
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

/1
5/

20
26

 4
:5

5:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Co-immobilized
aCollege of Material Science and Engineerin

150040, China. E-mail: zhimingliu@nefu.ed
bSchool of Chemical Engineering and Techno

China. E-mail: hsong@tju.edu.cn
cQingdo Institute of Ocean Engineering of Ti
dBiomass Conversion Laboratory, Tianjin R

Tianjin University, Tianjin 300072, China. E
eR&D Division, Sinochem Health Company L
fFrontier Science Center for Synthetic

Bioengineering (Ministry of Education), Coll

Science and Engineering (Tianjin), Tianjin 3
gFrontier Technology Institute (Wuqing), Tia

† Electronic supplementary informa
10.1039/d0ra10574k

‡ Equal contribution.

Cite this: RSC Adv., 2021, 11, 15785

Received 16th December 2020
Accepted 14th April 2021

DOI: 10.1039/d0ra10574k

rsc.li/rsc-advances

© 2021 The Author(s). Published by
recombinant glycosyltransferases
efficiently convert rebaudioside A to M in cascade†

Zhenyang Wang,‡ae Wenbin Liu,‡bc Wei Liu,bc Yuanyuan Ma,*dg Yatong Li,bc

Baoqi Wang,bc Xiaozhen Wei,e Zhiming Liu*a and Hao Song *bcfg

Rebaudioside M (Reb M), as a natural and healthy Stevia sweetener, is produced by two glycosyltransferases

that catalyze the serial glycosylation of Rebaudioside A (Reb A) and Rebaudioside D (Reb D) in cascade.

Meanwhile, it is of great importance in developing an immobilization strategy to improve the reusability

of glycosyltransferases in reducing the production cost of Reb M. Here, the recombinant

glycosyltransferases, i.e., OsEUGT11 (UGT1) and SrUGT76G1 (UGT2), were expressed in Escherichia coli

and covalently immobilized onto chitosan beads. UGT1 and UGT2 were individually immobilized and co-

immobilized onto the beads that catalyze Reb A to Reb M in one-pot. The co-immobilized enzymes

system exhibited �3.2-fold higher activity than that of the mixed immobilized enzymes system. A fairly

high Reb A conversion rate (97.3%) and a high Reb M yield of 72.2% (4.82 � 0.11 g L�1) were obtained

with a feeding Reb A concentration of 5 g L�1. Eventually, after 4 and 8 reused cycles, the co-

immobilized enzymes retained 72.5% and 53.1% of their original activity, respectively, showing a high

stability to minimize the total cost of enzymes and suggesting that the co-immobilized UGTs is of

potentially signficant value for the production of Reb M.
1. Introduction

Steviol glycosides (SGs) in leaves of Stevia rebaudiana such as
1,2-stevioside, Rebaudioside A (Reb A), Rebaudioside D (Reb D)
and Rebaudioside M (Reb M) (structures shown in Scheme 1)
have attracted widespread attention for their zero-calorie energy
content1 and received the Generally Recognized as Safe (GRAS)
status from the United States Food and Drug Administration
(USFDA).2 In S. rebaudiana, the 1,2-stevioside and Reb A are the
most abundant steviol glucosides that constitute 5–10 and 2–
4% w/w of the leaf dry weight, respectively.3 Reb D and Reb M
have attracted extensive interest due to their high sweetness,
which is 350-fold sweeter than sucrose and a much less pro-
longed bitter taste than most other SGs and they thus have
g, Northeast Forestry University, Harbin

u.cn

logy, Tianjin University, Tianjin 300072,

anjin University, Qingdao 266237, China

&D Center for Petrochemical Technology,

-mail: myy@tju.edu.cn

td., Qingdao 266071, China

Biology, Key Laboratory of Systems

aborative Innovation Center of Chemical

00072, China

njin University, Tianjin 30072, China

tion (ESI) available. See DOI:

the Royal Society of Chemistry
higher prices than Reb A. Nevertheless, less abundance of Reb D
and Reb M (approximately 0.4–0.5% w/w) in S. rebaudiana leads
to several disadvantages in traditional extraction from the Stevia
plant for industrial usage, including low efficiency, and water
wasting.1,4 Recently, the biosynthesis of Reb D and RebM in vivo
or in vitro has attracted widespread interest.5,6

The biotransformation reactions of SGs in S. rebaudiana are
catalyzed by a series of uridine diphosphate glucose (UDPG)-
dependent glycosyltransferase (UGTs),6–8 e.g., UGT91D2 for
biotransformation of Reb A to Reb D, and UGT76G1 for Reb D to
Reb M.9,10 Similarly, the engineered enzymes EUGT11 from
Oryza sativa L. and UGTSL2 from Solanum lycopersicum can also
catalyze the biotransformation of Reb A to Reb D.9–14 Since
Reb M is of much higher commercial value than that of Reb D,
and its industrial production mainly comes from Reb D,1 which
has a relatively high cost and low solubility. It is of great
promise to develop a one-pot cascade reaction to produce
Reb M directly from a cheap substrate such as Reb A to reduce
the cost.

