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a b s t r a c t

This study identifies and characterises a previously unknown diterpene synthase, SjJS, from the aci-

dophilic actinomycete Streptacidiphilus jiangxiensis. Genome mining and heterologous expression demon-

strated that Streptacidiphilus jiangxiensis Jiangxidiene Synthase (SjJS) accepts both farnesyl pyrophosphate

(FPP) and geranylgeranyl pyrophosphate (GGPP) as substrates to produce a diverse terpene profile, includ-

ing two new diterpenes, jiangxidiene A (1) and B (2). Comprehensive 13C-labelling experiments combined

with computational analyses delineated its intricate cyclisation mechanism and revealed two possible

pathways. Structure-guided mutagenesis enabled the accumulation of key intermediate-derived products,

jiangxienols A–D (4, 7, 8, and 10), thereby allowing a clear differentiation between the two proposed

cyclisation pathways and leading to the formation of several additional diterpenes. In addition, a cy-

tochrome P450 encoded adjacent to the sjjs gene was shown to oxidise jiangxidiene A (1), the major

diterpene product, yielding jiangxienoide B (12) and jiangxienol E (13). Further cytotoxicity assays were

performed for the isolated compounds, among which jiangxidiene A (1) gave the lowest half maximal

inhibitory concentration (IC50) values (15–20μg/mL) against the tested human cancer cell lines.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Terpenoids represent one of the most structurally diverse and

functionally versatile families of natural products (NPs), with over

100,000 structures reported to date. They are widely distributed

among plants, microorganisms, and marine organisms, exhibiting

remarkable pharmacological activities and significant industrial rel-

evance [1–4]. Typical examples include the anticancer drug taxol

[5], the antimalarial compound artemisinin [6], the cooling and

fragrance agent menthol [7], and the biopolymer material natu-

ral rubber [8], which in together highlight the broad medical, cos-

metic, and material applications of this vast group of NPs. Among

them, diterpenes, characterised by their complex polycyclic skele-

tons and diverse bioactivities, have long attracted significant atten-

tion in NP chemistry and synthetic biology [9–15].

However, compared to their abundant counterparts of plant-

derived diterpenes [1,2,10–12,16], the biosynthetic potential of mi-

crobial, particularly for those actinomycete-derived diterpenes, re-

mains insufficiently explored. Although strains from the genus

of Streptomyces have been extensively studied and has yielded a
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wide variety of terpenoid metabolites [1,9,17–20], its close aci-

dophilic relative Streptacidiphilus has been rarely investigated in

this context. Notably, recent genomic analyses have revealed that

Streptacidiphilus harbors abundant terpene synthase genes [21],

suggesting that this genus may represent an untapped reservoir of

structurally diverse terpenoids.

In this study, we identified a previously uncharacterised diter-

pene synthase from Streptacidiphilus jiangxiensis through genome

mining. In vitro assays and heterologous expression confirmed that

this enzyme catalyses the formation of new diterpenes. In addi-

tion, isotopic labelling experiments, together with density func-

tional theory (DFT) calculations and mutagenesis studies, eluci-

dated the cyclisation mechanism of this enzyme. Furthermore, the

function of the adjacent cytochrome P450 was characterised, and

the antitumor activities of several major isolates were evaluated

against four human cancer cell lines. This work broadens our un-

derstanding of the terpenoid metabolic capacity of Streptacidiphilus

and provides new insights into the functional diversity of bacterial

diterpene synthases.

The genome of Streptacidiphilus jiangxiensis NBRC 100920 was

searched using HMMER (http://hmmer.org/) [22]. with the HMM

seed profile (PF19086) for class I terpene synthases (TSs), lead-
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Fig. 1. Products of SjJS. (A) Total ion chromatograms (TICs) of SjJS incubated with

GGPP (i) and FPP (ii), analyzed by gas chromatography-mass spectrometry (GC–MS).

(B) Chemical structures of products 1–3. The absolute configuration of 1 was deter-

mined by X-ray crystallography (CDCC 2516818).

ing to the identification of six putative TSs (TS-01–TS-06, Table

S1 in Supporting information). Phylogenetic analysis including

over 90 characterised TSs (Fig. S1 in Supporting information)

[23]. showed that TS-01 is homologous to geosmin synthase

[24]. and contains two typical catalytic domains. Similarly, TS-02

clusters with sesquiterpene synthases such as germacrene d-4-ol

synthase (45% identity) [25]. and cubebene synthase (47% iden-

tity) [26]. In addition, TS-03 shares 55% sequence identity with

selina-4(15),7(11)-diene synthase [27], suggesting a high degree

of functional similarity. TS-05 clusters with 2-methylisoborneol

synthase [28], a terpene synthase whose function appears to

be relatively conserved. Taken together, these phylogenetic re-

lationships suggest that the functions of these four TSs may be

provisionally inferred based on phylogenetic clustering. In contrast,

TS-04 and TS-06 cluster with two diterpene synthases (venezue-

laene synthase [29]. and AriT [30]) with <30% sequence identity,

indicating that they may represent novel diterpene synthases.

