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Abstract

Objectives To realize a practical technology for
recycling both cyclodextrin and resting-cells at the
same time in phytosterol biotransformation using
mycobacterial resting cells.

Results In order to produce 22-hydroxy-23,24-bis-
norchol-4-ene-3-one (HBC) efficiently and low-
costly, a recycled phytosterols (PS) biotransformation
process using mycobacterial resting cells was devel-
oped. By optimizing the ratio of hydroxypropyl-p-
cyclodextrin (HP-B-CD) and PS to 1:1 (w/w), most
products crystallized during the biotransformation
process. So, the HBC was easily separated by low-
speed (900x g) centrifugation with yield of 92%. The
resting cells, HP-B-CD and the residual products and
substrates left in the reaction system were reused for
another bioconversion cycle after PS supplement.
Three continuous cycles were achieved without the
supplement of cells and HP-B-CD. In each batch, 80 g
L' of PS was transformed to HBC with the space—
time yield of HBC of 8.9-12.8 g L' day .
Conclusions This strategy reduced the cost of HBC
production and simplified the purification process.
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Introduction

Mycobacterium can degrade side-chain of cholesterol,
phytosterols (PS) as carbon source to produce valuable
steroidal intermediates (Donova et al. 2005), such as
22-hydroxy-23,24-bisnorchol-4-ene-3-one (HBC). It
is one of the important steroidal intermediates that can
be used to synthesize progesterone and adrenocortical
hormone (Donova and Egorova 2012; Tordé and
Ambrus 1990). Xu et al. reported an engineered
Mycobacterium neoaurum ATCC 25795 transformed
PS to HBC efficiently (Xu et al. 2016).

Nevertheless, there are still some obstacles due to
poor water-solubility (less than 0.1 mmol L™") and
bio-toxic of PS that hamper the biotransformation
process (Stefanov et al. 2006). Many approaches have
been taken to improve the transformation efficiency of
PS, including cyclodextrin complexing technology,
organic solvent solution-promoting, two phase water—
oil systems or surfactants (Stefanov et al. 2006;
Manosroi et al. 2008; Heipieper et al. 2007). Among
these approaches, cyclodextrin complexing technol-
ogy was testified an effective method to enhance the
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transformation of sterols (Fernandes et al. 2003;
Hesselink et al. 1989). The conversion rate of PS can
be increased by 2-3 times in the presence of
cyclodextrin (Zhou et al. 2019; Shtratnikova et al.
2017). However, the high price of cyclodextrin limited
its industrial application (Mancilla et al. 2018), so that
the cyclic utilization of cyclodextrin was needed. In
our previous works, HP-B-CD was recycled after the
production extracted by ethyl acetate (Gao et al. 2015).
Shen et al. immobilized cyclodextrin on loofah fiber
for its cyclic utilization in biotransformation (Shen
et al. 2017). However, these approaches to recycling
HP-B-CD were cumbersome and costly, which was not
conducive to industrial application. Moreover, it did
not realize the recycle of cells in the same time.

The purpose of this study was to reuse the HP-3-CD
and resting-cells at the same time in the phytosterol
biotransformation and develop a recycled batch pro-
cess for efficient and low-cost production of HBC with
high concentration of PS.

Materials and methods
Strain, reagents and medium

An engineered Mycobacterium neoaurum WIII was
constructed by Xu et al. (2016). It transformed PS into
HBC as main product. PS (95.7% purity) were
purchased from Shanxi Sciphar Natural Products
Co., Ltd. (Shangluo, China). Industrial grade HP-B-
CD was purchased from Shandong Binzhou Zhiyuan
Biotechnology Co., Ltd. (Binzhou, China). Corn steep
powder was purchased from Xiwang Group Co., Ltd.
(Binzhou, China). AD, 1,4-HBC, HBC standards were
obtained from Sigma (Shanghai, China). The metha-
nol, acetonitrile and isopropanol used in the HPLC
analysis were of chromatographic grade, while other
chemical reagents were of analytical purity. MYC/01
was used as the seed medium and MYC/04 as the
medium for the preparation of resting cells. MYC/01
(g L™": K,HPO43H,0 0.5; MgSO,-7H,0 0.5;
ammonium ferric citrate 0.05; sodium citrate 2.7;
NH,4CI 2.7; glycerol 20; pH 8.0 (Gao et al. 2015).
MYC/04 (g L_l): sodium citrate 2.7; glucose 40;
(NH4),SO4 1.0; (NH4),HPO,4 10; corn steep powder
3; B-CD 3.0; PS 0.1; pH 8.0.
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Preparation of resting cells and PS
biotransformation

