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Ent-kaurane diterpenoids (ent-KTs) represent a structurally diverse class of natural products 

renowned for their antitumor and anti-inflammatory bioactivities. The C-14 hydroxyl modification 

is crucial for enhancing their potency; however, introducing this functional group remains a 

considerable challenge. Here, we present a computational heme-guided site-specific (CHS) 

strategy to identify three bacterial P450s (CYP260A1, CYP105N1, and CYP154C5) for C-14 

hydroxylation. Further computationally guided enzyme engineering and redox partner screening 

identify the CYP260A1 L162V variant paired with CamA/CamB, achieving an 83-fold increase 

in production titer and a yield of 84.2 mg/L of (14R,16R)-ent-kauran-14,16-diol (2) in Escherichia 

coli. Substrate scope test reveals functional groups affecting reactivity. Structure-activity 

relationship studies demonstrate the synergistic effect between the C-14 hydroxyl and C15–C16 

Michael acceptor, resulting in a potent derivative (27) with strong cytotoxicity (IC50
HCT116 = 1.4 

μM). This study demonstrates a framework combining CHS-guided P450 discovery and 

computational enzyme engineering to advance ent-KT modifications.
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Introduction 

Ent-Kaurane diterpenoids (ent-KTs) are a prominent class of natural products with over 1,500 

known compounds1. Characterized by a distinctive tetracyclic skeleton, ent-KTs are highly valued 

for their pharmaceutical potential, particularly due to their notable antitumor and anti-

inflammatory properties2,3. The biological activity of ent-KTs is primarily attributed to the α,β-

unsaturated carbonyl group within the 14-O--methylene cyclopentanone fragment, which 

engages in Michael addition reactions with cellular thiols4 (Fig. 1a and Supplementary Fig. 1). 

Structure-activity relationship (SAR) studies have demonstrated that further modifications at the 

C-14 hydroxyl group, achieved through the incorporation of either amino acids or saturated acid 

derivatives, can significantly enhance the biological activities of ent-KTs5,6. For example, the 

oridonin A derivative HAO472, which is decorated with L-alanine at C-14, exhibited improved 

solubility and increased anticancer efficacy, ultimately advancing to a Phase I clinical trial for 

acute myelogenous leukemia7 (Fig. 1a). These findings highlight the C-14 hydroxyl group as a key 

structural feature for ent-KTs drug development.  

 

Introducing a hydroxyl group at the C-14 position of ent-KTs remains challenging3. Total 

synthesis, which allows for the incorporation of a hydroxyl group at the C-14 position early in the 

process, is the most commonly favored approach8–10 (Fig. 1b). However, this method requires a 

complex design involving at least 12 steps, making it both challenge and costly. Directed C-H 

activation, extensively explored for functionalizing complex molecules,11 has not yet succeeded in 

targeting the C-14 position of ent-KTs due to the sterically hindered environment and lack of 

suitable electronic biases. In contrast, biocatalysis, particularly through P450s, provides a highly 

regio- and stereoselective platform for C–H bond functionalization in terpenoids¹². In the context 

of ent-KTs, bacterial P450s—BM3 MERO1 M177A, PtmO6, and PtmO5—have been 

characterized as efficient biocatalysts for site-specific oxidation at the C-2, C-7, and C-11 

positions, respectively13–15. CYP706V6, a C-14 hydroxylase from Isodon rubescens involved in 

the biosynthesis of oridonin A, has been recently characterized but is limited in application due to 
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poor bacterial expression and a conversion efficiency of less than 5% in tobacco plants16 (Fig. 1b). 

Therefore, identifying C-14 P450s with improved expression and catalytic efficiency is crucial for 

advancing ent-KT functionalization. 

 

Traditional P450 mining strategies, such as targeting homologs of known enzymes or screening 

predicted P450s through gene cluster analysis, cannot predict reactivity and reaction sites in 

advance17,18. Structure-based and molecular docking methods have been developed to address 

these limitations19–23. Successful examples include using structure modeling and analysis 

workflow to identify enzyme, applying structure-based approaches for deaminase, and combining 

these techniques to screen imine reductases from databases19,21,22. Despite these advances, 

limitations in homology models and computational workflows have hindered accuracy. Recent 

developments in protein structure determination, particularly AlphaFold 3, provide new 

opportunities to overcome these challenges24,25.  

 

In this study, we develop a computational heme-guided site-specific (CHS) strategy to streamline 

the discovery of P450 enzymes capable of selective C-14 hydroxylation in ent-KTs. By integrating 

structural databases with P450 catalytic insights, we identify three bacterial C-14 hydroxylases 

(CYP260A1, CYP105N1, and CYP154C5). Enzyme engineering further enhances the activity of 

CYP260A1, leading to a significant increase in product yield. Through substrate scope expansion 

and SAR analysis, we elucidate key structural features influencing ent-KT bioactivity (Fig. 1c).  

 

Results and discussion  

Developing a CHS strategy for mining bacterial C-14 P450s  

To identify functional P450s for ent-KTs, we developed a systematic screening strategy based on 

structural and functional considerations. From the InterPro database containing over 556,000 P450 

sequences (as of November 2024)26, we first selected 225 bacterial P450s with high-quality crystal 

structures and potential for Escherichia coli expression24,27. We then narrowed down candidates 
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using terpenoid-specific criteria: genome neighborhood analysis identified 24 P450s co-localized 

with terpene synthases28, while literature review revealed 20 bacterial P450s with confirmed 

terpenoid-oxidizing activity (Fig. 2a). This combined approach yielded 44 candidate P450s for 

detailed analysis (Supplementary Fig. 2, Supplementary Method 1-2 and Supplementary Data 1). 

