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Abstract 
The flavonoid naringenin is abundantly present in pomelo peels, and the unprocessed naringenin in wastes is not friendly 
for the environment once discarded directly. Fortunately, the hydroxylated product of eriodictyol from naringenin exhibits 
remarkable antioxidant and anticancer properties. The P450s was suggested promising for the bioconversion of the flavo-
noids, but less naturally existed P450s show hydroxylation activity to C3′ of the naringenin. By well analyzing the cata-
lytic mechanism and the conformations of the naringenin in P450, we proposed that the intermediate Cmpd I ((porphyrin)
Fe = O) is more reasonable as key conformation for the hydrolyzation, and the distance between C3′/C5′ of naringenin to 
the O atom of CmpdI determines the hydroxylating activity for the naringenin. Thus, the “flying kite model” that gradually 
drags the C-H bond of the substrate to the O atom of CmpdI was put forward for rational design. With ab initio design, we 
successfully endowed the self-sufficient P450-BM3 hydroxylic activity to naringenin and obtained mutant M5-5, with kcat, 
Km, and kcat/Km values of 230.45  min−1, 310.48 µM, and 0.742  min−1 µM−1, respectively. Furthermore, the mutant M4186 
was screened with kcat/Km of 4.28-fold highly improved than the reported M13. The M4186 also exhibited 62.57% yield of 
eriodictyol, more suitable for the industrial application. This study provided a theoretical guide for the rational design of 
P450s to the nonnative compounds.

Key points
•The compound I is proposed as the starting point for the rational design of the P450BM3
•“Flying kite model” is proposed based on the distance between O of Cmpd I and C3′/C5′ of naringenin
•Mutant M15-5 with 1.6-fold of activity than M13 was obtained by ab initio modification

Keywords Naringenin · Eriodictyol · P450BM3 · Flying kite model

Introduction

The reprocessing of agricultural waste has always been a 
significant concern, as it could improve the product addi-
tional value and protect the environment (Khan et al. 2021; 

Xingyi Zhang and Yinghui Feng contributed equally to this work.

 * Hui Ni 
 nihui@jmu.edu.cn

 * Lujia Zhang 
 Ljzhang@chem.ecnu.edu.cn

1 College of Ocean Food and Biological Engineering, Jimei 
University, Xiamen 361021, China

2 Shanghai Engineering Research Center of Molecular 
Therapeutics & New Drug Development, School 
of Chemistry and Molecular Engineering, East China Normal 
University, Shanghai 200062, China

3 Department of Micro/Nano Electronics, School of Electronic 
Information and Electrical Engineering, Shanghai Jiao Tong 
University, Shanghai 200240, China

4 School of Health Science and Engineering, University 
of Shanghai for Science and Technology, Shanghai 200093, 
China

5 NYU-ECNU Center for Computational Chemistry at NYU 
Shanghai, Shanghai 200062, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-023-12867-9&domain=pdf
http://orcid.org/0000-0003-3566-917X


 Applied Microbiology and Biotechnology          (2024) 108:84    84  Page 2 of 11

Sharma and Lee 2017). However, the compounds of ster-
oids (Acevedo-Rocha et al. 2018; Kille and Reetz 2011; Li 
and Reetz 2020), alkanes (Chen and Cong 2019; Karasawa 
and Watanabe 2018), and flavonoids (Chu and Sohng 2016; 
Hong and Kong 2020; Nguyen and Yun 2020a, b, 2021) that 
widely exist in agricultural waste are hard to be converted 
into high-valued pharmaceutical molecules. Naringenin is 
a kind of flavonoid in citrus waste (Sharma and Lee 2017), 
and its hydroxylated product eriodictyol was an effective 
medicine with properties of anti-cancer (Chu and Sohng 
2016), anti-inflammatory(Lee and Kim 2013), anti-apop-
totic, and antioxidant (Lee and Cho 2007). The eriodictyol 
was also widely used as precursor in the synthesis of taxi-
folin, proanthocyanidins, anthocyanins (Owens and Winkel 
2008), and silibinin (Lv and Zhou 2019). In 1999, Kalten-
bach and Schröder (1999) achieved eriodictyol biosynthesis 
by co-expression of flavonoid hydroxylase P450 (F3′H) and 
P450 reductase from Catharanthus roseus in Escherichia 
coli. However, both the expression and selective activity 
of the recombinant protein were poor. In 2010, Amor and 
Ghoul (2010) obtained a high yield of 200 mg/L for eriod-
ictyol by expressing bioflavonoid 3′hydroxylase (F3′H) from 
gerberas, but the activity of these plant-derived F3′H/CPRs 
was decreased significantly once being expressed in yeast. 
Despite the several achievements in eriodictyol synthesis 
with different P450s (Amor and Ghoul 2010; Kaltenbach 
and Schröder 1999; Kasai and Sakaki 2009), challenges like 
low expression and insufficient activity remain.

