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Abstract
In this study, the conversion of vitamin D3 (VD3) to its two active forms 25(OH)VD3 and 1α, 25(OH)2VD3 was carried out 
by engineering the hydroxylase CYP105A1 and its redox partners Fdx and Fdr. CYP105A1 and Fdx–Fdr were respectively 
expressed in E. coli BL21(DE3) and purified. The electron transport chain Fdx–Fdr had higher selectivity for the coenzyme 
NADH than NADPH. HPLC analysis showed that CYP105A1 could hydroxylate the C25 and C1α sites of VD3 and convert 
VD3 to its active forms. Finally, a one-bacterium-multi-enzyme system was constructed and used in whole-cell catalytic 
experiments. The results indicated that 2.491 mg/L of 25(OH)VD3 and 0.698 mg/L of 1α, 25(OH)2VD3 were successfully 
produced under the condition of 1.0% co-solvent DMSO, 1 mM coenzyme NADH and 35 g/L biocatalyst loading. This study 
contributes to a basis for the industrial production of active VD3 in future.
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Introduction

Vitamin D3 (VD3), also known as “the sunshine vitamin,” 
is a fat-soluble vitamin and hormone precursor that plays an 
important role in the metabolism of calcium and phospho-
rus. It is also an essential substance for the growth and repro-
duction of humans and animals (DeLuca 1982; Pike 1991). 
However, VD3 has no physiological activity. In mammals, 
vitamin D3 is converted to active forms when hydroxylation 
occurs at the C1α or C25 site in the parent nuclear struc-
ture of VD3 through the hydroxylation of CYP450 enzymes 
in liver and kidney cells (Brenza and DeLuca 2000; Kang 
et al. 2006), including 1α(OH)VD3, 25(OH)VD3, and 1α, 
25(OH)2VD3. The most active form is 1α, 25(OH)2VD3 

(Bury et al. 2001; Koyama et al. 1998). The metabolic pro-
cess of VD3 in the human body involves a two-step hydroxy-
lation reaction (DeLuca and Schnoes 1983), which is shown 
in Fig. 1.

Active vitamin D3 can be produced through chemical 
synthesis and microbial transformation. The chemical syn-
thesis method is unsuitable for industrial production because 
of its disadvantages, such as multiple and complex steps, 
unstable properties, complex structures, difficulty in separa-
tion and purification, a high preparation cost, low synthesis 
efficiency, and serious pollution (Kametani and Furuyama 
1987). Given an increasing demand for active VD3, an effi-
cient method that can replace chemical synthesis and facili-
tate its industrial production is urgently needed. The micro-
bial transformation has a low cost and high stereoselectivity 
and causes low environmental pollution, greatly shorten-
ing the reaction steps of chemical synthesis. Moreover, the 
catalytic reaction condition of biological enzymes is mild 
and has a good repeatability. It can facilitate automatic pro-
duction of active VD3 and has a wide application prospect 
(Kang et al. 2015).

C25 and C1α sites are the two main hydroxylation sites 
of VD3 during microbial transformation for industrial pro-
cesses. Researchers have screened bacteria, fungi and actino-
mycetes used in microbial transformation reactions (Fujii 
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et al. 2009). Pseudonocardia autotrophica and Stretomyces 
are the most commonly found in applied studies. Strepto-
myces sp. is used to transform the 1α site of 25(OH)VD3 to 
1α, 25(OH)2VD3 (Sasaki et al. 1991). P. autotrophica ID 
9302 and Pseudonocardia KCTC 1029BP are successively 
used in the transformation of 1α, 25(OH)2VD3 (Kang et al. 
2015, 2006). P. autotrophica CGMCC5098 can be used in 
the transformation of 25(OH)2VD3 (Luo et al. 2017).

However, relying solely on screened wild-type strains 
for active VD3 production has some disadvantages, such as 
low activity and many by-products. The reasons can be that 
vitamin D compounds are not the naturally preferred sub-
strates for the hydroxylases of these strains and the normal 
physiological metabolism of the strains. Therefore, cloning 
key enzymes is necessary in enhancing the hydroxylation 
activity of VD3 hydroxylase, particularly in obtaining the 
desired expression level and optimizing three-dimensional 
structures and active sites (Kawauchi et al. 1994).