 

To further evaluate the potential binding modes of these P450s, we performed molecular docking 

analysis. Docking bulky terpenoid substrates into P450 active sites presents unique challenges, 

particularly in accurately defining substrate orientation relative to the heme group29. To address 

this challenge, we employed AutoDock with the Lamarckian genetic algorithm (LGA)30, which 

couples a global genetic algorithm with local search and encodes local improvements back into 

the population. This approach has been widely adopted in P450 studies for its enhanced sampling 

efficiency when dealing with conformationally flexible active sites31,32. To address this issue, the 

docking cavity was defined based on either known substrate-protein complexes or structural 

homology analysis, using a 4 Å radius around the substrate binding region. We then conducted 

docking experiments with (16R)-ent-kauran-16-ol (1) as the initial substrate, calculating binding 

energy scores for each candidate. The docking results showed that most candidates exhibited 

binding energies below –5 kcal/mol, with some reaching –10 kcal/mol, suggesting potential 

binding capability (Supplementary Data 2 and Supplementary Method 3). Based on these 

computational predictions, we selected the top 10 candidates with the lowest binding energies for 

further analysis (Supplementary Fig. 3 and Supplementary Data 2). 

 

The catalytic mechanism of P450s involves the activation of C-H bonds, where oxidation typically 

occurs at carbon atoms positioned closest to the heme iron center. The optimal distance between 

the heme iron and the target carbon is generally between 3.5 Å and 5 Å33. Among the top 10 

candidates, the iron of the heme in five P450s interacted with ring C or D while others primarily 

bound to ring A or B (Supplementary Fig. 4). Among the ring C or D-interacting enzymes, four 

had optimal distances to target C-14: CYP260A1 showed the closest distance at 3.5 Å, followed 
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by CYP105N1 and CYP105D7 at 3.6 Å, while CYP154C5 showed closer interaction with C-17 at 

3.7 Å than C-14 at 4.8 Å (Fig. 3a). None of these P450s has been previously reported to act on ent-

KTs. CYP260A1, initially identified in Sorangium cellulosum for its ability to hydroxylate 

nootkatone, has been shown to hydroxylate various steroid substrates34,35. CYP105N1, from 

Streptomyces coelicolor, is involved in the biosynthesis of coelibactin siderophore and is 

bioinformatically linked to an isoborneol synthase36,37. CYP105D7, from Streptomyces avermitilis, 

catalyzes the conversion of 1-deoxypentalenic acid to pentalenic acid38. CYP154C5, found in 

Nocardia farcinica, catalyzes α-hydroxylation at the C-16 position of steroids39 (Supplementary 

Fig. 5).  

 

Establishing an E. coli system for P450s screening 

Although traditional in vitro screening methods for P450s offer a clean background, they require 

labor-intensive protein purification and expensive NADPH regeneration systems40,41. Moreover, 

these methods are often ineffective for hydrophobic substrates like 1. In vivo systems preserve the 

natural membrane environment and NADPH/NADP⁺ cycle essential for P450 activity42. 

Additionally, compound 1, which is difficult to obtain from natural or synthetic sources, can be 

directly produced in E. coli through its biosynthetic pathway15. Therefore, an in vivo screening 

platform to improve the efficiency of P450 enzyme screening was developed. 

 

The PhoN-IPK system, a truncated two-step phosphorylation pathway for producing C5 precursors 

dimethylallyl diphosphate (DMAPP) and isopentenyl diphosphate (IPP) from dimethylallyl 

alcohol (DMAA) and isopentenol (ISO), has been previously established43–45 (Supplementary Fig. 

6). We previously integrated this system with geranylgeranyl diphosphate synthase (GGDPS), ent-

copalyl diphosphate synthase (eCDPS), and ent-kaurene synthase (BjKS) to achieve 113 ± 7 mg/L 

of ent-kauran-16-ene (5)43. Based on this diterpene overproduction platform, we introduced three 

modifications to establish an in vivo P450 screening platform46. First, BjKS was replaced with 

(16R)-ent-kauran-16-ol synthase (eKS) from Streptomyces sp. NRRL S-1813 under the control of 

a strong T7 promoter to generate 1 (Fig. 3b, Supplementary Figs. 7–12, Supplementary Method 4-
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8 and Supplementary Data 3–5). Second, all biosynthetic genes (phoN, ipk, idi, ggdps, ecdps, and 

ptmT3) were consolidated into a single plasmid to construct strain DL1050115, simplifying the 

original three-plasmid system (Fig. 3c, Supplementary Table 1). Third, RhFRed from Rhodococcus 

sp. NCIMB 9784 was introduced as the redox partner for P450 functionality in E. coli.  

 

Experimental validation of C-14 hydroxylases  

The four P450 genes (CYP260A1, CYP105D7, CYP154C5, and CYP105N1) were fused with 

RhFRed redox partner gene and introduced into strain DL10501, generating strains DL10502–

DL10505. Under optimized fermentation conditions, GC-MS analysis of the products revealed 

new peaks with m/z values of 288, confirming successful oxidation by all four P450s 

(Supplementary Method 7-11 and Supplementary Figs. 13 and 14). Scale-up fermentation was then 

performed to obtain sufficient products for NMR structural characterization (Supplementary Figs. 

