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Abstract: As a biocatalyst, laccase has been widely studied and applied in the papermaking
industry. However, the low catalytic efficiency and poor stability of natural laccase limit its
application in the pulping process. To develop the laccase with high activity and strong
tolerance, we carried out directed evolution for modification of the laccase derived from
Bacillus pumilus and screened out the mutants F282L/F306L and Q275P from the random
mutant library by high-throughput screening. The specific activities of F282L/F306L and
Q275P were 280.87 U/mg and 453.94 U/mg, respectively, which were 1.42 times and 2.30 times
that of the wild-type laccase. Q275P demonstrated significantly improved thermal stability, with
the relative activity 20% higher than that of the wild-type laccase after incubation at 40 °C,
50 °C, and 70 °C for 4 h. F282L/F306L and Q275P showed greater tolerance to metal ions
and organic solvents than the wild-type laccase. The Km value of the wild-type laccase was
374.97 umo/L, and those of F282L/F306L and Q275P were reduced to 318.96 pumo/L and
360.71 umo/L, respectively, which suggested that the substrate affinity of laccase was improved
after mutation. The Keat values of F282L/F306L and Q275P for the substrate ABTS were
574.00 s™' and 898.03 s7!, respectively, which were 1.1 times and 1.7 times that of the wild-type
laccase, indicating the improved catalytic efficiency. Q275P demonstrated better performance
than the wild-type laccase in pulping, as manifested by the reduction of 0.82 in the Kappa
number and the increases of 2.00% ISO, 7.8%, and 7.2% in whiteness, tensile index, and
breaking length, respectively. This work lays a foundation for improving the adaptation of
laccase to the environment of the papermaking industry.

Keywords: laccase; biobleaching; directed evolution; enzymatic characteristics; paper pulp
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R RA K, X gedea 0, TR Xt
Wt R 2=k —kis e Ik, AR AE
BT EEAS, AT RAKALRE | £ ZE e
S5 7 THI R T BRCR B 22, 7R 1 4R B A ARG 1Y
R IETTH,

PR 14 2R SR R ek A7 7 AL BRI . AR
FEPEZESF R, R AR T2
30 20 Tl 4 8 2 [ A A R R AT DL e R 5
— IR, 53— A 1) AR e A 1 BT Y A ER
PEBEHHIO, RNTR T R T2 . IS PENL
SR 545 B0, i 2 o A AR A M
BRI MLI (BEPLIE AR | SR E AL . A RIER),
{3 IR R A 58 A el A R S 1) v O e AR 31 L
A FEe T RRE B9 2 A2 i . 2009 4, Koschorreck
STy T 4 m HA 2R (Bacillus licheniformis)
CotA il AE R IAFE IR e P IR KO, X HR
FT BENLFNE 2 SRS A ekt i, RIS
B PCR F AR E 2 AR R SCHE I 1% T 6 000 4>
AR, RIZRAEMR K316N Fl DSOON AH# T
BPAE R, X 2,2 - B G- W R [2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid), ABTS]HJ
ARG PE R T 2 R b MR AR
D500G AH# T B A RIXTCY) ABTS BMEALTE 14
PEE T 5.4 1% BEJS K K316N Fil DS00G 4H-A ¢
AW 28 A8 K K316N/D500G , & Fi AL 58 7% A
K316N/D500G [k 7K L BF A= 7 & 11.4 4%,
B R T AR BT AR ()5 5 AN Tl R i A
TR, 2010 45, Gupta 51K E )
ALY 7 4R A 2R 64T I (Bacil lus subtilis)
CotA BN IKY ABTS B&—1k, AN
ZE 5K CotA-ABTS-SD1 % ABTS % — 1 2 B
AT 120 175,

AR L S 5 PCR A 1 /N 2R
FF TR i A Y T8 il 1) 8 A8 PR SC T, i i A5 3] 58 A
& F282L/F306L il Q275P, 5 ¥ £k RIZE W AH 1L
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AL R AR GE S R, AEHI 3K T 20
7 T AT ARG (4 N FH RT3

