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Abstract: f-Glucosidase can hydrolyze aryl-glucoside and holds significant application value in the fields of food and
biotransformation. To investigate the influence of substrate side-chain groups on the activity of f-glucosidase, the f-D-Glu

from Aspergillus niger was cloned and expressed. Through in silico saturation mutagenesis followed by experimental
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validation, key amino acid was identified within 4 A of the £-D-Glu binding pocket, molecular docking and molecular
dynamics simulations were employed to analyze the structure-activity relationship between the enzyme and substrate. f-D-
Glu exhibited significant differences in activity toward structurally similar monocyclic aryl-glycoside substrates with
varying side chains. Specifically, the enzymatic activities toward salicin, arbutin, and pNPG were measured at 44.72,
103.97, and 839.02 IU/mL, respectively. Through in silico saturation mutagenesis followed by experimental validation,
residue R98 was identified as a key amino acid within 4 A of the f-D-Glu binding pocket. Mutation at this site exerted
substrate-specific effects on catalytic activity towards different substrates. Compared to wild-type enzyme, R98F mutation
increased the relative activity towards salicin to 266.08%, while R98I and R98Q mutations decreased the relative activities
to 37.62% and 35.05%, respectively. All three mutants showed decreased relative activities towards arbutin, but the relative
activities towards pNPG remained almost unchanged. Specifically, the R98F mutant exhibited significantly enhanced
activity towards salicin, while its activity towards arbutin and pNPG decreased by 16.44% and 7.54%, respectively.
Molecular docking and molecular dynamics simulations revealed that differences in the polarity and electron-donating
capacity of the side-chain groups in monocyclic aryl-glucoside substrates lead to distinct binding modes with the enzyme.
The RI8F mutation modulates both the conformational flexibility at the binding pocket entrance and the binding affinity
between catalytic key residues and substrates. It is speculated that the mutation specifically enhances the hydrolytic activity
toward salicin by improving both glycosidic bond cleavage efficiency and reaction rate. The results of this study help to
reveal the hydrolysis characteristics of f-glucosidase towards different aryl-glucoside substrates and provide a scientific
basis for the design and modification of this enzyme.

Key words: f-glucosidase; enzyme activity; side-chain group; monocyclic aryl-glycoside substrates; molecular dynamics
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REHAY (C,H, O FIA TR pNPG(C,H, sNOG) ¥
HEALIEPE 25 5 (1), 3 DI 2RI 20 T R
e P FNZE R AS TR X Bl PR A i) . Z2 PSSR A5G
et G R 1) A8 0 1T LA ) A T R TAS [ G
YD RERFNE, U - 25 WE1 i HBGase F75 17K
figg TREAE, FLSE AR A Y227H 2R S R S K i 22 2
U B AR LE18920 1 P57 15 BT S it
fig W274, G420 Fll Q421 B ZAF (s H I L X 41 46
2 e IH R i K f D RENS p-A A B Spely
AISS AR LA28V 1 T X EF 4k B pd /K fige i 1091
PRUABFFEXT B-D-Glu 456 H 425 [l SCEk 2 Fh i ik
ATHRAR, A Bh oy T3 8 AR ST T M S A
FRAR A A5 DR 3 D R el ISR i 48 S A ORI



- 162 - £ Tl B4

2026 4F 3 A

HO

K1 RIS E TR KA T (A) | BEERTY (B)FI pNPG(C) Y25 5]
Fig.1 Structures of the monocyclic aryl-glucoside substrates salicin (A), arbutin (B) and pNPG (C)
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Escherichia coli DH5a. Pichia pastoris GS115