Extensive studies have shown that the expression of glyco-
syltransferases in bacteria typically results in rather low yields of
soluble and active enzymes.6,15,16 It will lead to the increase in
the enzyme cost and the high value of the nal product, which
seriously restricts the industrial production. Moreover, these
free UGTs are not favorable to be used in industrial scale since
they are not reusable and thus expensive in the enzymatic
transformation process. It is of great need to develop immobi-
lization technologies for the two cascaded enzymes to increase
RSC Adv., 2021, 11, 15785–15794 | 15785
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Scheme 1 Biotransformation of Reb A to Reb D and Reb M by recombinant glycosyltransferases immobilized on chitosan beads.
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their reusability and reduce the production cost of these
enzymes. Enzymes immobilized in insoluble supports present
many advantages over bare enzymes, such as increased reus-
ability, improved stability, sequester enzyme from product
stream, and co-immobilization with other enzymes.17–19 A wide
range of organic and inorganic supports, including ceramics
and metal oxides, nanomaterials, and polymers have been
investigated as supports for enzyme immobilization.20–23 Chi-
tosan, as a representative of natural immobilized materials, is
appropriate for immobilization of UGTs than other carriers due
to its nontoxic, biocompatible nature, possessing suitable
functional groups and amenable to chemical and enzymatic
hydrolysis.24

Multiple free or immobilized enzymes were reported to be
able to be synchronously used for the production of target
products.25–28 Mixed cascade catalytic system contains two
immobilized enzymes, thus the diffusion of intermediate
products determines the reaction rate of the cascade reac-
tions.18 However, the co-immobilized enzymes on a same
support particle could signicantly reduce the diffusion of the
intermediate that mediates the cascade reactions, thus facili-
tating the formation of the nal product. No studies had yet
been conducted on the immobilization or co-immobilization of
the glucosyltransferases (UGTs) for the production of Reb M
from Reb A.

In this study, the recombinant enzymes, OsEUGT11 (UGT1)
from Oryza sativa and SrUGT76G1 (UGT2) from S. rebaudiana,
were expressed in Escherichia coli BL21(DE3). Upon purication,
these enzymes were efficiently immobilized onto chitosan
15786 | RSC Adv., 2021, 11, 15785–15794
beads with glutaraldehyde as the cross-linking reagent. We then
designed and established an effective co-immobilized system
and investigated its catalytic activity. Both the co-immobilized
and the mixed individually immobilized UGT1 and UGT2 can
catalyze Reb A to Reb M in one-pot, while the co-immobilized
enzymes system exhibited �3.2-fold higher activity than that
of the mixed immobilized system. A high Reb A conversion rate
of 97.3% and a high Reb M yield of 72.2% (4.82 g L�1) were
achieved by the co-immobilized system with a Reb A feeding
concentration of 5 g L�1. Finally, the co-immobilized enzyme
could retain over 72.5% and 53.1% of its original activity aer 4
and 8 repeated usages, showing considerable stability. Although
immobilization would lead to the loss of enzyme activity, the
total yield of Reb M with the successive batches exceeded that
catalyzed by free enzymes, which would compensate for the
increased cost of activity loss aer two reuse cycles, suggesting
that the co-immobilized UGTs is of signicantly economic
benet for the production of Reb M. To the best of our knowl-
edge, this is the rst report on the efficient biotransformation of
Reb M from Reb A with co-immobilized UGTs, establishing
a basic foundation for the practical production of the sweetener
Reb M.
2. Materials and methods
2.1 Materials

Reb A, Reb D and Reb M were gied by Sinochem Health
Company Ltd. UDPG disodium salt was purchased from Beijing
Solarbio Science & Technology Company Ltd (Beijing, China).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Chitosan, glutaraldehyde and the HPLC grade acetonitrile were
purchased from Sinopharm Chemical Reagent Company Ltd
(Shanghai, China). All chemicals used in this study were of
analytical grade. Isopropyl-b-D-thiogalactopyranoside (IPTG)
was purchased from Beijing Solarbio Science & Technology Co.,
Ltd. China.
2.2 Production and purication of UGT1 and UGT2