1 #HRE5rZE

1.1 Etk. BrRiFnid 5

JEL/IN 2 FUAT TR i Ok DR R T ) R s B AR E A
JFokL pET28a(+)-lac A 256 % i) i 3 (R A7
(GenBank % 5%5: MW373470), Heiffl ik
IR X33 AR S % A7 . JO4E v R U] 4 A
DNA &M Phanta Max Super-Fidelity DNA
Polymerase W [ 5 0 v MERE A= M RH 4 A PR
/NF o SteadyPure JoRLHE U] &0 B RS &
BhEG 49 TREF RN 7] . GeneMorph I1 Random
Mutagenesis Kit I H “ZHERFHEA RA F . BERE
12 OBy Tk %5 44 B B 37 KL (yeast extract peptone
dextrose medium, YPD), LB Fif3t, B 51555
FJE(buffered methanol-complex medium, BMMY)
Z IR TR RIS ) A FRZS ml A T HRC ] .
A 5E T B A 23 X i B 1 2 46 Al 2k
FIA PR A

JEEP I AR (100 mL): 1 g BERHRE,
2 ¢ EIM, 1.34g YNB, 1.5¢gEifl§, ABTS &
e~ 1 mmol/L.
1.2 5% PCR

L4 kL pET28a(+)-lac AR, 011 N i
5 H EcoR I BEUI s 1759 Lac-F (5'—3):
GCTGAATTCATGAACCTAGAAAAATTTG; 1%
i C wiiii A Xoa I VI S T 514 Lac-R
(5—3"): GTTCTAGAGAAATAATATCCATCGGCCG,
55 PCR 2 W AR Z (50 pL): 41.5 pL AWZE K,
5 pL 10xMutazyme II Reaction Buffer, 1 pL
40 mmol/L ANTP Mix, 0.25 uL 5 [4#1 0.25 uL
T (e B R 250 ng/ul), 1 pL itk DNA
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(M BE A 172 ng/ul), 1 pL Mutazyme II DNA
polymerase. %% PCR v c{4F: 95 °C 2 min;
95°C30s, 55°C30s, 72 °C 1 min, 30 PMEH;
72 °C 10 min,
1.3 RLBXEHRSIFE

%k PCR 459 J5, HU3 uL ) PCR )T
0.7% N R WHBE IS AT LUK BRI, B 55 /N IE
TAIRE S IEAT 1% IR BERS FL K, (i FH DNA
iz T i3 35 mTic H 9 DNA R B o 5 BR fil 14:
NI EcoR T 1 Xba I %45 # Jfi ki pPICZaA 7E
37 °CHM NHATAGY) 3 h, FFibAT H A
M, f#F ClonExpress II il &K 5 4% PCR
7525 3% pPICZoA WUV =i f T i+ .
A P A PROL i ARG FTF R DHS o J&3Z
AUML, AT S HRERBMEQS pg/mL)Yy
LB “Ftl, 37 CHiFrid X B R . Phik
SR A H BT B R T LB AR SR
37 °C. 200 r/min $£PEREIE 12 h J5 2 BUT K,
i 1] Sac T ZePEAL G #EATRE RN, B 5 pL Bl
PRI AL 3 100 pL SeAREERE X33 A, TR
T E RS RPN YPD VA, LIS B
e, SR A R TR R R AR B AR S .
PR 5 1 A 250 ro e Je -l B S B PR %
Pez= YPD PR R, [FIBPR 2 R T TR
PR IRYTHEREEAR, 20 pL BRI RS F
RIS, BT 28 °CHi 3% 48 h, TEREAiIEF
B b Y AR R B TR . TR RERTT
ABTS &#Wi8 b4 ABTS HHIEHE T, 7&
BPERREE TS, Bl s A, PR EEE
B BLPRIE ) FHPERRT5 o R0 7 205 R vh % B
AL T AR LBk B IR I LA, B B
RS Z YPD MAKEE SR, SRIGHE 28 °C.
200 r/min 55 R 3535 12 h Z2 47, 1 ODeoo 2X1HL,
FJC KPR EAH R A9 ODeoo ZUAEL, WX 2 uL
W R A, 8B SN 20 pL R TR
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BAICHER, T 28 °CHiF% 1d Aty MR
B EBEEARNR/N, PRk T AR ROR I B A
BRI b+ T IMA R R TR, 0.5% P 5
SdE, W WEHETE AL, R RS M,
TR M v T T A TR 1 P b T BRI B O
K41 DNA 5
1.4 HHEBARAEWL

