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PAGE) fLykifinl &, 2k TAEY TR (L) B A IR
ZNEIS
1.2 FENE5EE

HHS-21-1 R IR K8, RSl
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1%, E Agilent 23 &) ; DYCZ-24DH I XUAR 3 1 1
VKA \DYY-7C BUELERHL KA, AL N —E YR A
PR\ ] ; Biorad ChemiDocXRS™ % %8 I i 44X , 26 [
AR W] ; AKTATM Pure 25 L & 4k 240, £ H
WA AT,
1.3 EWHE
1.3.1 REEAWKEIEEHRE WA
VR T DI RE Rl 0 0 28 B3 g, % R 2 E A B &
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BT R0 R AN 0.1 mL R 25 4 il
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0.1 mL RZ & A HH, AT RRA W 0. 1 mL &K
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O3 AR LT 4 U AT B 1 umol 4 BE BT 7 1Y £F
YL 2R Wl — TG AL

4) REWERRE I E . S22 30k 12] D7k, i
ST bR ERRZE S v = 1. 145 0x-0.025 6 (R’ =
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3.0 £ NI HLEREROAT Lac3 36 77, 58 S = i
571709 100% , 15325 HAHXS B % 1

) IRERAEME, L ABTS I, W ki AN
Lac3 1 25 ~75 °C il BERRRE ([E] B 10 C) Z& 0 T IR
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WM 0.5 mmol/L, XF HRZH {d FH & iR KGR R 2
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2) MAARE e I T i 25 A R A, e I A T ) A
FERE ST T R b, W 4 A B S R4 T SEM S
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3)GC-MS Z3H1 &4, Agilent DB-5 MS B 4045
FE(30 mx250 pmx0.25 pm) , ZRACH A, W H
1 mL/min, A3 ; BERE TR BE R 200 °C |, 52k T
%y 280 °C, #ERER N 1 wL; THEFR Y W R 16

45 °C %45 5 min, L1 10 °C/min THE ZE 200 C , {#4%
5 min, P4 10 °C/min FHE % 240 °C 445 5 min, L5
SEO, BRI A 230 °C, DU TR A 150 °C,
LB O i (ED) LT RE I 70 eV 37
FEIREFE] N 8 min, BT HE FE R 35~ 550 amu,
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4) € Mg w o B, A Agilent 5135 T AF ub
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UE S, #E4T NIST 20 3% FEAS &, P HCUC i B2 R T
85% I i 25 T HEA T RE PR 3BT o TR 225 A S0
FEORAF AR IE i (AR5 5= BT |5 — P e ok g 5
RO 550 PR M | A R | P RE BRSO P |
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Bl DL TR e bR #EA T 5 1 54T .
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ACFR 8 h X R e R 2 G ALFE 2 h 4 h 6 h
8 h MU, 7 55 C 5 AT K& B2 il AR 22
T AR 0. 7 ¢ M2z 5 BEAT R AN, W4
AN TR A 38R T X A R 7 % B AR 5

BETES /N 10 APPSR, # BRAS A
55 4 W0 JRCE H R R (GB 5606. 4—2005) 7t
6 A MRE S AT E VAN TR 48 AR AR BT A
PPk R AR A E AR, RIS
0~5 4 A3l IR AT

2GR

2.1 RZEEHKMINGE W
REZAMWMINETE S WE 1, mE 1]

M BEE S 1135 35 466. 67 U/L, 3w T H Al

BEHAEAR TR W AE Y b B G AR ZR

¥ 1 EEZHLHBERIIEE S

Table 1 Extracellular enzyme activities in G. lucidum
complex enzyme liquid
J s R figis /(U - L)
i 281.90 = 12.62
T il 1 642.98 = 49.29
LTHER G 21.02 = 0.46
AT 336.50 = 10. 11
B 35 466. 67 + 864. 05
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Fig. 1 specific activity of the protein precipitate

and residual enzyme activity in the supernatant

at different ammonium
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Y e K B Ak g L 2 s, B 2a) ATAL
26 ABTS Yo )5, BRI Bon i 3 2B i 27, 2 B
HERZEEGMRT A 3 Fha s E TR, 2 5050
7 Lacl Lac2 Fil Lac3, Hr Lac3 & & B ANE 1
R, WO S N SRR, MG AT BIESE, £
TSR TR | e T RS LT R AR AR R
IERT IR A 2R R W) T, A RAR I R 2
TR Z PR B TR S50 5 2 83,