15–28, Supplementary Data 6, Supplementary Table 2). In the 1H NMR spectrum of 2, a 

characteristic oxidized methine proton signal was observed at δH 4.32 ppm, which corresponds to 

the 13C NMR signal at δC 78.9 ppm, as confirmed by the HSQC experiment. Detailed analysis of 

the 1H−1H COSY spectrum revealed spin−spin coupling patterns indicative of the interaction 

between the methine proton (δH 4.32) and H-9 (δH 2.05). In the HMBC spectrum, this oxidized 

methine proton showed correlations with C-15 (δC 56.0) and C-16 (δC 80.2). Additionally, the 

ROESY spectrum revealed a key correlation with H3-20 (δH 0.99). These data, along with the X-

ray crystal structure analysis of 2 (Fig. 3b, Supplementary Table 3, Supplementary Data 7), 

collectively support the identification of CYP260A1 as a C-14 hydroxylase responsible for 

introducing a -hydroxy group. CYP154C5 was shown to produce a C-17 oxidized product of 3, 

with δH 4.25 and δC 66.9 ppm that match literature values47. Due to the low conversion rates, the 

product of CYP105N1 and the minor product of CYP154C5 could not be isolated. However, their 

identical retention times and fragmentation patterns in GC-MS analysis, compared to 2, suggest 

that they are also C-14 oxidation products (Supplementary Fig. 13). Unexpectedly, CYP105D7 

was identified as a C-3 hydroxylase, rather than the predicted C-14 hydroxylase, as evidenced by 
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signals at δH 4.27 and δC 77.5 ppm in the 1H and 13C NMR spectra of 4, which are consistent with 

reported values48.  

 

To understand why CYP260A1 selectively hydroxylates C-14 while CYP105D7 targets C-3, we 

performed 100 ns molecular dynamics (MD) simulations with 1 (Supplementary Method 12). In 

CYP260A1, the substrate maintained a stable C-14 orientation toward the heme, with the ligand 

root mean square deviation (RMSD) remaining stable and the Fe–C-14 distance consistently 

within 3.5–5.0 Å throughout the simulation (Fig. 4f; Supplementary Figs. 29–31). Conversely, in 

CYP105D7, the C-14 orientation destabilized after ~60 ns with RMSD fluctuations of 1–7 Å. 

Instead, the C-3 position became increasingly stable, with ligand RMSD reduced to 2–3 Å and the 

Fe–C-3 distance averaging ~0.3 Å shorter than the Fe–C-14 distance in CYP260A1 

(Supplementary Figs. 32–37). These simulations demonstrate that distinct active-site dynamics 

govern the complementary regioselectivity of these enzymes.  

 

We further validated the CHS strategy's reliability by testing the remaining six P450 candidates 

(CYP150A6, CYP175A1, CYP105AS1, CYP154C4, CYP158A, and P450cin) (Supplementary 

Fig. 4). None produced peaks matching the retention time of the C-14 hydroxylated product from 

CYP260A1, confirming they lack C-14 hydroxylation activity (Supplementary Fig. 38). These 

results validate both our computational screening approach and its application to discovering site-

specific P450 hydroxylases for ent-KTs.  

 

Redox partners screening 

CYP260A1 initially exhibited a low hydroxylation yield of 1.6 ± 0.3 mg/L with the redox partner 

of RhFRed, suggesting the requirement for systematic optimization to enhance its production 

efficiency. Due to the absence of native redox partners in the CYP260A1 gene cluster, several 

exogenous partners were evaluated, including CamA/CamB from Pseudomonas putida, Fdr/Fdx 

from Spinach oleracea, BM3Red from Bacillus megaterium, and CYP116B46 reductase from 
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Thermus thermophilus49 (Supplementary Data 6 and Supplementary Method 11 and 13). GC-MS 

analysis revealed that CamA/CamB significantly improved the yield to 10.2 ± 0.6 mg/L, while 

BM3Red resulted in a reduced yield of only 0.6 ± 0.2 mg/L (Fig. 4a). Consistent with these 

experimental observations, protein–protein docking indicated that CamA/CamB engages 

CYP260A1 through a stronger and more complementary interface than RhFRed (Supplementary 

Fig. 39 and Supplementary Method 14). Having improved the electron transfer efficiency with 

CamA/CamB, we next turned to enhancing CYP260A1’s inherent activity through active-site 

mutagenesis guided by computational modeling. 

  

MM/PBSA-guided active-site mutagenesis  

To enhance CYP260A1’s production efficiency, we implemented a two-tier computational 

strategy that integrated MM/PBSA (Molecular Mechanics Poisson-Boltzmann Surface Area)-

guided residue selection with FoldX- and docking-based virtual mutagenesis to optimize the active 

site (Supplementary Method 3 and 15). By combining dynamic enzyme–substrate–solvent 

interaction analysis with static mutational docking, this approach surpassed traditional static 

pocket analyses, enabling more accurate identification of residues influencing substrate binding 

while minimizing the need for extensive experimental screening. 

 

In brief, MD simulations were conducted on CYP260A1 with substrate 1 bound in its active site 

to comprehensively sample the conformational ensemble of the enzyme–substrate complex. 

