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Abstract: This study aimed to simultaneously enhance the enzymatic activity and thermostability of glucose oxidase
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(AnGOD) derived from Aspergillus niger through a semi-rational design strategy. Mutation sites were designed using the
FireProt online tool and consensus sequences analysis, and the optimal mutant was screened via site-directed mutagenesis
and a two-stage combinatorial mutation approach. Molecular dynamics simulations were then conducted to elucidate the
mechanism of performance enhancement. Results showed that from the initial 83 designed sites, 12 single-point
advantageous mutants were selected, and the optimal mutant M5 (T276F/T34V/Q90R/S53F/S74T) was obtained through
two-stage combinatorial mutagenesis. Compared to the wild-type (WT), M5 exhibited a 4.2-fold increase in specific
activity, with a k,, value of 755.0 s and a k_/K,, value of 34.52 L-mmol™"'s™', representing 3.67- and 2.48-fold
enhancements over WT, respectively. At 65 °C, the half-life of M5 was 30 min, representing a 30-fold increase compared to
WT (1 min). Molecular dynamics simulations revealed that the average RMSD of M5 and the RMSF in non-catalytic
regions were reduced by 12.9% and 12.4%, respectively, compared to the wild-type (WT). Additionally, the number of
hydrogen bonds between M5 and the substrate/coenzyme increased by 10.3% and 8.8%, respectively. Notably, the S74T
mutation introduced a novel hydrogen bond network, while the Q90R mutation introduced a positive charge, enhancing
surface electrostatic complementarity. These synergistic effects collectively improved both the thermostability and catalytic
activity of AnGOD. Through semi-rational design and combinatorial mutagenesis, this study significantly alleviated the
stability-activity trade-off in AnGOD enzyme engineering, laying a foundation for the application of GOD.
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Ning S5 3@ 3 P LHE B o3 T - Fr i 17 5
TR R A A A LB E P UIAH DG 2 1R, 3R
157 P A PR e P W 3 R v 1 5 A8 AR S100A Fil

D408W, TEAH [A] il BE T 245 5 1 53 1) o2 B A= Y il 1)
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JNFH); SW-CJ-2FD M TAEGS M= IRHE
F PR/ F]; DHP-9082 HEHVEIRIEFEAE  HiE—(ER}
FE RN ZWY-110X30 fHIR /K FIER  dbatr
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BRINSEIRAE 250 S| AR LR P4 . {HH
Jalview #K{4E A Clustal T 2474 )5 740 Fb X K —
BT, AR LS TR T IS AR i o
1.2.2 ZARARMg . HiISEI = A ST
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DHS50 J&Z 25401, 37 °C, 200 r/min 3ZKMFE 1 h )5
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DI E o 1R S S8 AR 1 T U R —
FhEET2EYME B8 A ST it ik, ilad B ARl T
A5 HXS R P2 2Z A Z2 51740 LU X, FHARRN A 2 HY
AT e v 1Y) 2 R R e H Al rp 5 HOR — 2y 2
FFRP, W AnGOD & IR )T FIAE Uniprot (s
24T BLAST #:2R, 3815 250 4578 H BT & 3L 1% )7
51, {5 Clustal #F{ 7F21 LR, B et o2 31
HELH R KT 40% AINL A, dE—4iE H AnGOD
B Hp 5 H B 3 B e 0 S BB AN — B A5, FEER
8 58 i, Hirp 10 45255 FireProt 2.0 TR
MES, FEIEs G ™R SR HIRTT 83 IR IHA AR,
mE 1A TR,