Expression of recombinant UGT1 and UGT2 were referred to the
method described by Kim et al.29 Briey, the glycosyltransferase
genes from Oryza sativa (UGT1, GenBank accession no.
AK121682) and S. rebaudiana (UGT2, GenBank accession no.
AY345974) were codon-optimized and synthesized by GenScript
(Nanjing, China). Respectively, the resulting UGT1 or UGT2 was
cloned in the pET28a(+) vector and transformed into the E. coli
BL21(DE3) competent cells (TransGen Biotech, Beijing, China),
resulting in the recombinant E. coli BL21 (pet28a-SrUGT76G1)
strain or E. coli BL21 (pet28a-OsEUGT11) strain. The recombi-
nant strain was cultivated in 400 mL Luria–Bertani (LB)
medium containing kanamycin (50 mg mL�1) in 1 L ask until
the OD600 reached approximately 0.6. The protein expression
was induced by the addition of IPTG 0.1 mM IPTG and cells
were incubated �14 hours at 18 �C. The cells were collected
from themedium and resuspended in the Tris–HCl buffer at pH
7.0. Subsequently, the cells were lysed by ultra-sonication in an
ice-water bath. Aer centrifugation, the His-tagged protein in
the supernatant was puried through the affinity adsorption on
Ni-NTA agarose column (Invitrogen). Protein mass concentra-
tion was measured by TaKaRa Bradford Protein Assay Kit with
bovine serum albumin as a reference protein.
2.3 Preparation of chitosan support

According to the reversed-phase suspension approach, the
chitosan powder was dissolved in a 1% acetic acid aqueous
solution to make a uniform transparent solution with a 4%
mass volume. The resulting solution was dropped into a 4 M
sodium hydroxide solution to form beads with a diameter of
about 2.0 mm. The chitosan beads were washed with distilled
water to neutrality and stored in distilled water at 4 �C.30
2.4 Enzyme immobilization

UGTs were cross-linked on chitosan beads by glutaraldehyde
(Scheme 1). During the reaction, the impendent aldehyde group
on the surface of chitosan beads interacted with amino group of
enzymes to form imino group (–CH]N–). The prepared chito-
san beads were activated to a cross-linked state by adding
a certain concentration of glutaraldehyde at 4 �C. Then the
excess glutaraldehyde was washed off with distilled water aer
two hours. The activated chitosan beads were added into the
enzyme solution of a certain concentration, which was oscil-
lated at 4 �C for a certain period of time. Aerward, the beads
were separated and the unbound enzyme was removed by
a lter funnel with paper and washing 3 times with distilled
water. The immobilized enzymes were used freshly and stored
at 4 �C until use.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The effects of concentration (volume fraction) of glutaral-
dehyde (from 0.01% to 0.5%) and immobilized time (from 2 to
12 h) on immobilization were studied by single factor experi-
ment. 5 mL of enzyme solution of different concentrations
(from 0.01 to 0.06 mg mL�1) were added to 0.2 g of activated
chitosan beads to determine the optimal amount of enzyme
addition. Immobilization efficiency is reected by the immo-
bilization yield and the relative activity of the crosslinked
enzyme in the reaction.31 The reaction was conducted at 37 �C
(according to the method in Section 2.5) for 24 hours, and the
maximum activity values of immobilized UGTs were regarded as
100%. The enzyme solutions before and aer immobilization,
and the washing solutions, were collected and their enzyme
concentration was determined using bicinchoninic acid (BCA)
protein assay. The immobilization yield was determined using
the formula:

Immobilization yieldð%Þ ¼ TPC�UPC

TPC
� 100% (1)

where TPC is the total protein content in the sample, UPC is the
un-crosslinked protein content.
2.5 Assay for enzyme activity

The activity of free and immobilized UGTs refers to the method
of Richman et al.32 with some modications: a total of 0.05 mg
of recombinant UGTs immobilized on 0.2 g of chitosan beads or
0.05 mg free UGTs was added to 1 mL of glucosyltransferase
assay buffer (50 mM PBS buffer, pH 7.0, 3 mM MgCl2) along
with corresponding substrate (1 g L�1 Reb A or 0.5 g L�1 Reb D
and 1–3 mM UDPG) and incubated at 37 �C with varying reac-
tion times toward different assays. The reaction was stopped by
adding 0.4 mL of acetonitrile. Samples were ltered and
detected using HPLC analysis. Under the above reaction
conditions, one unit (U) of enzyme activity was dened as the
amount of enzyme required to produce 1 mmol of Reb D/Reb M
in 1 min under the standard assay condition. The specic
activity was determined by the above method incubated for 3
hours (in the linear range of product formation, as shown in ESI
Fig. 1†) and dened as the enzyme units per milligram of
protein. Activity retention was dened as the ratio of the activity
of the amount of the enzyme immobilized on the chitosan
beads to the activity of the same amount of free enzyme.