Binding free energy contributions of the 19 residues within 4 Å of the substrate were evaluated via 

per-residue MM/PBSA decomposition in Poisson-Boltzmann (PB) and Generalized Born (GB)50,51 

(Figs. 4b and 4c and Supplementary Fig. 40). Because PB and GB can diverge on solvent-exposed, 

flexible loops, we treated PB as primary and used GB only as a sensitivity check52. In PB analysis, 

five residues (L159, L162, L228, G278, V279) exhibited unfavorable contributions (ΔGres > 0 

kcal/mol), suggesting they may impose strain or suboptimal interactions, while seven residues 

(F64, V163, L224, F277, V332, F333, Y376) showed minimal contributions (ΔGres ≈ 0 kcal/mol) 
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(Figs. 4b and 4c). In the GB analysis, nine residues (L69, A74, S276, F277, G278, V279, L280, 

V332, F333) exhibited results entirely inconsistent with those obtained from PB analysis (Fig. 4c, 

Supplementary Method 16 and Supplementary Fig. 40), indicating potential instability. We 

excluded four residues from engineering based on their structural characteristics. L224 and Y376 

were eliminated due to their distance (> 6 Å) from the substrate interaction site, while S276 and 

L280 were excluded because they reside on a flexible, solvent-exposed loop with a root mean 

square fluctuation (RMSF) value of 1.6 Å, significantly higher than the ensemble average of 0.01 

Å (Supplementary Fig. 31). For such flexible loop regions, GB per-residue estimates are inherently 

less stable than PB calculations52. The exclusion of these loop residues was validated 

experimentally. The L280A variant exhibited a severely reduced titer (0.8 ± 0.2 mg/L), while 

substitutions at position S276 with other substrates produced bidirectional outcomes, including 

product profile shifts and reduced overall titers (Supplementary Table 4)34,35. Consequently, the 

remaining twelve residues (F64, L69, A74, L159, L162, V163, L228, F277, G278, V279, V332, 

F333)—comprising both unfavorable and unstable contributors—were selected for virtual 

saturation mutagenesis. Each was systematically substituted in silico using FoldX, and binding 

affinities of the resulting variants were assessed with AutoDock Vina30,53. This strategy enabled 

thermodynamically guided residue selection and high-throughput variant screening. From 228 

variants, twelve mutations (F64V, L69V, A74L, L159M, L162V, V163G, L228A, F277W, G278A, 

V279L, V332R, F333A) were identified, with five (A74L, L162V, V163G, L228A, F333A) 

significantly improving docking-derived binding energy (ΔΔGbind > 0.3 kcal/mol vs. wild-type; 

Supplementary Fig. 41 and Supplementary Table 5).  

 

Experimental validation and catalytic impact  

To experimentally validate the computational predictions, we constructed and expressed the twelve 

suggested variants (Supplementary Fig. 41, Supplementary Method 17 and Supplementary Data 

3–5) and evaluated their catalytic performance via GC-MS analysis (Fig. 4d, Supplementary Table 

4, and Supplementary Method 18–21). The results showed good agreement with the computational 
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forecasts. The L162V variant, which MM/PBSA analysis identified as relieving a significant 

destabilizing effect of the wild-type residue, yielded 84.2 ± 10.3 mg/L of 2—a striking 8.3-fold 

increase over wild-type. This direct alignment between predicted binding energy improvement and 

enhanced catalytic output underscores the predictive power of our approach. Similarly, A74L, 

another mutation with favorable predicted energetics, delivered a 3-fold yield increase (35.3 ± 5.2 

mg/L), while L228A had a modest effect (10.8 ± 0.2 mg/L). In contrast, variants such as F64V, 

L69V, L159M, F277W, G278A, V279L, and V332R, all predicted to offer minimal binding energy 

improvements, indeed showed low yields (1–10 mg/L), further reinforcing the computational-

experimental concordance. V163G was an exception, as it did not improve production titer. This 

outcome likely resulted from local structural disruptions in the vicinity of residue L162, which the 

computational modeling did not fully capture (Fig. 4e and Supplementary Figs. 44 and 45).  

 

To understand the structural basis for improved activity, we performed 100 ns MD simulations of 

the top-performing L162V and A74L variants. Both variants exhibit lower-amplitude fluctuations 

than WT, with dampened mobility in the 150–180 residue region and fewer sharp peaks 

(Supplementary Fig. 29). The L162V mutation further positioned the substrate closer to the heme 

iron (Fe–C-14 distance: 3.5–4 Å in L162V vs. 3.5–5 Å in wide-type), and its RMSD over 100 ns 

trajectories was lowest and most stable (Fig. 4f, and Supplementary Figs. 30, 31, 42, and 43). 

Collectively, these results demonstrate that MM/PBSA-guided engineering successfully identified 

mutations that enhance catalysis by optimizing substrate positioning and stability within the active 

site, highlighting the advantage of dynamics-based approaches over static structural analysis for 

enzyme optimization.  

 

Expansion of the substrate scope 

To explore the substrate specificity of CYP260A1 L162V, twenty structurally diverse ent-KTs 

were synthesized, incorporating functional groups such as acetyl, hydroxyl, carboxyl, and keto 

moieties (Supplementary Figs. 46–93, Supplementary Data 6 and Supplementary Tables 2–3). GC-

MS analysis identified six active substrates (Fig. 6 and Table 1). While in vivo transformation of 1 
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yielded 84.2 ± 10.3 mg/L of product 2, in vitro conversion was limited to 44%, likely due to the 

poor solubility of low-oxidized diterpenes, a phenomenon consistent with previous studies41,54. 

Similarly, compound 7 yielded 41.7 mg/L in vivo but only 35% conversion in vitro (Fig. 6, Table 

1 and Supplementary Figs. 94–95). Using (15S)-ent-kauren-15-ol (8) as a substrate resulted in 9% 

conversion to product 26, whereas replacing the C-15 hydroxyl with a keto group (9) abolished 

reactivity. (Fig. 6, Table 1, Supplementary Fig. 95 and Supplementary Table 2). Modifications on 

the A-ring demonstrated distinct reactivity patterns. Compounds 6, 12, and 24, each bearing 

hydroxyl or keto functionalities on the A-ring, exhibited conversion rates of 30%, 30%, and 39%, 

respectively, with the resulting products tentatively assigned as putative C-14–oxidized derivatives 

(28–30) on the basis of GC–MS and docking results (Supplementary Figs. 94–96). However, 

introducing bulkier substituents, such as acetyl or carboxylic acid groups, resulted in a loss of 

activity (Supplementary Fig. 46). A preliminary cascade reaction was attempted by combining 

CYP105D7-catalyzed C-3 hydroxylation with CYP260A1 L162V-mediated transformation. 

