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Abstract: Glucose oxidase (GOD) is an oxygen-consuming dehydrogenase that can catalyze the
production of gluconic acid hydrogen peroxide from glucose, and its specific mechanism of action
makes it promising for applications, while the low catalytic activity and poor thermostability have
become the main factors limiting the industrial application of this enzyme. In this study, we used
the glucose oxidase AtGOD reported with the best thermostability as the source sequence for
phylogenetic analysis to obtain the GOD with excellent performance. Six genes were screened
and successfully synthesized for functional validation. Among them, the glucose oxidase
AhGODB derived from Aspergillus heteromorphus was expressed in Pichia pastoris and
showed better thermostability and catalytic activity, with an optimal temperature of 40 °C, a
specific activity of 112.2 U/mg, and a relative activity of 47% after 5 min of treatment at 70 °C.
To improve its activity and thermal stability, we constructed several mutants by directed
evolution combined with rational design. Compared with the original enzyme, the mutant
T72R/A153P showcased the optimum temperature increasing from 40 to 50 °C, the specific
activity increasing from 112.2 U/mg to 166.1 U/mg, and the relative activity after treatment at
70 °C for 30 min increasing from 0% to 33%. In conclusion, the glucose oxidase mutants
obtained in this study have improved catalytic activity and thermostability, and have potential
for application.

Keywords: glucose oxidase; directed evolution; rational design; catalytic activity; thermostability
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FREFE AL FUEAT DNA J 400 A DU F e o 58
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fdi 1 GROMACS 5.0 #4411 CHARMM
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I BERS RS i/ MERERE, DAHERR HAL T &K .
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AWGODA F1 AnGODB) ) %E K i 24 1k,
FEE 1R,
22 EEESWEERE. SR RNE
221 BEEBESUEHRAMNGCER
7 A ST T ) 2 B A s e M A Ak
M5 A GS115 Wk, fE5 A Zeocin ) YPD
AR B R FE 48 ho M 6 43Pk ER 96 4
AT TSRS, BFRIAY %Fhﬂ
5% GOD 751, HA ArGODA Fll AhGODB X
WIRhEEZH il 2 P B 2 GOD i 4% , 1% Bl ArGODA
F1 ANGODB H i Pk f i Y B S B 4 R 5%
e ArGODA Fil AhGODB X [ i 2 2 ifi
() b3 A TR, W4 Je Tl A SR A2 AT Al ik,
£k 80 mmol/L NTA ik . SDS-PAGE %5t
WRPFPEE LK SR B —, R F RN

AN

é’ﬁz 75 kDa, RT3t 1 & 65 kDa (4 2),
A AE S SR IR B X AN IR AR L HEAT T RS E
Lﬁiﬂﬁé*ﬁ'%o

2.2.2 ArGODA 1 AhGODB B4 /9 #r
H 2 ArGODA F1 AhGODB 1 i 5 B 1Y

440 °C, 7E 30-70 °Cyti [l ] AhGODB R H
HE TS PE(E 3A). AhGODB [ #4Ea E 1h  ms
i F ArGODA, 70 °CAbHE 5 min Ji (98] 43 il
I3 R 47%F0 40%, L3 10 min J5 F 4 1 2
BN 14%H1 7% (& 3B). IR 9 & pH (Y
J5 6.0, ArGODA 1E pH 5.0-8.0 B A& PEE T
AhGODB ([ 3C), FfH7E pH 3.0-12.0 B R
R R RS E (18 3D).

ArGODA H1 AhGODB [t & 11 43 5l K
55.0 U/mg 1 112.2 U/mg, K, {H5351 4 29.2 mmol/L
Ml 30.6 mmol/L, it 1k W% (Kea/Kin) 73 51l 4
2.8 mmol/(L-s) Al 5.0 mmol/(Ls) (& 2).
AhGODB H. A H1 - it P2 2 1 0 B 1o A 3 2k
K % $E AhGODB #1755 2253 F 2 R BFSY .
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) ek A URU639976, 1 4 2
X hingensis L{ L Aspergillys pypo, 3
<P 0353602621 spergillus 1 ?;ui nige’ ;“’ 9224008;5,, B
sper8T L Algg N Aspergin,
VAL AT ige! Xn.. 28051, . Gllus Slaucyy rpe,

1 GOD #L#
Figure 1 Phylogenetic tree of GOD.

&1 BIMERHE 6 MEABREELEBHER
Table 1 Details of the six GODs successfully synthesised