FHAR LS B A A M S 1 T AR B SO0 S R

A B p-7 29 B B (S-D-Glu) ik 248 pPICOK-4-
D-Glu  SMEF A MRHE (TR M) A PR w5 i A
RAKF & AL REE G418, EasyTag Mix 43
S YA B E; BRI & . DNA 4lifk
EIRO & RIRAIRRHE AL TG R4 7] ; SDS-
PAGE SEePal el e Ha KA ARANF;
BRGIPEPI VIR Sal 1 EAY TRERFEABRA A &
THEER Amp Ut REFEAWEHEA RS A 7K
AT BERTT VR AR R R B X IR
K p-D-nik i 2 (pNPG) 22 Sigma-Aldrich
ST AR U BRI . BER-RY . I
SAksEn  EZGERBEEARFIAE R A A

TC-96/G/H( b) C PCR {X . EPS301 Powerpac
Basic FLKIY . 1652100 HLZEFLIY  2[E Bio-Rad 4
#]; Epoch 2T Bffbni% & E B LIS G R A F
5810R ¥FEES.LMIL f#[E Eppendorf 23 7l; GEAI600
DEMCHEEL G S5 E GE 2 F]; DK-8D AL #uE IR
KA E M ERBEARA R E]; IS-RDVI 32 A CE IR
PZdn  SEEEIAA A E] .
1.2 EWHE
1.2.1 2% p-D-Glu wEFRIE  FH Pmel X HELH
JBUKL pPIC9K-B-D-Glu #1741k, DNA ifk [B] 14
) At AT = Bl A 2 L b sk, Je r i Ak
2 P. pastoris GS115 JB3Z 24N, @i MD A i
YPD HitE AR (F5 50 mg/mL 14 G418) Tk )5, K
PCR A 7 5 m 453 BH A% e+

P4 BHPE RS AL F B 3 1% 77 BMGY %
FEIEIEFE, UL 0.5% (v/v) i FF AR i s S e A fe
BMMY WA FREL AR, 7 d JFUWREE LiEWCN B-
D-Glu ¥ B #%& , I ¥+ 17 SDS-PAGE 43 #7 (80 V,
60 min) .
1.2.2 MIE B-D-Glu AR T % ¥ p-D-Glu
A LR F 51 $2 58 SWISS-MODEL 47 [w] P d 451,

{#i F Structure Analysis and Verification Server v6.0
(SAVES v6.0) JIkR 5 2% (https://saves.mbi.ucla.edu/)
) ERRART. VERIFY 3D, WHATCHECK . PRO-
CHECK X A4 T A B PR 21

P93 BB A B-D-Glu £5%1 5 AaBGL1 47
ZEA, IRYE AcBGL1 M4 A 7% M o7 A 730 - B-D-
Glu ML SCHE 2 FE R ™. iz [ Discovery Studio
2021 H 1Y Calculate Mutation Energy %454 11
A% JE] BBl iy St e SR A T B A R 2 AR, T B A4~
FRILGEAL LTS A 19 D2 LR IR o HEMI AL fE
HOERAIG, BE-S5RY B SERN SR, AR YRS ARHE /A
I H 2 AR R P32
1.2.3 M8 B-D-Glu S8 AR A S ik FIH
SnapGene ¥ 11514, S R xE 45 52481 il 2
GEARA, L pPICIK-B-D-Glu Bk AR, 45 54544
SRR 1 (FEWASTIE M http://www.spgykj.com/
SCEE 45 R ), BEAT PCR P71 (P IS FEIF: 95 °C
4 min; 94 °C 1 min, 55 °C 1 min, 72 °C 2 min 30 s, I
7 30 YRAEFF; 72 °C 10 min) . Dpn 1 fiF)] PCR 774
(37 °C, 1.5 h), PCR /=¥ H & ¥4k (37 °C, 30 min),
HAHP“ A E. coli DH50 JESZ S, LB itk
P (F 100 ng/mL Amp) §5 3= S5, SR 1% B
REVREERS B VK UEFENT . JFE2ETRSIR 1.2.1,
1.2.4 BiHEE B-D-Glu S GEARAR il Bl 2
1.2.4.1 MBHEE B-D-Glu i W 4514 S Fa e )
“E  DNS IBEW: HEFFRE 6.3 g 3,5- NI/ AGIRE
i), A 262 mL 2 mol/L EAALANIE R, T
BREPANE T (PRI 185 g BUTH G ERAF 4N INA 500 mL
P ZE R /R FE TR /K I H s IRE <50 °C)), FREL S g
KA1 S g LK WARFR NI A TP s It E R &
1 L, AR b = IEE 7 d s,