Several multi-oxidized products (m/z 306 and 322) were identified via mass spectrometry 

(Supplementary Fig. 95). Despite the low efficiency, this dual-enzyme system highlights the 

potential of coordinating P450s for complex ent-KTs formation and lays the groundwork for future 

combinatorial biosynthesis efforts. 

 

Structure–activity relationship of ent-KTs 

Compound 27, featuring a 14-O--methylene cyclopentanone moiety, was synthesized through 

enzymatic C-14 oxidation (Fig. 5a). Due to the poor aqueous solubility of ent-kaurane (5) in vitro, 

C-14 hydroxylated 7 was produced in vivo using E. coli, yielding a titer of 41.7 mg/L. Subsequent 

SeO2 oxidation at C-15 followed by IBX oxidation introduced a ketone group, giving 27 in 84% 

yield over two steps. The C-14 hydroxyl group remained unaltered during oxidation, likely due to 

steric hindrance, facilitating a protection-free, three-step synthesis of 14-oxygenated 

bicyclo[3.2.1]octane-containing ent-KT 27.  

 

To investigate the SAR of ent-KTs, synthesized compounds and intermediates were evaluated for 

their cytotoxicity against HCT116 and LLC cancer cell lines (Table 2). Compound 1 showed 

negligible activity (IC50 > 100 µM), while modifications at specific positions enhanced 
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cytotoxicity to varying extents. C-14 hydroxylation (2, IC50
LLC = 30.4 ± 1.3 µM and C-17 

hydroxylation (4, IC50
LLC = 29.0 ± 7.2 µM) both yielded moderate activities, whereas C-3 

hydroxylation (3, IC50
LLC = 78.6 ± 7.2 µM) had a weaker effect (Table 2). Introducing a C-15=C-

16 Michael acceptor group (9, IC50
HCT116 = 5.5 ± 1.6 µM) significantly improved activity, which 

was further improved by adding a C-14 hydroxyl in 27 (IC50
HCT116 = 1.4 ± 0.7 µM) (Table 2). 

Reducing the Michael acceptor in 27 to form 26 (IC50
HCT116 = 49.4 ± 4.8 µM) led to a notable 

decline in activity, again highlighting the significance of the Michael acceptor for bioactivity. 

Compound 27 exhibited 25-fold greater potency than cis-platin and 8-fold higher than oridonin A 

(IC50 = 11.6 µM) against HCT116 cells55 (Table 2). Dose–response analysis demonstrated that 

compound 27 nearly completely inhibited the target at 20 μM, a concentration below its aqueous 

solubility limit (33 μM) (Fig. 5b, Supplementary Method 22, Supplementary Fig. 97 and 

Supplementary Table 6). Mechanistic experiments confirmed that 27 induces apoptosis in HCT116 

cells. Western blot analysis showed dose-dependent increases in cleaved Caspase-3 and cleaved 

PARP following treatment with 27 (Fig. 5c). Consistently, Annexin V/PI flow cytometry revealed 

a significant rise of late apoptosis (from 6.83% (control) to 39.1%) and early apoptosis (from 3.16% 

(control) to 30.2%), with a clear dose-response at 10 μM (Fig. 5d). Together, these results establish 

caspase-dependent apoptosis as the primary mode of action of 27 and suggest the synergistic 

contribution of the C-14 hydroxyl group and the Michael acceptor to the bioactivity of ent-KTs. 

 

In summary, this study highlights the successful integration of computational and experimental 

approaches for the targeted discovery and optimization of C-14 hydroxylases in ent-KTs. By 

employing a CHS strategy, we identified three bacterial P450s—CYP260A1, CYP105N1, and 

CYP154C5—capable of catalyzing the challenging C-14 hydroxylation. Through enzyme 

engineering and redox partners screening, the CYP260A1 L162V variant exhibited an 83-fold 

improvement in production titer, significantly enhancing the production of 2. The substrate scope 

expansion revealed specific functional groups that influence reactivity and selectivity, offering 

deeper insights into P450-catalyzed modifications. Furthermore, SAR studies underscored the 

importance of C-14 hydroxylation in conjunction with the C15–C16 Michael acceptor group for 

enhanced bioactivity. Compound 27 displayed potent cytotoxicity, highlighting its therapeutic 

potential. This research not only advances biocatalytic strategies for site-specific ent-KT 

functionalization but also provides a blueprint for future enzyme engineering and combinatorial 
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biosynthesis efforts. The integration of computational screening, enzyme optimization, and 

chemoenzymatic synthesis offers a robust platform for the efficient production of structurally 

diverse and bioactive terpenoids. 

 

Methods 

Plasmid construction and transformation 

Genes were synthesized by General Biosystems (Anhui, China) or amplified from genomic DNA 

of Kitasatosporia griseola DSM43859, S. sp. NRRL S-1813, and E. coli. Vectors (pET-28a(+) and 

pACYCDuet-1) were linearized by restriction digestion (NdeI, BamHI, XhoI, HindIII) and 

assembled with gene fragments via homologous recombination using ClonExpress II (Vazyme). 

Recombinant plasmids were transformed into chemically competent E. coli DH5α or BL21(DE3) 

using a heat-shock method (42 °C, 45 s). Transformants were selected on LB agar with appropriate 

antibiotics and confirmed by colony PCR and DNA sequencing (Supplementary Data 3and 5). 

