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Figure 1. The chemical structures of lactulose and

lactose.
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F 1. CiRERAIAERSG LI RERTH M E 0 S8

Table 1. Reported cellobiose 2-epimerase that produced lactulose from lactose
Original microorganisms Optimal Optimal Specific activity/ Catal.ytic efficiency Lactose:epilactose: References
temperature/°C pH (U/mg) [1/min 1/(mmol/L)] lactulose
Caldicellulosiruptor 80 7.5 10.8 0.55 27:15:58 [20,23,40]
saccharolyticus 7.05 (1/s)
CSCE mutant RSM/I52V/ 80 7.5 30.1 21.0 (1/s) 24:0:76 [40]
A12S/K3281/F231L
Dictyoglomus turgidum 70 7.0 14.2 1.12 32.9:12.8:54.3 [21,23]
0.51
Dictyoglomus thermophilum 85 7.0 160.1 (epimerization); 0.84 (1/s) NR [24]
3.52 (isomerization)
Caldicellulosiruptor 70 7.5 93.6 0.77 (1/s) 35:11:54 [22]
obsidiansis

NR: not reported.
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Table 2.

ERERMEYEHEIRBEEFTZ

Reported bio-production progresses of lactulose

Bio-catalyst Substrate Lactulose Productivity/ Enzyme loading/ Reaction References
concentration/(g/L) concentration/yield [g/(L-h)] (U/mL) time/h

CSCE enzyme 700 408 g/L (58%) 204 150 2 [20]

CSCE enzyme 700 (addition of 614 g/L (88%) 205 150 3 [38]
120 g/L boric acid)

CSCE mutant enzyme 500 380 g/L (76%) 95 3¢/l 4 [40]

R5M/I52V/A12S/K3281/F231L

Immobilized CSCE enzyme 600 350 g/L (58.3%) 87.5 12.5 4 [42]

Permeabilized E. coli cells 600 390.6 g/L (65.1%) 195.3 12.5 2 [43]

(expressing CSCE)

Immobilized CSCE enzyme 700 395 g/L (56.4%) 98.8 100 4 [41]

COCE enzyme 200 108 g/L (54%) 27 120 4 [22]
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(hydride-shift mechanism), Fi# FZAFA LB
PR SAG R . D-FEAR M 3-22 ) A AR,

i B LG D-ARNE S A A L 52 B S A I
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(%) CE [l it A 285 A8 H00H0 3 3k 43— ) 50 A A o 3
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I 3), CIRIEM CE BEZ NHIkRE, 2T
43-47 kDa, st Z Mk CE ﬁ@%‘%@%ﬁ%@ﬁ?
SIFARUETE 35%-50%, 2 IR 5 4R F X AL $E
No. 50-60 , No. 180-200, No. 240-260 . No. 300-330,
No. 370-390 SF X S 5k 3 . 2E£H L 4 CSCE

FitF 25 SR 25 R0 R B, SRR VR CE i 36 44 1 A8 R
FEAR, HA i S R RR AR E AR S R HA —E 1)
BKPE, X IX AR B ) S AR SR A R BT
it 16 ) T B AR 1 (S5 R M R R 3R), iX s
FRIEM S R DI RE AN 36 4 Frid . Tto S804 T
Ruminococcus albus K5 CE FE(LAMKUCFLAE R 7= 4))
(AR, G5 RRV TR R4 —
WSS, R52, H243. E246, W249, W304,
E308 il H374 FRIEHZMEMLTIREL, Fl114
W303 AT BB TRk, Park %4347 CSCE
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Table 3. Published crystal structures of cellobiose 2-epimerase in the PDB database
. Molecular weight ) eric Published
Originals determined by state PDB ID data References
SDS-PAGE/kDa

Rhodothermus NR NR 3WKEF, apo structure 12/5/2013  [51]
marinus 3WKG, /olo structure with glucosylmannose

3WKH, holo structure with epilactose

3WKI, holo structure with cellobiitol
Ruminococcus albus 43.1 Monomer  3VWS5, apo structure 6/26/2013  [52]
Caldicellulosiruptor 47 Monomer 474, apo structure 4/13/2016  Not
saccharolyticus DSM 8903 4ZAL, apo structure published
Bacillus thermoamylovorans NR NR 5ZHB, apo structure 6/19/2019  Not
B4167 published
Spirochaeta thermophila 47 Monomer  5ZIG, apo structure 4/10/2019  Not
DSM 6192 published

NR: not reported.

actamicro@im.ac.cn



TRESE | RUEYIZAR, 2021, 61(2)

285

Rx4. CEmEFMHPOXBIRERREE— Ill—"‘

Table 4. Essential residues in the active site of cellobiose 2-epimerase

Residues interacted

Residues Predicted functions with the side chain
R66 (R56) Interacted with No. 5 oxygen atom and No. 6 hydroxyl group of substrate Y124, W385
Y124 (Y113)  Interacted with No. 2 hydroxyl group of substrate R66

N196 (N184)  Interacted with No. 2 and 3 hydroxyl group of substrate H259

H200 (H188) A catalytic residue, interacted with No. 1 and 2 hydroxyl group of substrate None

H259 (H247) A catalytic residue, interacted with No. 3 hydroxyl group of substrate N196, S256

