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ABSTRACT Steroidal 17-carbonyl reduction is crucial to the production of natural bioac-
tive steroid medicines, and boldenone (BD) is one of the important C-17-hydroxylated ste-
roids. Although efforts have been made to produce BD through biotransformation, the
challenges of the complex transformation process, high substrate costs, and low catalytic
efficiencies have yet to be mastered. Phytosterol (PS) is the most widely accepted sub-
strate for the production of steroid medicines due to its similar foundational structure
and ubiquitous sources. 17b-Hydroxysteroid dehydrogenase (17bHSD) and its native elec-
tron donor play significant roles in the 17b-carbonyl reduction reaction of steroids. In this
study, we bridged 17bHSD with a cofactor regeneration strategy in Mycobacterium neo-
aurum to establish a one-step biocatalytic carbonyl reduction strategy for the efficient
biosynthesis of BD from PS for the first time. After investigating different intracellular elec-
tron transfer strategies, we rationally designed the engineered strain with the coexpres-
sion of 17bhsd and the glucose-6-phosphate dehydrogenase (G6PDH) gene in M. neoau-
rum. With the establishment of an intracellular cofactor regeneration strategy, the ratio of
[NADPH]/[NADP1] was maintained at a relatively high level, the yield of BD increased
from 17% (in MNR M3M-ayr1S.c) to 78% (in MNR M3M-ayr1&g6p with glucose supplemen-
tation), and the productivity was increased by 6.5-fold. Furthermore, under optimal glu-
cose supplementation conditions, the yield of BD reached 82%, which is the highest yield
reported for transformation from PS in one step. This study demonstrated an excellent
strategy for the production of many other valuable carbonyl reduction steroidal products
from natural inexpensive raw materials.

IMPORTANCE Steroid C-17-carbonyl reduction is one of the important transformations
for the production of valuable steroidal medicines or intermediates for the further
synthesis of steroidal medicines, but it remains a challenge through either chemical
or biological synthesis. Phytosterol can be obtained from low-cost residues of waste
natural materials, and it is preferred as the economical and applicable substrate for
steroid medicine production by Mycobacterium. This study explored a green and effi-
cient one-step biocatalytic carbonyl reduction strategy for the direct conversion of
phytosterol to C-17-hydroxylated steroids by bridging 17b-hydroxysteroid dehydro-
genase with a cofactor regeneration strategy in Mycobacterium neoaurum. This work
has practical value for the production of many valuable hydroxylated steroids from
natural inexpensive raw materials.

KEYWORDS C-17-hydroxylated steroids, phytosterol, cofactor regeneration, 17b-
hydroxysteroid dehydrogenase, glucose-6-phosphate dehydrogenase

C-17-hydroxylated steroids belong to a family of natural steroids with important medicinal
value and are useful precursors for the synthesis of other high-performance steroid

medicines (1, 2). Boldenone (BD) (androsta-1,4-dien-17-ol-3-one), a protein anabolic hormone,
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is one of the important C-17-hydroxylated steroids, which can support nitrogen retention,
stimulate erythropoietin release, and promote protein synthesis. BD used to be mainly pro-
duced from androst-4-ene-3,17-dione (AD) by chemical synthesis (3), but the high-cost proc-
esses and severe experimental conditions inhibited its development. Research in this area has
grown rapidly over the past decades, but the challenge of a green and efficient approach for
C-17-carbonyl reduction of steroids has yet to be mastered. With the constant development
of green sustainable microbial transformation technologies, the production of BD through
biotransformation has gained much research interest. In a previous study, BD was achieved
from AD via Arthrobacter simplex and recombinant Pichia pastoris ordered biotransformations
(4). Besides, many other microorganisms, such as Mucor racemosus, Nostoc muscorum, and
Arthrobacter oxydans, could also complete the 17b-carbonyl reduction reaction of steroids
(5–8). Despite these efforts, the application of these biological methods in C-17-hydroxylated
synthesis remains underutilized due to limitations in substrate scope and catalytic efficiencies.