 

Protein expression and purification 

Expression plasmids were transformed into E. coli BL21(DE3), and cultures were grown at 37 °C 

in LB medium containing kanamycin or chloramphenicol (25–50 µg/mL) supplemented with trace 

metal mix (a solution providing essential metal ions required for cell growth of 50 mM FeCl3, 20 

mM CaCl2, 10 mM MnSO4, 10 mM ZnSO4, 2 mM CoSO4, 2 mM CuCl2, 2 mM NiCl2, 2 mM 

Na2MoO4, 2 mM H3BO3). Protein expression was induced at OD₆₀₀ 0.6 by adding IPTG (0.1–0.25 

mM), DMAA (6–10 mM), and 5-aminolevulinic acid (0.5 mM), followed by incubation at 18 °C 

for 20 hours. Cells were harvested, resuspended in lysis buffer (50 mM Tris, pH 8.0, 300 mM 

NaCl, 10% glycerol), and lysed by sonication (60% amplitude, 1 s on/4 s off for 4 min). His-tagged 

proteins were purified using HisTrap affinity chromatography (GE Healthcare), eluted with an 

imidazole gradient, desalted via Hitrap columns, and concentrated using Amicon Ultra-15 

concentrators. Protein concentrations were determined spectrophotometrically (Nanodrop 300), 

and purity confirmed by SDS-PAGE (Supplementary Fig. 98). 

 

Fermentation and metabolite extraction 

Engineered strains (DL10501–DL10527) were cultured in LB medium supplemented with 

antibiotics and trace metals. Induction was performed as described above, with cultures fermented 
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at temperatures of 18–25 °C and shaken at 200 rpm for 3–5 days. Cells were harvested, and 

metabolites extracted with acetone. Extracts were filtered (0.22 µm), concentrated, and purified 

by silica gel chromatography prior to GC-MS analysis. Data are presented as mean ± SD (n = 3, 

biological replicates). 

 

GC-MS analysis 

Extracted metabolites were analyzed using an EXPEC 5231 GC-MS system (Spectra Tech) 

equipped with an Agilent HP-5 column (30 m × 0.25 mm, 0.25 µm film thickness). The initial 

oven temperature was set at 150 °C (held 2 min), ramped to 300 °C at 10 °C/min, and held for an 

additional 3 min. Injection (1 µL, splitless mode) was performed with helium carrier gas (1.5 

mL/min). Electron ionization (EI) at 70 eV was used, and data were analyzed with MassHunter 

software. 

 

Enzymatic assays 

CYP450-RhFRed enzymatic reactions were performed in 1 mL reaction volumes containing 40 

µM CYP450-RhFRed, 10 µM Opt13, 100 µM substrate, 1 mM NADP⁺, and 100 mM 

Na₂HPO₃·H₂O in Tris-HCl buffer (pH 8.0). Incubations were carried out at 30 °C for 20 hours, 

followed by extraction with ethyl acetate. Product analysis was conducted by GC-MS or LC-MS. 

For CYP260A1 (wild type, L162V, and A74L), efforts to determine steady-state kinetic 

parameters by GC–MS/MS were impeded by the extremely low solubility and poor MS ionization 

efficiency of substrate 1. Accordingly, catalytic performance was instead quantified on the basis 

of product titer and endpoint conversion (Supplementary Table 7; Supplementary Figs. 44, 45, and 

99). The relative conversion rate was calculated using the following equation: 

 

Relative conversion rate=(Product peak area/(Substrate+Product peak area))×100%    (1) 

 

Bacterial P450 library construction for terpene oxidation 

A comprehensive virtual library of bacterial P450s capable of oxidizing terpenes was constructed 

systematically. Initially, all P450 sequences were retrieved from the InterPro and UniProt 

databases. These sequences were filtered to include only bacterial P450s with known crystal 

structures. The dataset was further refined using taxonomy filters to ensure bacterial origin. 
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Terpene oxidation capability was determined by reviewing literature, analyzing UniProt 

annotations, and examining biosynthetic gene clusters using the Genome Neighborhood Tool 

(https://efi.igb.illinois.edu/efi-gnt) 28. 

 

Molecular docking studies 

Docking analyses were performed using AutoDock 4.2 software30. Protein crystal structures were 

obtained from the Protein Data Bank (PDB, https://www.rcsb.org/), prepared by removing water 

molecules, adding Kollman charges, and polar hydrogens using AutoDockTools (ADT)29. Ligand 

structures were optimized with Gasteiger charges. Grid boxes encompassed the entire enzyme 

active sites (0.375 Å spacing). Docking employed the Lamarckian genetic algorithm (population 

size: 150, maximum evaluations: 2,500,000, generations: 27,000) with 100 docking runs per ligand. 

Pose generation used AutoDock’s Lamarckian Genetic Algorithm (LGA), which couples a global 

genetic search with local minimization; the “Lamarckian” inheritance of local improvements 

enhances pose diversity and convergence, particularly for bulky, flexible ligands at fixed 

evaluation budgets56. 