P450BM3 (CYP102A1), derived from Bacillus macros, 
possesses advantages of self-sufficiency, highly solubility, 
high hydroxylation activity, and broad substrate spectrum 
(Whitehouse and Wong 2012). Also, the P450BM3 and its 
mutants have great potential towards in hydroxylating ster-
oids (Acevedo-Rocha et al. 2018; Kille and Reetz 2011; Li 
and Reetz 2020), alkanes (Chen and Cong 2019; Karasawa 
and Watanabe 2018), flavonoids, and their derivatives (Chu 
and Sohng 2016; Hong and Kong 2020; Nguyen and Yun 
2020a, b, 2021). Kille and Reetz (2011) and Li and Reetz 
(2020) and Chen and Wong (2020) have achieved specifi-
cally stereoselective hydroxylation of steroids like testos-
terone, androstenedione (AD), dehydroepiandrosterone 
(DHEA), and testosterone (TST) via P450BM3 modifica-
tion. In 2016, Chu and Sohng (2016) obtained two mutants 
of M13 and M15 by modifying the inactive P450BM3 and 
successfully converted naringin into eriodictyol, providing a 
new clue for eriodictyol biosynthesis. However, the activities 
of M13 and M15 are very low. Detailed structural analysis 
and better design strategy for the rational design are nec-
essarily needed to obtain mutants with high activity. Due 
to the indeterminacy of the core catalytic model, rational 
design efforts for eriodictyol in P450BM3 are unproductive, 
less mutants with highly active reported thus far. The cata-
lytic mechanism of P450 has been demonstrated to involve 

a nine-step cycle; however, consensus on which step is more 
reasonable for rational design has not yet reached. Given 
the consistent presence of iron-porphyrin in reported P450 
structures, it has commonly served as the starting point for 
molecular modifications. Sun and Li (2020) and Hong and 
Kong (2020) utilized iron-porphyrin as the starting point 
and successfully developed mutants with high hydroxyla-
tion activity to steroids. However, the intermediates of por-
phyrin-FeIII-OOH (Cmpd 0), porphyrin-FeIV = O (Cmpd I), 
and porphyrin-FeIV-OH (Cmpd II) were highly involved the 
catalyzation, compared to iron-porphyrin. Moreover, the 
formation of compound I (Cmpd I, porphyrin (Fe = O) was 
considered the limit step in the hydroxylation (Huang and 
Groves 2017; Sligar 2010). Thus, the starting structure for 
the rational design needs further analysis.

In this paper, the Cmpd I is proposed more reasonable 
as the starting structure than Fe-porphyrin for the rational 
design of P450BM3. Additionally, a “flying kite model” 
is put forward based on the distance between the oxygen 
atom of Cmpd I and the hydroxylated site C3′/C5′ of nar-
ingenin. By gradually dragging naringenin closer to the 
oxygen atom of Cmpd I, two mutants, M4186 and M5-5, 
were respectively obtained. This ab initio design approach 
for P450BM3 offers valuable guides for endowing enzymes 
activity towards novel substrates, thereby expanding their 
potential applications in industry and pharmacy.