The two TS genes were then synthesised after codon optimi-

sation for expression in Escherichia coli and subsequently cloned

into pET-28a(+) vector for heterologous protein expression. TS-04

expressed well in soluble form; however, TS-06 was largely insol-

uble (Fig. S2 in Supporting information). Enzymatic assays of TS-

04 were then performed using geranyl pyrophosphate (GPP), far-

nesyl pyrophosphate (FPP), geranylgeranyl pyrophosphate (GGPP),

and geranylfarnesyl pyrophosphate (GFPP) as substrates. The re-

sults showed that TS-04 could utilize FPP and GGPP as substrates,

indicating that it possesses both sesquiterpene and diterpene syn-

thase activities (Fig. 1 and Fig. S3 in Supporting information). The

major products were further obtained by co-expressing TS-04 with

the corresponding FPP or GGPP synthase genes in an engineered

E. coli chassis [31]. Based on detailed nuclear magnetic resonance

(NMR) analysis, the diterpene products 1 (Table S3 and Figs. S4–

S11 in Supporting information) and 2 (Table S4 and Figs. S12–S19

in Supporting information) were identified as two new compounds

featuring a carbon skeleton the same as that of SpcB, which is

the enantiomer of compound 1 and has only been reported in a

patent [32]. As the producing strain and biosynthetic enzyme re-

sponsible for SpcB formation were not disclosed in the patent, we

therefore designated the two new compounds as jiangxidiene A

and jiangxidiene B, respectively, to reflect their biological origin.

The main sesquiterpene product 3 was identified as hedycaryol by

comparison of its MS (Fig. S3 in Supporting information) and 1H

NMR spectra (Fig. S20 in Supporting information) with those re-

ported in the literature [33]. Accordingly, the enzyme TS-04 was

designated as Streptacidiphilus jiangxiensis Jiangxidiene Synthase

(SjJS).

Fig. 2. 13C-labelling strategy for the preparation of labelled GGPP and 1. (A)

Schematic representation of the four isoprene units constituting GGPP and the cor-

responding labelling pattern in 1. (B) Two reaction setups (i and ii) for the synthesis

of 13C-labelled GGPP and corresponding 13C-labelled 1 using FPP and 13C-labelled

IPP in the presence of GGPPS and SjJS. (i) All substrates and enzymes were mixed

simultaneously and incubated overnight. (ii) Substrate and GGPPS were first incu-

bated for 3h, after which SjJS was added. (C) TICs of the two reactions described

in (B).

The cyclisation process of GGPP leading to the formation of

jiangxidienes remains unclear. However, isotopic labelling repre-

sents a powerful strategy to elucidate the underlying cyclisation

mechanism of TS [18,34,35]. Since position-specific labelled isopen-

tenyl pyrophosphates (IPPs) at five defined sites have already been

synthesised and are available [36], it should be feasible to label all

20 carbon positions of GGPP through the combined use of prenyl-

transferase and isopentenyl diphosphate isomerase (IDI) [37]. Prin-

cipally, by combining FPP with 13C-labelled IPPs, the first C5 unit of

GGPP can be labelled, yielding (U1–13C)GGPP (Fig. 2A and Fig. S21

in Supporting information), which comprises five position-specific

isotopomers, (1–13C), (2–13C), (3–13C), (4–13C), and (20–13C)GGPP.

Similarly, coupling GPP or DMAPP with 13C-labelled IPPs and un-

labelled IPP affords (U2–13C)GGPP and (U3–13C)GGPP, respectively.

Furthermore, through IDI-mediated isomerisation of 13C-labelled

IPPs followed by condensation with unlabelled IPP, (U4–13C)GGPP

can be obtained.

Then, detailed enzymatic assays were performed by incubating

GGPP synthase (GGPPS) [31], SjJS, FPP, and (1–13C)IPP together.