SyrHIELH] 50 mmol/L BIFTEIR FI IR & AN
W, WX IE pHS.0 BIATERIREL 22 ik, FHFERIR
ERZZ e 2 mmol/L AR EEMIIA R

B-D-Glu BYEIE IR : 50 pL B 5 100 pL
B pNPG IS MM TE 30~80 °C /KA 2B 10 min
J&, JEA 1 mL B9 1 mol/L Na,CO; Z41HJZW, 7 410 nm
PRI T I R S, FR TSNS, LA A5 B v il
SR 100%, T HAME R R AARXT G . 1R e P
FINE : DAAHF RN AR R, 7F 60 °C FAREE 0~120 min
J&, DAEFR AT, DLACFERTAYBES S 100%, TT3AS
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[F) Ak B S IR] PR AR G o RS (TUD &2 X AR5 4h A4
J% 1 pmoL [ X fitd FL AL 1) (p-nitrophenol, pNP) U175
PR e SO — IR

B-D-Glu [ ixi& pH M€ : 4351 FH pH3.0~8.0 119
22 PR T pNPG ICMIE R, 50 pL fEE 5 100 pL
i pNPG IR R AE BGE IR BE T SOV 10 min Ji5, AN
A 1 mL ¥ 1 mol/L Na,CO; Z¢1E W7, #E 410 nm 1)
PRI W GAE, FFT S, LI AS 5 i s A
100%, T3 A pH T FIAEXT IS . pH FoaE Pl
RE: 43 pH3.0~8.0 1942 i Fic 1] pNPG IiE ¥
W, LIARTEI SRR, 7E 60 °C TFARFE 24 h J5, &
FRASHENG, LACFERTAY NG A 100%, ITHEANE pH R
ABFRIS AR RS o
1.2.42 MEE p-D-Glu K H: 5 A8 K 1y B % I 2
KA . RESR Y AR P B I 5 : 100 pL B 5
300 pL BIARERPIERAE 60 °C /KU HIZ IV 20 min
J& . A 400 pL DNS ¥, WK 10 min 2% 112
R, BB EIRIGAE 540 nm AT T I E R OGIE -
fifEyE (1U) 2 e B3804 A% 1 umoL ARSI 298 E TR Y
fify B E XA — DG PERAANL . pNPG R IR M Bl I
M52 50 uL §EW 5 100 pL B pNPG JiE ¥ 175 W 7E
60 °C /KB W 10 min J&, ITA 1 mL 4 1 mol/L
Na,CO,; ZL 1B, 76 410 nm RS FIE OG1E .
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$£ GROMOS96 54a7 J1i7, DLorF X422 5 04 e AL il
SR GRS R B, R P S AR G TR
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Z 1T RE R %/ IME (Energy minimization, EM), FF
17 NVT V4 F1 NPT A, fe /531247 30 ns BYAERR ]
PGB 2R . i FH R AR TE S AR AL 3
AT S IR IR S 53HT o

MR MD LI, 53 BT 9 5 A 22 ( Root
Mean Square Deviation, RMSD) . [HJiE [~ 4% (Radius
of gyration, Rg) 134 5 #: I 3 (Root Mean Square
Fluctuation, RMSF) . 43F JI521AMA-BE IR 24 2 3R 1H]

FH (molecular mechanics Poisson -Boltzmann surface
area, MM-PBSA ) 8 H T &R 532450 F3h 1)
S SEE A REER . B “MMPBSA.py v.16.07
AR Y 5 B-D-Glu 43F 31 ) S5 s 1)
455 HHRE, BREss 5 A i Resr 225 kAt 1, 43
MR L TTRREE .
1.3 BIEALE