Material and methods

Plasmids, microorganisms, and media

The P450BM3 gene (NCBI: CP001982.1) was cloned in the 
plasmid pET28a. The constructed plasmid P450BM3-pET-
28a was used as template to construct mutants M13, M4186, 
and M5-5 using a point mutation system with the primers 
in Table S2. Mutagenesis was performed using the Blunt-
ing Kination kit. Subsequently, the modified plasmids were 
transformed and replicated into competent E.coli DH5α 
cells. Competent E.coli BL21 (DE3) cells were used as 
expression hosts and transferred using the heat shock method 
(Liu et al. 2021). Colony PCR was employed for the valida-
tion of successful transformation, while DNA sequencing 
was utilized for the identification of mutants.

Protein expression and purification of mutants

The colonies were picked and grown in 5 mL of Luria–Ber-
tani medium containing kanamycin (50 µg/mL), and incu-
bated overnight in a shaker at 37 °C and 220 rpm. The cul-
tured cells were then inoculated in 500 mL of LB medium 
with kanamycin (50 µg/mL) at a 1% v/v ratio. Isopropyl-β-
d-thiolaldehyde glycoside (0.5 mM) and 5-aminolevulinate 
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hydrochloride (1.0 mM) were added to the medium for 
enzyme induction when the  OD600 reached between 0.6 and 
0.8. The cells were incubated for 12 h at 20 °C/220 rpm and 
harvested via centrifugation for 5 min at 8000 rpm and 4 °C. 
The cells were resuspended in buffer A (50 mM Tris–HCl, 
100 mM NaCl, 10% glycerol, pH 7.4) and washed three 
times. Afterwards, the cells were resuspended in Buffer A 
at a ratio of 1 g cells/7 mL and sonicated for 40 min in an 
ice bath using a 5 s:5 s sonication:pause interval. The cell 
fragments were centrifuged at 18,000 g for 20 min at 4 ℃, 
and the supernatant was filtered through a 0.22-μm Millipore 
filter. The obtained supernatant was purified using Ni affinity 
chromatography and validated with SDS-PAGE (Fig. S1). 
Protein concentrations were quantified via Bradford method 
with bovine serum albumin as the standard.

Enzymatic activity assay and kinetic measurements

The 500-µL volume of reaction is catalyzed in potassium 
phosphate buffer (100 mM, 10% glycerol, pH 7.4). The com-
position of the reaction was as follows: 1 µM purified P450 
BM3, 0.1 mM naringenin, 5 mM glucose, 1 mM  NADP+ 
and GDH crude enzyme. After incubating for 2 h at 37 °C, 
the reaction was terminated by adding 1 mL methanol and 
was shake for another 10 min. The terminated reaction solu-
tion was centrifuged at a speed of 20,000 g for 20 min. The 
supernatant was collected and subjected to high performance 
liquid chromatography-photodiode array (HPLC–PDA) for 
further analysis. The kinetic parameters of the mutants were 
determined by quantifying different concentrations of nar-
ingenin. The experimental data were fitted to the Michae-
lis-Menten kinetic model to obtain the kinetic parameters 
(Nguyen et al. 2021; Nguyen and Yun 2021).

Whole cell biotransformation of naringenin

The colony was cultured in 5 mL of LB medium containing 
kanamycin (50 µg/mL), and were then incubated in a shaker 
at 37 °C and 220 rpm for roughly 8 h. Subsequently, 200 μL 
of the inoculate was transferred to a 250-mL flask contain-
ing 50 mL of 1 × M9 medium with kanamycin (50 µg/m). 
Once the  OD600 reached 0.8–1.0, 0.5 mM IPTG and 1 mM 
5-aminolevulinic acid were added to induce the protein 
expression. The cells were incubated at 22 °C and 200 rpm 
for another 12 h. Naringenin dissolved in dimethyl sulfoxide 
(DMSO) was added to the culture at a final concentration 
of 100 μM and further incubated at 28 °C. Samples were 
collected periodically using aliquots of 1 mL, which were 
subsequently subjected to centrifugation and freeze-drying 
processes. The resulting freeze-dried samples were recon-
stituted using methanol (1 mL), followed by centrifugation 
at 20,000 g for 20 min prior to analysis via HPLC–PDA.