In recent years, the wide application of genetic engineer-
ing technology in biotransformation and successive studies 
on the structure and function of CYP450 enzymes are the 
main reasons for the successful expression of VD3 hydroxy-
lases in E. coli, yeast, red coccus, and other engineered bac-
teria. Fast growth rate, easy operation, and improved conver-
sion rate have been achieved (Imoto et al. 2011; Sakaki et al. 
2011). Cytochrome p450su-1 (CYP105A1), derived from 
Streptomyces griseolus, is one of the most well-studied VD3 
hydroxylases (Sakaki et al. 2011; Sasaki et al. 1991; Sawada 
et al. 2004; Sugimoto et al. 2008). CYP105A1 not only has 
25-hydroxylation activity towards VD2 and VD3, but also 
has 1α-hydroxylation activity towards 25(OH)VD3 (Sawada 
et al. 2004). Hence, it is interesting to investigate the use 
of CYP105A1 to catalyze VD3 to prepare physiologically 
active VD3, 25(OH)VD3 and 1α, 25(OH)2VD3.

The electron transport chain is critical to the catalytic 
efficiency of CYP450 enzymes, and a majority of CYP450s, 
including CYP105A1, must rely on one or more redox 
molecular chaperones (Fujii et  al. 2009). The electron 

transport chains of CYP450s have several families. The 
ferredoxin (Fdx)–ferredoxin reductase (Fdr) electron trans-
port chain, which belongs to the class I family, is currently 
a widely used artificial electron transport chain in bacteria 
(Fujii et al. 2009; Pham et al. 2013; Sawada et al. 2004). 
Other artificial electron transfer chains, such as putidare-
doxin (Pdx)–putidaredoxin reductase (Pdr) and adrenodoxin 
(Adx)–adrenodoxin reductase (Adr), are also used in dif-
ferent microorganisms (Goñi et al. 2009; Hannemann et al. 
2007).

This study aims to construct a one-bacterium-multi-
enzyme system to convert VD3 to its physiologically active 
forms, 25(OH)VD3 and 1α, 25(OH)2VD3. In order to achieve 
this goal, the CYP105A1 gene (GenBank accession Num-
ber M32238.1) derived from S. griseolus and the electron 
transport chain gene Fdx–Fdr (GenBank accession Num-
ber AB221118.1) dervied from Acinetobacter sp. OC4 were 
synthesized artificially and transformed into E. coli BL21 
(DE3). The biological activities and hydroxylation processes 
of these key enzymes were analyzed. The results demon-
strated that CYP105A1 from S. griseolus displayed a good 
hydroxylation activity towards VD3. Moreover, the whole-
cell-catalyzed VD3 experiments in a multi-enzyme system 
were conducted to explore the effect of different factors on 
hydroxylation efficiency and to provide a basis for the indus-
trial production of the physiologically active VD3.

Materials and methods

Bacterial strains, plasmids, and growth conditions

All strains and plasmids used in the experiments are listed in 
Table 1. Escherichia coli DH5α was used as the host strain 
for constructing recombinant plasmids. The E. coli BL21 
(DE3) strain was used as the expression host. Unless other-
wise specified, the E. coli strain was cultured in Luria–Ber-
tani (LB) medium (10 g/L peptone, 5 g/L yeast extract, and 

Fig. 1   Metabolic process of VD3 in the human body
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10 g/L NaCl, pH 7.4) and incubated at 37 °C in a shake flask. 
All primer sequences used in this study are listed in Table 2 
and were directly synthesized by Shanghai Sangon Bio-
tech Co. Ltd, China. Isopropyl-β-D-thiogalactopyranoside 
(IPTG), peptone, yeast extract, NaCl, kanamycin, and ampi-
cillin were purchased from BBI Co. Ltd, USA. Vitamin D3, 
25(OH)VD3, and 1α, 25(OH)2VD3 were purchased from 
J&K Scientific Co. Ltd, China. The plasmid purification kit, 
DNA fragment purification kit, agarose gel DNA extraction 
kit, restriction endonucleases and T4 DNA ligase were pur-
chased from TaKaRa Co. Ltd, Japan.

