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A B S T R A C T   

Deoxycholic acid (DCA) has been authorized by the Federal Drug Agency for cosmetic reduction of redundant 
submental fat. The hydroxylated product (6β-OH DCA) was developed to improve the solubility and pharma
ceutic properties of DCA for further applications. Herein, a combinatorial catalytic strategy was applied to 
construct a powerful Cytochrome P450 biocatalyst (CYP107D1, OleP) to convert DCA to 6β-OH DCA. Firstly, the 
weak expression of OleP was significantly improved using pRSFDuet-1 plasmid in the E. coli C41 (DE3) strain. 
Next, the supply of heme was enhanced by the moderate overexpression of crucial genes in the heme biosynthetic 
pathway. In addition, a new biosensor was developed to select the appropriate redox partner. Furthermore, a 
cost-effective whole-cell catalytic system was constructed, resulting in the highest reported conversion rate of 6β- 
OH DCA (from 4.8% to 99.1%). The combinatorial catalytic strategies applied in this study provide an efficient 
method to synthesize high-value-added hydroxylated compounds by P450s.   

1. Introduction 

Bile acids and their derivatives (BAs) are a class of steroids, which 
participate in the digestion and absorption of cholesterol [1]. DCA is an 
abundant secondary bile acid in the gut with a structure of hydrophobic 
rigid steroid nuclei [2]. Due to its special chemical structure and bio
logical functions, DCA has a wide range of applications, including 
cosmetic injection and the prevention of gallstones [3]. 

However, the water solubility of DCA is poor and a high concentra
tion of DCA can cause oesophageal cancer [4]. Thus, the hydroxylation 
of DCA is a feasible way to improve its hydrophilicity and eliminate the 
toxic effect on liver cells [5]. Among various hydroxylated derivatives, 
the toxicity of 6β-selective hydroxylation of DCA (6β-OH DCA) is lowest 
and can inhibit the formation of cholesterol gallstones [6]. Currently, 
although 6β-OH DCA can be obtained from DCA by 11-step chemical 
synthesis, this method includes repetitious protection and deprotection 
steps to control the stereoselectivity of hydroxylation, resulting in the 

inefficient synthetic efficiency (yield lower than 20%) and an environ
mental threat from many harmful reagents (bromine, chromium 
trioxide, and methanol, etc.). 

Enzymatic catalysis is an alternative strategy to synthesize hydrox
ylated Bas [7]. Cytochrome P450 enzymes (P450s) are a superfamily of 
heme-containing metalloenzymes and are capable of stereoselectively 
catalyzing oxidative reactions of C–H bonds [8]. OleP is a P450 enzyme 
responsible for the epoxidation of 6-deoxyerythronolide B in the 
biosynthetic pathway of oleandomycin in Streptomyces antibioticus [9]. 
However, up to now, the highest reported conversion rate of 6β-OH DCA 
from DCA only could reach 35% using the whole-cell OleP catalytic 
system [10]. 

There are several limitations in the application of OleP for the large- 
scale synthesis of 6β-OH DCA from DCA. The first one is that P450s are 
easy to misfold to form inactive inclusion bodies [11]. The efficient 
expression and active folding of OleP requires an appropriate tran
scriptional rate in microbial cells [12]. In addition, the insufficient 
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supply of heme is another limitation for the preparation of highly active 
P450s [13]. Heme is the prosthetic group of P450s and is necessary for 
the catalytic process [14]. However, the concentration of heme is low in 
the majority of microbial hosts due to the insufficient biosynthesis of 
heme, limiting the whole-cell OleP biocatalytic activity. 

Moreover, the selection of suitable redox partner is crucial for the 
catalytic reactions mediated by P450s [15]. The redox partner, 
commonly including ferredoxin (Fdx) and FAD-containing ferredoxin 
reductase (Fdr), sequentially transfer two electrons from NAD(P)H to 
the heme-iron reactive center of P450s [16]. However, the optimal 
redox partner for a specific P450 enzyme is difficult to identify due to the 
deficiency of an efficient screening method [17]. Thus, it is necessary to 
develop a new strategy to screen the proper redox partner for P450s 
whole-cell catalysis. 