Molecular docking and MD simulations

The heme domain of P450BM3 (PDB: 1BU7) was down-
loaded from the database https:// www. rcsb. org/ and 
imported into the Maestro program after removing water 
molecules. The iron porphyrin was isolated, and an oxygen 
atom was added to the  Fe2+ of the iron porphyrin using the 
Draw option, with a set Fe = O bond length of 1.65 Å. This 
constructed Cmpd I was then used to replace the iron por-
phyrin in 1BU7 using the Discovery Studio 2019 software 
for subsequent simulation and design. The complexed struc-
ture of the heme domain with Cmpd I underwent minimiza-
tion before molecular docking of naringenin using Maestro 
program. The overall geometry optimization was performed 
with OPLS3e, setting the O atom of Cmpd I as the docking 
center within a box size of 20Å × 20Å × 20Å. The ligand of 
naringenin was first prepared at pH 7.0 ± 2.0 using LigPrep 
and was then docked into active site of the built structure 
using the program of Docking module with standard preci-
sion (SP). The top ten conformations were collected and all 
structures were visually analyzed using the DS program.

Results

The catalytic core model for the near‑attack state

The key factor in converting naringenin into eriodictyol 
for P450BM3 is to place the nonnatural ligand at a specific 
conformation with an optimal catalytic distance (Fig. 1A). 
However, there is still challenge how to precisely define this 
catalytic distance. Extensive studies have elucidated that the 
hydroxylation mechanism of P450BM3 involves nine steps, 
with multiple reduction and oxidation reactions (Fig. 1B). 
However, it is still not determined whether the popherin-
Fe2+ or Cmpd I is more reasonable as the starting point for 
P450-BM3 modification. At present, most P450 modifica-
tion was conducted by (1) blind direct/saturation mutagen-
esis and (2) substrate conformation-focused mutagenesis, 
with ferroporphyrin as the starting structure. Herein, we 
attention to the bio-catalyzation (proton/electron transfer) 
to determine the starting structure and define the catalytic 
distance. In P450BM3, snatching the H· from the substrate 
by Cpmd I (step7, Fig. 1B) was the step directly involved 
in the hydroxylation and eriodictyol synthesis. Thus, the 
Cmpd I was proposed more reasonable as the starting 
point for the rational design compared to the other inter-
mediates of iron porphyrin, ferroporphyrin-OOH, or iron 
porphyrin-OO− synthesized in the catalytic cycle (Jiang 
and Li 2021; Ogliaro and Shaik 2002; Su and Shaik 2019; 
Wang and Shaik 2015). The distance between the O atom of 
Cmpd I and the C3′ atom of the naringenin determines the 
catalytic activity and stereo-selectivity. In 2010, Rittle and 

https://www.rcsb.org/
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Green Michael (2010) captured the P450 (CYP119)-Cmpd 
I complex and determined the Fe = O bond to be 1.68Å by 
low temperature crystallization. Therefore, we were able to 
obtain the structure of Cmpd I in the heme domain (PDB 
ID: 1BU7) by constructing Fe = O bonds on porphyrin-Fe 
(Fig. 1C), and analyzed the relationship and influence of 
the distance between the O atom of Cmpd I and the C3′/
C5′ atom of the substrate B ring on the catalytic activity 
and selectivity.