The conversion of inexpensive and biorenewable raw materials into value-added bio-
products has always been one of the focal issues highlighted in research (9–11). Phytosterol
(PS) is ubiquitous in waste natural material such as the residue from vegetable oil extraction,
filter cake in the sugarcane industry, and waste products in the paper industry (12). It is com-
posed of a cyclopentane perhydrophenanthrene sterol ring structure and a C-17 side chain
(9), which has a sterol ring structure similar to that of BD. In view of their similar foundational
structures, BD could be produced from PS through side chain degradation and 17b-car-
bonyl reduction successively. Mycobacteria are rich in mycolic acids and can catabolize
natural sterols as carbon and energy sources. Previous studies showed that PS could be
degraded by Mycobacterium neoaurum effectively (9, 13, 14). Some important intermediates
that can be used as ideal precursors to synthesize valuable steroidal pharmaceuticals could
be accumulated by mycobacteria when their sterol metabolism pathway was interrupted
(15). Studies on the 17b-carbonyl reduction reaction of steroids by several Mycobacterium
species mutants proved fruitful, and other attempts at the 17b-carbonyl reduction reaction
of corn oil phytosterols by Pseudomonas aeruginosa were also performed (1, 16–18), while
their low transformation efficiencies still cannot meet the demand of industrial production.
A stepwise biotransformation strategy was established through bridging M. neoaurum with
P. pastoris to further improve the yield of BD, but its transformation process was complex
(9). Therefore, a concise and efficient one-step biotransformation strategy should
be designed and established.

Until now, there have been many studies on the degradation of PS by M. neoaurum,
but studies on its 17b-carbonyl reduction products remain to be strengthened.
Traditionally, BD was produced from androst-1,4-diene-3,17-dione (ADD) through 17b-
carbonyl reduction. In fact, ADD can be produced from PS by Mycobacterium sp. (13,
14). To improve the purity of ADD, an efficient C-1,2-dehydrogenase should be substi-
tuted for the conversion of AD to ADD (19). In addition, 17b-hydroxysteroid dehydro-
genase (17bHSD) is another key enzyme in the production of BD. Many observations
suggested that M. neoaurum does not contain an evident 17b-carbonyl reduction
from C-17-one to C-17-alcohol (15, 20). To strengthen the 17b-carbonyl reduction of
natural steroids, the key enzyme 17bHSD should be overexpressed in M. neoaurum.
Although improvements have been realized in overexpressing the key enzyme in engi-
neered strains (21–23), efficient 17b-carbonyl reduction of natural steroids remains
one of the most challenging tasks in the field of steroid medicine production.
Generally, the 17bHSDs of fungi tend to catalyze reduction, and the bacterial counter-
part shifts toward oxidation (5, 22, 24). Therefore, in our study, the 17bHSD screened
from the fungal genome should be overexpressed in M. neoaurum to enhance the
17b-carbonyl reduction reaction.

An efficient 17b-carbonyl reduction strategy was motivated by combining 17bHSD
with its native electron donor. Until now, glucose dehydrogenase (GDH) (25, 26), for-
mate dehydrogenase (FDH) (27), NADH kinase (Pos5) (28), and glucose-6-phosphate
dehydrogenase (G6PDH) (29) have been successfully used for cofactor regeneration in
many studies. During the side chain degradation of PS, an excess amount of NADH
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accumulates, indicating that the direct conversion of NADH to NADPH may be an avail-
able way to increase the intracellular NADPH concentration and thereby promote the
17b-carbonyl reduction reaction of steroids (Fig. 1A). Pos5, an NADH kinase that can
catalyze the direct phosphorylation of the extra NADH to NADPH, is the major source
of mitochondrial NADPH regeneration in Saccharomyces cerevisiae (Fig. 1B) (28). On the
other hand, the pos5 gene without a mitochondrial targeting sequence prefers NADH
over NAD1 as a cytosolic NADH kinase. Efficient NADPH-regenerating systems have
been constructed in recombinant strains by Pos5p to produce GDP-L-fucose, « -capro-
lactone, lysine, L-malate, and protopanaxadiol (30–33). Besides, the expression of the
G6PDH gene, which is the limiting enzyme in the oxidative pentose phosphate path-
way, is a representative method for NADPH regeneration (Fig. 1C). G6PDH catalyzes
the oxidation of glucose-6-phosphate to 6-phosphogluconolactone with the concomi-
tant reduction of NADP1 to NADPH. As one of the most important enzymes for cellular
NADPH regeneration, the overexpression of G6PDH has been widely used to supple-
ment NADPH in metabolic engineering in vivo. The expression of the G6PDH gene in

FIG 1 Side chain degradation of PS in M. neoaurum (M.n.) (A) and enzymes for NADPH regeneration (B and C).
S.c., S. cerevisiae.
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Bacillus subtilis RH33 resulted in a significant enhancement of riboflavin production
(34). The yields of 1-(R)-phenylethanol and poly-g-glutamic acid were improved by
overexpressing G6PDH efficiently (35, 36). Taken together, an efficient and stable
NADPH regeneration strategy should be selected and established in M. neoaurum to
promote the production of BD.