Under these conditions, both the diterpene 1 and the sesquiter-

pene 3 were produced (Figs. 2B(i) and 2C(i)), as SjJS exhibits

sesquiterpene synthase activity and can directly convert FPP into

3. To optimize the reaction, FPP, (1–13C)IPP, and GGPPS were first

incubated to allow GGPPS to elongate FPP into (1–13C)GGPP. After

this elongation step, SjJS was subsequently added to catalyse

the cyclisation. Using this sequential process, the major product

obtained was the diterpene 1 (Figs. 2B(ii) and 2C(ii)). Following

the same strategy, (2–5–13C)IPPs were also converted into the

corresponding GGPPs. Likewise, GPP and DMAPP were elongated

with 13C-labelled IPPs by FPP synthase (FPPS) and GPP synthase

(GPPS) [31], respectively, and then further elongated with GGPPS

and unlabelled IPP to afford (U2–13C)GGPP and (U3–13C)GGPP. For
13C-labelled DMAPPs, they were generated by the isomerisation

of 13C-labelled IPPs catalysed by IDI within 1h, and subsequently

elongated by GPPS and GGPPS to afford (U4–13C)GGPP (Fig. S22 in

Supporting information). All of these labelled GGPPs were individ-

ually converted by SjJS to yield a set of 13C-labelled isotopomers

of compound 1, collectively covering all twenty carbon positions

(Fig. 2A and Fig. S23 in Supporting information).

The labelling results clearly demonstrate how GGPP folds within

the active site of SjJS, revealing that a Me-19 migration occurs dur-
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Scheme 1. Proposed cyclisation mechanism of SjJS from GGPP to 1 and 2. Key car-

bocation intermediates are shown. Boxed numbers indicate transition state energy

barriers (kcal/mol, mPW1PW91/6–311+G(d,p)//B3LYP/6–31G(d,p)). Barriers for TS-

(C1–D1)∗ and TS-(E–F)∗ are referenced to intermediates C1 and E using water- and

NH3-assisted models, respectively.

ing the cyclisation cascade. Based on these findings, a plausible

enzyme-catalysed mechanism is proposed (Scheme 1). GGPP first

adopts a conformation that enables the initial 1,10-cyclisation to

generate cation A. The Me-18 group must then rotate into a per-

pendicular orientation relative to H-10 (intermediate B), thereby

facilitating a subsequent 1,2-hydride migration to form interme-

diate C. Intermediate C then undergoes a 10,14-cyclisation, during

which attack of C14 onto C10 can occur from either the Si or Re

face of the double bond. These two approaches generate distinct

downstream carbocation intermediates, designated D1 (path a) and

D (path b), respectively. To clearly distinguish the conformations

adopted by intermediates A–C in the two mechanistic pathways,

the corresponding intermediates in path a are denoted as A1–C1,

respectively. Subsequent deprotonation from either pathway yields

the same intermediate E. Protonation of E then initiates a further

cyclisation to form intermediate F, which undergoes a 1,2-hydride

shift followed by a Me-19 migration to give cation H. Finally, de-

protonation of H furnishes the observed products 1 and 2.

To distinguish between the two possible pathways, DFT cal-

culations were performed [38]. The potential energy profile for

path b was calculated (Fig. S24 and Table S5 in Supporting in-

formation). Starting from cation A, rotation of the Me-18 pro-

ceeds over a barrier of 5.35 kcal/mol, forming intermediate B. The

subsequent 1,2-hydride shift occurs through a low-lying transi-

tion state (�G‡ =3.31 kcal/mol) to afford intermediate C. From

C, formation of D involves crossing another small barrier of

1.79 kcal/mol. Following this, deprotonation affords intermediate

E, and subsequent protonation-induced 2,7-cyclisation proceeds in

a barrierless fashion, generating F and accompanied by a pro-

nounced energy drop of –17.17 kcal/mol, indicating a highly exer-

gonic step. From F, a 1,2-hydride shift occurs almost barrierlessly

(�G‡ =0.99 kcal/mol) to produce G, followed by migration of Me-

19 to form H (�G‡ =7.63 kcal/mol). The relatively low activation

barriers indicate that these rearrangements along path b are ener-

getically facile within the enzyme’s active site.

For path a, DFT calculations were performed on the first four

intermediates (Fig. S25 and Table S6 in Supporting information),

as the remaining steps are identical to those in path b. The cal-

culations show that intermediate B1 is not a stable minimum,

and A1 directly converts to C1 by overcoming a modest barrier

(�G‡ =6.64 kcal/mol). Furthermore, C1 cannot cyclise to a stable

D1 intermediate in the absence of assistance. In contrast, when a

water molecule is included to stabilize the developing cationic cen-

ter, the cyclisation to D1 proceeds smoothly with a low barrier of

2.21 kcal/mol. Based on the calculations, both pathways are feasi-

ble. However, path a requires assistance from a water molecule for

the formation of intermediate D1, and B1 does not exist as a sta-

ble species. Since D1 differs structurally from D, obtaining products

that retain the configuration of H-14, for example, from enzyme

variants bearing subtle active-site modifications, could provide di-

rect experimental evidence to distinguish which pathway is actu-

ally operative.

