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Abstract: [Objective] This study aims to investigate the application of a novel thermophilic lytic polysaccharide
monooxygenase (LPMO) in the efficient cellulase-mediated hydrolysis of lignocellulosic substrates. [Method] The
thermophilic enzyme mgLPMO10, derived from a compost metagenome, was heterologously expressed in
Escherichia coli (E. coli). Its expression level was improved by modifying the signal peptide of the expression
vector and induction conditions (temperature, IPTG concentration, and induction time). The enzyme was then
characterized in terms of the optimal temperature, optimal pH, thermal stability, pH stability, and the effects of
metal ions on its enzyme activity. Subsequently, the synergistic hydrolysis efficiency of mgLPMO10 with two
thermophilic endoglucanases (7nCelB and DrCelB) at different molar ratios toward phosphoric acid-swollen
cellulose (PASC) and other cellulose substrates was evaluated at 70 °C. [Result] The coding sequence of the pelB

signal peptide in the expression vector significantly improved the expression level of mgLPMO10. After
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optimization (induction with 0.50 mmol/L TPTG at 28 °C for 18 h), the expression level reached 12.9 mg/L,
representing a 90% increase compared with the pre-optimized level. The optimal reaction conditions of
mgLPMO10 were 70 °C and pH 6.0, and this enzyme showed the maximum enzyme activity of 25.5 U/g. After
adding 5 mmol/L Mn>", its enzyme activity increased by 75%. When synergistically hydrolyzing PASC with
TnCelB or DtCelB, the enzyme exhibits synergy degrees of 123% and 138%, respectively. Moreover,
mgLPMO10 exhibited significant promoting effects on other cellulose substrates. [Conclusion] The combination
of mgLPMO10 and thermophilic endoglucanases can significantly enhance cellulose hydrolysis efficiency under
high-temperature conditions. The study provides an important enzyme and a theoretical basis for the development

of high-temperature lignocellulose biorefining processes.
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M—Marker DL10000; 1. 2. 3—CBP21-mgLPMO103E K F Bt ;
4. 5. 6—pelB-mgLPMOI10FE R Fi B .
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B1 E@i4 g5 PCR Y 35 69 2w 5 4 5t ik B

Fig. 1

Recombinant plasmid map and agarose gel electrophoresis map after PCR amplification
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mgLPMO 10 7£ Bk R i A 200,400 mmol/L [¥ Tris-
HCI(pH 7.4) ¥ W+ 4 BE ML T K . 18 1T Bradford %
Rl 2 /> 4 7B B R R GA & CBP21fE 5K
MEMHFEITCTIESFOhE EARKEEN
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Ji,BEHAMREXIEENIS mg/L. u I pelB {5 5
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7t E. coli BL21 (DE3) # & iX [ pET-20b-pelB-
mgLPMO10 34T J5 820t 51

200 000 200 000
116 000 156 838
97 000 7
66 000 66 000
44000
44000
29000
29000
20 000

20 000
M—Marker; 1—pelBf5 5 Ik #2045 717 Ok RIS 5
2—CBP2 U5 Sk E A 8 A i CREE EiERD) 5
3—pelBf& 5 Ik H 4L F i (A0 B0
4—CBP2 M55 Ik 4L FUR (4B R 30
S—pelBf& 5 JIk B 414K i (A0 EDTERD) |
6—CBP2 15 Ik # 20 £ (15t (AR B i ie i) o
(a) 1A A S BRI mgLPMO 102 445 5