Activity retentionð%Þ ¼ AI

AF

� 100% (2)

where AI is the specic activity of the immobilized enzyme, AF is
the specic activity of the free enzyme.
2.6 Co-immobilization of UGT1 and UGT2

UGT1 and UGT2 were co-immobilization onto chitosan beads. A
total of 2 mL puried UGT1 (0.01 mg) and UGT2 (0.02–0.12 mg)
were mixed to a scale (1 : 2 to 12) and incubated with 0.5 g
glutaraldehyde-activated chitosan beads at one tube. The
enzymes and chitosan beads were shaking at 200 rpm, 4 �C for
10 h to prepare the dual-enzyme co-immobilized system. To
measure the activity of the dual-enzyme co-immobilized system,
RSC Adv., 2021, 11, 15785–15794 | 15787
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it was added to 2 mL glucosyltransferase assay buffer (50 mM
PBS buffer, pH 7.0, 3 mM MgCl2) along with corresponding
substrate (1 g L�1 Reb A and 4 mM UDPG). The reaction was
performed at 37 �C for 6 days to detect the yield of Reb D and
Reb M. The yield of Reb M catalyzed by the dual-enzyme co-
immobilized system and the individually UGT1/UGT2 immo-
bilization systemwere compared in this study. Furthermore, the
effect of substrate concentration on the co-immobilized system
was investigated under optimal conditions. The mass ratio of
the substrate Reb A to the free enzyme was 1 : 0.11 in the co-
immobilized system and the concentration of products was
detected on day 6. Additionally, the daily volumetric produc-
tivity was calculated based on the Reb D and Reb M products
concentration, which was determined by liquid chromatog-
raphy and the biotransformation time, which was measured
when >90% of the starting material was converted to the
products.33 The conversion rate (%) of Reb A and the yield (%) of
Reb D and Reb M were calculated using the following formula:

The conversion rate of Reb Að%Þ ¼ 1� Ca

Cb

� 100% (3)

where Ca is the concentration of Reb A aer the reaction, Cb is
the concentration of Reb A before the reaction.

The yieldð%Þ ¼ Co

Ct

� 100% (4)

where Co is the actual concentration, Ct is the theoretical
concentration.
2.7 Determination of the optimum temperature and pH

The temperature activity prole of free and immobilized glu-
cosyltransferase was determined in the range of 18–45 �C at pH
7.0. The effect of pH on the activity of free and immobilized
glucosyltransferase was studied at 37 �C by varying the pH of the
reaction mixture in the range of 6.5–8.5 using phosphate
sodium buffer. The reaction was conducted for 24 hours
(according to the method in Section 2.5), and the maximum
activity values of immobilized UGTs were regarded as 100%.
Fig. 1 SDS-PAGE analysis of the purified UGTs expressed in Escher-
ichia coli. Lane 1, the expressed UGT1; Lane 2, the expressed UGT2;
Lane 3, the purified UGT1; Lane 4, the purified UGT2; Lane (M):
molecular weight marker.
2.8 Operational stability (reusability)

To evaluate the reuse of immobilized biocatalysts, each immo-
bilized UGT1, UGT2 or the dual-enzyme co-immobilized system
was added to 1 mL of glucosyltransferase assay buffer (pH 7.0)
containing substrate Reb A or Reb D. The reaction was con-
ducted at 37 �C for 24 h and its activities was determined by the
rate of product. Aer the reaction, the immobilized biocatalysts
were ltered, washed with fresh buffer and used in a new
catalysis cycle. The formula for calculating the reusable effi-
ciency is provided below:

Reusable efficiencyð%Þ ¼ Anth

A1th

� 100% (5)

where Anth is the UGTs activity in the nth cycle, A1th is the UGTs
activity in the 1st cycle.
15788 | RSC Adv., 2021, 11, 15785–15794
2.9 HPLC analysis

HPLC were used to quantitatively analyze the substrates and
products in the reaction systems. Reb A, Reb D and Reb M were
separated using an octadecylsilane (ODS) column (Shim-pack
GIST, 4.6 � 150 mm, Shimadzu Corporation, Kyoto, Japan)
under the following chromatographic conditions: UV detection
wavelength 210 nm; ow rate 1.0 mL min�1; mobile phase,
water and acetonitrile at 75 : 25 (v/v); and injection volume 5 mL.
The retention times of Reb A, Reb D and Reb M were 6.04, 7.56
and 19.87 min, respectively.
3. Results and discussion
3.1 Establishing one-pot cascade enzymatic transformation
system from Reb A to Reb M

The recombinant UGT1 and UGT2 were rstly expressed in E.
coli. The puried UGT1 and UGT2 showed a single band cor-
responding to 51.33 and 50.89 kDa on PAGE-gel (Fig. 1),
demonstrating the purity level of the two enzymes.