Construction and transformation of recombinant 
plasmid based on pET28a(+)

The synthetic CYP105A1 gene was ligated to the pET28a(+) 
expression vector after double digestion with two restric-
tion endonucleases (BamHI and XhoI), and the recombi-
nant plasmid pET28a(+)-CYP105A1 was obtained. The 
hydroxylase CYP105A1 belongs to the CYP450 enzyme 
family and requires electron transport chains (redox chap-
erones) to maintain hydroxylation reactions (Hannemann 
et  al. 2007). According to the literature (Ahmed et  al. 
2014), Fdx–Fdr from Acinetobacter with good compatibil-
ity was selected as the electron transfer chain, and the whole 
gene was synthesized. In the same manner, the expression 
plasmid pET28a(+) was ligated to obtain the recombinant 
plasmid pET28a-Fdx-Fdr. The two recombinant plasmids 
pET28a(+)-CYP105A1 and pET28a(+)-Fdx-Fdr were 

respectively transferred to E. coli BL21(DE3) competent 
cells. Positive clones were screened through verification in 
terms of plasmid size, double digestion, PCR, and sequenc-
ing and stored in glycerol tubes at − 80 °C.

Cultivation of recombinant E. coli cells

Recombinant E. coli BL21 (DE3) was incubated in LB 
medium containing 50 μg/mL kanamycin at 37 °C under 
good aeration. The transcription of the target gene under the 
lac promoter was initiated by the addition of IPTG at a con-
centration of 0.25 mM when the cell density (OD600) reached 
0.8. The recombinant E. coli BL21 (DE3) was gently shook 
at 25 °C, and the expression of target proteins were analyzed 
with SDS–PAGE.

Preparation of cytosolic fractions and SDS–PAGE 
analysis of the target proteins

After being induced for 24 h, the cultures were taken out 
and centrifuged at 12,000 rpm for 10 min. The obtained 
cells were resuspended in 5 mL of phosphate buffer (PBS, 
pH7.4) for ultrasonic treatment (work 6 s, pause 6 s, 150 W). 
The supernatant and precipitate of the resulting crushing 
solution were obtained through centrifugation (12,000 rpm, 
10 min, 4 °C), and the precipitate was re-suspended with 
PBS buffer (pH7.4).

Approximately 20 μL of the supernatant and the pre-
cipitate were subjected to SDS–PAGE analysis, which was 
performed on a 12% running gel. Resolved proteins were 
visualized by staining with Coomassie brilliant blue G-250.

Purification of the target proteins

The target proteins were purified through Ni2+-NTA col-
umn chromatography (Hefti et  al. 2001; Janknecht et  al. 
1991). Cytosolic fractions prepared from each cell culture 
were applied to a Ni2+- Sepharose column (Ni–NTA Sefi-
nose™ Resin) equilibrated with binding/washing buffer 
(50 mM NaH2PO4, 300 mM NaCl, and 20 mM imidazole) at 
a flow rate of 1 mL/min. After the binding of the target pro-
teins, the column was washed with the same buffer, and the 

Table 1   Strains and plasmids

Strains and plasmids Primer sequences Sources

Strains E. coli DH5α Invitrogen, USA
E. coli BL21(DE3) Invitrogen, USA

Plasmids pET28a(+) Invitrogen, USA
pETDuet-1 Invitrogen, USA

Recombinant plasmids pET28a-CYP105A1 This study
pET28a-Fdx-Fdr This study
pETDuet-1-CYP105A1 This study
pETDuet-1-CYP105A1-

Fdx-Fdr
This study

Table 2   Primer sequences used in this study

Genes Primer names Sequences Restriction sites

CYP105A1 CYP105A1-F1 5′-TCG​CGG​ATC​CGA​TGA​CCG​
ATA​CCG​CCA​CGA​CGC​CCC​-3′

BamHI

CYP105A1-R1 5′-CTT​CAA​GCT​TTT​ACC​AGG​TGA​CCG​GGA​GTT​CGT​TGA​-3′ HindIII
Fdr–Fdx Fdrx–F1 5′-TCG​GCA​TAT​GCA​AAC​AAT​ CGT​CAT​CAT​TGG​CGC-3′ NdeI

Fdrx-R1 5′-GCT​TCT​CGA​GTT​ACA​TCT​GAA​ACT​CAG​GCA​GAT​GTA​-3′ XhoI
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histidine-tagged protein was eluted with elution buffer (50 mM 
NaH2PO4, 300 mM NaCl, and 250 mM imidazole, pH 8.0).