Enzyme Length (aa) GenBank number Source Percent identity (%)
AgGODA 607 XP_022400815.1 Aspergillus glaucus 89.5
ArGODA 607 XP_040639976.1 Aspergillus ruber 88.2
AeGODA 612 PYH95726.1 Aspergillus ellipticus 73.8
AhGODA 605 XP_025395127.1 Aspergillus heteromorphus ~ 72.5
AWGODA 608 XP_040687953.1 Aspergillus wentii 72.2
AhGODB 589 QLI42895.1 Aspergillus heteromorphus  72.7
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ﬁg 2.3.1  RITRFHEMLLL
100 3 2o T 4E PCR MR 2R AR 5 5 42 il 58 A5 4
- R, MR R PSRN 750 ng B, HEA)T
o VR 1-2 DEIEFRFRIE RS, 548 L2
0.3%. MICFEHTREE T 2 000 58480k, it
45 T—EREMEIE, 29 500 ML H
55 PR R o BRI T 12 AR R AR K 1k
Tk fT R I S, Hoh— AL S AR A
25

2 ArGODA F1 AhGODB #J SDS-PAGE 41
M : & FRIC; UKIE 1: ArGODA ;7K iE 2 : AhNGODB.,
Figure 2 SDS-PAGE analysis of the ArGODA and

TG P AR A S, P4 R R
249 37 55 4024 R (Val) 5878 g S22 B iR (1le)

R i PR TR 0 Yy 5 4, e BE 25 S
L EMIHES , SR T 50 45 B AR s SE B

AhGODB. Lane M: Protein marker; Lane 1: -
ArGODA; Lane 2: AhGODB. A R T X I S, i AT R R AR S . E A
A B 100
100 -O- ArGODA
- 3 80 - 4hGODA
ol ! ! ! ! I T &
30 40 50 60 70 0 10 20 30

Temperature (°C)

0 g | . | . LN
2.0 4.0 6.0 8.0 10.0
pH

Time (min)

0 PR R R R R R
2.0 4.0 6.0 8.0 10.0 120
pH

3 ArGODA #1 AhGODB HIEEF MR A: fiGliE; B: 70 CHEN:; C: i pH; D: pH
T e

Figure 3 The enzymatic properties of ArGOD and AhGODB. A: Optimal temperature; B: Thermostability at
70 °C; C: Optimal pH; D: pH stability.
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%2 ArGODA 71 AhGODB HLLE e hFESH
Table 2 Specific activity and kinetic parameters of ArGODA and AhGODB

Enzyme Specific activity (U/mg) K (mmol/L) Keat (57 Kear/Kin (mmol/(L-s))
ArGODA 55.0+1.0 29.243.7 80.7+7.2 2.8
AhRGODB 112.243.5 30.6+3.0 152.9+10.5 5.0
R AR A 11 2L SO B S R A PR A T Rk kl[;g . M2 d_ & J
e HrhRARA T72R Fil A153P £ H BT/ {gg — b

P, R P AW S 4 2 — -
PAENE, X 2 DR SHITH A, RIE gg N wwww
ZH 45751k T72R/A153P, . 4

N P N ] b

W bR R R REEFR, difbHE N, 35

SDS-PAGE %5 7R, Frf B & (1 Ik A
25

g, BEWS TN 75 KDa 47, HAT »
A T (F 4). [El4 AhGODB M3 RZ{FK] SDS-PAGE 7741 M:
2.3.2 SRATOREESEME R AT EFRIC; TkiE 1: AhGODB; kil 2: V2491; Uk

%/E,ﬁx T72R/A153P E"J%ﬁ?ﬂ%‘l&ﬁj‘j 50 OC, ﬁ 3 T72R, ?ﬂkﬁ 4 A153P9 ?j(i—é_‘ 5 T72R/A153Po

i AhGODB 3215 10 °C, 1 70 °CIEE 2 63%HY Figure 4 SDS-PAGE analysis of the AhGODB and
mutants. M: Protein marker; Lane 1: AhGODB;

FHR A o HAR AR R IS T BEH) O 40 °C, Lane 2: V249I; Lane 3: T72R; Lane 4: A153P; Lane
5 AhGODB —Z((K] 5A). RAZATE 70 °CHER 5: T72R/A153P.

0 I— ! I ! | 0 I— ‘ ! m
30 40 50 60 70 0 10 20 30
Temperature (°C) Time (min)
0 | ¢ l T\\S_A O,J_'[ | I I I [
2.0 4.0 6.0 8.0 10.0 2.0 4.0 6.0 8.0 10.0 12.0
pH pH

5 AhGODB FRTFMEEFMR A RIEHE; B: 70 CHEEEN:; C: &if pH; D: pH RUETE.
Figure 5 The enzymatic properties of AhGODB and mutants. A: Optimal temperature; B: Thermostability at
70 °C; C: Optimal pH; D: pH stability.