E262 (E250) Interacted with No. 1 hydroxyl group of substrate Y389, R393
W322 (W308) Stabilizing substrate via n-n interaction None

W385 (W373) Stabilizing substrate via n-m interaction R66

H390 (H377)

A catalytic residue, interacted with No. 5 oxygen atom and No. 1 hydroxyl group of substrate None

"According to the crystal structure of Rhodothermus marinus CE enzyme (PDB ID: 3WKG), and residue numbers in brackets are

corresponded to the CSCE enzyme.
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http://journals.im.ac.cn/actamicrocn



286

Zheng Xu et al. | Acta Microbiologica Sinica, 2021, 61(2)

20 U/mL % F, FLARWERAL AL 51%, £H
¥ CSCE LA FEREF] pMAO09 B A4 I 4% fb i 55 2
FFF T WB800 471k, 16 h J57E 7.5 L A TRf
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Table 5. Part of published patents for bio-production of lactulose
. . Application
Patent title Patent applicant Patent No. .
time
Cellobiose 2-epimerase, its preparation and uses Watanabe et al. US2012329098A1  02-05-2009
(In Japan)
Method for preparing lactulose from lactose using cellobiose Univ Konkuk Ind Coop Corp  WO02012115390 02-23-2011
2-epimerase or N-acetyl glucosamine 2-epimerase Oh and Kim (In Korea)
Production process for concentrated solution of lactulose Jiangsu Hi-Stone WO02015188566 06-11-2014
Pharmaceutical Co., Ltd.
Wang et al.
High-purity epilactose and method for producing the same Japan Maize Prod JP2011217701A 04-14-2010
Saburi and Yamamoto
Cellobiose 2-epimerase, and application of the same Japan Maize Prod JP2012130332A 11-30-2010
Univ Hokkaido
Saburi et al.
Method for production of lactulose from lactose using by cellobiose  Univ Konkuk Ind Coop Corp ~ KR20120096769A  02-23-2011
2-epimerase Oh and Kim
Method for production of lactulose from lactose using N-acetyl Univ Konkuk Ind Coop Corp  KR20130019309A  08-16-2011
glucosamine 2-epimerase Oh and Kim
Method of synthesizing lactulose and system for synthesizing Univ Korea Res & Bus Found KR20130101690A  03-06-2012
lactulose Kim et al.
Microreactor for synthesizing lactulose and method of synthesizing  Univ Korea Res & Bus Found ~ KR20130101689A  03-06-2012
lactulose Kim et al.
Catalyst for synthesizing lactulose and method of synthesizing Univ Korea Res & Bus Found ~ KR101291906B1  03-06-2012
lactulose Kim et al.
System for synthesizing lactulose using sodium carbonate Korea Advanced Inst Sci & Tech KR20150053047A 11-07-2013
Han and Seo
System for synthesizing lactulose using ammonium carbonate Korea Advanced Inst Sci & Tech KR20150048567A  10-28-2013
Han et al.
Lactulose production using immobilized cells Forbiokorea Co., Ltd KR101762222B1 10-18-2016
Lee et al.
A genetic engineering strain of Bacillus subtilis and its construction ~ Nanjing Tech University CN105255805A 11-16-2015
and application in lactulose production (authorized patent) (Chinese patent)
A whole cell immobilization method of cellobiose 2-epimerase Jiangnan University CN104313009A 10-21-2014
(authorized patent) (Chinese patent)
A method of heterologous expression and preparation of cellobiose ~ Feed Research Institute, CN106434736A 12-21-2016
2-epimerase in yeast cells Chinese Academy of (Chinese patent)
Agricultural Sciences; National
Animal Husbandry Station
Recovery and reuse of boric acid in lactulose preparation Baolingbao Biology Co., Ltd.  CN106589006A 12-08-2016
(Chinese patent)
Enzymatic production of lactulose Shandong Bailong Group Co., CN104805152A 12-04-2014
Ltd. (Chinese patent)
A process for simultaneous production of lactulose and tagatose Yucheng Lvjian Biotechnology CN102296129A 06-16-2011
Co., Ltd. (Chinese patent)
A production process of crystalline lactulose (authorized patent) Yucheng Lvjian Biotechnology CN102153598A 02-25-2011
Co., Ltd. (Chinese patent)
A preparation method of high purity lactulose (authorized patent) Baolingbao Biology Co., Ltd. = CN102020680A 01-07-2011
(Chinese patent)
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Advances in bio-production of lactulose wusing cellobiose
2-epimerases
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Abstract: Lactulose, a reducing disaccharide, is composed of D-galactosyl and D-fructosyl moieties via the ligation
of a B-1,4 glycosidic bond. The concentrated lactulose solution can be used to treat chronic constipation and hepatic
encephalopathy. It is an over-the-counter drug (OTC) worldwide, resulting in a massive requirement for its
production. Lactulose is also a prebiotic that benefits human intestinal flora. Current industrial production of
lactulose relies on chemical catalysis, with harmful catalyst and difficult in the down-stream processing. Recently,
cellobiose 2-epimerase (CE) is recognized as an efficient biocatalyst for lactulose production using lactose as the
substrate. This technique is environmentally friendly and composed of simpler procedures, showing promising
future for an industrial application. This paper reviews recent developments in CE enzyme research, and the
biotechnological route of lactulose synthesis.
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