We identified the influence factors of hydroxylation activ-
ity, through the analysis of naringenin in WT, M13 (R47L/
L86I/F87V/L188Q), and M15 (R47L/E64G/F87V/E143G/
L188Q/E267V) active center of conformational change. As 
shown in Fig. 2I, the A ring of naringenin in WT is close 
to the Cmpd I, causing the hydroxylation site C3′ on the B 
ring extremely far away from the active O atom (13.9 Å). In 
contrast, the R47L, F87V, and L188Q mutations in M13 and 
M15 provided additional substrate space and allowed nar-
ingenin to flip 180°, causing the B ring stretching deep into 
the catalytic site. The farther distance caused by the incor-
rect conformation in the active site of the wide P450BM3 
is believed to be the main barrier for its catalytic activity to 

naringenin. It is of note that the naringenin in both M13 and 
M15 was stretched in two conformations at the B ring, both 
parallel and perpendicular to the porphyrin. The distance 
between the C3′ of both the parallel and vertical naringenin 
and the O atom of Cmpd I in M15 was 4.51 and 4.28 Å, 
respectively (Fig. 2II; Fig. S2), whereas those in M13 were 
4.06 and 3.85 Å (Fig. 2III). The closer catalytic distance of 
M13 than M15 suggested a better hydroxylation activity, 
which was consistent with the experimental observations: 
M13 showed higher naringenin-hydroxylating activity than 
M15 (Chu and Sohng 2016).

With precondition of correct stretching manners of the 
naringenin in the active site, shorter distances between the 
catalytic atoms of the ligand and Compound I could highly 
improve the hydroxylation activity. Therefore, in rational 
design, we treated the substrate as a kite and tried to improve 
the catalytic activity by constantly dragging the C3′/C5′ of 
naringenin closer to the Compound I O atom of Cmpd I. In 
each round of screening, the mutant with the nearest cata-
lytic distance and minimum binding energy was picked for 
experimental verification. We call this design strategy as 
“flying kite model” (Fig. 3A).

Fig. 1  A P450 BM3 mutants catalyzed regioselective hydroxylation of naringenin to produce eriodictyol. B The catalytic mechanism cycle for 
the hydroxylation of P450. C Catalytic intermediate (Cmpd I) model for the rational design put forward in this paper
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Modification of M13 using the “flying kite model”

Based on the above “flying kite model,” we utilized M13 
with the highest activity as the starting point for muta-
tion design. We selected residues within 20 Å range in the 
active pocket (Fig. 3B; Table S3), which are known to be 
involved in flavonoid catalysis (Table S1), for mutagenesis. 
Thirteen of these residues were used for mutation design, 
and naringenin had vertical and parallel conformations 
in these mutants. However, except for mutant M4186, all 
mutants exhibited longer distances between their catalytic 
atoms (C3′ of naringenin and O of Cmpd I) compared 
to M13’s distance of 3.82 Å. The catalytic distances in 
mutant M4186 were measured at 4.13 and 3.80 Å, respec-
tively (Fig. 3C and D). The construction of M4186 was 
therefore picked for experimental verification. The total 
turnover number (TTN, nmol product/nmol enzyme) of 
M4186 is 86.4, 2.32 times higher than that of M13 (37.2) 
(Fig. 5A and B). The dynamic parameters of Km and kcat 
to the naringenin were respectively 182.339 ± 23.369 µM 
and 389.79 ± 15.4  min−1, also suggesting a better improve-
ment of ligand specificity and catalytic effectivity 

than the wide type M13 (479.745 ± 103.448  µM and 
215.83 ± 21.04  min−1, respectively) (Table 1).

Ab initio design of P450BM3 with “flying kite 
model”

As the “kite model” was putted forward based on the key 
catalytic step of P450BM3, we propose that this model is 
not only applicable to M13 but also suitable for designing 
P450BM3 from scratch. Thus, several rounds of rational 
designs to the wide type P450BM3 were performed 
(Table S4).

Dragging the substrate into the binding pocket and 
maintaining the correct conformation are key steps for 
P450BM3 to catalyze naringenin (Fig. 2). As shown in 
Fig. 4 ①, in the first round of mutations, the F87V mutant 
successfully motivated this flipping motion, making the 
distance between C3'/C5' and the catalytic center Fe = O 
the shortest (4.16–4.22 Å). The high docking score (> − 6 
kcal/mol), closer distance, and reasonable conformation 
led us to choose F87V as the template for the second 
round of mutations. The lower catalytic distance (lower 