To implement the targeted production of Reb M from Reb A,
we designed a one-pot cascade enzymatic transformation
system. The cascade had two enzymatic reactions and two
enzymes (Scheme 1). The crude extract of E. coli cells containing
UGT1 and the puried UGT1 can catalyze the biotransformation
from Reb A to Reb D. And the puried UGT2 and the crude
extract can catalyze Reb D to produce Reb M. The specic
activity of UGT1 and UGT2 were 15.8 � 0.3 mU mg�1 for Reb A
and 4.1 � 0.1 mU mg�1 for Reb D, suggesting successful
expression of the highly active UGTs. This cascade reaction
route was designed with the following basic principles in mind:
(1) the reaction conditions in the two reaction modules need to
be compatible;34,35 (2) to reduce the precipitation of interme-
diate products (Reb D) for the accumulation of the nal product
(Reb M). Although many UGTs can catalyze the biotransfor-
mation of Reb A to Reb D and to Reb M, coordinating these two
© 2021 The Author(s). Published by the Royal Society of Chemistry
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enzyme-catalyzed reactions producing Reb M directly from Reb
A is challenging.6–10,36,37
3.2 Immobilization of the UGTs on chitosan beads via cross-
linking with glutaraldehyde

To investigate the effect of glutaraldehyde concentration on
UGTs immobilization, the UGT1 and UGT2 were immobilized
on chitosan beads cross-linked with different concentrations of
glutaraldehyde ranging from 0.01% to 0.5% (Fig. 2a). The
maximal activity was obtained when using 0.1% cross-linked
beads as carrier, suggesting 0.1% glutaraldehyde is the
optimal crosslinker concentration. As a versatile immobiliza-
tion biomaterial, chitosan possesses a variety of functional
groups that facilitate efficient binding between chitosan and
enzymes.38–40 An increase in the aldehyde group on the surface
of beads can provide increasing binding sites for UGTs, result-
ing in a higher UGTs loading and activity. A high glutaraldehyde
level above 0.1% led to an extensive intramolecular or inter-
molecular cross-linking interaction of individual enzymes and
aldehyde groups on the surface of chitosan beads would shield
the active sites and limit enzyme activities.41 Therefore, 0.1% of
the glutaraldehyde used to be chosen for further studies.

The immobilization time has an effect on the amount of
enzyme with the chitosan beads, which resulted in
Fig. 2 (a) Effect of glutaraldehyde concentration on the activity of the imm
UGTs concentration on the immobilization efficiency and yield to chitos
were regarded as 100%. (d) The specific activities of the optimized immo

© 2021 The Author(s). Published by the Royal Society of Chemistry
a deterioration of enzyme activity.42 UGTs was immobilized on
chitosan beads for different times, varying from 1 h to 12 h
(Fig. 2b). The immobilized enzymes exhibited the maximal
activity at 8 h, an optimal crosslinking time of the enzyme with
glutaraldehyde.

The effect of enzyme concentration on the activity and yield
of the immobilized UGT1 and UGT2 was investigated (Fig. 2c).
When the loading concentration of UGTs on chitosan beads
were in the range from 0.01 to 0.05 mg mL�1, the activities of
the immobilized UGTs were improved with the increase in the
loading concentration. When the loading concentration of
UGTs was over 0.05 mg mL�1, the activities of the immobilized
UGTs were decreased signicantly, suggesting the binding sites
of UGTs provided by the carrier were saturated. Hence, the
enzyme concentration of 0.05 mg mL�1 was selected for further
investigations. Thus, the immobilized UGTs with loading level
of 0.05 mg mL�1 displayed their maximum relative activities.

The puried UGTs covalently immobilized onto chitosan
beads exhibited high specic activity aer two cycles of reusage,
which were 11.9 � 0.1 mU mg�1 for the immobilized UGT1 and
2.9 � 0.1 mU mg�1 for the immobilized UGT2, signicantly
higher than that of the original specic activity (4.4 � 0.2 mU
mg�1 of the immobilized UGT1, and 1.1 � 0.1 mU mg�1 of the
immobilized UGT2). It was likely that the active site of the
enzyme was blocked due to glutaraldehyde crosslinking aer
obilized UGTs. (b) Effect of immobilized time for enzymes. (c) Effect of
an beads support. The maximum activity values of immobilized UGTs
bilized enzyme and the free enzyme were compared.