Here, we demonstrate a strategy for addressing this challenge that relies on the
conversion of inexpensive and biorenewable raw materials and bridges a hydroxylase
with the cofactor regeneration strategy with the ultimate goal of achieving a green
and efficient one-step biotransformation strategy in the field of steroid 17b-carbonyl
reduction. As shown in Fig. 2, after entering the cell, PS will undergo side chain elimi-
nation, C-1,2 dehydrogenation, and 17b-carbonyl reduction successively. The
sequence of the key enzyme 17bHSD, which has been screened in our previous study
(9), was optimized for expression in M. neoaurum. To establish an efficient NADPH
regeneration strategy, the effects of endogenous G6PDH from M. neoaurum and exog-
enous Pos5p from S. cerevisiae, which were coexpressed with 17bHSD in M. neoaurum,
were also investigated. This is the first report on the integration of 17bHSD with a
cofactor regeneration strategy for efficient BD production from PS in M. neoaurum.
This biotransformation strategy also provides what is perhaps an ideal platform for the
production of many valuable steroids from natural inexpensive raw materials.

RESULTS
Screening and optimization of 17bhsd in M. neoaurum. 17bHSD is the key

enzyme for the 17b-carbonyl reduction of steroids. In our previous study, three poten-
tial 17bHSDs, namely, 17bHSD from Cyberlindnera jadinii (AYR1C.j), 17bHSD from S. cer-
evisiae (AYR1S.c), and 17bHSD from Cochliobolus lunatus (17b-HSDcl), were screened
from the GenBank database (9). In the present study, the three 17bHSD genes were
individually expressed with the M. neoaurum expression vector pMV261 in MNR M3M.
Next, 3.0 g/liter PS was added at the beginning and transformed by growing cells of
MNR M3M recombinants with hydroxypropyl-b-cyclodextrin (HP-b-CD) at a molar ratio
of 1:3 for 6 days. As shown in Table 1, the recombinant strain MNR M3M-ayr1S.c dis-
played relatively higher catalytic activity than the others. To make 17b-carbonyl reduc-
tion more efficient, the ayr1S.c gene sequence was codon optimized according to the
codon preference of M. neoaurum (ayr1op) and expressed by pMV261 in MNR M3M,
resulting in recombinant strain MNR M3M-ayr1op. Compared with MNR M3M-ayr1S.c, the
catalytic activity of MNR M3M-ayr1op increased from 16.9% to 33.7% (increased by 17%)

FIG 2 Strategy for biotransformation integrated with cofactor NADPH regeneration for BD production from PS. A total of 5.0 g/liter PS was transformed by
70 g/liter resting cells of MNR M3M recombinants with HP-b-CD at a molar ratio of 1:3 and 30 g/liter initial glucose supplementation. TCA, tricarboxylic
acid; Cytc, cytochrome c.

Tang et al. Applied and Environmental Microbiology

December 2021 Volume 87 Issue 24 e00321-21 aem.asm.org 4

https://aem.asm.org


in 5 days (Fig. 3). Besides, the initial conversion rate of MNR M3M-ayr1op was also
enhanced from 0.06 g/liter/day to 0.13 g/liter/day (enhanced by 2.3-fold) compared
with MNR M3M-ayr1S.c. These results indicated that recombinant MNR M3M-ayr1op,
which showed efficient 17b-carbonyl reduction of steroids in MNR M3M, was more
suitable for the production of BD.

Introduction of the NADPH regeneration strategy inM. neoaurum. 17bHSD from S.
cerevisiae is an NADPH-dependent enzyme, and it is crucial to establish an efficient
cofactor regeneration strategy for the production of BD. Overexpression of Pos5p from
S. cerevisiae and of G6PDH from M. neoaurum are two alternative approaches to promote
cofactor regeneration. Therefore, the effects of the coexpression of pos5p and g6pdh with
ayr1op, resulting in two recombinant strains (MNR M3M-ayr1&p5p and MNR M3M-ayr1&g6p,
respectively), were investigated. As shown in Fig. 4A, both NADPH regeneration strategies
displayed higher NADPH concentrations than the control after coexpression. However, the
yield of BD did not show a significant improvement inMNRM3M-ayr1&p5p (Fig. 4B).