P Ay 5B A 3 AT, SEER A R LA AR AR
EAEMFPEARE2E RN . 2R Microsoft Excel
2013 XFHfFNG | Feid iR | il pH Ay SC S B 2R T
geits SR LSD MABEAGE L, [ SPSS 26.0 4
LLUAS [F] 5 AR AR XS 25 i 420 1 B 105 64 T dd 2 PR oA, HG
71 P<0.05; & ] Origin Pro 8.0 & {1 PyMOL 2.5
A XS B 05318l 1 A Al a5 R T 22 4
2 HBRESH
2.1 FERhE p-D-Glu WS PERIATEGF 4 R
2.1.1 Hh 2 B-D-Glu 19 va [ ik Hh % -D-
Glu £ P. pastoris GS115 FiRFTiR 14 H 25717 K2y
TE 120 kDa, FL B8 1150 7 12 (92.84 kDa) fig K
30 kDa ZiAy, MR F4H & HAEFIA A T Ak AR
TRERAEE () 2) o VP2 BAZORIER p-H2hE
FETE P. pastoris T #i5H8 2 A7 FEWIEALAEAE, 1
Talaromyces piceae 8] ﬁ—%%*fﬁﬁ 53 TpBngAm]O
il i NetNGlyc-1.05% 7| 4 22 g & f-D-Glu 5 15
ABEIEALSL A, T 5 2 1 PRSI G S+ 5w
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kDa M 1
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K2 p-D-Glu iy SDS-PAGE
Fig.2 SDS-PAGE of f-D-Glu
H:: M & H Marker; 1 4 -D-Glu.

2.1.2 JRiliEsE p-D-Glu BB~ L pNPG N
Yy, BilhEE p-D-Glu B9 FiE IR BN 60 C (&l 3A Fl
Kl 3B), L& IR )E 5 K zonata®? F Penicillium
sp. 1Y) B-75 % B B (bgls) B3 B VR AR R . S HH
FF B-D-Glu 7E 60 °C 4L 2 h 5, ¥F pNPG s 43T
S5 E 36%. Volkov ZEPY ¥RIE P. verruculosum 1)
L p-HT AP EEAE 60 °C WEE 3 h ., SRATEETS
SH 25%, Yan 250 R A, terreus WS- 26 W il
TE 60 °C MYHLE FFE 1 h )5, BTG N 65.1%.
LA pNPG R iy, B i 45 g-D-Glu 19 e i pH
A 5.0, FE A R 1 2R BE (pH3.0~6.0) , i 1if 14 7E
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S 80 TESCGE IR ARG pH 251 F#EA TR IR B-D-
= o Glu W& 52, LKA T I, p-D-Glu BT
% 44.72+0.17 TU/mL; DARERH A IEYIRE, f-D-Glu G
24 A 103.97+0.14 TU/mL; Lk pNPG “MEYIHT, f-D-Glu

207 % 9 839.02429.70 TU/mL .,

%0 20 50 60 20 20 2.2 FBHIE 4-D-Glu REFAIGE N EEE
TR (C) if i HHpred® [FJJRZ5 A48 2%, &k IR 5 B-
B 120 D-Glu( XP_001398816.1) 53k H A4. aculeatus 1) -
100 —— 60 C glucosidases(AaBGL1)”(PDB: 41IB) i) & FL 1R 7571
<50} AR B IR 81.16%. fliFH SWISS-MODELM ! g4
= HFF NI ES f-D-Glu 5 AaBGLI1 L5 ALY
o =, ZEF FEXT ) RMSD (B 2h 1.669 A& 1 Fnkt &l
£ 40f 2, PEULASFIET I http://www.speyki.com/SCEE [ 24
201 FR) o A4 AcBGLI [ 4 Ak 1 P A 25 10 1 g-D-
0 ' - ' : : ; Glu 254 4S8 Bl Sl iR

N e PRSI HIR - B VA 15 WS ) St %
C120 B-D-Glu 254G 1142 i [l i) SC il 2l FE TR EA T Mg $PA A
ool GEAL , ARG 5L BB Bk /NI IR HY 10 2848 41,