In this study, 6β-OH DCA was efficiently synthesized from DCA by a 
robust OleP whole-cell catalyst. In the engineered E. coli, the soluble 
expression level of OleP and the supply of heme were significantly 
improved. In addition, a split fluorescent sensor was developed to 
evaluate the suitability between OleP and redox partners. Finally, using 
the ideal PetH/PetF redox partner, the highest conversion rate (99.1%) 
of 6β-OH DCA from DCA was achieved in the optimized whole-cell 
catalytic system of OleP. 

2. Results and discussion 

2.1. The suitable strategy to express enough OleP for the hydroxylation of 
DCA in E. coli 

Although OleP was successfully expressed in E. coli and used as a 
whole-cell catalyst to synthesize 6β-OH DCA from DCA, the conversion 
rate was low and the real expressional level of OleP has never been 
examined [10]. Thus, the proportion of soluble OleP was first detected in 
this study. In the engineered E. coli O1 strain that constructed based on 
the previously reported method (C43 (DE3) host harboring pET28a-oleP 
and pACYC-camA-camB plasmids), the expressed OleP presented a 
characteristic peak at 450 nm after the reaction with sodium dithionite 

Fig. 1. The characteristics of expressed OleP in E. coli. (A) Full wavelength 
scan of purified OleP in three states. The blue, orange, and red circles mark the 
characteristic absorbance of the purified OleP, OleP-CO complex, and 
OleP–CO–sodium dithionite complex, respectively. (B) SDS-PAGE analysis of 
OleP. Lane 1, soluble expression of OleP; Lane 2, inclusion body of OleP; Lane 3, 
purified soluble OleP. M, marker (C) The analysis of the hydroxylated product 
of DCA catalyzed by OleP. a control reaction catalyzed by E. coli C43 (DE3) 
strain harboring pET28a empty plasmid; b the hydroxylation of DCA catalyzed 
by E. coli O1 strain harboring pET28a-oleP and pACYC-camA-camB plasmids. 
The black and red arrows point to the substrate (DCA) and the hydroxylated 
product (6β-OH DCA), respectively. 

Fig. 2. Three strategies to improve the heterologous expression of OleP in E. coli. (A) Selection of suitable plasmid. WT represents the E. coli O1 strain. (B) 
Selection of proper host. (C) The optimal induction temperature for OleP expression (◦C). (D) The proper concentration of IPTG for OleP expression (mM). (E) The 
optimal induction time for OleP expression (h). The blue-filled triangle represents the biomass (OD600). The red hollow triangle represents the conversion rate (%). 
Values and triangles represent the means and standard deviations of biological triplicates. 
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and carbon monoxide (Fig. 1A), but the proportion of soluble OleP only 
can reach 32.4% (Fig. 1B) [10]. In addition, through the accurate and 
detailed identification of the hydroxylated product of DCA catalyzed by 
O1 strain (Figure S1-S7), the whole-cell conversion rate of 6β-OH DCA 
from DCA is only 4.8% (Fig. 1C). Therefore, it is necessary to improve 
the active expression of OleP to increase the whole-cell conversion rate. 

Four strategies were adopted to enhance the soluble expression of 
OleP in E. coli. Firstly, the selection of proper plasmids and hosts was 
performed. The results showed that the conversion rate of 6β-OH DCA 
was significantly increased to 31.7% in the O2 strain (C41 (DE3) host 
harboring pRSFDuet-camA-camB-oleP plasmid), which was 5.6-fold 
higher than that obtained in the O1 strain (Fig. 2A and B). Compared 
with BL21 (DE3) and C43 (DE3) strain, C41 (DE3) strain is beneficial to 
the folding of P450s due to the moderate attenuated activity of T7 RNA 
polymerase [12]. In addition, through the prediction of SoluProt (htt 
ps://loschmidt.chemi.muni.cz/soluprot/), the solubility of OleP could 
be greatly increased by the fusion expression with MBP (from 41.1% to 
92.3%) or TF (from 41.1% to 91.5%) tag (Figure S8) [18]. The results of 
SDS-PAGE proved the assumption and the soluble expression of OleP 
was significantly improved. However, the catalytic activity of MBP-OleP 
(conversion rate 27.5%) or TF-OleP (conversion rate 8.5%) was 
maintained at a lower level (Figure S8). Thus, the co-expression of 