Biological activity analysis of the electron transport 
chain

The oxidation activity and preference of Fdr on NAD(P)
H was evaluated using 2, 6-indophenol sodium dichloride 
(DCPIP), which is an oxidation–reduction indicator with a 
blue oxidation state (absorption peak at 600 nm) and color-
less reduced state (absorption peak disappears at 600 nm) 
(Dean and Pocock 2004). The oxidation activity of Fdr to 
NAD(P)H and the preference of Fdr to NADH or NADPH 
can be evaluated according to the reduction rate of light 
absorption value at 600 nm. The reaction system (1.5 mL) 
included 200 µL of DCPIP, 50 µL of 200-fold-diluted puri-
fied enzyme solution Fdx–Fdr, 650 µL of PBS buffer at 
pH 7.2–7.4, and 100 µL of 10 mM NaCl solution. After 
the mixture was evenly mixed, 180 µL of the mixture was 
taken out and added to a 96-well plate, then 20 µL of 30 mM 
NADH was added to initiate the electron transfer reaction. 
The OD600 value change within 15 min was immediately 
measured with a microplate at an absorption wavelength of 
600 nm, and the absorption change curve was recorded.

In the control group, 20 µL of 30 mM NADH solution 
was replaced with 20 µL of PBS buffer at pH 7.2–7.4. The 
NADPH control group was set up, and 20 µL of 30 mM 
NADH solution was replaced with 20 µL of 30 mM NADPH 
solution. The preferential selection of the electron transport 
chain Fdx–Fdr for NADH or NADPH was studied.

Cytochrome C was used in evaluating the activities of 
Fdx and Fdr. Cytochrome C is a protein containing ferric 
hemoglobin, which can receive electrons mediated by Fdr as 
an artificial receptor. The change in the absorption peak of 
its reduced state at 550 nm can be used in indirectly evaluat-
ing Fdx activity and evaluating the in vitro coupling effect 
of Fdx–Fdr on the basis of the electron transfer sequence of 
coenzyme NADH → Fdr → Fdx → cytochrome C. The mix-
ture was evenly mixed in a 1.5 mL reaction system com-
posed of 200 µL of cytochrome C, 50 µL of 200-fold-diluted 
purified enzyme solution Fdx–Fdr, 650 µL of PBS buffer 
with pH 7.2–7.4, 100 µL of 1 mM NaCl solution, and 180 
µL of mixture was taken out and added to a 96-well plate, 
then 20 µL of 30 mM NAD(P)H was added to initiate the 
electron transfer reaction. The OD550 value change within 
10 min was immediately measured with a microplate, and 
the absorption change curve was recorded.

Investigation of the target enzymes in the catalytic 
reaction of VD3 hydroxylation

In order to establish the in vitro hydroxylation system 
of VD3, a recombination system containing the target 

proteins (CYP105A1, Fdx–Fdr), FeCl3 (100 mM), glucose 
(60 mM), and NaCl (50 mM) was initially constructed by 
adding the corresponding protein solutions. The role of 
the target proteins in catalyzing VD3 hydroxylation was 
explored. The substrate VD3 was dissolved in dimethyl 
sulfoxide (DMSO) and eventually added at a concentration 
of 0.1 mg/mL. Then, 1 mM NAD(P)H was added to initi-
ate the reaction. The hydroxylation reaction (10 mL) was 
carried out in a constant temperature oscillator at 30 °C 
and oscillation speed of 180 rpm. After 24 h of reaction, 
ethyl acetate was added to stop the reaction. The reaction 
solution was extracted twice with 2 mL of ethyl acetate, 
and the organic phase was removed with a rotary evap-
orator. Methanol was added for solubilization and ana-
lyzed through high- performance liquid chromatography 
(HPLC).

HPLC analysis of the VD3 yield

HPLC is widely used in determining VD3 and its hydroxyla-
tion products (Hayashi et al. 2008, 2016; Sawada et al. 2004; 
Sugimoto et al. 2008). Given that VD3 and its hydroxylation 
products have highly similar structures and hydrophobicity, 
the condition of HPLC in this study was as follows: mobile 
phase, methanol/water (95:5, v/v); column, Agilent C18 
(4.6 mm × 9 mm × 150 mm) reversed-phase column chro-
matography silica gel; detection wavelength, 264 nm; flow 
rate; 1.0 mL/min; injection volume, 20 μL; column tem-
perature, 40 °C.

Construction of a one‑bacterium‑multi‑enzyme 
system for hydroxylation of VD3

An expression plasmid for CYP105A1 was constructed. 
A PCR fragment containing the CYP105A1 gene with 
BamHI and HindIII sites was obtained using the primers 
CYP105A1-F1 and CYP105A1-R1 (Table 2). The PCR 
fragment was inserted into the MCS1 of the plasmid pET-
Duet-1 after double enzyme digestion. The resultant expres-
sion plasmid pETDuet-1-CYP105A1 was introduced into E. 
coli DH5α for preservation and subsequent construction.