Compared with MNR M3M-ayr1&p5p, the recombinant strain MNR M3M-ayr1&g6p
increased BD production significantly, and the yield of BD was improved by 18% in 84
h compared with the control (Fig. 4B). With the coexpression of g6pdh in MNR M3M-
ayr1&g6p, an intracellular NADPH regeneration strategy was established (Fig. 2), the ra-
tio of [NADPH]/[NADP1] was maintained at a relatively high level, the 17b-carbonyl
reduction of steroids was promoted effectively, and productivity was increased by 6.5-
fold compared with the initial productivity (Fig. 4B), which indicated that G6PDH from
M. neoaurum was more suitable for the production of BD in M. neoaurum.

Effects of transformation conditions on the production of BD. The low aqueous
solubility of steroid substrates and the inhibition or toxicity of both the substrate and
product severely inhibited the transformation of PS. HP-b-CD is a cyclic oligosaccha-
ride that can form inclusion complexes with low-aqueous-solubility organic molecules
to improve their water solubility and bioavailability. Besides, treatment of mycobacte-
ria with HP-b-CD relieves the inhibitory effect of steroids on the electron transfer chain
and cell growth (37). Given its strong complexing ability and good detoxification abil-
ity, HP-b-CD is the optimal medium for enhancing the transformation of PS (38). To
improve the yield of BD from PS, the effects of different molar ratios of PS to HP-b-CD
on the biotransformation process were investigated. As shown in Fig. 5A, HP-b-CD sig-
nificantly enhanced the yield of BD. With increasing molar ratios of HP-b-CD, the yield
of BD was improved, and maximum BD production was obtained when the molar ratio
of PS to HP-b-CD was 1:3. But when the molar ratio was .1:3, the yield of BD did not
continue to increase. These results indicated that the molar ratio of 1:3 was optimal for
the production of BD.

Besides, the biomass of recombinant strainMNRM3M-ayr1&g6p also greatly affected the
production of BD. As shown in Fig. 5B, a high yield of BD was achieved with the increased
biomass used in the transformation. When 70 g/liter MNR M3M-ayr1&g6p wet cells was
used in the system, the yield of BD reached the maximum but did not increase further
when the biomass was over 70 g/liter. Except for the inhibition of substrate transfer by
high-aggregation-level strains (23), the oxidation of C-17-hydroxy steroids in M. neoaurum is
another important inhibition factor that cannot be ignored in the transformation and had
also been reported in previous research (9).

To further improve the yield of BD, the substrate concentrations during transformation
were also determined. The results are shown in Fig. 5C: the yield of BD was low when the
concentration of PS was ,3 g/liter. When the concentration of PS was 3 g/liter, the yield

TABLE 1 Conversion of PS byMNRM3M overexpressing different recombinant 17bHSDs

Strain Mean yield of BD (%)± SD Avg yield rate of BD (mg/liter/day)± SD
MNRM3M-ayr1S.c 16.996 0.83 70.446 0.09
MNRM3M-ayr1C.j 8.326 0.27 34.486 0.02
MNRM3M-17bHSDcl 0.556 0.19 2.286 0.01
MNRM3M 0 0
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of BD was enhanced by 30% and did not show an obvious improvement when the con-
centration of PS reached 5 g/liter. However, the yield of BD exhibited a slight decline
when the concentration of PS was.5 g/liter. It had been reported that the excessive accu-
mulation of the intermediate product ADD may affect the respiratory chain and cell mem-
brane of strains (39–41). Therefore, an appropriate substrate concentration was important
for the production of BD.

Effects of glucose supplementation on the production of BD. In comparison, fun-
gal 17bHSDs prefer NADPH as the cofactor (22). Glucose supplementation can increase
the intracellular ratio of [NADPH]/[NADP1], but the ratio declines with the consump-
tion of glucose (42). In this study, glucose was also added to the biotransformation sys-
tem as a cosubstrate for the regeneration of NADPH. As shown in Fig. 6A, the yield of
BD was obviously improved after supplementation with glucose, and the maximum
yield of 78% was obtained with supplementation with 30 g/liter glucose, which was a
30% improvement from the glucose-free control. When the glucose concentration con-
tinued to increase, the yield of BD was not further improved. Besides, the time of sup-
plementation of glucose also had an effect on the yield of BD (Fig. 6B). When glucose
was added to the system at the beginning, the yield of BD was 78%, whereas when
glucose was added after 72 h, the yield of BD reached a maximum of 82%, which was a
4% improvement compared with the beginning-supplementation control, and it did
not further increase when the addition time continued to be delayed. Additionally, the
initial specific rate was improved from 5.08 mmol/g cells/h with the original glucose
supplement to 9.32 mmol/g cells/h with the 72-h glucose supplement. As shown in Fig.
6C, when PS was transformed without glucose, the accumulation of BD increased at
the beginning and then decreased quickly with the accumulation of ADD, indicating
that the intracellular reducing power was insufficient. Therefore, an appropriate
amount of glucose supplementation at a suitable transformation period is conducive
to the production of BD.