molecular chaperones (pGro7, pKJE7, pGKJE8, PTf16, and pTf2) was 
applied as an alternative approach, but no chaperone could enhance the 
catalytic efficiency of OleP (Figure S8) [19]. Furthermore, the condi
tions of OleP expression were optimized. The results suggested that 
lower temperature (25◦C), moderate concentrations of IPTG (0.5 mM), 
and specific induction time (28 h) are crucial for OleP expression (67.1% 
solubility). Under the optimal conditions, the conversion rate of 6β-OH 
DCA reached 34.8% (Fig. 2C, D, and Fig. 2E). 

2.2. Enhancing the heme supply in E. coli to increase conversion rate 

To explore the reason for the lower catalytic activity of MBP-OleP 
and TF-OleP, another important factor (the heme-binding ratio) was 
detected in these two fused enzymes and wild-type OleP. The results 
showed that the heme-binding ratio of MBP-OleP and TF-OleP only 
reached 21.1% and 16.8%, which were much lower than the ratio in the 
wild-type OleP (39.4%) (Fig. 3A). It indicated that the inefficient supply 
of heme is the key limiting factor to increase the catalytic efficiency of 
OleP. In previous research, the adequate supply of heme and high heme- 
binding ratio are critical for the catalysis of P450s from different sources 
and there are two main strategies to enhance intracellular heme supply 
for P450s (Fig. 3B) [13]. One strategy is to supplement the essential 

Fig. 3. Strategies to improve heme supply in E. coli for the efficient catalysis of OleP. (A) The heme-binding ratio of wild-type OleP, MBP-OleP, and TF-OleP. 
(B) Heme biosynthetic pathways in E. coli. The purple arrow represents the C5 pathway and the pink arrow represents the downstream biosynthetic pathway of heme. 
The pCDFDuet-hemA-hemL plasmid was constructed to enhance the C5 pathway; the pETDuet-hemH-hemB-hemD-hemC plasmid was constructed to enhance the 
downstream biosynthetic pathway. (C) The effect of supplements on the OleP catalysis. (D) The color of engineered strains and pure enzyme. 1: E. coli O1 strain; 2: 
E. coli O2 strain; 3: E. coli O2 strain cultivated with ALA and FeCl3; 4: E. coli AL strain; 5: OleP enzyme purified from E. coli AL strain. The lower values represent the 
content of intracellular heme in different engineered strains. (E) The effect of enhancing heme biosynthesis on the OleP catalysis. The blue-filled triangle represents 
the heme-binding ratio (%). The red hollow triangle represents the conversion rate (%). Values and triangles represent the means and standard deviations of bio
logical triplicates. 
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precursor of heme (ALA) during the process of P450s expression and 
another one is to enhance the heme biosynthetic pathway [20]. In 
addition, heme can be synthesized through heterologous C4 pathway or 
endogenous C5 pathway and the C5 pathway has been examined as an 
efficient way to synthesize heme in E. coli [21]. 

Thus, three combinations of supplements (heme, ALA and FeSO4, 
ALA and FeCl3) were added to improve intracellular heme supply at first. 
As E. coli lacks the uptake system of heme, the supplement of heme 
cannot be efficiently utilized and the heme-binding ratio (40.8%) and 
the conversion rate of 6β-OH DCA (33.8%) nearly maintained at the 
similar level without heme addition (Fig. 3C) [22]. Moreover, the 
combination of supplementing ALA and FeSO4 or FeCl3 have the same 
positive effect on the catalysis of OleP. With the improvement of heme 
supply in the cells, the colors of engineered strains turned to dark red 
(Fig. 3D) and the highest heme-binding ratio (67.7%) and the conver
sion rate of 6β-OH DCA (40.7%) was obtained when ALA and FeCl3 were 
added (Fig. 3C). However, the addition of ALA accounts for 60% of the 
cost of whole-cell catalysis [12]. Therefore, the enhancement of heme 
biosynthesis is a more cost-effective approach to increase heme supply 
and catalytic efficiency. 