M—Marker; 1—ZHBERE LWL 22 34 40 5—pelB
55 Ak EALE A543 5050 1004 2004 400 mmol/L

KIS R BRI : 6+ 7+ 8+ 9—CBP2145 5k i 445 (1 i 43 ol F

50, 100, 200+ 400 mmol/L Ik P i e i v o

(b) mgLPMO101)46i{k,

B2 mgLPMOI10# SDS-PAGE # %
Fig.2 SDS-PAGE results of mgLPMO10

23 WIEEHMUER
2.3.1 IPTG# K E 3 &L 6%k

H T pET-20b M 58 + 2 B SR T7 3+,
(Rl IPTG 1 ¥ B A2 5 ) B 20 R (1 3 3R 1 & 22
FAF . RAKHEEA AN R AR A K 2 ODgo 18
4 0.8 I, R AN A [F] K FE 1 IPTG, T 37 °C1%5 % 6 he
7E I 2 1F K, B mgLPMO10 [ 77 & N 17 45 5 %,
W E & i IPTG 3K & . A [ IPTG ¥k FF Xt
mgLPMO10 E A HUR ) ma an & 3 o . 45 R %K
B, mgLPMO10 KA & LB INE T MBS .
2 IPTG ¥ £ 7E 0~0.50 mmol/L i} , mgLPMO10 ¥
F Ik f B A IPTG ¥k B 1 38 I ifi 34 0 s IPTG ik B
4 0.50 mmol/L i} , mgLPMO10 % ik & ik | i & ,
N 9.5 mg/L; %4 IPTG ¥ /% K F 0.50 mmol/L i ,
mgLPMO10 £k & 2 W F %, v g2 B e
WIEIPTG M WA A B KB HFEEM . Wik, 522k
#£0.50 mmol/L /£ N IPTG ) £ 3&E 175 T ik & .

®
1

0 005 0.10 025 050 075 1.00
IPTGH#¢% /(mmol/L)

B3 HREIPTG KA T mgLPMO10# % % &
Fig. 3 Expression of mgLPMO10 treated with IPTG at

different concentrations

232 H%IRE AR ALY

B8 R AE K A ODgoo fH N 0.6~0.8 B, U8 I £ 94
F 4 0.50 mmol/L 1 IPTG #4775 F , A mgLPMO10
AR BNVl X &, W E A [F SR O S
[F] %F mgLPMO10 3 1A R 5 1) 52 el , 45 5L o & 4 B
No TEMIFEE FRE T, mgLPMO10 % ik & fifi &
75 5 B R A 4 0 g 3G o, 5 5 B R 7E 18 h B,
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mgLPMO10 £ ik ik 3 K. ANFEFE TR E T
1) mgLPMO10 KA & 7% F 5 K, 75 BAK 508 & il
£ T, mgLPMO10 £ A & & AN & , 1fi 7 28 °C i &
i}, mgLPMO10 % ik & fi 7, N 12.9 mg/L. FH ik,
AR PRAE 28 °CiFs T 18 hE N IE T 56 -

mgLPMO10% 1A £ /(mg/L)
=~

(= =

1 1 1
6 12 18
i75 S 1] /h

B4 KB FEEAE BT mgLPMO10 & &&=
Fig. 4 Expression of mgLPMO10 at different induction

temperatures and time points

24 BEARBFEMR
241 REREAEFARM

iEIT 2,6-DMP V2, 7E A R A R Il E mgLPMO10
B AF o i 7, BABf € mgLPMO10 H i 3d & M T
. Bl 5 (@) Broor o, 1R 40~70 °C % fF T
mgLPMO10 1) FH X} B % /) B 45 il FE b b m b
1 70 °CI 4 A & =i B /1, 8 25.5 U/g(EIh K @

110 -
100
90
80

70

FHXTBERE 71/%

60

50

40 |-

30 1 1 1 1 1
40 50 60 70 80 90

R /°C
(a) ANFIELEE N mgLPMO 0¥ AR i 71

W ORE EARBUESEAMEENRRRERENA

LD ;s 7E 80 °C T4k 28 A & i AH X By 3 77, 1 AE
90 °C %+ & , AH X B VE 0 M B N B .
mgLPMO10 73 5l & T 65.70.75.80 °C %k £ T~ %
B, 5 — By 8]0 58 5k AR WS 7, R 90 IR B
e t. Wk 5 R, £ 65~85 °C % T,
mgLPMO10 ¥ #8 XF B 3% 77 #F B8 A& W) (7] 2E 1M
&, H B2 s, A B R ) R RS R . TE
70 °CH¥ H 1 h, mgLPMO10 RE % 1% 60% A 47
FHXT B 3% /7 £ 80 °CHEE 1 h, WAL T 11% R AH %
B35 7. RUL, 5 22 R 50 i B 7E 70 °C 4% 1k R k4T
N
242 =it pH A pHA T H