W15 T 30K 5 1Y TR O B B
Mg, PR TR MIZ AR 2, aifb)s
H #4921 1] SDS-PAGE #4725 [ 4 B A .
1.5 ZREEMMERSENE

25 °CZAMFT, MK ZF N 1 mL, pHS.0,
0.2 mol/L PSER-BEERANGE MR, NN ANLYREE N
0.5 mmol/L JIEHHR FE 1Y ABTS [¢=36 000 L/(mol-cm)],
i B 2l AL B IR S L, 3l 3 ODao AL 1
W B SO AR Al R R LR e M, A E R
3.

ity 16 1 B S EMIEZRAETT, Barsh
44k 1 pmol ABTS T B2 ) il i

FEOASEME. DA mE A& iR EE
1, {4 A Braford J5 L0 H A8 1AM
1.6 SREGM FNE

fiti 5 112280 1F 25 °C. pH 5.0, 0.2 mol/L
Tl 1R - i TR A 28 MR R APE T AN [l B 6 2 11
ABTS 1ERRNRY, 3 2HA YW ET
it P S5 I R 3, il S I B ) 2 S BGE 2o A AL
81%% Lineweaver-Burk 115, 15 H Kn Fl Kea
1B, AR A YRl RN 2R AR AR Y Keat/ Kino

BOE R . 16 30-90 °CURFEVLRIN, %
10 °CH—MERREYE 3 A FAT, KT AR R A AN
AR5 0.5 mmol/L ABTS Sz i, & H A
TR EE T G, DA s TS 1R 100%, M
1 0 M A TR AR Rl R 2 A8 (AR 11 e T R

M BERSE M 20 DR 5 A AU B il A1 28 A8 1R
TE 50 mmol/L MR — S HN-ElR | 4N 2% vh il
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(pH 8.0), 30-80 °CiE[l 1T E, WFHE 2h.
4 h J5 43 RO TS, R R B 0 h B S
158 LK 100% , THEEAE 30-80 °CH [l A 4 i
EElEL0L i RO P Ry ey i 2

Icid pH: £ 25 °CA&M N HAARFER pH
BERE, WP AE BRI R RS 0.5 mmol/L
ABTS S, W HOAR A pH R RS, LA
BTG 1R 100% , DA T A R BT A 700 348 il 2% A
& B i id pH.

pH B Pk = 43 A B A 70 g 0 5% A8 AR A
25°C. pH 3.0-10.0 MZE MR P ATIRE ., HE
2h. 4h JE0 R BEAE RGOS pH 24T DRSS
AR E I 0 h BYBETS J1 2 U 100%, HHETE
pH 3.0-10.0 {1 [l PN R Bl 75 A AR R T e
Zxith 2.

& B TR RGP R s« Rk RE T 12 Fp
EIRET, B0 Nat . Mg, Cd*", Co™", Zn*",
Mn?", Ca**, Fe*", Fe’". Ni*", Cu’"fll Pb*"; 7E
pH 5.0 £&/4F, L ABTS NEY), 75z
W K 10 mmol/L 125 mmol/L 43 J& B 1% 4=
RV RN G AS AL IE PRS2, LIS S AT
ol 4 A B 1 SR S R B ARG PE A 100%.