An expression plasmid for the co-expression of 
CYP105A1 and Fdx–Fdr was constructed. The PCR frag-
ment containing Fdx–Fdr with NdeI and XhoI restric-
tion endonuclease sites was obtained using the primers 
Fdrx–F1and Fdrx–R1 (Table 2). The PCR fragment after 
double enzyme digestion by NdeI and XhoI was inserted 
into the MCS2 of the plasmid pETDuet-1-CYP105A1. After 
verification, the resultant expression plasmid pETDuet-
1-CYP105A1-Fdx-Fdr was introduced into E. coli DH5α 
for preservation and E. coli BL21(DE3) for expression.
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Whole‑cell conversion of VD3 to its active forms 
25(OH)VD3 and 1α, 25(OH)2VD3

For the whole-cell conversion experiments, VD3 was dis-
solved in DMSO as a solubilizing agent. A whole-cell cata-
lytic approach was used in verifying the activities of the 
expressed key enzymes. The hydroxylation efficiency of VD3 
was investigated in terms of co-solvent DMSO, the addi-
tion of coenzyme NADH, and loading of biocatalyst. The 
hydroxylation efficiency of VD3 catalyzed by the enhanced 
enzyme CYP105A1 with the assistance of the electron trans-
fer chain Fdx–Fdr was explored.

The hydroxylation activity of recombinant E. coli for 
VD3 was determined in a 10 mL system. Recombinant cells, 
PBS buffer (pH7.2–7.4), 0.1 g/L VD3, and 1 mM coenzyme 
NADH were added to the reactor. The sample was then sub-
jected to an oscillatory reaction at 30 °C and 180 rpm for 
24 h. Ethyl acetate was added to stop the reaction. After 
the catalysis, ethyl acetate was used for extraction, and the 
extraction solution was collected, evaporated, and cleaned 
with a rotary evaporator. After methanol was added and re-
dissolved, the solution was filtered with a 0.45 μm aperture 
filter membrane. The components of the filtrate were ana-
lyzed through HPLC.

The effect of the co-solvent DMSO on the hydroxylation 
efficiency of VD3 was investigated. The concentration gradi-
ent of the co-solvent DMSO (with a volume ratio of 0.1–3%) 
was set and added to the catalytic system at the same time 
with the VD3. Then, the sample was placed at 30 °C and 
180 rpm for 24 h of oscillating reaction, and ethyl acetate 
was added to stop the reaction. After the reaction, the sample 
was extracted with ethyl acetate, then the extraction solu-
tion was collected and evaporated to dryness with a rotary 
evaporator. After methanol was added and re-dissolved, the 
components in the sample were analyzed by HPLC.

The effect of NADH addition on the hydroxylation effi-
ciency of VD3 was studied. Coenzyme NADH (1.0 mM) was 
added to the 10 mL reaction system. The control group con-
tained no coenzyme NADH, and other conditions remained 
unchanged.

To investigate the effect of biocatalyst loading (i.e., con-
centration of bacteria) on the hydroxylation efficiency of 
VD3, 5, 10, 15, 25 and 35 g/L of recombinant cells were 
respectively added to the 10 mL hydroxylation reaction sys-
tem. Other conditions were unchanged.

Statistical analysis

The experiments were carried out in triplicates, and the 
results were represented as the mean ± standard deviation. 
The student’s t test was used for statistical analysis using 
SPSS 17.0 software. Graphing of data was performed using 
Origin 8.5 software.

Results

Soluble expression and purification of the target 
proteins

In order to study the in vitro hydroxylation capacity of 
the key proteins, the plasmids pET28a( +)-CYP105A1 and 
pET28a(+)-Fdx-Fdr for the expression of the target pro-
teins were successfully constructed.

For enhancing the soluble expression of the target pro-
teins CYP105A1, Fdx, and Fdr, the culture condition was 
set as 24 °C for 24 h. According to SDS-PAGE analy-
sis, the apparent molecular weights of the three proteins 
were 50.6, 16.0, and 45.0 kDa (Fig. 2), which were con-
sistent with the expected values and indicated that the 
three proteins were correctly expressed in recombinant 
strains E. coli BL21/pET28a( +)–CYP105A1 and E. coli 
BL21/pET28a( +)–Fdx–Fdr. The intracellular proteins 
in recombinant strains were released through ultrasonic 
crushing followed by Ni2+-NTA column purification and 
SDS–PAGE analysis. As shown in Fig. 2, after Ni2+-NTA 
column purification, single protein bands were obtained 
for all the three target proteins, indicating that the target 
proteins were successfully purified.