DISCUSSION

Boldenone is one of the important hydroxylation steroidal compounds, which are
rare in natural content, complicated to extract, and difficult for chemical synthesis.
Despite the effectiveness in the C-17 modification of steroids, modification with a
hydroxyl group in steroids through C=O carbonyl reduction remains a challenge.
Recently, 17b-carbonyl reduction steroids have been produced through the side chain

FIG 3 Effects of Ayr1S.c codon optimization on BD production. A total of 3.0 g/liter PS was added at
the beginning and transformed by growing cells of MNR M3M recombinants with HP-b-CD at a
molar ratio of 1:3 for 6 days. All assays were performed in triplicate, with three independent
measurements. Standard deviations of data from biological replicates are represented by error bars.
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degradation of some sterols (cholesterol or phytosterol) by Mycobacterium, but their
low production efficiency, inefficient 17bHSD, and requirement for electron-donating
cofactors are the main barriers limiting the development of engineered strains for
industrial production. In our previous study, an ordered biotransformation method
was proposed, employing A. simplex and recombinant P. pastoris to produce BD from
AD (4). In fact, AD can be produced from PS by Mycobacterium sp. (9, 13, 14). Based on

FIG 5 Effects of HP-b-CD molar ratio (A), biomass (B), and substrate concentration (C) on BD production. PS (1.0 g/liter, 3.0 g/liter, 5.0 g/liter, and 7.0 g/
liter) was transformed by resting cells of MNR M3M recombinants (10 g/liter, 30 g/liter, 50 g/liter, 70 g/liter, and 90 g/liter) with HP-b-CD (molar ratios of
1:1, 1:2, 1:3, and 1:4) for 84 h. All assays were performed in triplicate, with three independent measurements. Standard deviations of data from biological
replicates are represented by error bars.

FIG 4 Intracellular [NADPH]/[NADP1] ratios (A) and BD yields (B) of different MNR M3M recombinants and HPLC analysis of PS
transformation (C). A total of 3.0 g/liter PS was transformed by 70 g/liter resting cells of MNR M3M recombinants with HP-b-CD at
a molar ratio of 1:3 for 84 h. All assays were performed in triplicate, with three independent measurements. Standard deviations
of data from biological replicates are represented by error bars.
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that research, this study expressed a fungal 17bHSD from S. cerevisiae in M. neoaurum
for the production of BD coupled with G6PDH. The yield of BD reached 82%, which is
the highest yield reported for transformation from PS in one step. The results indicated
that the development of engineered strains that can produce other high-value-added
steroids from sterols by one-step biosynthesis will be an interesting topic for future
study.

17bHSD from S. cerevisiae is an NADPH-dependent enzyme, and the improvement
of the intracellular cofactor NADPH content could efficiently promote biological trans-
formation. Glucose is an important material and energy source for living organisms,
and exogenously added glucose can participate in the metabolic systems with NADH
and NADPH generation at the same time. In order to accumulate a large amount of
NADPH, a cofactor NADPH regeneration strategy should be designed and established
in M. neoaurum. The bioprocess of phytosterol-to-BD production involves three proc-
esses: sterol side chain elimination, steroid core oxidation, and 17b-carbonyl reduction.
Sterol side chain elimination is initiated by cholesterol oxidase (41), which is followed
by further oxidation to a C-17-keto steroid intermediate with the release of propionyl-
CoA and acetyl-CoA (Fig. 1) (43). As postulated, 21 molecules of NADH and 10 mole-
cules of reduced flavin adenine dinucleotide (FADH2) are formed with the full removal
of the side chain for one molecule of b-sitosterol (44). Therefore, the generation of
NADPH from NADH would be an expected cofactor regeneration strategy. In fact, there
are three NADH kinase isozymes. Utr1 and Yef1 are cytosolic NADH kinases and not
critical for the supply of cytosolic NADPH, while the mitochondrial NADH kinase Pos5
is critical for mitochondrial NADPH supplementation. In this study, the effects of Pos5p
from S. cerevisiae and G6PDH from M. neoaurum, which were coexpressed with AYR1op,
were investigated. As shown in Fig. 4, although both Pos5p and G6PDH were beneficial
for intracellular NADPH regeneration, the coexpression of g6pdh was more effective
than that of pos5p for BD biosynthesis in recombinant M. neoaurum. With the genera-
tion of NADPH from NADH during the side chain degradation of PS in MNR M3M-
ayr1&p5p, the formation of NAD1 was also promoted. The oxidation of BD was
enhanced by Hsd4A, which was one of the key enzymes in the side chain degradation
of PS and could catalyze the oxidation of C-17-hydroxy steroids (Fig. 1). Therefore,
although NADPH accumulated and side chain degradation of PS was promoted, the
yield of BD declined at the same time, which was consistent with previous reports (45).
In fact, the intracellular redox cofactors of microorganisms are in a dynamic equilib-
rium process. The cofactor requirements of industrial microorganisms vary during dif-
ferent fermentation stages. Although the production of many steroids requires a large
amount of NADPH, the increase of the NADPH/NADP1 ratio could lead to deficiencies
in ATP and NADH simultaneously, which could seriously affect the growth of the
strains. In view of these results, it is of great significance to explore a cofactor balance
system in the whole cell for improving the biotransformation efficiency of steroidal
compounds.