Il 2b) T ZEGEBLAAR TR 70 ~ 105 mL i [H
W R 2 AN EA R TS ) R PEIE P2 Fil P3,
RS PRI 5 R R R S R
FUAPTIERS S H AR, (AR 8 20 B . G IF P2
1 P3 W HRE S, SR Native-PAGE ) Jige [l i 34—
Aoy Es alifb, Wl 2 5 ol B 0 B Lac3, A
2¢) AT, 7E 58. 4 kDa A7 — ¥ Wi 45717, ¢ B 3 il
Lac3 BY2IALIE E kB sk 4l
2.3 THERERFRES Lac3 HIEBEE4F DT
2.3.1 BERE pHEREREME MHEHEHE
it Lac3 MGG L  pH (8 AR E MR 3 PR,
1 & 3a) il b) AN, B Lac3 BRI i B R 55 C
WA R E LN 45~65 °C % REE I IR X (8] 4 fig
B AEHRE 90% LA 1 (W AH T B 7 , 28 L H A A58 1Y
T VR FH O L L I 100 R T 8 0 g i 3 AR
PR B Lac3 AL, X RUTHLEBGF Lac3 3
HABGH T 2R E RS, BE 3c) fil d) ]

200 180 000
180 - 4160 000
160 ¢ 140 000
E ] _ 58.4 kDa
2 140 120 000 7.
& 120 | =
Lacl — 2 120 100 000 =
Lac2 — g 100 - R
Lac3 — @ ol P 180000 4z
# \ . 2
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20 A 420000
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Fig. 2 Identification and purification of laccase isoenzymes



KEP, % RE R 6Bk B BAF M AT RO A WA 3 A 4R P i i A <125 -

120r 120 -
100 L
< o 100 L
2 80f R 80F
gwf %m—
= =
= 40r X a0f ,F
E e kS ¥
20t 20+
07610 20 30 40 50 60 70 80 90 07010 20 30 40 50 60 70 80 90
BE/C BE/C
AR EIRE b)Lac3EoEIRE
1200 w25 e 35T 120r 35 C
< '\: N (RS 100}
S 80 \\E e g & £ 80+ NS
R N == S R R
3 g0l | e T N X = 30
% 0 + - % i & 60 {\i -
[ * =
200 4 . 20 =
*
0- T« < 0} — 20r
0 1 2 3 4 5 6 5 6 0 i s 7
it il/h it/ pH{E
o MR R B R e T d)Lac3iE BER e Tk MR MREpHIE
120~ 120 = pH{HE3.0 o pH{EH4.0 120 s pH{E3.0 o pHfE4.0
- —a pHfHS.0 v pHfE6.0 + pH{ES5.0 v pH{EG.0
° /\E\} L7100, 2+ PHIE7.0 < pHfES.0 100l d 7 pHE7.0 <« pH{ES.0
= = A =, DN
R 80+ \ .‘E ‘\‘\\’ R D N S
§ 60} & 80/ S U § 80 Iy
B 40 2 e = RN 1
2 % o0} \ Z 60 s
201 i
" 40 L L L L L L ] L L L L L L T )
R S S S — 01 2 3 4 5 6 N1 23 45 6 7
pH{H A E]/h A E]/h
f)Lac3 i pHE o)A R Wl p HS S T h)Lac3 pHE&E P

B3 HABEFRE Lac3 09 iERE pH AR LA T &

Fig. 3 Optimal temperature, pH, and stability of crude laccase and purified laccase Lac3

1R Lac3 7E 55 °C 165 CHI TS5 C MR 2 h
J& L2 TR . 7E 25 C 4T B Lac3 YT
W E =W (1,,) 294 3 h, 5 T M. A. Alshiekheid
SEUOTTE 20 °C A6 4F I A2 9 < R 2 ( Ganoderma
multipileum) B t,,,(1 h) . HLIEBEE 25 CE&UT
PRI 6 h, AR XS BTG 1475 RE A8 PR A7 1E 69.91% ,
by, 2979 1105 h, I RS E Y BT A TR B Lac3,
Il 3e) Al £) AT %0, B Lac3 7€ pH {H 0 3.0 ik
P AR BTG 7, BEE pH (ETH e, AR XS B )
BN MERRGE pH (H5 38 Lac3 —2L,
£ pH {H 0 6.5 B 3K B 55 = A~ A Xt i 5 7 0
(47.40%) . HHIE 3g) #1 h) AT MR BETE pH H24
5.0 RS E MEdRcls, PR3 6 h J , JLAR X BTG ) A 45
£ 80. 98% /K-, M Lac3 78 pH M 6. 0 I F

