, sufficient 9 and 10 were purified for
NMR analysis and their structures were respectively elucidated as
ent-atiseren-19-al [37] and ent-atiseren-19-ol [38], thereby indi-
cating that 11 is ent-atiseren-19-oic acid according to its molec-
ular weight (Fig. S12). This result was also confirmed by in vitro
biochemical reaction using the microsome as the catalyst (Fig. S13
in Supporting information).

When CYP701A148 and AaCPR were expressed in the ent-
kaurene-producing strain LRD10, three products 12, 13, and 14,
also respectively possessing the molecular weights of 286, 288 and
302 Da, were observed (Fig. 3B and Fig. S12). We expressed AtKO
(an A. thaliana ent-kaurene oxidase) [39] in LRD10 and found that
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the retention time and the MS fragment patterns of 12, 13 and
14 are consistent with those of ent-kauren-19-al, ent-kauren-19-ol
and ent-kauren-19-oic acid (Fig. 3B). Hence, their structures were
determined. Additionally, 12, 13, and 14 were also detected in the
reaction mixture of 2 and the microsome containing CYP701A148
(Fig. S13).

As we failed to construct the S. cerevisiae strains producing 3
and 4, we used Nicotiana benthamiana, Escherichia coli and in vitro
biochemical reactions to identify CYPs capable of oxidizing 3 and
4. The results showed that both CYP71D450 and CYP701A148 can
accept 3 and 4 as their substrates.

For 3, CYP71D450 and CYP701A148 oxidized it into 15 and 16,
respectively, in E. coli and the microsome-containing reaction mix-
tures (Figs. 2C, 3C and Figs. S10-S13). Both 15 and 16 possess a
molecular weight of 288Da (Figs. S1I0E and S12G). According to
the functions of CYP71D450 and CYP701A148 on 1 and 2, we as-
sumed that 15 and 16 might be ent-isopimara-7(8),15-dien-3c-
ol and ent-isopimara-7(8),15-dien-19-ol, respectively. Sufficient 15
and 16 were prepared through large-scale fermentation of the cor-
responding E. coli strains for NMR analysis. The NMR data of 15
and 16 were respectively consistent with those of nor-isopimara-
7,15-dien-38-0l [40] and nor-isopimara-7,15-dien-19-ol [41]. Given
that 15 and 16 were derived from ent-isopimaradien-7(8),15-diene
(3), their structures were therefore respectively determined as the
enantiomers of nor-isopimara-7,15-dien-38-ol and nor-isopimara-
715-dien-19-0l, ie., ent-isopimara-7,15-dien-3x-ol (Fig. 2E) and
ent-isopimara-7,15-dien-19-ol (Fig. 3E). Like 7, H-3 of 15 possesses
an axial orientation due to its peak of double of doublets (11.4
and 4.3 Hz), which is also consistent with those of 3x-hydroxylated
ent-pimaranes [42]. This further confirms the configuration of C-3
of 15.

For 4, CYP701A148 oxidized it into two products, 19 and 20, in
the E. coli strain ELRD04 (Fig. 3D and Table S2). Both 19 and 20
possess the same molecular weight of 288 Da (Fig. S12). We pre-
pared sufficient amounts of 19 and 20 for NMR analysis. 20 is ent-
neoabietadien-19-ol (Fig. 3E), which is consistent with the function
of CYP701A148 on the other three diterpene olefins. Unexpectedly,
19 harbors a hydroxy group at C-3. Like both 7 and 15, the peak
of H-3 of 19 is also a doublet of doublets with coupling constants
of 11.7 and 3.2 Hz, which is consistent with those of the abietane-
type diterpenoids with a 3a-hydroxyl group [43]. And the nuclear
Overhauser effect (NOE) correlations between H-3 and H-5 and be-
tween H-3 and H3-18 were observed in the NOESY spectrum of
19. Therefore, the orientation of 3-OH of 19 was determined as «.
We used N. benthamiana, E. coli and in vitro microsome reaction
to characterize the function of CYP71D450 on 4. CYP71D450 only
functions in N. benthamiana to hydroxylate 4 into 19 (Fig. 2D).

In addition, CYP88A176 shares a 67.9% sequence identity with
AtKAO (an A. thaliana ent-kauren-19-oic acid oxidase) [44]. We
therefore presumed that CYP88A176 is an ortholog of AtKAO. We
respectively expressed CYP88A176 and AtKAO in LRD17 to afford
LRD18 and LRD19 (Table S2). After silylation, we detected the sily-
lated derivatives of ent-kauren-7p-ol-19-oic acid and gibberellin
A12 from the extracts of both LRD18 and LRD19 (Fig. S14 in Sup-
porting information). Hence, CYP88A176 is indeed an ent-kauren-
19-oic acid oxidase.

Many CYPs involved in LRD biosynthesis exhibit substrate
and/or catalytic promiscuity and thereby have been used for
synthesis of diverse LRDs via combinatorial biosynthesis [45].
CYP71D450 can catalyze the hydroxylation of C-3 of ent-atiserene,
ent-kaurene and ent-isopimara-7(8),15-diene; CYP701A148 can ox-
idize C-19 of ent-atiserene and ent-kaurene into the carboxyl
groups, and hydroxylate C-19 of ent-isopimara-7(8),15-diene and
both C-19 and C-3 of ent-neoabietadiene (Fig. S15 in Supporting
information). To the best of our knowledge, this study for the
first time reports CYPs which can oxidize C-3 of ent-isopimara-
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7(8),15-diene, ent-atisane and ent-abietane skeletons, and C-19
of ent-abietane and ent-pimarane skeletons. As illustrated in Fig.
1 and Fig. S15, the discovery of these CYPs may enable enzy-
matic/chemoenzymatic synthesis of not only anti-cancer LRDs from
E. fischeriana, such as ent-3c-hydroxyatis-16-ene-2,14-dione [46]
and ent-kaurane-3-oxo-168,17-acetonide [47], but also other valu-
able ones, such as serofendic acid A [7,8], 78,11,17-trihydroxy-
helioscopinolide E [48] and araucarone [49], thereby enriching the
toolkit for combinatorial biosynthesis of diverse unnatural LRDs for
drug development.
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