FIG 6 Effects of glucose supplementation concentration (A), supplementation time (B), and transformation without glucose (C) on BD production. A total of
5.0 g/liter PS was transformed by 70 g/liter resting cells of MNR M3M recombinants with HP-b-CD at a molar ratio of 1:3 for 96 h. All assays were
performed in triplicate, with three independent measurements. Standard deviations of data from biological replicates are represented by error bars.
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Steroidal compounds are hydrophobic lipid compounds. Naturally, sterols can cross
mycobacteria by direct contact between sterol particles and the cell envelope (46). But
its low transfer efficiency severely limits the biotransformation of sterols. With its excel-
lent water solubility, strong complexing ability, and good biocompatibility, HP-b-CD is
an effective medium for enhancing the transfer efficiency of steroidal compounds (47).
HP-b-CD not only forms inclusion complexes with steroids but also increases cell
membrane permeability by extracting lipophilic components from cytomembranes
(47) and subsequently improves the yield of BD (Fig. 5A). ADD, the C-1,2 dehydrogena-
tion product of AD, is the precursor for the production of BD (Fig. 1). It was reported
that the production of ADD from PS by M. neoaurum was always accompanied by small
amounts of AD, which could affect the yield of BD (9). However, the ratio of ADD/AD is
increased in the presence of HP-b-CD, as HP-b-CD affects the expression of KsdD,
which is involved in the steroid catabolic pathway of mycobacteria (37). As shown in
Fig. 6C, more accumulation of ADD was conducive to the production of BD, indicating
that HP-b-CD was good for the production of BD. Next, we investigated the influence
of the recombinant strain biomass on the bioconversion of PS to BD. The yield of BD
did not increase further when the biomass was over 70 g/liter (Fig. 5B). In an investiga-
tion of the effect of a whole-cell biocatalyst on the reduction of cortisone, further
increases of the biocatalyst did not enhance the conversion rate (48). Shao et al. also
found that a high biomass has a negative effect on product formation (23), which was
consistent with our results. When the biomass was enhanced, the cell aggregation
level was high, and the cell respiratory function and uptake of the substrate were
inhibited (49), which subsequently hampered the production of BD. Besides, in our
study, BD could be oxidized by Hsd4A, a key enzyme in the side chain degradation of
PS in M. neoaurum. When the engineered M. neoaurum biomass was enhanced, the ox-
idase also accumulated, which significantly prevented the accumulation of BD (9). On
the other hand, the oxidation of C-17-hydroxy steroids in M. neoaurum was also not
conducive to the accumulation of BD when the concentration of PS was ,3 g/liter
(Fig. 5C). The elimination of the oxidation of BD without affecting the side chain degra-
dation of PS is an urgent problem to be solved in our next step.