RSC Adv., 2021, 11, 15785–15794 | 15789
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Fig. 3 Effect of temperature (a) and pH (b) on the activity of immo-
bilized UGT1 and UGT2. (c) Operational stability of the immobilized
UGT1 and UGT2. The maximum activity values of immobilized UGTs
were regarded as 100%.
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immobilization and it was released continuously during the
enzymatic reaction process.41 The specic activities of the
optimized immobilized UGTs were comparable to those of the
free enzymes (Fig. 2d). Comparative to free enzymes, the activity
retention of immobilized UGT1 and UGT2 reached �74.1% and
�70.7%, respectively. Chemical xation techniques by using
cross-linking agents would result in fairly stable immobilized
enzymes, which could be easily sequestered from the product
stream.18,43 The optimized immobilized UGTs could retain most
of their activity of the free enzymes. The immobilized enzyme
with regained activity at the second round of usage was then
chosen for the following studies.

3.3 Effect of temperature and pH on activity and reusability
of the immobilized UGTs

The effect of temperature on the UGTs activity of free and
immobilized enzymes was studied by conducting the catalytic
reaction at different temperatures between 18 and 45 �C
(Fig. 3a). The optimum temperature for the immobilized UGTs
was 37 �C, which was similar to free enzymes. When the
temperature was 25 �C, the relative activity of immobilized
UGT1 and UGT2 was 54% and 85%, indicating that the immo-
bilized UGT2 showed a higher catalytic activity in the temper-
ature range from 25 �C to 37 �C. When the temperature was
45 �C, the immobilized UGT1 retained 98% activity, while UGT2
only maintained 59% activity, suggesting the immobilized
UGT1 showed higher activity than UGT2 in the range of 37–
45 �C.

The effects of pH on UGTs activities were measured at pH
6.5.0–8.5 (Fig. 3b). The optimal pH for the free and immobilized
enzymes was 7, which was similar to other glycosyl-
transferases.14,44 The immobilized UGT2 showed 53–73% of
relative activity at pH 6.5, 7.5 and 8.5, while the immobilized
UGT1 retained 80% activity in the range of 6.5–8.5, suggesting
that the immobilized UGT1 displayed a higher catalytic activity
over a wide pH range of 6.5–8.5. Therefore, the temperature of
37 �C and pH 7.0 were chosen for the following studies.

The efficient reusability of immobilized enzymes up to
several cycles is highly needed, which also plays a key role in
developing a cost-effective reaction.45 The activity of the
immobilized UGTs was measured for each recycle (Fig. 3c). The
activity of the rst batch was taken as a reference (100%). The
immobilized UGT1 retained 60.6% and 48.5% relative activity
aer 4 and 8 repeated usages, and the immobilized UGT2
retained 52.6% and 38.2% relative activity aer 4 and 8 recycles,
respectively. Thus, the immobilized UGTs displayed consider-
able stability under operational conditions, and UGT1 has
a higher stability than UGT2 aer immobilization. In all, these
two enzymes showed compatible properties including temper-
ature, pH and reusability aer immobilization, which were
suitable for the constitution of a co-immobilization
system.34,35,46

3.4 Co-immobilization of UGT1 and UGT2

Co-immobilized enzymes were established, as one of the one-
pot cascade enzymatic transformation system, to improve the
15790 | RSC Adv., 2021, 11, 15785–15794
productivity.47–49 The UGT1 and UGT2 were co-immobilized
onto the chitosan beads to form a dual-enzyme system for
directly obtain Reb M from Reb A by the cascade reactions.
Various ratios of UGT1 to UGT2 (1 : 2 to 1 : 10) were used for co-
immobilization, the yield of Reb M was measured (Fig. 4a).
When the mass ratio of UGT1 to UGT2 was 1 : 10, the maximum
yield of the Reb M was obtained. Excess UGT2 could not
improve the yield of Reb M catalyzed by the co-immobilized
UGT1 and UGT2. The appropriate mass ratio of enzymes in
the co-immobilized system would reduce the precipitation of
intermediate products and accumulate the nal product.50,51

Thus, in this study, 1 : 10 (UGT1 to UGT2) was selected as an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The optimal ratio of UGT1 to UGT2 in the co-immobilized
cascade reactions. The effect of temperature (b) and pH (c) on the
activity of co-immobilized UGTs. The maximum activity values of
immobilized UGTs were regarded as 100%.
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optimum mass ratio of the two enzymes to further study the
effects of the other process variables.