Based on the analysis of main rate-limiting enzymes in heme 
biosynthetic pathway, hemA and hemL that involves in the synthesis of 
ALA (C5 pathway) and hemB, hemC, hemD, and hemH that involves in the 
downstream heme biosynthetic pathway should be enhanced to increase 
the intracellular heme supply [23]. Thus, three related engineered 
strains were constructed, including E. coli AL strain (E. coli O2 strain 
enhancing hemA and hemL), E. coli BCDH strain (E. coli O2 strain 
enhancing hemB, hemC, hemD, and hemH) and E. coli AL-BCDH strain 
(E. coli O2 strain enhancing all rate-limiting enzymes). Although the 
color of E. coli AL strain turned to light red (Fig. 3D) and the 
heme-binding ratio slightly reduced to 53.9%, the overexpression of 
hemA and hemL could increase the conversion rate of 6β-OH DCA to 

41.4%, which is similar with the effect of supplementing ALA and FeCl3 
(Fig. 3E). Nevertheless, the overexpression of hemB, hemC, hemD, and 
hemH was not necessary for OleP catalysis because the conversion rate of 
6β-OH DCA dramatically decreased in both E. coli BCDH (supplementing 
ALA and FeCl3) and AL-BCDH strains, which might be caused by the 
excessive metabolic burden to the host. Therefore, the E. coli AL strain 
was selected to perform further optimizations to achieve a higher con
version rate of OleP. 

2.3. Screening the optimal redox partner for OleP by bimolecular 
fluorescence complementation technology (BiFC) 

Besides the self-sufficient P450s (BM3, etc.) [24], a majority of 
typical reactions catalyzed by P450s require a pair of redox partner (FdR 
and Fdx) that transfer electrons to heme-iron reactive center, which is 
vital for the catalytic efficiency of P450s [16]. However, the most suit
able redox partner for a special P450 is difficult to select because it is 
hard to assess the degree of adaptation between P450s and redox part
ner. In previous research, the BiFC technique has been used to detect the 
change of distance between the P450 enzyme and modified redox 
partner, but this method is not applicable to evaluate the suitability of 
redox partners due to the lower sensitivity of fused yellow fluorescent 
protein (YFP) [17]. 

BiFC technique relies on the interactions between the bait and prey 
proteins that combine two non-fluorescent split protein domains and 
subsequently co-folding into the β-barrel structure to form the chro
mophore [25]. Thus, a more sensitive and easily detectable sfGFP (a 
superfolding derivative of GFP) sensor was designed and applied to 
measure the interaction between OleP and redox partners [26]. The Fdx 
was fused to the N-terminal of sfGFP-1-10, while OleP was fused to the 
C-terminal of sfGFP-11 (Fig. 4A). When the interaction between OleP 
and Fdx is strong, two non-fluorescent split proteins (sfGFP-1-10 and 

Fig. 4. Strategies to construct sfGFP sensor to screen redox partners. (A) The scheme of constructing the sfGFP sensor. (B) The self-assembly of OleP and Fdx was 
based on the three-dimensional structure of sfGFP (PDB: 5BT0). (C) Screening proper redox partners for OleP from different sources. The G1 strain that contains the 
empty pRSFDuet-1 plasmid was used as a control. The fluorescent intensities were calculated and the color of cells and fluorescent images were presented for G2-G5 
strains that express different redox partners-sfGFP-1-10 and sfGFP-11-OleP, respectively. (D) The conversion rates were calculated for R2-R5 strains that express 
different redox partners and OleP, respectively. The R1 strain that contains the empty pRSFDuet-1 plasmid was used as a control. The blue-filled triangle represents 
the fluorescent intensity/OD600. The red hollow triangle represents the conversion rate (%). Values and triangles represent the means and standard deviations of 
biological triplicates. 
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sfGFP-11) will form the chromophore and green fluorescence could be 
detected (Fig. 4B). In this study, four different redox partners were 
tested for OleP, including the reductase domain of BM3 (G2 strain) [27], 
the most commonly used CamA/CamB (G3 strain) and SelF
dx1499/SelFdR0978 (G4 strain) in E. coli [28], high-active PetH/PetF 
from Synechocystis sp. PCC6803 (G5 strain) (Fig. 4C) [29]. 