AL TR BEYER S . 78 pH 5.0 4%
fF, LA ABTS MR, J3 5 g — 0
(dimethyl sulfoxide, DMSO), Tl FHEE., &
5 F N, N- F RS FH P JH2 (N, N-dimethy 1 formamid,
DMF)4t 5 R AL 7E 20%F1 40% W Flidk FE
Xof B A AR g AN S AR AR AR IS R s ), DA
B US IE AR A5 ALV 700 b B A 250 T 148 Tl %) G
PN 100%.

1.7 RRLERIE

W AR ACH A Sk IE T 8RR, 1R
G5, BT 55 CHURMETIK >, FRE 3 g 1Y
BB 500 mL #2fH, A 100 mL pH 7.0
P22 ik, 60 pg B &, B 5K BHERIN
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RS, A 50 CCEEIRH R 12 he Fik R
JO7 8] 5 57 BRI 80 °CoK ¥4 o K& 5 min,
SR G B SR b BRGT (A ORHEA T 78 43 vh ik
A 55 CCHEFEMETIK 53 o FRICEAL FRLT (1) 25K
2.88 g, MIAZLK 5 LT A pr il i 5 #4743
fiHE, A% 20 000 v/min J5BUH T RS
FHPLZE P AR DT 2540 15 22 72 80 g/m” YT
UL, BOH JE 7E 105 °CF il = & R 46T 10 min,
U U7 A 4R AT T I 2200 5E o
1.8 EMEENE

W F 10 40 A B R E R S50 = R
(23+1) °C, AHXTIREE(50+2)%] 24 h )&, 1ESCH
2 R ME 1 D R KK 1 25 T SR L AROR
G B E AR GB/T 1546—2018 ¥EE ; #i %4
TR B0 E AR E GB/T 455—2002 %€ ; Hiik
FE BRI 2 AR P bR i GB/T 453—2002 Ml
o AR HT(YQ-Z-48 A) I & .
1.9 RIEEESSFXI#E

Al 4% ™ ¥§  SWISS-MODEL
(https://swissmodel.expasy.org/) ¥ ¥ A= I ZE il |
AR F282L/F306L Fil Q275P #E4 7[R YR a4,
FIFHZERAE AutoDock 43 HKF BF P TR R il | 58 A8 (A
F282L/F306L il Q275P 54 ABTS X%, #
JH PyMOL 4Bl & & I o3 A L 4544 .
1.10 HIESHH

FIF SPSS 19.0 B A4: X £ T e G2 11434
KR pBE B8N meantSD, HELK E AL
3k, FFdFH Origin 8.0 # A T1ER

2 ERS594

2.1 REGRTIRRITHIE

LA R/ N 2 R T i A 5% it i TR 7 Jo
ki pPICZaA-lac HHA AT 55 PCR, % PCR
PR TORL pPICZaA VI Yk He)a , ¥
NEEFRTEERE X33t FRAGBEHLIE AL B K 3Rk 3L
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RIS, P53 Y 58 A8 1A P e i 22 IS ) . €5 T
P, DA AR RIBRBEAE g XS R, 2 ad )i A A2
IR E) 184 AW A S AR A, S0 1Y) B 1
b F#= YPD 58RI E, WERAMHE R
ODs¢oo, MWHX 2 uL W TIRY 0 e~FH, i
B B 0 R/ TPk e EAR R T
A UGB, 138] 47 DB ARAK, ok
50N 1 FTR

1 RYTIRTEIEE A RYHR)
KA B: RYFHUIR G — R E R, WT
FER B T

Figure 1 Substrate plate screening diagram. A:
Substrate plate preliminary screening of mutants; B:

Substrate plate final screening of mutants. WT
stands for wild-type laccase.
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2.2 RTAEBFFIS M FEEIELL R

XTI i e A B AR 47 A3
K, BB T MAR GRS R RIL, I
AAH B S R R BT 43 B LA T 2k, X4l
b5 1) B A TR AR kR 2 A A R AT i I 0 A
FE, FoiAT 2 AN BRI AR R BTG )2 L A
RUGR W =, HAi b5 FE 5L %) SDS-PAGE 45540
Kl 2 B, HEZE TR/ 70 kDa 22
i, HE RN,