 

Molecular dynamics simulations 

MD simulations were conducted with GROMACS 2022.2 and AMBER99SB force field47. Initial 

enzyme-substrate complexes were solvated in TIP3P water with neutralization and ionic strength 

adjustment (0.15 M NaCl). Systems underwent energy minimization, followed by equilibration 

under NVT and NPT conditions. Production simulations ran for 100 ns with a 2 fs timestep, using 

LINCS constraints and Particle Mesh Ewald (PME) for electrostatics. Data are expressed as mean 

± standard deviation (SD) from three replicates. Binding energies were computed using 

gmx_MMPBSA, employing Generalized Born (GB) and Poisson-Boltzmann (PB) methods to 

determine contributions from key residues50,51. MM/PBSA calculations were performed on MD 

ensembles using MMPBSA.py to obtain per-residue energy decompositions. This method was 

chosen because it provides residue-level electrostatic and van der Waals contributions at modest 

computational cost, suitable for screening large variant libraries57. PB was used as the primary 

model and GB as a sensitivity check; residues showing strong PB–GB discrepancies, typically on 

flexible solvent-exposed loops, were excluded from mutagenesis. Binding energies were 

interpreted qualitatively for residue prioritization, not as predictors of catalytic turnover. 
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Cell lines and culture 

Human colorectal cancer cells, HCT116 (RRID: CVCL_0291), were obtained from the Cell Bank 

of the Chinese Academy of Sciences (Shanghai, China). All media contained 10% FBS (Gibco) 

and 1% (v/v) penicillin–streptomycin (Invitrogen). The cells were cultured at 37 °C in a humidified 

incubator with a 5% (v/v) CO2 atmosphere. 

 

Western blotting 

Cells treated with 27 were lysed on ice in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 

1% Triton X-100, 1 mM EDTA) supplemented with protease and phosphatase inhibitor cocktails 

(Roche) for 15 min. Lysates were clarified by centrifugation (12,000 × g, 10 min, 4 °C) and 

quantified using the Detergent-Compatible Bradford assay (Beyotime). Equal protein amounts 

(20–30 µg) were mixed with 4× SDS loading buffer, boiled at 95 °C for 5 min, resolved by 10–

12% SDS-PAGE, and transferred to PVDF membranes (Millipore; wet transfer, 100 V, 90 min). 

Membranes were blocked in 5% nonfat milk in TBST (TBS with 0.1% Tween-20) for 2 h at room 

temperature, incubated with primary antibodies (1:1000–1:2000; GAPDH, PARP, cleaved PARP, 

Caspase-3) overnight at 4 °C, washed three times in TBST (10 min each), and then incubated with 

HRP-conjugated secondary antibodies (1:5000) for 2 h at room temperature. Signals were 

developed with ECL (Tanon). Band intensities were background-subtracted, normalized to 

GAPDH, and reported as mean ± SEM (n ≥ 3 independent biological experiments). 

 

Flow cytometry 

Apoptosis was analyzed by an Annexin V/PI staining kit (Yeasen). The 27-treated cells were 

collected and washed with cold PBS. Then, the cells were incubated with Annexin V-FITC and PI 

for 15 min at 4 °C in the dark. The stained cells were subjected to the Invitrogen Attune NxT flow 

cytometer (Thermo Fisher Scientific), and the data were analyzed by FlowJo V10. 

 

Data availability 

All the data supporting the findings of this study are available in the main text, the Supplementary 

Information, or from the authors upon request. The X-ray crystal structures of 2 and 8 are available 
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at Cambridge Crystallographic Data Centre under identifier XUPSUA 

[https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=2432865&DatabaseToSearch=Published] 

and XUPTAH 

[https://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=2432866&DatabaseToSearch=Published

], respectively. Source data are provided with this paper.  
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Table 1. Substrate scope of CYP260A1. Various ent-KTs were tested as CYP260A1 substrates, 

with 2 and 7 achieving high in vivo yields, while others showed variable conversion rates. 

*Indicates identification performed only by GC-MS. 

 

 

Substrate Product Conversion (%) 

1 2 44%, 84.2 mg/L in vivo 

5 7 35%, 41.7 mg/L in vivo 

6  28* 30% 

8 26 9% 

9 27 <1% 

12  29* 30% 

24  30* 39% 
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Table 2. Antitumor activity evaluation. Cytotoxicity assays against human colorectal tumor 

(HCT116) and Lewis lung carcinoma (LLC) cell lines identified 27 as the most potent derivative. 

Cis-platin was used as a reference drug for comparison. Data are expressed as mean ± standard 

deviation (SD) from three biological replicates. Compounds marked with two asterisks (**) 

indicate that precipitation occurred during bioactivity tests. Source data are provided as a Source 

Data file. 

Cell line 
IC50 (μM) 

1 2 3 4 9 26 27 cis-platin 

HCT116 >100** >100 >100 >100 5.5 ± 1.6 49.4 ± 4.8 1.4 ± 0.7 24.2 ± 3.8 

LLC >100 30.4 ± 1.3 78.6 ± 7.2 29.0 ± 7.2 11.0 ± 1.2 56.4 ± 8.1 2.1 ± 0.5 15.7 ± 4.1 
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Figure legends 

Fig. 1. Strategies for C-14 hydroxylation of ent-kaurane diterpenoids (ent-KTs). a 

Representative bioactive ent-KTs. HAO472, which progressed to a Phase I clinical trial for acute 

myelogenous leukemia, highlights the significance of C-14 hydroxylation. b Existing C-14 

hydroxylation strategies. Chemical synthesis requires 12–26 steps, while CYP706V6-mediated 

enzymatic hydroxylation suffers from poor E. coli expression and low efficiency. c Discovery and 

engineering of bacterial C-14 hydroxylases for ent-KT functionalization. This study integrates 

heme-guided site-specific (CHS) screening for bacterial C-14 hydroxylase discovery, 

computational-guided CYP260A1 engineering (84.2 mg/L yield), and SAR studies. 

 

Fig. 2. Workflow of the C-14 hydroxylase mining and engineering. a CHS strategy utilization. 