Biological activity analysis of the electron transport 
chain

The purified proteins were further used in analyzing the 
biological activity of the electron transport chain. First, the 
electron transfer effect of Fdr was evaluated. The OD600 
values in the sample without NAD(P)H were stable and 
almost unchanged, whereas those in the two groups with 
the coenzyme NAD(P)H decreased. This result indicated 
that the electron transport chain Fdx–Fdr can effectively 
receive the coenzyme NAD(P)H (Fig. 3a). The OD600 
reduction rate of the sample with coenzyme NADH was 
quicker than that of the coenzyme NADPH group, sug-
gesting that the coenzyme NADH had a stronger abil-
ity to reduce Fdr than NADPH and the electron transfer 
(Fdx–Fdr) prefers coenzyme NADH (Fig. 3a).

Moreover, the oxidative activity of Fdx was assessed. 
Compared to the control group, the treatment group with 
coenzyme NAD(P)H showed significantly higher OD550 
values, demonstrating that Fdx was able to couple with 
Fdr to transfer electrons from coenzyme NAD(P)H to Fdx 
via the electron transport chain. An increasing trend was 
more evident in the treatment with NADH, further indicat-
ing that the electron transport chain (Fdx–Fdr) had higher 
selectivity for coenzyme NADH (Fig. 3b).
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In vitro catalytic study of the VD3 hydroxylation

After purification using the Ni–NTA column, the hydroxy-
lation reaction system for the synthesis of physiologically 
active VD3 was established in vitro and used in verifying the 
hydroxylation activity of hydroxylase CYP105A1 assisted 
by the electron transport chain Fdx–Fdr, where NADH was 
employed as the coenzyme to initiate the hydroxylation 
reaction.

The analysis of VD3 and corresponding hydroxylation 
products through HPLC is shown in Fig. 4. The reten-
tion time of the standard samples 25(OH)VD3 and 1α, 
25(OH)2VD3 is respectively 5.147 and 3.857 min (Fig. 4a 
and b), while the VD3 hydroxylation products (Fig. 4c) 
exhibited two peaks with the same retention time with the 
standard samples 25(OH)VD3 and 1α, 25(OH)2VD3. This 
indicated that CYP105A1 could hydroxylate the C25 and 
C1α sites of VD3 and convert VD3 to its active forms, 
25(OH)VD3 and 1α, 25(OH)2VD3, under the combined 
action of the electron transport chain (Fdx–Fdr).

Determination of the hydroxylation activity 
of the recombinant E. coli for VD3

The recombinant E. coli  BL21(DE3)/pETDuet-
1-CYP105A1-Fdx-Fdr was constructed successfully. The 
SDS–PAGE results of the three recombinant proteins, 
CYP105A1, Fdx and Fdr are shown in Fig. 5, indicating 
that they were correctly expressed in recombinant E. coli 

cells. To verify if the recombinant E. coli cells had the 
hydroxylation function for VD3, VD3 and corresponding 
hydroxylation products were subjected to HPLC analysis. 
The results showed that the characteristic absorption peaks 
appeared at corresponding retention times, indicating that 
the constructed recombinant expression strain had hydroxy-
lation function and could catalyze the hydroxylation reac-
tion of VD3 to produce two active products: 25(OH)VD3 
and 1α, 25(OH)2VD3. The yield of the product 25(OH)
VD3 was 1.245 ± 0.27 mg/L, whereas that of the product 
1α, 25(OH)2VD3 was only 0.192 ± 0.15 mg/L. This result 
showed that the hydroxylation of VD3 by hydroxylase 
CYP105A1 was carried out step by step, and 25(OH)VD3 
served as the intermediate, and 1α, 25(OH)2VD3 served as 
the final product.