SR R T T v T T A 2 AR A B R
JPA), xFHIERER B T PCR P8l )y . A H
ESPript 3.0 X 58748 1A 15 i Az AU BR B 0E 4T 2 HE R
FEHIEEXT, S5 3 foR, HAPRATHE I 1
FESS 282 i FIEE 306 13735 e 8 9 2R (F) 28 ol 5
ZIR(L), LR Ar 44 F282L/F306L; 748
T 2 755 275 o B A 2 Bt (Q) 2% MU 24 R2 (P) ,
LR KA 4 Q275P,

kDa M 1 2
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B M: ERFTEARE; UKIE 1. i) s
AR 15 VKIE 2: AALSE BRI SARA 2,

Figure 2 Purification results of laccase mutants in
Pichia pastoris X33. Lane M: Protein molecular

weight standard; Lane 1: Purified laccase mutant 1;
Lane 2: Purified laccase mutant 2.
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320 330 340 350 360
WT DVIIDRSAYENKTIVLENTAGCGQDVNPETDANIMQFKVTRPLEKEGRAAKTLRPIFKPLPP
PRI VD VI IDMMSAYENKTIVLENTAGCGQDVNPETDANIMOQFKVTRPLEGRAAKTLRPIFKPLPP

Q275P

E 3 FHAEIREBMRTHOIEERFTIEEST

DVIIDIRSAYENKTIVLENTAGCGQDVNPETDANIMQFKVTRPLEKEGRAAKTLRPIFKPLPP

Figure 3 Amino acid sequences comparison between wild-type laccase and mutants.

HR 4 Braford J5 320 e 2l A J B A 78 48 il A
AR R IR, RN LA G, AR A R
TN A5 A () 28 11 VA B RIS N 1 o, B AR 7
VB0 LG 4 197.58 U/mg, T 2878 K F282L/
F306L F1 Q275P [t i 4351~ 280.87 U/mg
H1453.94 U/mg , 45 5 i 7n 28 8 (X F282L/F306L
Q275P (1 LTl i 3 1) o Y A AR g 1Y) 1.42 £%
2.30 %,

23 HmERNEREREEREMSH

WiE 4 fiF7s, 76 30-70 °CIRJEJLRIN, ¥
Az TR il P 2 AR AR 2 B R B T i, ARG
TE AW T B AR AU AN 28 A K Q275P 1)
i A 80 °C, AR A F282L/F306L 1 il
MR EEA 70 °C. B WA E AR E PEEs R an &l 5 fr
N, AR RGN S AR R S RN 27, FE
RS T A B R R E M, 7€ 30-60 °C
WENIEE 4 h SRR EETITE 60%LL | 16
40-60 °C, RAIA Q275P ¥ F 2 h Fl 4 h J5 HIF

x1 FERZREBBMRTALUEEIELER
Table 1 Comparison of enzyme activity between
wild-type laccase and mutants after purification

Protein Enzyme Protein Specific
activity content activity
(U/mL) (mg/mL) (U/mg)
Wild-type 50.42+1.20 0.25+0.01 197.58+9.78
F282L/F306L 68.64+1.43 0.24+0.01  280.87+12.52
Q275P 97.13£1.62 0.21+0.01  453.94+13.31
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Figure 4 The optimum temperature for wild-type

laccase and mutants.

ARG B LG B AR TR A — e AR, AR
Q275P 7£ 40 °C., 50 °C. 70 °CH¥F 4 h J5 iFI 4
it 175 147 LU A R R R R T 20% LA 1
2.4 wIEKRK pH X pH RREM