Thereafter, the three-dimensional structure of SjJS was gener-

ated by AlphaFold 3 [39], and GGPP was subsequently docked into

the modeled active site using AutoDock [40]. Residues constituting

the GGPP-binding pocket are highlighted in stick representation

(Fig. 3A). Further molecular dynamics (MD) analysis of inter-

mediates D1 revealed that residue E96 plays a key role in the

2,7-cyclisation step by serving as a proton donor (Figs. S26 and

S27 in Supporting information). In addition, the deprotonated

carboxylate form of E96 may also function as a general base to

facilitate deprotonation of intermediate H (Figs. S28 and S29 in

Supporting information). Therefore, E96 was not subjected to mu-

tagenesis. Instead, several residues located in the lower region of

the active-site pocket were selected for site-directed mutagenesis,

as modifications at these positions were anticipated to have min-

imal impact on the initial cyclisation step. The enzyme variants

Y76F, M202L, M202S, V205I, T238V, V322A, and V322T were then

constructed, and their product profiles were analysed (Fig. S30 in

Fig. 3. Mutational analysis of SjJS. (A) Structural model of SjJS predicted by Al-

phaFold 3, with key residues shaping the active-site pocket shown in stick repre-

sentation and the docked GGPP substrate rendered in purple. The trinuclear Mg2+

cluster is depicted as green spheres. (B) TICs of the in vitro enzymatic products of

the WT enzyme and the M202S variant, and the in vivo products produced by the

M202A variant heterologously expressed in an E. coli chassis.

3
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Fig. 4. Isolated products from the SjJS M202A variant.

Supporting information). The Y76F and M202L mutants displayed

product profiles nearly identical to that of the wild-type (WT)

enzyme. In contrast, the V205I, T238V, V322A, and V322T variants

produced higher amounts of 2, likely due to reduced steric hin-

drance at these positions, which permits intermediate H to move

more freely within the active site. Notably, the M202S mutant

generated several new products, with one major product shifted to

a new compound 4. To further probe the role of this residue, we

performed saturation mutagenesis at position 202 and found that

the M202A variant produced more products (Fig. 3B and Fig. S31 in

Supporting information). Subsequent purification and NMR anal-

ysis led to the identification of 8 additional products 4–11 (Fig. 4,

Figs. S32–S109 and Tables S7–S24 in Supporting information).

To exclude the possibility of misassigning the relative config-

urations, DP4+ [41]. analyses were performed for compounds 4

and 8 using two diastereomeric models in which H-14 was ori-

ented either upward or downward (Figs. S41 and S76 in Support-

ing information). In both cases, the results indicated that H-14 in

both 4 and 8 is oriented upward, and that both compounds in-

corporate a hydroxyl group at C-15, consistent with the proposed

path a. Moreover, MD simulations indicate that a water molecule

can stably reside near C-15 in the SjJS–D1 complex (Figs. S26 and

S27 in Supporting information). The formation of 4 and 8 can be

clearly rationalised by the mechanistic pathway involving D1 and

F1, providing additional support that path a represents the opera-

tive cyclisation route of SjJS (Fig. S110 in Supporting information).

Compounds 5, 7, and 10 share closely related skeletal frameworks.

Compound 5 is proposed to originate from intermediate F, whereas

the formation of 7 follows a pathway analogous to that leading

to 8. The formation of 10 might arise from non-enzymatic oxida-

tion of compound 5 (Fig. S110). The relative configuration of 6 was

also confirmed by NMR calculations and DP4+ analysis (Figs. S58

and S59 in Supporting information), and its formation can be ra-

tionalised by a C-1–αH migration toward the cationic centre at C-

10, followed by nucleophilic attack by water, ultimately yielding 6

(3–epi-obscuronatin [13], Fig. S110). Based on this mechanism, its

absolute configuration can be tentatively assigned as 3S,10R,11S.