Effect of DMSO concentration on hydroxylation 
activity

The effect of different concentrations of DMSO on the 
hydroxylation of VD3 was investigated (Fig.  6a). The 
yields of the two active products were significantly differ-
ent. The product 25(OH)VD3 had the highest yield, which 
ranged from 1.377 mg/L to 1.767 mg/L. The highest yield 
of 1α, 25(OH)2VD3 was only 0.386 mg/L. Although the 
highest yields of the two products were obtained at 0.1% 
DMSO concentration, a low DMSO concentration is not 
conducive to the dissolution of VD3 and may be detrimen-
tal to the yields of the target products during the expanded 

Fig. 2   SDS–PAGE analysis of cytosolic fractions of the recombinant 
E. coli and the purified samples of CYP105A1, Fdx, and Fdr. The 
molecular weights of CYP105A1, Fdx, and Fdr were approximately 
50.6, 16.0, and 45.0 kDa, respectively. a Lane M: protein molecular 
weight marker, Lane 1: proteins in supernatant from E. coli BL21/
pET28a-CYP105A1 after IPTG induction, Lane 2: precipitated pro-

teins from E. coli BL21/pET28a-CYP105A1 after IPTG induction, 
Lanes 3 and 4: purified CYP105A1 from supernatant. b SDS–PAGE 
analysis of the purified samples of Fdx and Fdr. Lane M: protein 
molecular weight marker, Lanes 1–3: purified Fdx and Fdr from 
supernatant
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generation process. Therefore, a high concentration of 
DMSO was used to solubilize the substrate and product 
and increase the yields of the target products.

When 0.5%–1.5% co-solvent DMSO was added, the 
yields of the two products were relatively stable, and the 
highest yield of the final product 1α, 25(OH)2VD3 was 
obtained at 1% of DMSO, reaching 0.348 mg/L. The yield 
of 25(OH)VD3 reached 1.581 mg/L, which was slightly 
lower than that of the group with 0.5% addition. When the 
DMSO concentration was 2%, although 1α, 25(OH)2VD3 
was higher than for 1% DMSO addition, the content of 
25(OH)VD3 was much lower than that after the addition 
of 1% DMSO. Therefore, given the total yield of both 
two products, 1% DMSO was selected for the whole-cell 
catalysis experiments.

Effect of coenzyme NADH addition 
on the hydroxylation efficiency of VD3

The effect of NADH addition on hydroxylation efficiency 
was further investigated according to the optimization of the 
co-solvent DMSO (Fig. 6b). The recombinant strains them-
selves produce the coenzyme NADH during metabolism, 
which can promote the hydroxylation of VD3 and catalyze 
the synthesis of physiologically active products 25(OH)VD3 
and1α, 25(OH)2VD3.

The treatment group with 1  mM coenzyme NADH 
had 0.660 mg/L 25(OH)VD3, and the final product 1α, 
25(OH)2VD3 yield was 0.492 mg/L. The treatment group 
with 1 mM coenzyme NADH had a significantly higher 
amount of active substance 25(OH)VD3 than the control 
group (p < 0.05), but the yield of 1α, 25(OH)2VD3 did not 
change significantly. This result indicated that the addition 
of coenzyme NADH increased the hydroxylation efficiency 
of the C25 site.

Effect of cell concentration on the hydroxylation 
efficiency of VD3

The addition of key proteins in the whole-cell catalytic reac-
tion is an important step in the catalytic process, and the 
addition of proteins is determined by the number of recom-
binant cells added. Therefore, the effect of the cell concen-
tration on the hydroxylation activity of VD3 was further 
investigated on the basis of co-solvent DMSO and NADH 
concentration (Fig. 6c).

The yields of the two active products gradually increased 
with the increase in cell concentration. The highest yields 
were obtained at 35 g/L, where the concentrations of 25(OH)
VD3 and 1α, 25(OH)2VD3 reached 2.491 and 0.698 mg/L, 
respectively. As the cell concentration increased further, the 
viscosity of the reaction solution increased, and the trans-
fer of oxygen was restricted, resulting in insufficient dis-
solved oxygen in the later stages of the reaction. With further 
increase in the cell concentration, the yields of both products 
started to decrease. A final cell concentration of 35 g/L was 
selected.

Discussion

VD3 presents as a prohormone in mammals, including 
humans (Jones et al. 1998). It is not physiologically active 
by itself, but after conversion by CYP450 enzymes, includ-
ing CYP105A1, physiologically active 25(OH)VD3 and 1α, 
25(OH)2VD3 are produced. The former is the predominantly 
active form, which was supported by the results of this study. 
Given that 1α, 25(OH)2VD3 is the most active form, how 
to further improve hydroxylation activity towards the C1α 
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a Preference for coenzyme NAD(P)H by electron transfer chain. b 
Changing curve of cytochrome C at OD value of 550 nm
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site will be the direction of subsequent research. In terms of 
molecular manipulation, spatial structure optimization and 
active site modification may be effective approaches.