WK 6 Fros , B A= BB Bl il pH R 4.0,
AR Q275P i fieid pH A 4.0, ALK F282L/
F306L (s pH N 5.0, B A= 750348 Jil F 2 725 4k
FERRE IR T MBS SAK . BN pH FRE
S5 7 BN, A AR RN 28 AR A AE R 1
BN MR M IS PR, AR BRI EG A
GEAR AL T PE BN R ) pH B 2% T B B
M3 175 1€ pH {H 7.0-10.0 JEEINE 2 h, H
Tl ARG IAE 60% LA L5 7€ pH {H 7.0-10.0 3 [l
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Figure 5 Temperature stability of wild-type laccase and

mutants. A: Temperature stability after 2 h incubation;
B: Temperature stability after incubation for 4 h.
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Figure 6 The optimum pH for wild-type laccase and
mutants.
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—e— F282L/F306L
80+ —A—Q275P
=
2 60
z
g 40k
2
= 2
2 207
Ok
30 40 50 60 7.0 80 90 100
pH
B o
100 WT
—o— F282L/F306L
80 —4—Q275P
S
2z 60
z
% 40,
2
=
= 20
0_

0 60 70 80 9.0 10.0
pH

3.0 4.0 5.

7 RETEMEBLERREEN pHAEME A F
H2hJgpHEEN; B: WH 4h )5 pH &,

Figure 7 The pH stability of wild-type laccase and
mutants. A: The pH stability after 2 h incubation; B:
The pH stability after incubation for 4 h.
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Figure 8 Effects of different metal ions on the catalytic activity of wild-type laccase and mutants. A: The
effect of 10 mmol/L metal ions; B: The effect of 25 mmol/L metal ions.
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Figure 9 Effects of different organic solvents on catalytic activity of wild-type laccase and mutants. A:
Effects of 20% different organic solvents; B: Effects of 40% different organic solvents.
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Table 2 Comparison of kinetic parameters of laccase
using ABTS as substrate

Protein Km (umol/L)  Keat (s7) Keat/Km
(umol/(L-s))

Wild-type 374.97 519.03 1.38

F282L/F306L 318.96 574.00 1.80

Q275P 360.71 898.03 2.49

Z&: 010-64807509
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Figure 10 Three-dimensional structure simulation of wild-type laccase and mutants docking with substrate.
A: Molecular docking analysis of wild-type laccase; B: Molecular docking analysis of Q275P; C: Molecular

docking analysis of F282L/F306L.

F1 Q275P LB A= AU R A T 5 1Y) [0 A 5T R
77 RV EE G AR AR T AR R TR AR
F282L/F306L F1Q275P 1) LU BRI LU BT A= A Bl o

[Fi] B ARSI 7 AN ] 3% i A BH T 405 4 34 I
MISEIR, 5536 4 BN, M T B AR R

http://journals.im.ac.cn/cjben

YERFHARYCK, RAEA F282L/F306L AbFE4R
WG HA AR Brok s B 2L 4 58
1.5%. 3.0%. 3.1%, A5k Q275P AbFRACHK J5
HBrok s BOMBWT K 30 $E 5 7.8%F1 7.2%, &
B 5 A RURBGAR L, 2848 {K F282L/F306L Al



RO F | AT ERHNRESREBIOBLEEREESRBIRPHNA

*3 TEIREBLIELRIRAVER

Table 3 Effect of different laccase treatment on

pulp

Enzymes Reducing sugar Kappa Whiteness
(systems) content (mg/mL) number (% ISO)
Blank 0.010+0.016 9.57+0.48 35.24+0.36
Wild-type 0.037+0.005 8.16+0.35 37.734+0.05
F282L/F306L  0.025+0.012 7.41+£0.27 39.22+0.20
Q275P 0.025+0.028 7.34+0.22 39.73+0.04

4 TRIRBEEAIET KL HIE M AR
Table 4 Effect of different laccase treatments on
physical properties of pulp

Enzymes Tear index  Tensile index Breaking
(systems) (mN/(m2-g)) (N/(m-g)) length (km)
Blank 4.17+0.19 13.214£0.27 0.88+0.01
Wild-type 5.13+0.18 14.58+0.61 0.97+0.04
F282L/F306L 5.21+0.21 15.02+0.34 1.00+0.02
Q275P 4.94+0.24 15.72+0.35 1.04+0.02
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