&: 010-64807509 b: cjb@im.ac.cn



304

ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

M AhGODB £ AR F2 B py $2 7+, Hrp
V2491 7 70 °CAEFE 5 min F1 10 min J5 4 B
I35 R 74%F1 30%, 5 AhGODB #H 23 52 5
27%F1 16%; T72R. A153P #l T72R/A153P 7E
70 °C4bFH 30 min J&5 B9 TR B 5350 24% 7%
1 33%, 1l AhRGODB 7£ 70 °CAb# 30 min J5 5¢
2036 (K 5B). 4K EiE pH 5 AhGODB —
, ¥k 6.0 (K 5C), 7 pH 3.0-12.0 NAHX F
%€, I HAE pH 3.0-6.0 1 pH 8.0-12.0 FH H 1
AhGODB ® & i M (Kl 5D).

RASKITEPERE AhGODB 45 #i5 , Hp
A153P G 14 118.6 U/mg, 5 AhGODB
(112.2 U/mg)AHix . T72R . T72R/A153P Fll V2491
FiE 14 Bk 1453 U/mg. 166.1 U/mg Fl
176.6 U/mg, % AhGODB 43427} 30%. 48%
M 57%. WE=BIRI B 1% 240, BR A153P
1) K (B TFRESN, FRTEARRR K B AR
FREER) BT, 3 AR S R AR AL AR S TR
FEN 22%-24%. REUERAE TI2R/A153P
BBURTE 31%, H Ko EIRTFT 32%, 33
HARE R WAL, ~ 4.9 mmol/(L-s) (5 3).
24 RTEKREEHSHT

72 F1 153 RSN FER IZ5FFIA, 1M 249 i
MOLTFEANGE, H 3 ARAEA IO EAE
o 72 ARG IR AR (Arg) e 1D 1 5 i 2
1% (Pro) 82 W&, I AE IR T 5 RL
ZAMR (Asp) 86 I— S SEAEFH 15 153 fi s 58748
J55 Aspl56 A 77 A% gt S5 AR B 1 R X

% 3 AhGODB MZRZT{RHILLE AT NhESH

551 C-H 25, 5202 MR (His) 163 JE B HiK
YERBAC T 590 & B (Thr) 157 AY S BE/E
249 {7 miHH Val 2878 sk i) 52 2R , (H
WL T SRR (Leu) 122 AU /KR 111 6).

X AhGODB Fil T72R/A153P #47 T 43>+ 4h
JIFRERL, A3 A H 34 77 A 2% (root mean square
deviation, RMSD) Fl #] /7 #2 I 3l (root mean
square fluctuation, RMSF){f, T72R/A153P )
RMSD {HZ ik T AhGODB, X it B RAS A G54
EMEA TR E(E TA); TT2R/A153P RAKALE
72 {3 15 B RMSF B 22K F AhGODB, 1 H]
AL SRR 1 TR Bl 2 R A B A I
TE 150 for s B i iy 2 2L PR R AL L RS I, A n]
RE /D T S T 20 (& 7B).
3 it

AW IGEFRTEAEY) . WELSh R 2R
B AN ) GOD &1, (HREE IR A,
BRI AEA FLIE R XL - GOD & . 4114
S I 2 1) GOD V& PRI AN & GOD KRB H >k
By, TR T NAD B 25 B S 5 |k
(1. Bauer 25T\ 3 ANEIE AR IR B T 50 4%
GOD J¥41], Hrf 45 ZoRETHE, (A 5 4%
HKIEFRA, mEzLshyr . Yy Aawhka
K& ENEAE GOD Jp4l, b4 K4 GOD %%
PRI T H . AR T 6 kIR T 224k
HLA 1) GOD, FRH S AR B T e ik
Herh B R 25 (Aspergillus ruber) ArGODA Fil 5

Table 3  Specific activity and kinetic parameters of AhGODB and mutants

Enzyme Specific activity (U/mg) K, (mmol/L) Keat (s Keat/Kin (mmol/(L-s))
AhGODB 112.2+£3.5 30.6+£3.0 152.9+10.5 5.0
T72R 145.3+5.2 31.5+£2.0 190.8+6.4 6.1
A153P 118.6+1.3 27.2+2.0 165.9+6.6 6.1
T72R/A153P 166.1+9.9 40.5+£2.9 199.6+10.2 4.9
V2491 176.6£3.7 35.8+£2.6 220.6+9.9 6.2
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Figure 6 Interactions change at mutant sites. A: Amino acid.
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