The culture and harvesting of mycobacterial resting
cells were carried out according to the method
described by Gao et al. (2014). The PS biotransfor-
mation was performed in 20 mL phosphate buffer
(20 mmol L_l, pH 8.0) under non-sterile condition in
a 250-mL flask at 30 °C with a shaking speed of
200 rpm, containing the resting cell, PS and HP--CD
according to the requirements. The cell density was
determined by dry cell weight or the total cellular
protein of cell lysate (Saab et al. 2013). All experi-
ments were repeated three times separately.

Analysis of products and substrates

Samples (100 pL) were withdrawn at interval and
extracted by ten times volume of ethyl acetate
according to our previous work (Gao et al. 2014).
Steroidal intermediates and PS were analyzed by high
performance liquid chromatography (HPLC, Agilent
Technologies, Inc., Santa Clara, CA, USA) equipped
with Agilent ZORBAX SB-C18 column (5 pm, 4.6

x 250 mm). For the analysis of PS, acetonitrile and
isopropanol (70:30, v/v) were used as the mobile phase
at1 mL min~!, and a UV detector at 210 nm was used.
For the analysis of steroidal intermediates, methanol
and water (80:20, v/v) were used as the mobile phase
at1 mL minfl, and a UV detector at 254 nm was used.

Results and discussion

Effect of the HP-B-CD and PS ratio in the reaction
system on biotransformation

According to previous reports, the HP-B-CD could
solubilize the PS in the transformation process at the
condition of both growing cells and resting cells with
the optimal mass ratio of HP-B-CD and PS was 4:1
(molar ratio, 1:1) (Gao et al. 2015; Jambhekar and
Breen 2016). Considering the high price of HP--CD,
the dosage of HP-B-CD was reduced to cater for its
application in the industrial scale. As shown in Fig. 1,
when the mass ratio of HP-B-CD and PS decreased
from 4:1 to 1:1, the concentration of the HBC still
remained at about 35.5 g L™' after 5 days of trans-
formation. When the mass ratio of HP--CD and PS
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Fig. 1 Profile of the PS biotransformation with different mass
ratio of HP-B-CD. PS biotransformation was carried out in
250-mL flasks containing 50 g L~" PS and different amount of
HP-B-CD with the resting cell (9.0 g L™' DCW) for 5 days.
Data were the average value from triplicate experiments =+ s-
tandard deviation

decreased to 1:2, the production rate of HBC
decreased significantly and the maximum concentra-
tion of the HBC was 33.5 g L™'. This result was
different from previous reports which the final yield of
product would reduce observably when the molar ratio
of HP-B-CD and PS was lower than 1:1 (mass ratio
was 4:1) (Gao et al. 2015). The reaction rate could
remain at a higher level even the mass ratio of HP-J3-
CD and PS decreased to 1:1. But further decreasing the
mass ratio of HP-B-CD and PS to 1:2, the solubilizing
effect of HP-B-CD could be affected and the reaction
rate decreased correspondently.

Further researches found the formation of the HBC
tabular crystal during the biotransformation because
of the low solubility and high concentration of HBC in
the reaction system. Moreover, the less HP-B-CD was
added, the more crystals were precipitated due to the
decreased solubilization of HP-B-CD. By optimizing
the ratio of HP-B-CD and PS to 1:1 (w/w), most
products crystallized during the biotransformation
process that could alleviate the product inhibition to
cell metabolism (Wang et al. 2009). As a result, the
cost of HP-B-CD decreased and, in the meantime, it
will simplify the downstream processing because the
crystal product is easy to separate from the reaction
system.

Improvement of the space—time yield of HBC

In order to enhance the space—time yield of HBC, the
concentration of resting cells and PS-HP-B-CD sus-
pension (HP-B-CD:PS = 1:1, w/w) in the transforma-
tion system were optimized in 250-mL flasks. As
shown in Table 1, the highest space—time yield of
HBC reached 7.87 g L™! day™' when 120 g L™’
DCW and 80 g L™' PS were applied in the reaction
system. Further increasing the concentration of resting
cells and PS decreased the space-time yield of HBC.
This was because the high concentration of resting
cells and PS gave rise to the high viscosity of the
reaction system and high oxygen uptake rate. The
oxygen availability became a main restricting factor
for the biotransformation of PS determined by the
oxygen transfer rate (Gao et al. 2014).