The co-immobilized UGTs showed the highest catalytic
activity at 37 �C (Fig. 4b). 80.0–91.2% of the maximum activity
could be retained in the range of 18 to 25 �C. The relative activity
of co-immobilized UGTs reached 41% of the maximum at 45 �C.
The co-immobilized enzyme system had a similar activity trend
to the free UGT2 at various temperature conditions. The
optimal pH of the co-immobilized UGTs was 7.0 for Reb M
production (Fig. 4c). The co-immobilized UGTs showed 46–76%
of relative activity at pH 6.5, 7.5 and 8.5, which has a similar
trend to that of the immobilized UGT2. Therefore, 37 �C and pH
of 7.0 were selected for the subsequent studies.
© 2021 The Author(s). Published by the Royal Society of Chemistry
3.5 Comparison of the co-immobilized and the mixed
immobilized UGTs

UGT1 and UGT2 were individually immobilized on two carriers
to form a mixed immobilized system. The yield of Reb M cata-
lyzed by the co-immobilized and the mixed immobilized UGTs
were compared (Fig. 5a). The co-immobilized UGTs can convert
87.1% of Reb A, which is 1.7-fold higher than that by using
mixed UGTs (Fig. 5b). The two systems with various ratios of
UGT1 to UGT2 were also compared (ESI Fig. 2†). Similarly, the
co-immobilized enzymes exhibited higher activity than that of
the mixed immobilized enzymes. The yield of Reb M was
�75.4% by the dual-enzyme co-immobilized system, �3.2-fold
higher than that by the mixed immobilized UGTs (�23.8%).
These data illustrated that the co-immobilized enzymes had
higher efficiency for the Reb M production than the mixed
immobilized system. When the two enzymes were immobilized
on different carrier beads, the substrate transfer had to over-
come double diffusion barriers, restricting the cascade catalytic
reactions.26 In contrast, the two enzymes were xed in the same
carrier bead in the dual-enzyme co-immobilization system
would reduce the transport time of the substrate and interme-
diate loss due to diffusion,52 the substrate was instantly con-
verted to the nal product due to that two closely enzymes
constituted a efficiently cascade biocatalyst.28,53–55 Therefore,
this co-immobilization system enabled a fast transfer of
substrate, thus enhancing the overall catalytic efficiency of the
cascade reactions.

Product with high concentration can yield relatively low
separation costs, which is valuable for the large-scale produc-
tion. Therefore, the effect of substrate concentration on the co-
immobilized system was investigated under optimized mass
ratio of UGTs, temperature and pH conditions (Fig. 5c). The
ratio of substrate to enzyme was 1 mg Reb A to 0.55 mg of UGTs
immobilized onto chitosan beads. The conversion rate of Reb A
changed from 98.1% to 92.4% at the 6th day of incubation, with
the feeding concentration of Reb A from 1 to 6 g L�1 (Table 1).
When the feeding substrate concentration was 5–6 g L�1, the
products reached 5.66 � 0.12 g L�1 (including 0.84 � 0.01 g L�1

Reb D, 4.82� 0.11 g L�1 RebM) and 6.09� 0.32 g L�1 (including
1.09 � 0.04 g L�1 Reb D, 4.99 � 0.28 g L�1 Reb M), and the
Reb M yield of 72.2% and 62.3% were obtained via the formula
(4), respectively. Additionally, the daily volumetric productivity
reached 0.94 � 0.02 g L�1 and 1.02 � 0.04 g L�1, respectively.
Thus, a high conversion rate (97.3%) and Reb M yield (72.2%)
with 5 g L�1 Reb A feeding demonstrated a great potential of the
co-immobilized UGTs for Reb M production from Reb A in one-
pot. The trace residue of Reb D was caused by the relatively low
UGT2 activity and stability, which may be solved by enhanced
stability and activity of UGT2 with the glycosylated C19-carbox-
ylic acid functional group.9,56

The operational stability of the dual-enzyme co-
immobilization system was investigated by measuring the
activity of the optimized co-immobilized enzyme aer cycling 8
repeated usages (Fig. 5d). The highest activity (100%) was
considered as the rst cycle. As the number of repeated cycles
increased, the activity of the co-immobilized UGTs decreased.
RSC Adv., 2021, 11, 15785–15794 | 15791
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Fig. 5 (a) The biotransformation patterns of the co-immobilized UGTs and the mixture of individually immobilized UGTs: UGT1 and UGT2 were
co-immobilized and individually immobilized onto the beads to catalyze the direct biotransformation of Reb A to Reb M in one-pot. (b) The
activity of co-immobilized UGTs was compared with that of mixed immobilized UGTs. (c) The effect of substrate concentration on the co-
immobilized system. (d) Operational stability of the co-immobilized UGTs. The specific activity of the first cycle was considered as 100%.