Fig. 2  Binding state of the substrates in the P450 BM3(I), M13 (II), 
and M15 (III). I, the ligand naringenin flipped away in the active 
pocket of wide type P450BM3, and the distance of catalytic site C3′ 
of and the O atom of the Cmpd I is 13.9 Å. II and III, the ligand in 
M13 and M15 stretched correctly with the B ring close to Cmpd I. 
There were parallel and vertical conformations of naringenin in 

M13 (green and cyan sticks) and M15 (magenta and yellow sticks), 
and the corresponding distances were respectively 4.06/3.85  Å and 
4.51/4.28  Å. The residues in the WT, M13, and M15 were respec-
tively shown as red, slate and lemon sticks. And the CmpdI was 
shown as grey sticks
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than 4.9 Å) and docking fraction (− 5.5 ~  − 6 kcal/mol) 
in the second round of mutations suggest that it was right 
to choose F87V as the template. Among all the double 
mutants, F87V/L188Q performed the best. The dis-
tance between Cmpd I and the substrate was 4.13–4.18 
Å (Fig. 4 ②), while the distance between C5′ and reac-
tive oxygen atoms was only 4.13 Å. Consequently, F87V/
L188Q was chosen as a template for subsequent design 

iterations. In the third and fourth rounds of mutagenesis, 
F87V/L188Q/R47L and F87V/L188Q/R47L/E143G were 
obtained as optimal mutants based on their lower catalytic 
distances and docking scores (Fig. 4 ③ and ④). However, 
these mutants selected in the first four rounds shown no 
hydroxylation activity once constructed in E. coli BL21 
(DE3), suggesting that these mutagenic efforts were still 
insufficient to achieve effective hydroxylation. Although 
there was a slight decrease in the distances between C5′/
C3′ of the substrate and the O of Cmpd I (4.09–4.12 Å 
and 4.08–3.97 Å, respectively), as well as four and six 
close conformations identified in the docking simulation, 
more significant mutations are required to further shorten 
catalytic distances to catalyze the naringenin. In the fifth 
round of mutation, the catalytic distances of M5-5 (F87V/
L188Q/R47L/E143G/H408R) were measured to be 4.06 Å 
(C3′) and 3.84 Å (C5′) (Fig. 4, ⑤ and II), exhibiting a great 
catalytic distance decrease of 0.4 Å compared to the F87V 
mutant (Fig. 4I). This variant was successfully expressed 
in E. coli BL21 (DE3) and displayed favorable catalytic 

Fig. 3  A The “flying kite model” put forward for the rational design. 
The distance between the 3′ and 5′ carbon to the O of the compound 
I was the key values for the mutagenesis. B The docking score and 
distances of the mutants, and the mutant M4186 was the best one for 

the catalyzation. C and D The binding manners of the parallel and 
vertical conformation of the substrate naringenin at the active site of 
M4186. The corresponding residues were shown in sticks, and the 
van der Waals forces were shown in dashed red and green lines

Table 1  Kinetic parameters of P450BM3 mutants for the hydroxyla-
tion of naringenin

a Incompetence

Mutant kcat  (min−1) Km (µM) kcat/Km 
 (min−1 µM−1)

WTa ND ND ND
M13 215.83 ± 21.04 479.745 ± 103.448 0.500
M4186 389.79 ± 15.4 182.339 ± 23.369 2.138
M5-5 230.45 ± 20.32 310.48 ± 72.22 0.742
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activity. The total turnover number (TTN) reached 60, 
which was approximately 1.6 times higher than that of 
M13 (Fig.  5A and B). Notably, mutant M5-5 demon-
strated comparable dynamic values to M13, with kcat, 
Km, and kcat/Km values of 230.45  min−1, 310.48 µM, and 
0.742  min−1 µM−1, respectively. The comparable catalytic 
distances of M5-5 (4.06 Å and 3.84 Å) to those of M13 
(4.06 Å and 3.85 Å) (Table 1; Fig. S2) further support the 
notion that closer catalytic distances can enhance hydrox-
ylation activity towards nonnatural ligands in mutants. 
Moreover, the reduced Km value observed in M5-5 sug-
gests that improved substrate recognition is a key factor 
contributing to enhanced hydroxylation performance.