Based on the new sfGFP sensor, PetH/PetF was selected as the most 
proper redox partner for OleP. Compared with the control (G1 strain), 
the value of fluorescence intensity/OD600 between OleP and PetH/PetF 
reached 1.2 × 106, which is 6-fold higher than the value between OleP 
and original CamA/CamB (Fig. 4D). The green fluorescence of the G5 
strain can be seen either by fluorescence microscope or by eyes (Fig. 4C). 
In addition, five additional engineered strains that fused sfGFP were 
removed from the complexes of OleP and Fdxs (R1-R5 strains) were 
constructed to detect the effect of different Fdxs on the hydroxylation of 
DCA. Applying PetH/PetF as a redox partner (R5 strain), the conversion 
rate of DCA significantly increased to 89.2% by whole-cell catalysis, 
further proving the availability of a newly constructed sfGFP sensor 
(Fig. 4D). The results indicated that the novel sfGFP sensor can be 
applied as a rapid and simple method to screen and redesign redox 
partners to enhance the catalytic efficiency of P450s. 

To elucidate the advantage of PetH/PetF in the catalysis of OleP, the 
interactions between OleP and different Fdxs were analyzed by 

simulating the OleP-Fdx complexes using the GRAMM Server [30]. In 
previous studies, it has been proven that the interaction between P450 
and ferredoxin is influenced by the electrostatic forces and the distance 
between iron-sulfur cluster and heme-iron [28]. Based on the simulated 
results, the OleP-petF complex exhibited a larger interface area of 
3667.2 Å2 and significantly stronger hydrogen bonds (14) and salt 
bridges (13), leading to a much shorter distance between Fe2S2 and 
heme-iron (19.1 Å) than the other three complexes (Fig. 5A). 

As the interaction distance between OleP and the redox partner is 
crucial for its catalytic efficiency, a flexible linker (GGGGS)2 was used to 
bind OleP with PetF together. In addition, the expressional ratio be
tween OleP and PetH/PetF was also optimized to obtain the best cata
lytic effect (R6-R9 strains, Fig. 5B). However, the results showed that the 
linkage of OleP and PetH/PetF led to an obvious reduction in the con
version rate of DCA, suggesting that the fusion expression reduced the 
activity of OleP (Fig. 5C). As for the expressional ratio between OleP and 
PetH/PetF, it indicated that it is necessary to maintain a high expres
sional level of PetH/PetF using the high-copy number pRSFDuet-1 
plasmid to match the requirement of catalysis for OleP (Fig. 5C). This 
result was consistent with the previous conclusions for the other P450s 
(CYP109B1 [31] and P450sca-2 [27], etc.) and thus R5 strain was 
selected to perform the following optimization. 

Fig. 5. The simulated analysis and design of redox partners for OleP. (A) The structures and interactions between OleP and Fdxs are presented. The key 
interacting residues in OleP-Fdx complexes are depicted as sticks and highlighted in yellow. Heme and substrates are displayed as sticks, colored in red and wheat, 
respectively. The Fe2S2 cluster is visualized as spheres. The distances (Å) between the iron-sulfur cluster and heme-iron are measured and indicated by dashed red 
lines. The interaction areas of OleP-Fdx are calculated by NovoPro (https://www.novopro.cn/). The numbers of hydrogen bonds and salt bridges are predicted by 
PDBePISA (https://www.ebi.ac.uk/pdbe/). (B) The fusion expression and the different expressional ratios between OleP and PetH/PetF. (C) The conversion rate of 
DCA for R5-R9 strains. The blue-filled triangle represents the biomass (OD600). The red hollow triangle represents the conversion rate (%). Values and triangles 
represent the means and standard deviations of biological triplicates. 
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2.4. The optimal whole-cell catalytic system for OleP to perform the most 
efficient conversion 

Based on the strategies used in AL and R5 strains, a highly active 
E. coli C1 strain that harbors pRSFDuet-petH-petF-oleP and pCDFDuet- 

hemA-hemL plasmids was obtained and the conversion rate could 
reach 89.7% without supplementing ALA and FeCl3. To further improve 
the catalytic efficiency of OleP, the whole-cell catalytic system was 
optimized, including the catalytic form, the biomass of C1 strain whole- 
cell, the concentration of substrate (DCA), the catalytic time, and the 

Fig. 6. The optimal whole-cell catalytic system for OleP catalysis. (A) Effect of catalytic form. (B) Effect of different biomass of resting whole-cell (OD600). (C) 
Effect of concentration of DCA (mg/mL). (D) Effect of catalytic time (h). (E) Effect of NADPH addition and intracellular NADPH regeneration system. The red hollow 
triangle represents the conversion rate (%). Values and triangles represent the means and standard deviations of biological triplicates. 