2.2 BB QSRR

ARPEVL T IO IS AR A, M TR 2R A I FE ZH P
R, 175 TR IN AL IRAS L AT A AL . B iR
AR, D52 LU S . B0 IGUE, B A Ay
BEHEAE 55 °C R H9EEEIZN 40 min, KIE H 55
ZHEBAE 55 °C AR 40 min, I 1R I15 7T )5 WS E,
TIEFRATEEG . S5IRANIE 1A iR, BN 83 -5
ARRPERAT 12 A LUEHE AL TR AR 90% H 55 C
AbFE 40 min FR ARG = T E AR AU A O IR N s AR
A, HA T30V, T276F. D315K. T389A & FireProt
2.0 TE L W 2% ik 55 &% B 11 T 3R 20, V20Y. S53F.
S74T. Q90R. H277F. V541T J—Z e/ Hr Tk fsr
A, T34V, V1061 S PiFh g B2 TS o

& 1C AT 51, 324844 T276F g ik $2 18 B A B
L, AP AR AR 2.1 %, S74T. T34V, D315K fiff
W M EFAE R 1.8~2.0 £%, T30V, S53F. Q90R,
T389A Tiff 1fi 71 M B A= AU Y 1.3 5, V20Y. V1061,
H277F . V541T BYBEEE A UL BT, Ao vEJrm,
€ AR K S53F fa 22 M 4R v B o W W, AE 8 IR ¢
80% LA _HIWIIATEE. T30V, T34V, S74T. V1061,
T276F. H277F. V541T GEMELREEF 60%~70% LA L)
WIHEREPE; V20Y . Q90R . D315K., T389A Hufa e M
PETFSERAEA 2 .

FireProt 2.0 fELR 3T T BHa5G T 2R3 T

H, 248 T I T REE | YR A e E R R R, T
BET A AR e 22 05 A1 A AR, AN TS EE e T 5
PR RPN a —4ES5H . CAREK-A RO, b
WEIRALEGCY | PR BLA ARG | 250y EpR I 45 22 Fh
fifg e fE A P REid . FireProt SRIEIRIS T HEF. —3K
PRI — I TG B E AR T ik, &
FHEE ARG iz B ek H B Y S R R e e
ML, (UKH T 755 2., 7T LA B AR T 21
5 HT R P2 2 8] 04 Z2 55 7 4 BL X R S, AT ALy
2B, BT — T, B A W AR 9 S
FifFOV i 7K A T A5 22 A g g RS P S R TS
[JE7oT =/

23 HERTHTFE

TEFR 0T T ARSI, Wl 1 AR e T ST R
] {8 A AT () 82— A~ B R k% o i [RTBsE 2 =5
AnGOD [ fifg 7% P 5 3 Ea s e, s B B iE AT 4l &

BB LABSE M = A IR se bR, Bl 1C wT
1, T276F LUBEEE MEAERI(WT) I 2.1 1%, & UGS
e LS AT ARAR, [FlET 55 °C FALFE 40 min 5%
AT M 67.3%, FIAE T276F(M1) i 3EAE &
HA 11 AP LSEARAR, FRAT P AL SEARAR (K] 2A) o
48R W oR, RASMA M2(T276F/T34V) 1Y L I 7% %
M1 PE—4EE, AR AETI(WT) Y 2.6 4%, 55 °C bR
40 min FRAREHEI—2LHEF . 75%(E 2B) . £ M2
PSRN E SR AY 10 S FR RS AR, FRAG =7 5=
AR 2A) . FEARPR M3(T276F/T34V/Q90R) [ H
B 3% M2 B9 1.7 4%, v WT B9 4.3 15, HiAE 55 «C
AP 40 min FR AT IE B 2 62.3%, {H & T B A 7Y
51.1% FRARERS (E 2B),

25 B B A IS R B T EL RIS AR 1 P 3 A
AAE Ry TR AE, 76 M3 B3NS R4y Sl 5848
A (B 2C) o &5 K 2D FiR, 3848448 M4(T276F/
T34V/Q90R/S53F)55 °C ZbHE 40 min FRAHEIE HET|
%= 89.2%, LLABIEMEA T 4%, IR K ] BBJZ S53F i/ 55

A B 500 4 -
3 400 :
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