The biosynthesis of eriodictyol with the mutants

To gain a deeper understanding of the catalytic properties of 
the M13, M5-5, and M4186 mutants, their catalytic behavior 
was comprehensively analyzed (Table 1; Figure S3). For the 
mutant M4186, both of the Km, kcat, and kcat/Km were highly 
improved than its parent M13 (with one times improved). 
The mutant M5-5 showed similar kcat values as M13, with 
a better improvement in Km (310.48 µM), suggesting that it 
was the higher substrate recognition manner of M5-5 that 
improved the hydroxylation activity. Considering the cata-
lytic distances of M4186 (4.13 Å and 3.80 Å), M5-5 (4.06 
Å and 3.84 Å), M13 (4.06 and 3.85 Å), and their dynamic 

Fig. 4  Virtual mutagenesis based on the “flying kite model.” ①–⑤ the 
docking score, distances of 3′ and 5′ carbon of the substrate with O of 
the compound I in different mutants. The best mutants were labeled 
out. I and II, the binding manners of the mono mutant F87V and the 
petra mutant F87V/L188Q/R47V/E143G/H408R. The initial and 

mutated residues were respectively show in gray and magenta sticks. 
The parallel and vertical stretching manners of naringenin in the two 
mutants were respectively shown in cyan, lime, salmon, and yellow 
sticks. And the distances were labeled in Å and shown in dashed yel-
low and blue lines
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parameters, it seems that the catalytic distances lower than 
3.85 Å could highly possibly endow the P450 activity to 
naringenin. Furthermore, once these mutants exhibit hydrox-
ylation towards nonnatural ligands, their enhanced recog-
nition abilities can significantly improve overall catalytic 
efficiency as well. To further investigate the industrial appli-
cation potential of the mutants, we conducted additional 
studies on the bioconversion abilities of M13, M4186, and 
M5-5 in whole-cell catalysis models (Fig. S4). As shown in 
Fig. 5C, both M4186 and M5-5 exhibited efficient substrate 
conversion within 24 h, with conversion rates of 60.37% 
and 42.28%, respectively, significantly higher than that of 
M13 (36.25%) and almost reached equilibrium. After 48 h 
of whole-cell catalysis, the naringenin conversion rates cata-
lyzed by M4186 and M5-5 reached 62.57% and 48.12%, 
respectively — representing a respective increase of approx-
imately 1.89-fold and 1.45-fold compared to that achieved 
by M13 (36.45%). The closer proximity between naringenin 
and Cmpd I in mutants such as M4186 and M5-5 (3.80 Å 
and 3.84 Å) not only confers high catalytic activity but also 
enhances transformation efficiency. The successful outcomes 
achieved with M5-5 and M4186 mutants have demonstrated 
that the “flying kite model,” starting from Cmpd I, is both 
reasonable and highly practical for the rational design 
of P450BM3. Reducing the catalytic distance could be a 

promising strategy for improving hydroxylation activity of 
P450 towards other steroids in future research endeavors. 
Importantly, these mutants exhibited no generation of any 
other by-products, highlighting their superior potential for 
industrial applications compared to other P450s. Further-
more, whole-cell catalysis products displayed prolonged 
survival time and increased stability within pomelo peels 
compared to enzyme alone, thereby enhancing the value of 
grapefruit processing.