Recycled batch biotransformation in a 3.7 L
fermenter

Because the HBC crystal could be easily separated
from the reaction system, a recycled batch biotrans-
formation was designed in a 3.7-L fermenter (Fig. 2).
PS biotransformation was carried out in fermenter
under the optimized condition abovementioned. The
dissolved oxygen level in bioprocess was kept to more
than 30% by adjusting airflow and agitation. In the end
of biotransformation, the HBC was separated by low
speed centrifugation (900 g), and the resting cells and
HP-B-CD remained in the reaction system. The
precipitation, mainly including HBC and a small
quantity of resting cells, could be extracted by organic
solvent to obtain HBC. The reaction system, by

Table 1 The space-time yield of HBC at different concen-
trations of DCW and PS

DCW (g L™ Phytosterols (g L™

50 80 100
6.0 548 £0.12 520+ 0.08 4.78 + 0.06
9.0 7.13 £0.08 6.82+005 5.65+0.09
12.0 6.78 £0.10 7.87 +£0.13 6.34 +£0.14
15.0 6.56 + 0.07 7.69 £0.11 6.82 + 0.08

The space—time yield (g L~! day_l) was calculated when the
production of HBC reached the maximum. Data were the
average value from triplicate experiments + standard
deviation
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Fig. 2 The schematic diagram of the recycled batch biotransformation
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supplementing the PS, was directly reused in the next
biotransformation process. This strategy could signif-
icantly simplify the bioprocess of HBC production by
recycling usage of the reaction system and reduce the
production cost. At the same time, this method was
environmentally friendly because it reduced the
wastewater discharge in the biotransformation pro-
cess. It was extremely suitable for industrial
application.

As shown in Table 2, the first batch biotransforma-
tion ended at the 4.5th day when the highest concen-
tration of HBC (57.4 g L™ ") was obtained. The space—
time yield of HBC reached 12.8 g L' day™ ' in
fermenter, 1.6 times higher compared with that in
shake flasks. It was due to the better mass transfer rate

Table 2 Analysis of the recycled batch biotransformation

(including oxygen) in fermenter that resulted in a
higher reaction rate (Gao et al. 2014). After the
separation of HBC from the reaction system by
centrifugation, the residue HBC was only 6.5 g L™,
no more than 8% of the total products and resting-cells
accounted for 70% of the initial concentration. In the
consecutive batch biotransformation, the reaction rate
was gradually decreased. By the third batch, 92.4% of
the substrate was consumed within 6 days and the
space—time yield of HBC was only 69.5% of the first
batch. This was mainly due to the loss of the resting
cells in the process of HBC separation. Actually, the
reaction rate of the following recycled batches could
be improved by moderately supplementing the resting
cells in each batch biotransformation. In addition, HP-

Batch Time HBC (g Conversion rate of PS Residue HBC in reaction system (g Space-time yield (g L™
) L™ (%) L™ day™)

I 4.5 574 +£09 97.0+£ 15 6.5+ 0.5 12.8 £ 0.3

I 5.0 60.1 £ 04 942 +23 59 +03 11.0+ 04

I 6.0 582+£05 924 +09 56+0.2 89+02

PS biotransformation was carried out in 3.7-L fermenter containing 80 g L™' PS and 80 g L~" HP-B-CD with the resting cells (12.0 g
L~ DCW). Data were the average value from triplicate experiments + standard deviation
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B-CD is a stable chemical that could be recycled as a
co-solvent many times after simple processing (Gao
et al. 2015). That could further reduce the cost of the
biotransformation process.

Conclusions

A recycled batch biotransformation process from high
concentration of PS (80 g L_l) to HBC was devel-
oped. HP-B-CD and resting-cells were reused in this
strategy and the space—time yield of HBC reached
8.9-12.8 g L' day ™' in three recycled batch bio-
transformation, which was the highest level reported.
These results indicated that the recycled batch bio-
transformation was a feasible transformation strategy,
which could observably shorten the reaction period, be
beneficial to the separation and purification of HBC,
reduce production cost and be environmentally
friendly. It has great application prospects for pro-
duction of valuable compounds from PS by microor-
ganism in industry through precipitation strategy.
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