Studies on the structure of the CYP105A1 protein have 
shown that Arg73 and Arg84 are the key residues that main-
tain its activity and the single and double mutation of R73V/
R84A alters substrate preference and enhances hydroxyla-
tion activity relative to that of a wild-type enzyme (Hayashi 
et al. 2008). Hayashi et al. (2016) demonstrated that the 
R73V/R84A double mutation of CYP105A1 has a hydrox-
ylation capacity not only for VD3 but also for VD2 and a 

double-mutation enzyme has a higher C25 hydroxylation 
capacity and C26 (C27) hydroxylation activity to VD2.

A majority of CYP450 enzymes must rely on the coen-
zyme NAD(P)H to transfer electrons through the electron 
transport chain and catalyze different chemical reactions 
(Hannemann et al. 2007). Although the endogenous electron 
transport chain exists in microorganisms, it may not be suffi-
cient for the large-scale production of active VD3 with engi-
neered bacteria. The heterologous expression of the electron 
transport chain can solve the above problems, although a 
high coupling efficiency of the electron transport chain must 

Fig. 4   The analysis of VD3 
and corresponding hydroxyla-
tion products through HPLC. 
a HPLC chromatogram of 
the standard sample 25(OH)
VD3, b HPLC chromatogram 
of the standard sample 1α, 
25(OH)2VD3, and c HPLC 
chromatogram of the VD3 
hydroxylation products in vitro
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be ensured using CYP450 enzymes. Fdx–Fdr can act as an 
efficient electron donor in E. coli, with good coupling to dif-
ferent CYP450 enzymes (Goñi et al. 2009; Ke et al. 2017). 
The results of the present study verified the above findings. 
As reported in previous research, the addition amount of Fdr 
should be limited on a certain scale; otherwise, the activity 
of CYP105A1 will be inhibited (Sawada et al. 2004).

Given that the coenzyme NAD(P)H produced by the bac-
terium itself may not be sufficient for the large-scale pro-
duction of active VD3, the hydroxylation reaction can be 
facilitated by the addition of coenzyme NAD(P)H in vitro. It 
is demonstrated that the enhancement of hydroxylation effi-
ciency by NADH was more obvious than that by NADPH. 
Although in vitro hydroxylation produces active VD3, it is 
difficult to use in the industrial production of active VD3 in 
view of cost and efficiency. Therefore, in this study, a one-
bacterium-multi-enzyme system was constructed to produce 
active VD3, but the yield was not high. Hence, the culture 
conditions will be further optimized in the next step. Given 
the obvious disadvantages of adding coenzyme NADH 
in vitro, such as extremely high cost and low stability, we 
will consider constructing a coenzyme regeneration system 
in vivo.

In conclusion, a recombinant engineered bacterium 
containing the hydroxylase gene CYP105A1 and electron 

Fig. 5   SDS–PAGE analysis of cytosolic fractions of the recombi-
nant E. coli. Lane M: protein molecular weight marker, Lane 1: pro-
teins in supernatant from E. coli BL21 after IPTG induction, Lane 
2: proteins in supernatant from E. coli BL21/pETDuet-1 after IPTG 
induction, Lane 3: proteins in supernatant from E. coli BL21/pET-
Duet-1-CYP105A1 after IPTG induction, Lane 4: proteins in super-
natant from E. coli BL21/pETDuet-1-CYP105A1-Fdx-Fdr after IPTG 
induction, Lane 5: precipitated proteins from E. coli BL21/pETDuet-
1-CYP105A1 after IPTG induction, Lane 6: precipitated proteins 
from E. coli BL21/pETDuet-1-CYP105A1-Fdx-Fdr after IPTG induc-
tion, Lane 7: purified Fdx and Fdr, Lane 8–10: purified CYP105A1 
from supernatant
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transfer chain gene Fdx–Fdr was constructed to establish 
a one-bacterium-multi-enzyme reaction system, which was 
used to catalyze the hydroxylation of VD3 by whole cells. 
The engineered strain with hydroxylation function obtained 
by genetic engineering catalyzed the synthesis of physiologi-
cally active VD3, and the experiment showed that the con-
struction of the engineered bacteria was successful. Further-
more, the goal of using hydroxylase CYP105A1 to catalyze 
the synthesis of physiologically active VD3 was achieved. 
Hence, this study laid a solid foundation for the industrial 
production of active VD3 in future.
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