In general, the biotransformation process from PS to BD undergoes side chain degradation
and the 17b-carbonyl reduction reaction successively. To establish an efficient strategy for BD
production from PS, the effect of glucose supplementation was also investigated. As shown in
Fig. 6A, the maximum yield of BD was obtained with 30 g/liter glucose supplementation. This
result may be caused by the ratio of [NADPH]/[NADP1], which had already been maintained
at a relatively high level by 30 g/liter glucose supplementation. G6PDH is the limiting enzyme
in the oxidative pentose phosphate pathway, which is a representative pathway for NADPH
regeneration, while BD is produced by 17bHSD and its cofactor NADPH. After the supplemen-
tation of glucose at the beginning, glucose metabolism was enhanced by the coexpression of
g6pdh and ayr1op and resulted in enhanced NADPH accumulation, which promoted the 17b-
carbonyl reduction reaction by 17bHSD, subsequently resulting in enhanced BD production.
Besides, the time of supplementation with glucose was another crucial factor in the produc-
tion of BD. As shown in Fig. 6C, when PS was transformed without glucose, the accumulation
of the intermediate product ADD reached the maximum in 72 h. This result may be due to
the oxidation ofM. neoaurum, which significantly prevented the accumulation of BD. As previ-
ously reported, when BD was transformed byM. neoaurum directly, BD decreased rapidly, and
ADD continued to accumulate at the same time (9, 50, 51). This indicated that the large accu-
mulation of ADD was beneficial for BD production. When adequate glucose was supple-
mented in 72 h, a considerable amount of NADPH was generated through the intracellular
NADPH regeneration strategy, which promoted the 17b-carbonyl reduction of ADD that had
largely accumulated, thereby enhancing the yield of BD.

Steroidal compounds with hydroxyl groups play an important role in improving
drug activity and the metabolism of exogenous compounds. Its complicated extraction
process, difficult chemical synthesis, and other problems are not conducive to the de-
velopment of innovative drugs. Microbial transformation technologies could effectively
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solve the above-mentioned problems. This study established the efficient 17b-car-
bonyl reduction of steroids successfully by introducing the NADPH regeneration strat-
egy to MNR M3M-ayr1&g6p, in which 17bhsd and g6pdh were coexpressed. In order to
further improve the yield of BD, the effects of glucose supplementation conditions
were also analyzed. After the optimization of transformation conditions, the highest
yield of BD produced by PS transformation was up to 82%, which was produced in one
step by recombinant M. neoaurum coexpressing 17bhsd and g6pdh for the first time.
This study provides a promising and green biotransformation strategy for the produc-
tion of many valuable 17b-carbonyl reduction steroidal products from natural inex-
pensive raw materials.

MATERIALS ANDMETHODS
Strains, plasmids, and reagents. M. neoaurum TCCC 11028 MNR M3DksdD::ksdDMNR (MNR M3M),

described previously by Xie et al. (19), was obtained from the Tianjin University of Science and Technology
Culture Collection Center (TCCC) (China) and cultured as described previously (47). Escherichia coli DH5a
(TransGen Biotech, China) was used as the host strain for cloning. S. cerevisiae CICC32315 used in this study
was conserved in our laboratory. The E. coli-M. neoaurum shuttle vector pMV261 was a gift from W. R.
Jacobs, Jr. (Howard Hughes Medical Institute). Kanamycin (50 mg/ml) (Solarbio, China) was used for plasmid
selection and maintenance. PS (98.4% purity) was obtained from Cofco Tech Bioengineering Co. Ltd. (China).
4-Androstene-3,17-dione (AD), androst-1,4-diene-3,17-dione (ADD) (Sigma-Aldrich Co., USA), and BD stand-
ards (Heowns, USA) were used in this study. Hydroxypropyl-b-cyclodextrin (HP-b-CD) (with a 31.7% degree
of substitution and an average relative molecular mass of 1,523) was procured from Xi’an Deli Biology and
Chemical Industry Co. Ltd. (China).

Construction and transformation of recombinant plasmids inM. neoaurum. A list of strains, plas-
mids, and primers used in this study is shown in Table 2. According to previous reports and the complete cDNA
sequences of M. neoaurum, the gene sequences of ayr1S.c (GenBank gene identifier 854682), ayr1C.j (GenBank
gene identifier 30991180), 17b-hsdcl (GenBank accession number AF069518) (9), and g6pdh (NCBI Protein acces-
sion no. AHC23815.1) were amplified by employing a PCR technique with the primer pairs ayr1S.c-F/ayr1S.c-R,
ayr1C.j-F/ayr1C.j-R, 17b-hsdcl-F/17b-hsdcl-R, and g6p-F/g6p-R (Table 2), respectively. The amplified genes were then
subcloned into BamHI/HindIII-digested sites of the E. coli-M. neoaurum shuttle vector pMV261 to form pMV261-
ayr1S.c, pMV261-ayr1C.j, pMV261-17b-hsdcl, and pMV261-g6pdh. Next, MNR M3M electrocompetent cells were
transformed with pMV261-ayr1S.c, pMV261-ayr1C.j, and pMV261-17b-hsdcl to generate the recombinant strains
MNRM3M-ayr1S.c,MNRM3M-ayr1C.j, andMNRM3M-17b-hsdcl, respectively (52). According to previous reports (9,
28), the gene sequences of ayr1S.c and NADH kinase (GenBank gene identifier 855913) were optimized for ayr1op
and pos5p for expression inM. neoaurum and then synthesized by Genewiz Biotechnology (China), and the inser-
tion of the respective genes into the plasmids was conducted as described above. Next, MNR M3M electrocom-
petent cells were transformed with pMV261-ayr1op to generate the recombinant strainMNRM3M-ayr1op.