A CHS approach screened 225 bacterial P450s, selecting 45 terpene-related enzymes for molecular 

docking. The top 10 candidates were ranked by binding energy, with four enzymes exhibiting 

optimal C-14 reaction distances, followed by in vivo characterization. b Enzyme engineering. Five 

redox partners were evaluated, and molecular dynamics (MD) simulations analyzed enzyme-

substrate interactions. MM/PBSA analysis (4 Å) identified key residues, leading to 228 virtual 

saturation mutations for optimization. c SAR evaluation. The engineered enzyme facilitated a 

substrate scope screen (20 ent-KTs) and chemoenzymatic synthesis, yielding hydroxylated 

derivatives. A target product (27) exhibited potent cytotoxicity. 

 

Fig. 3. Identification and screening of bacterial C-14 hydroxylases for ent-KTs 

functionalization. a Structural analysis of bacterial P450 candidates. Molecular docking reveals 

that CYP260A1, CYP105D7 and CYP105N1 position C-14 within 3.5–3.6 Å of the heme, while 

CYP154C5 interacts with both C-14 and C-17. b Two-module in vivo P450 screening system. 

Module I generates the ent-KT substrate (1) via a biosynthetic pathway using the C5 isoprenol 

substrates of dimethylallyl alcohol (DMAA) and isopentenol (ISO). Module II introduces 

candidate P450s (CYP260A1, CYP105N1, CYP154C5, and CYP105D7) for hydroxylation 
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screening, producing hydroxylated derivatives (2–4). c Optimized substrate production. 

Fermentation conditions were optimized by varying glycerol concentration, optical density (OD600) 

at induction, and cultivation time, achieving a maximum yield of 520.8 ± 5.9 mg/L for 1. Data are 

presented as mean ± SD (n = 3, biological replicates). d GC-MS analysis of hydroxylated products. 

CYP260A1 and CYP105N1 selectively hydroxylated C-14, while CYP154C5 catalyzed 

hydroxylation at both C-14 and C-17. In contrast, CYP105D7 produced a hydroxylated derivative 

at C-3. Source data are provided as a Source Data file. 

 

Fig. 4. Optimization of CYP260A1 via redox partner screening and computational-guided 

enzyme engineering. a Redox partner screening. CYP260A1 activity was assessed with different 

redox partners, showing CamA/CamB significantly enhanced product yield compared to the 

original RhFRed system. Data are presented as mean ± SD (n = 3, biological replicates). b Active 

site analysis. MM/PBSA analysis identifies residues within 4 Å of CYP260A1’s active site that 

negatively impact substrate binding. c Energy contribution analysis with Poisson-Boltzmann (PB). 

Residues with positive values negatively impacted catalysis, while those with negative values 

improved substrate binding. d Experimental validation of mutations. The L162V variant exhibited 

the highest production titer, increasing product yield to 84.2 ± 10.3 mg/L, an 8.3-fold improvement 

over the wild-type. Error bars indicate the standard deviation of three independent biological 

replicates. Statistical analysis was performed using a one-way ANOVA across all genotypes, 

followed by Tukey’s two-sided multiple-comparisons test. e Active-site view highlighting two key 

variants (L162V and A74L) of CYP260A1, with blue and red denoting the side chains of the wild-

type and mutated residues, respectively. f Distance between the C-14 atom of substrate 1 and the 

heme iron center over a 100 ns MD simulation. The black, blue, and red traces represent the 

distances for wild-type, A74L, and L162V, respectively. Source data are provided as a Source 

Data file.  
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Fig. 5. Enzymatic and chemoenzymatic synthesis of 14-oxygenated ent-KTs and bioactivity 

evaluation. a Chemoenzymatic synthesis of 27 featuring a typical 14-O--methylene 

cyclopentanone moiety. b Cell viability assay showing concentration-dependent inhibition of 

HCT116 cell growth by 27. Data are presented as mean ± SD (n = 3, biological replicates). c 

Expression of apoptosis-related proteins in HCT116 cells treated with 27 at the indicated 

concentrations for 24 h, as determined by Western blotting (n = 3 biological replicates). d Annexin 

V/PI flow cytometry analysis of apoptosis in HCT116 cells treated with 27 at the indicated 

concentrations for 24 h. Quadrants Q2 (Annexin V⁺/PI⁺) indicate late apoptotic cells, and the 

percentage is shown in red. Compound 27 induced a dose-dependent increase in apoptotic cell 

populations compared with the vehicle control. Source data are provided as a Source Data file. 

 

Fig. 6. Major substrates synthesized showed reactivity toward CYP260A1. R¹–R⁴ substitutions 

are indicated; CYP260A1-catalyzed hydroxylation in vivo or in vitro is shown (red OH). 
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Editor’s Summary 

C-14 hydroxyl group is critical for the function of ent-kaurane diterpenoids (ent-KTs). Here, the authors report 

discovery and engineering of bacterial P450s for C-14 hydroxylation in ent-KTs. 

Peer review information: Nature Communications thanks Carlos Acevedo-Rocha, Reuben Peters and Yong 

Wang for their contribution to the peer review of this work. A peer review file is available. 
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Substrate

1 :   R1, R2, R3 = H,  R4 = β-Me,α-OH

5 :   R1, R2, R3 = H,  R4 = CH2

6 :   R1 = β-OH,  R2, R3 = H,  R4 = CH2

8 :   R1, R2 = H,  R3 = α-OH,  R4 = CH2

9 :   R1, R2 = H,  R3 = O,  R4 = CH2

12 : R1 = O,  R2, R3 = H,  R4 = CH2

24 : R1 = H, R2 = OH, R3 = H, R4 = CH2


