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Abstract: This study aimed to immobilize D-allulose 3-epimerase from Ruminococcus sp. (RDAE) using cross-linked
enzyme aggregates (CLEAs) technology. The immobilized enzyme (RDAE-CLEA) was prepared by optimizing the
precipitant polyethylene glycol (PEG4000) concentration, cross-linker dextran aldehyde concentration, and cross-linking
time. The enzymatic properties of the free enzyme (RDAE) and the immobilized enzyme (RDAE-CLEAs) were
comparatively evaluated. Furthermore, the structural changes in RDAE before and after immobilization were analyzed
using scanning electron microscopy, infrared spectroscopy, and molecular dynamics simulations. In the absence of
stabilizers, the RDAE-CLEAs prepared with 36% (w/v) PEG4000 and 2.73 mg/mL dextran aldehyde at 4 h achieved an
enzyme activity recovery rate of 55.88%. Compared with the free enzyme, the immobilized enzyme exhibited siginificantly

YRS EHA: 2025-03-03

EE&WB: BEELALR (2022YFC2104900 ) 5:LAHEEFLARIAED (2023CXGC010714 ) ;R AEMFHTFIEERAXRE (22HHSWSS00003 )
{EEBINT: 5r%E (2001-) , %, MR A, FFRF #): R 5 A4 T4, E-mail: 2296750447@qq.com.

*EEIEE: i (1982-) %, W&, 8IFR R, AF 77 61: A hkEs R AR E AR A4 H) %, E-mail: zeng_y@tib.cas.cn.


https://doi.org/10.13386/j.issn1002-0306.2025020268
https://doi.org/10.13386/j.issn1002-0306.2025020268
https://doi.org/10.13386/j.issn1002-0306.2025020268
mailto:2296750447@qq.com
mailto:zeng_y@tib.cas.cn

- 170 - £ Tl B4

2026 4 4 A

improved environmental tolerance (P<0.05) at pH6.0~7.5 and 30~55 °C, retaining 59.77% initial activity after 10 reuse

cycles. Structural analysis revealed that RDAE underwent significant conformational changes during cross-linking, and the

binding tightness between subunits in the enzyme tetramer was reduced. The study developed RDAE-CLEAs with good

reusability and elucidated the dual role of surface lysine residues in both facilitating covalent cross-linking and maintaining

the rigidity of the tetrameric structure of RDAE. Considering the critical impact of tetramer rigidity on the thermal stability

of RDAE, developing novel cross-linking strategies that preserve lysine residues on the enzyme surface would substantially

improve the application potential of RDAE-CLEAs.
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A DTTERIBREEDRCE
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Fig.2 Effect of dextran aldehyde concentration (a) and cross-
linking time (b) on the activity of RDAE-CLEAs
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Fig.3 Enzymatic properties of immobilized enzyme
RDAE-CLEAs

TE: (a)fzifi pH; (b) el B (o) IR E 1 (d) H I,

pH 2 7.5, BiE IR E M 60 °C. TE pH6.0~7.5 5 30~
55 °C o[BI P, FHAHXT S 15 W 25 = T SIS RDAE
(P<0.05) . X4t 5 Clk P HGE B IERE D SCHX
Titg SRAEARARL, J5 EHTEAR pH A58 R IR Bl a5
g AR E R . A b, 5 e e A e

#44& F 19 DAE #H LPY, RDAE-CLEASs 7614 58 iR 4
Mt SZ P A TR ), JECAal A i 521 5 9 S iR L TR Wl i

%o TEBEA Wik A R i r= A A ERHIL @I S8, T

FEHFIE(30~55 °C) K 2 55 R4 (pH6.0~7.0) 5514

T AR R HI P23, RDAE-CLEASs JF 2 3L 1Y 58
pH FIVERETE M, $858 T HARASE D-Bfy& Bt A= 4
¥ i s b i RGP SE . 55 ¢ FiEEE

FRsE PR, SRR B, iF 255 RDAE-CLEAS 197
1 1 Bt PR S ) SE S TR, 7ERT 8 h PIEA
B 25 5% o AFUR RS e AR [E], RDAE-CLEAS

() T 3 7 RS I BE i (& 3c) o 16 BH 5 Ui S i
RDAE tb%:, HAZ B 3R 45 /& RDAE-CLEAs £ 1%
pH 5l T 52 P B AR R e, TR RS AN

A HEE o de Freitas Z¢0B4 S I FH 765 SROBEIEVE N
SEBEFAN 251 p-F-F LA IS R AR TE 60 °C F
M2 2 W oK 15.87 min, K T 0% & B 19 2 2 1

22.24 min, 4, Kulkarni 250535 o, % 30 = il 45 14
7 A TR ) SR SR A AR S PRI T S it 100

IX 2 TS Bl SR AL A i B I A SR NI M A= AR A

FE,

A A RS P R AT i T AR A [ R AR O 45 B9
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SEN I AR e, HAEX A 3 i o R Ba s i
g/, (R A 5 WG MM AR mFa e, 53R
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