To overexpress ayr1op and g6pdh or ayr1op and pos5p in M. neoaurum, primer pairs g6p-SD-F (con-
taining a Shine-Dalgarno [SD] sequence for ribosome binding)/g6p-R and p5p-SD-F/p5p-R (Table 2) were used
to amplify the g6pdh and pos5p fragments, respectively. These new g6pdh and pos5p fragments were digested
using solely HindIII and then inserted into the HindIII site of plasmid pMV261-ayr1op to form the coexpression
plasmids pMV261-ayr1op1g6pdh and pMV261-ayr1op1pos5p, respectively. Next, MNR M3M electrocompetent
cells were transformed with pMV261-ayr1op1g6pdh and pMV261-ayr1op1pos5p to generate the recombinant
strainsMNRM3M-ayr1&g6p andMNRM3M-ayr1&p5p, respectively.

Microbial cultivation and transformation of PS by M. neoaurum. The recombinant MNR M3M
strains were cultivated in two stages: 36 h for the seed culture and 48 h for the induction culture.
Seed medium and induction medium were prepared as described previously (47). Induction me-
dium contained 0.5 g/liter PS, and whole cells were grown in 250-ml Erlenmeyer flasks containing
50 ml induction medium and shaken using a rotary shaker (140 rpm) at 30°C with an 8% (vol/vol)
inoculum of the seed culture. The catalytic activity of the recombinant MNR M3M strain is defined as
the molar yield of BD produced by the complete transformation of 3 g/liter PS by growing induction
cells at 30°C. After the induction culture, the cells were harvested by centrifugation at 5,000 � g for
10 min at 4°C and washed three times with KH2PO4-NaOH buffers (50 mM, pH 7.2). Next, 70 g/liter
cells was used for whole-cell biotransformation with 3 g/liter PS and HP-b-CD added at a molar ratio
of 1:3, and 30 g/liter glucose was added as a cosubstrate at the beginning. The transformation was
conducted at 30°C at 200 rpm and lasted 48 h. All experiments were performed in triplicate.

Next, whole cells (10 g/liter, 30 g/liter, 50 g/liter, 70 g/liter, and 90 g/liter [wet cell weight]) were resuspended
with KH2PO4-NaOH buffers, and 1.0 g/liter, 3.0 g/liter, 5.0 g/liter, or 7.0 g/liter PS was added with HP-b-CD at a
molar ratio of 1:1, 1:2, 1:3, or 1:4. Besides, the concentrations (10 g/liter, 20 g/liter, 30 g/liter, and 40 g/liter) and
times (24 h, 48 h, 72 h, and 96 h) of glucose supplemented as a cosubstrate were also investigated. The transfor-
mation was conducted at 30°C at 200 rpm and lasted 48 h. All experiments were performed in triplicate.

Analytical methods. The intracellular ratios of [NADPH]/[NADP1] were analyzed according to the
manufacturer’s instructions for the [NADPH]/[NADP1] ratio assay kit (Solarbio, China). The intracellular ratios of
[NADH]/[NAD1] were determined as described previously (53). The product-on-substrate yields (moles of BD
per mole of PS converted) were analyzed by a high-performance liquid chromatography (HPLC) system, which
was used to determine the concentrations of AD, ADD, and BD (38). One-milliliter samples were withdrawn
periodically and extracted with isovolumetric ethyl acetate twice during bioconversion. The extracted samples
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were analyzed by reversed-phase HPLC with a Zorbax Eclipse Plus C18 column (5mm, 4.6 by 150 mm) at a 254-
nm UV detection wavelength at 30°C. The mobile phase was composed of methanol and water (70:30, vol/vol)
with a flow rate of 1.0 ml/min (9). All experiments were performed in triplicate.
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