EVERA, pH {E D 3. 0 IR E MR 2

2.3.2 ERBFAMHEFIEREMBRLE Lac3 1&
HEBW 48 B T B B T R R R

Lac3 {6 S W52 N & 4 s, B1E 4a) il b) ATAT,
& JE BT TR R Lac3 15 J1 M RZ 2l B
1.0 mmol/L 1 Cu® DAL, HoAth 42 J& B 7 35 %A% ity 1
JIFRBUHINHIE R, EZ 045 F G 4 B ik
FER T s s o Pt X S S 30 kA A
K ARHE (0.5 mmol/L) BV AT {f % i Lac3 584 %%
I, XA RESE N Fe'* BB S HE AR/ TN, 5
BB IS PE O Co™ 2R IR A 45 G 00 5, T T
PLal B OCHE Cu™ (LA, PR EL IR P9 &8 09 f 1% 38 &
S, LRS- IE 5 1) Bl 412 5 0 o R, die 44 BOR B % )
BEAII2 AN, Fe™ XoF 48 1 114 2 21040 4] 4 8 v g
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Fig. 4  Effects of metal ions and anions on the activity of crude laccase and Lac3
SHEBETFNESA K, HARER T, BEFEm ST Lac3 W& M HI/E A nsE, (R#E (0.5 mmol/L)

HME S U A 4 T PH S - mT o 1Y o A B AR
ML E S @M S, #mRsOlE LT
REL2 IV BE (1.0 mmol/L) Cu® TJ X i i 77 7=
AR HEVE T MR B AR G Lac3 FARR XS TS 7 4300
4 103. 47% 1 113.07% ., i f= ¥ B2 (5. 0 mmol/L)
Cu™ X REL T At P 400 10 FH A o B 08, 3% PRELOR it v
A REAEAEXT B Cu™ i S2 PR AR 22 A IR T, Cu™
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Fig. 6 The SEM images of tobacco stems before and

after enzymatic hydrolysis
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Fig. 7 Radar chart for sensory evaluation of
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Characteristics of the key laccase in Ganoderma lucidum complex Enzyme
liquid and its application in aroma enhancement and quality

improvement of tobacco stems

ZHANG Zhiping' ,ZHANG Chi',SU Yixin',ZHANG Rongya”,MA Yaping®,
ZHANG Yue',LIU Minchang® , WEN Wu®
1. College of Food and Bioengineering , Zhengzhou University of Light Industry , Zhengzhou 450001 , China;
2. Technology Center ,China Tobacco Sichuan Industrial Co.,Ltd.,Chengdu 610066, China

Abstract ; [ Objective ] This study aimed to identify the key enzyme in Ganoderma lucidum complex enzyme liquid
and its enzymatic characteristics, and to elucidate the mechanism of aroma enhancement and quality improvement of
tobacco stems by fermentation. [ Methods ] The key enzyme in Ganoderma lucidum complex enzyme liquid was
identified by native polyacrylamide gel electrophoresis ( native-PAGE) and enzymatic activity assays. Enzyme
separation and purification combined with molecular structure modeling were employed to investigate the enzymatic
properties and structural features of the key enzyme. Scanning electron microscopy (SEM) and GC-MS analysis
were then used to evaluate the aroma-enhancing and quality-improving effects of the complex enzyme liquid on
tobacco stems. [ Results ] The Ganoderma lucidum complex enzyme liquid exhibited multiple enzymatic activities,
among which laccase activity was the highest at 35 466. 67 U/L, and three laccase isoenzymes were identified. The
key laccase, Lac3, was a three-domain laccase with a molecular weight of 58.4 kDa and 500 amino acids. Iis
optimal temperature and pH were 55 °C and 3. 0, respectively. Cu™ at 1 mmol/L promoted its activity, while Fe’*
exerted the strongest inhibitory effect. After enzymatic treatment with the complex enzyme liquid, the compact
structure of tobacco stem shreds was disrupted, and the lignin degradation rate reached 22.56%. Sensory
evaluation scores were significantly improved. Compared with the control, the total content of 17 aroma compounds,
including aldehydes, ketones, and phenols, in the stem shreds increased, thus achieving the goal of aroma
enhancement and quality improvement of tobacco stems. [ Conclusion ] Ganoderma lucidum complex enzyme liquid,
with laccase as the key enzyme, can degrade lignin in tobacco stem shreds and enhance aroma, thereby promoting
resource utilization.

Key words: Ganoderma lucidum complex enzyme liquid; laccase; structural simulation; tobacco stem; quality

improvement and aroma enhancement
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