Discussion

The steroids, alkanes, and flavonoids are widely present 
in plants waste, and further treatment of these wastes can 
improve the added value of products, and effectively avoid 
the damage to the environment (Acevedo-Rocha et al. 2018; 
Khan et al. 2021; Kille and Reetz 2011; Li and Reetz 2020; 
Sharma et al. 2017). Enzyme treatment was prevalent in 
agriculture processing for their wild catalytic condition 
(Amor and Ghoul 2010; Kaltenbach and Schröder 1999). 
However, most enzymes exhibit a limited substrate range. 
Overcoming this challenge in biochemistry involves expand-
ing their substrate recognition capabilities as well as enhanc-
ing their catalytic efficiency towards non-natural complex 

Fig. 5  A HPLC-PDA analysis of  naringenin in  vitro hydroxylation 
reaction mixture. B Total turnover numbers (TTN, nmol product/
nmol enzyme) for formation of eriodictyol for the mutants. C Biocon-

version rate of naringenin (100 µM) in 50-mL system. The data for 
the WT, M13, M4186, and M5-5 were respectively colored in green, 
black, blue and magenta
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compounds (Chu and Sohng 2016; Hyster and Arnold 2015). 
The P450s have been extensively modified in biochemistry 
due to their spacious binding pocket and significant potential 
in medicinal biosynthesis (Kubo et al. 2006; Singh et al. 
2015). However, the lack of a clear starting point for rational 
design has led to ongoing debates regarding strategies for 
modifying P450BM3, thereby impeding the efficiency of 
rational design.

In this study, we used Cmpd I as an initial starting point, 
assuming that a crucial aspect of P450BM3 rational design 
is to accurately induce ligand stretching manners and reduce 
the distance between C3′/C5′ and the O atom of Cmpd I. 
Thus, the “flying kite model” was proposed for the bio-
catalysis of naringenin. By applying the substrate correctly 
stretching in the binding pocket, we gradually reduced the 
catalytic distance between C3′ and Cmpd I, and obtained 
M4186 and M5-5 mutants based on M13 and inactivated 
P450BM3, respectively. The activity of M4186 was 4.27 
times higher than that of M13, and the conversion rate of 
naringenin was 62.57%. These improved catalytic properties 
made the M4186 more suitable for the waste processing. The 
activity of M5-5 achieved through the same strategy was 
1.48 times higher than that of M13, resulting in a conversion 
rate of naringenin at 48.12%, which significantly improved 
the synthesis efficiency of eriodictyol production. As shown 
in Fig. 3, the mutants of M4186 and M5-5 exhibited almost 
the same ligand binding manners. In the parallel conforma-
tion, the L437 forms ππ bonds with the B and A ring. In 
the vertical configuration, the S332 of M4186 forming an 
additional hydrogen bond with the carbonyl group on the 
substrate’s C ring (Fig. 3). Furthermore, although E143G 
mutations do not directly participate in ligand binding, they 
can induce significant polarity and steric changes that may 
impact the active site size, thereby enhancing substrate affin-
ity towards active Cmpd I (Fig. 4). The consistency of the 
docking mechanism and experimental data suggests that 
although the P450 enzyme captures the ligand into its active 
site through the flexibility of the F/G and B/C loops (Sevri-
oukova et al. 1999; Tripathi et al. 2013), the relative rigidity 
and stability of the active site facilitate consistent ligand 
binding, as observed in our docking simulations, which is 
a crucial factor contributing to the efficacy of our rational 
design strategy.

Considering that H· abstraction from substrate by Cpmd I 
is a crucial catalytic step (Luthra et al. 2011; Mak and Den-
isov 2018), closer proximity between Cmpd I’s oxygen atom 
and naringenin’s C3′ carbon would increase the likelihood 
of mutants exhibiting activity. Based on this mechanism, we 
propose a “flying kite model” which theoretically applies to 
non-natural substrates. By gradually positioning the ligand 
closer to CmpdI’s catalytic center, hydroxylation mutants 
capable of producing naringenin can be obtained. The suc-
cessful generation of M5-5 validates the rationale behind 

this design strategy. Considering the structure of naringenin 
with M5-5, M4186, and M13, the catalytic distance of the 
Cmpd I and the catalytic C atom of the naringenin was sug-
gested to below 3.85 Å. This one-stop modification strategy 
provides a solid theoretical and practical example for devel-
oping P450s for non-substrate compounds. By employing 
the same model, mutants exhibiting activity towards ster-
oids, alkanes, and flavonoids commonly found in agricul-
tural waste can be feasibly generated, thereby enhancing the 
additional values of agricultural products.
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