Compound 11 was not detected in the in vivo assays but

was obtained after purification using AgNO3-coated thin-layer

chromatography (TLC) plates. Its structure was further verified

by NMR calculations, and the calculated 13C NMR chemical shifts

showed a linear correlation of over 0.99 with the experimental

data, confirming the structural assignment (Fig. S109). Its for-

mation might occur via an unknown oxidation process during

purification. The formation of compound 9 deviates from the

main cyclisation pathway and may arise from an alternative initial

1,11–10,14 cyclisation sequence facilitated by a conformational

change of the terminal isoprene unit of GGPP (Fig. S110). Similar

cyclisation mechanisms have been reported for several terpene

synthases [1,42]. However, its specific rotation differs from that of

the previously described (1S,3E,7E,11R,12S)-dolabella-3,7,18-triene,

indicating that 9 is its enantiomer. In addition, compounds 4, 7, 8,

and 10 were designated as jiangxienol A, B, C, and D, respectively;

Fig. 5. Functional analysis of the P450 enzyme associated with SjJS. (A) Schematic

diagram of the engineered expression cassette under the control of T7 pro-

moter. The cassette contains GGPPS, SjJS, the P450 enzyme, and its redox partners

SelFdR0978 (Fdr) and SelFdx1499 (Fdx). A ribosome binding site (circle) is placed

downstream of the promoter, and a transcription terminator is depicted as a narrow

rectangular block at the end of the cassette. (B) TIC of the metabolites produced by

the recombinant E. coli chassis expressing this cassette. Asterisks indicate endoge-

nous metabolites from the host strain; GGOH denotes geranylgeraniol. (C) Chemical

structures of the oxidation products 12 and 13.

compound 5 was designated as jiangxidiene C, and compound 11

was designated as jiangxienoide A.

A cytochrome P450 gene (WP_042443903), located adjacent

to the sjjs gene, was identified in the genome and subsequently

codon-optimized for heterologous expression in E. coli. The gene

encoding this P450 was cloned into pET-28a(+), and the recom-

binant protein was successfully expressed in a soluble form in

E. coli (Fig. S2). To investigate its function, the P450 together with

a broadly applicable redox partner pair (SelFdx1499/SelFdR0978)

[43], GGPPS, and SjJS were co-expressed under the control of T7

promoter in the E. coli chassis (Fig. 5A). After a 5-day fermen-

tation, two oxidised products were detected from the culture

extract (Fig. 5B and Fig. S111 in Supporting information). Following

comprehensive purification, compounds 12 (Table S25 and Figs.

S112–S119 in Supporting information) and 13 (Table S26 and Figs.

S120–S127 in Supporting information) were isolated and struc-

turally characterised as oxidised products derived from 1 (Fig. 5C),

and they were designated as jiangxienoide B and jiangxienol E,

respectively.

In vitro cytotoxicity assays against four human cancer cell

lines, HeLa (cervical carcinoma), KYSE-150 (esophageal squamous

cell carcinoma), NCI-H1975 (non-small cell lung cancer), and

SGC7901 (gastric carcinoma), as well as the normal human lung

fibroblast cell line MRC-5 revealed only modest or negligible

activity for the major isolated compounds (Table S27 in Sup-

porting information). Compound 1 gave the lowest half maximal

inhibitory concentration (IC50) values, among the tested com-

pounds, ranging from 15μg/mL to 20μg/mL against the cancer cell

lines (20.19μg/mL vs. HeLa, 19.70 μg/mL vs. both KYSE-150 and

NCI-H1975, and 15.65μg/mL vs. SGC7901) and 18.14μg/mL against

MRC-5. Compound 6 showed measurable responses only toward

SGC7901 (IC50 =18.91μg/mL), while IC50 values above 25μg/mL

were obtained for the other tested cancer cell lines. By contrast,

compounds 2, 4, 5, 8, 9, 12, and 13 yielded IC50 values above

25μg/mL across all tested cancer cell lines. Cytotoxicity toward

the normal human fibroblast cell line MRC-5 was not further

evaluated for these compounds.

Overall, this study establishes Streptacidiphilus as a previously

underexplored yet productive source of structurally unusual diter-

penoid NPs. By integrating genome mining, heterologous expres-
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sion, and in vitro enzymatic assays, we identified and function-

ally characterised a novel diterpene synthase, SjJS, capable of gen-

erating new diterpenoids. The application of position-specific 13C

isotopic labelling, in combination with DFT calculations and site-

directed mutagenesis, provided detailed mechanistic insights into

the complex cyclisation process and revealed a key residue gov-

erning product formation. Furthermore, functional characterisation

of a cytochrome P450 encoded adjacent to sjjs uncovered an ad-

ditional oxidative tailoring step that further diversifies the prod-

ucts. Bioactivity evaluation showed that jiangxidiene A yielded

IC50 values in the range of 15–20μg/mL against four human can-

cer cell lines. Collectively, this work expands our understand-

ing of diterpenoid biosynthesis, highlights the catalytic versatility

of bacterial terpene synthases, and underscores the potential of

Streptacidiphilus spp. as a valuable reservoir for the discovery of

novel terpenoids and biocatalysts.
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