Fig. 7. LCMS analysis of the hydroxylation of LCA by OleP. (A) Biocatalytic reaction of LCA. a control reaction catalyzed by E. coli C41 (DE3) strain harboring 
pRSFDuet-1 empty plasmid; b the hydroxylation of LCA catalyzed by E. coli O1 strain harboring pET28a-oleP and pACYCDuet-camA-camB plasmids; c the hy
droxylation of LCA catalyzed by E. coli C4 strain harboring pRSFDuet-petH-petF-oleP, pCDFDuet-hemA-hemL, and pACYCDuet-pntAB-nadK plasmids. The black and 
red arrows point to the substrate (LCA) and the hydroxylated product (MDCA), respectively. (B) MS analysis of substrate LCA. (C) MS analysis of hydroxylated 
product MDCA. 
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supply of NADPH cofactor [32]. The results showed that 2.0 mg/mL 
DCA could be catalyzed by C1 strain whole-cell (biomass OD600 = 30) to 
1.85 mg/mL 6β-OH DCA (92.5% conversion rate) in 12 h (Fig. 6A–D). 

In addition, it found that the conversion rate dramatically decreased 
to 71.2% without NADPH addition (Fig. 6E), indicating the requirement 
of intracellular NADPH supply for OleP catalysis. Furthermore, to 
further reduce the cost of NADPH addition, the expression of NAD+

kinase (NadK) or membrane-bound transhydrogenase (PntAB) was 
attempted to enhance intracellular NADPH regeneration [33,34]. The 
results showed that the conversion rates were increased from 71.2% (C1 
strain without NADPH addition) to 90.3% in C2 strain (C1 strain 
harboring pACYCDuet-nadK plasmid) and to 77.6% in C3 strain (C1 
strain harboring pACYCDuet-pntAB plasmid), respectively. Thus, NadK 
and PntAB were co-expressed in the C4 strain (C1 strain harboring 
pACYCDuet-pntAB-nadK plasmid) and the final conversion rate of DCA 
to 6β-OH DCA reached 99.1% without NADPH addition, which is more 
efficient than the best reported result so far (conversion rate of 35%) 
[10]. 

To further verify whether the obtained whole-cell catalytic system 
for OleP can be applicable to catalyze the hydroxylation of other bile 
acids, LCA was further hydroxylated to produce murideoxycholic acid 
(MDCA), which can inhibit the accumulation of cholesterol in serum and 
liver (Table S3) [6]. Through the detection of LCMS, the conversion rate 
of LCA prepared by O1 strain was only 1.6% (Fig. 7A–C). The conversion 
rate of LCA to MDCA significantly increased to 42.7% by using the 
optimal whole-cell catalytic system for C4 strain (Fig. 7A). Therefore, 
the constructed efficient catalytic system for OleP is a promising bio
catalyst for the synthesis of 6β-hydroxylated products of BAs. 

3. Conclusion 

In summary, an efficient whole-cell P450 biocatalyst was obtained 
by improving the soluble expressional level of OleP, enhancing the 
intracellular heme supply, establishing a new biosensor to screen a 
suitable pair of redox partner for OleP, and optimizing the whole-cell 
catalytic conditions. The final engineered E. coli C4 strain that harbors 
pRSFDuet-petH-petF-oleP, pCDFDuet-hemA-hemL, and pACYCDuet- 
pntAB-nadK plasmids has a strong ability of hydroxylation, achieving 
the conversion rate of 99.1% for 6β-OH DCA and 42.7% for MDCA using 
DCA and LCA as substrates, respectively. The combinatorial catalytic 
strategies used in this study offer insights into enhancing the catalytic 
efficiency of other P450s. 
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