AHXTREEG (%)
3

—— FPEGEIRERZE v
20 F == WERRERSZ IR

0 s s ! . )
3 4 5 6 7 8
pH
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100 MW
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K3 B-D-Glu HEEEE (A) | EEREB) | ok
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Fig.3 Optimal temperature (A), temperature stability (B),
optimal pH (C), pH stability (D) for f-D-Glu

60% LA I (K 3C F1El 3D) . 5 Coptotermes formo-
sanus W] f-FE7Z5HEE T GlulBRPY Rl Flammulina velu-
tipes CFK 3111 1Y -7 7 M H BEP7 il pH AHIT .
Ki PR EE B-D-Glu 7 pH3.0~8.0 (WL HIPNALFE 24 h,
PAALFRATAOBEIE A 100%, AEFRS 4T pNPG 1FRA
1EIHE 90% LA I, Alteromonas sp.WJ p-H 25 HE 1 i
zgid 3 h pYALBE, RS PETE pH6.0~8.0 YL, fiE
EIRAF 70% LI 1P, 52481, RBith% p-D-Glu B
AP pH F2E M. DA B UL ER TR B-D-Glu B

535 E69W . E69Y . ROSF, R98I. R98Q. DIIM .

D99Y. L141K. D437W. YS511W, ‘&11-5 JF A B Y

FHXTHEG 22 57038 1 . E69W . ROSF X 7KAZH
ROSIX} pNPG FUEHE A IEFZIRH, D99 Al 1141 FYZEAR
XT3 ANERPIEEG A A FE A K . LI M

YIET, 24 98 ALY Arg 5€4E 4 Phe B LY Tle #1 Gln 119
AEXT B A 7 4%, 58K 1Y) Phe £ (8 iy 55 4 260 4
FIE s AKAEH D0, X EA e EH, Faxe gl

AT EE AT IEAf /K . E69 S48 i [H]

NERERI Trp b Tyr AHXF B 5 55%, #EE Trp
MR Y NH 5 55 T RS EE Y © = Z M
S E A E SR T Tyr, SRAR T AR S B 5 )R8

LG TN, R T EEK AR

# 1 B-D-Glu AT 3 IR RIAERT BEE (%)

Table 1 Relative enzyme activities of f-D-Glu mutants towards
3 substrates (%)

B Kt RERAY PNPG

S-D-Glu 100.00 100.00 100.00
E6OW 125.72+16.03 45.14+1.94¢ 49.25+6.90"
E69Y 70.10+4.12¢ 62.214+2.94° 57.72+2.44°
ROSF 266.08+2.73° 83.56+3.87" 92.46+0.41°
RI8I 37.62+2.91¢ 56.63+1.62° 110.98+3.86"
R98Q 35.05+2.43¢ 63.90+3.28" 93.54+3.55"
D99M 58.04+5.46° 0.37+0.67¢ 4.88+0.20°
D99Y 48.39+4.77¢ 0.14+0.00¢ 5.10+0.10°
L141K 37.94+9.21¢ 0.72+0.25¢ 0.72+0.00°
D437W 72.83+7.50° 40.2542.88° 61.31£3.05°
Y511W 71.70+3.21° 29.61+0.70" 49.25+3.45¢

e BRI —4, AR FOR A A B #2257, P<0.05,

TE 6 DIRARNL N, 55 98 IR (IR 11 53 48 s %
3 RIS PR R S A i, )T 2Pt
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FEMEE LA X RSP 52m . X T /K41, ROSF 19
TG 32 = B IR AA TR Y 266.08%, T R98I 1 R98Q Xif
KA B BETS FEAR IR BE T 65% (& 4); Xt T AB SR+,
3 N GEARAR I BEEE I A AS IR EE IREAIS; X pNPG,
RO8I X} pNPGIH i iH AHRE AR IR = T 10%, {H.5
R I3 FIRAE R, k5 2% £ RISF., R98I,
ROSQIFA L5 A 43T B JJ A 53T o
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