Table 1 The daily volumetric productivity of the co-immobilized UGTs at various substrate concentrations

The feeding substrate Reb A
concentration (g L�1)

1 2 3 4 5 6

Conversion rate (%) 98.5 98.2 98.1 97.9 97.6 92.4
Reb D concentration (g L�1) 0.20 � 0.01 0.32 � 0.02 0.44 � 0.02 0.57 � 0.03 0.83 � 0.03 1.09 � 0.04
Reb M concentration (g L�1) 0.99 � 0.02 2.06 � 0.05 2.81 � 0.19 4.02 � 0.09 4.83 � 0.11 4.99 � 0.28
Daily volumetric productivity (g L�1) 0.2 � 0.01 0.4 � 0.01 0.54 � 0.03 0.77 � 0.04 0.94 � 0.02 1.02 � 0.04
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Additionally, the reusability of the mixed immobilized UGTs
same with that of the immobilized UGT2 showed a downtrend
(ESI Fig. 3†). The washing step of the immobilization process
would lead to a loss of enzymes, and the inactivation of UGTs
molecules in the repeatedly adjusted solution have inuenced
the active site of enzyme during the cycling process.57–59 Aer 4
and 8 repeated uses, the co-immobilized enzyme retained above
72.5% and 53.1% of its original activity, respectively. The
stability of the enzyme was greatly improved upon co-
immobilization onto the beads.60–62

The costs of each component for RebM production catalyzed
by free and co-immobilized enzyme at the laboratory level was
calculated to assess the cost difference for producing 1.0 g
Reb M from Reb A. The total costs for the former case have �4-
fold higher than that of the latter case. The cost difference is
15792 | RSC Adv., 2021, 11, 15785–15794
mainly due to the consumption of free enzymes. In addition,
the immobilization costs include the carrier and crosslinker
that are neglectable due to their low costs.63,64 Therefore,
according to the yield of Reb M for eight cycles of reusage by the
co-immobilized enzymes, the costs for the two case would be
estimated and compared. Although immobilization may lead to
a loss of enzyme activity, the total yield of Reb M with the
successive batches of reusage has exceeded that catalyzed by
free enzymes, which would compensate for the increased cost of
activity loss. In addition, the yield of Reb M was �75.4% by the
dual-enzyme co-immobilized system, and it retained above 97%
of its original activity aer two repeats. Thus, the co-
immobilized enzymes showed a signicant economic advan-
tage aer two reusing cycles.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In summary, the puried recombinant glycosyltransferase
UGT1 and UGT2 from E. coli BL21(DE3) were successfully
produced, puried, and immobilized into the chitosan beads to
improve the reusability of these glycosyltransferases. Enzymes
would be sequestered from product stream and the production
cost was thus minimized. To reduce the transport time of the
substrate and intermediate loss due to diffusion in the multi-
enzyme cascade reactions, we developed a co-immobilization
strategy that could efficiently convert Reb A to Reb M in
cascade in one-pot. The co-immobilized system of UGT1 and
UGT 2 exhibited �3.2-fold higher activity than that of the
individually immobilized system. A high substrate (Reb A)
conversion rate of 97.3% and a Reb M yield of 72.2% (4.82 �
0.11 g L�1) were obtained with the Reb A feeding concentration
of 5 g L�1. Although a loss of enzyme activity upon immobili-
zation, the co-immobilized enzymes retained 72.5% and 53.1%
of its original activity aer 4 and 8 rounds of reusages, respec-
tively. The successive batches of reusage would compensate for
the loss of enzyme activity. The co-immobilized UGT1 and UGT2
is thus a viable way to efficiently produce Reb M from Reb A in
one-pot.
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23 A. Carné, C. Carbonell, I. Imaz and D. Maspoch, Chem. Soc.
Rev., 2011, 40, 291–305.

24 B. Krajewska, Enzyme Microb. Technol., 2004, 35, 126–139.
25 E. T. Hwang and S. Lee, ACS Catal., 2019, 9, 4402–4425.
26 S. Ren, C. Li, X. Jiao, S. Jia, Y. Jiang, M. Bilal and J. Cui, Chem.

Eng. J., 2019, 373, 1254–1278.
27 Y. Zhang and H. Hess, ACS Catal., 2017, 7, 6018–6027.
28 J. F. Kornecki, D. Carballares, P. W. Tardioli, R. C. Rodrigues,
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