it 2,6-DMP 25, 7E 60 °C AN [A] pH [ 22 b i
Hl 5E mgLPMO10 5 7% /7, LA & e B & e B
pH. W& 6Ca)fii7n , mgLPMOI10 7E pH 6.0 [1] 22 pf
VO AH NS S )k B B e, Hoan R FE AR pH, HAH
X B R GE R BE . % mgLPMOI10 B T HAEH
BT WS 77 CRI pH 43 5108 5.0.6.0.7.0.8.0) [ 2%
Wb, 1E 60 °CHE E — & I ], 4% 58 H pH A2 @ 1% .
45 R4 6(b) T 7~ , mgLPMO10 7E pH 6.0 [ 2% i
T TR RE N B ) OR R R UF L R E 1 h S AR IR RE
85% [ AH Xt B3 77 5 pH i i SO AR HE & 5 SR TS
JTB IR E FEAC . R, 5 2250 % 5 7E pH 6.0 2%
T B AT I

100
80
N
> 60
&
E 40
—&— 65 °C
20 —e— 70 °C
—A— 75°C
—w¥— 80 °C

0 1 1 1 1 1 1]
10 20 30 40 50 60
B 1] /min

(b) Al R mgLPMO10f i M

B5 mgLPMO10 #) & & & & & B AR R
Fig. 5 Optimal temperature and thermal stability of mgLPMO10

243 A BB TR EGENRFSEEE G IR
LPMO & — Ff & #fi Cu® 1) i, FLvE 4 PO &
BN B F L /65 CuSO, 0% B Ja vl ME KR g nted,

75 BE Al FBR 7T A 4 B B 1 BRI P R X
mgLPMO10 li§ i 77 200 o 4 A [R5 8 5 1 8k
& M7 5 mgLPMO10 5% & J5 A4 D L B 75 77, 45

111



112

Journal of Food Science and Biotechnology

RwE 7R &R ERW,HINT Ba®  Mg™ .
Mn* Ni*'0% & J5 , mgLPMO 10 {48 X B 3 71 5 H
BT T+, 3 v Mn® % 3 A0 % B 35 0 1) 32 T el
BT AR T T 75% s M Zn® B B 5
mgLPMO10 /)4 % B 3% 71 F B AT 76% . K TH
% PE 7 5 T, PEG-6000 fig 9% v mgLPMO10 #2 JF

100
80

60

HERT B 71/%

40

20

0
4.0 5.0 6.0 7.0 8.0 9.0

(a) AFEIpHZAE N mgLPMO10/IAH X S 11

BE302H 2025F 5 A | RR5EYERAFR

22% AR B 5 7, 0N SDS J& , mgLPMO10 ]
FH T g % 38 R B, R O #E SDSHER R S A i
{1 SR AN B KA ELAE T B AR, B S A FR DY
gk BRIk, 78 N mgLPMO10 I, i f iR a5
Mn* B B . Mn* 0] F 9 i B B0 77 72 N HT 52
THHBEIE 7T

—&— pH 5.0
—e— pH 6.0
—A— pH 7.0
—w— pH 8.0

1 L 1 1 1 1
500 10 20 30 40 50 60

i 18] /min
(b) AFElpHA M FmgLPMO10f FasE P

B 6 mgLPMO10 %)% & pH & pH 4% &
Fig. 6 Optimal pH and pH stability of mgLPMO10

iR
B7 TR&ESHT & @ EER S mgLPMO108E 7 4%
Fig. 7

Effects of different metal ions and surfactants on

enzyme activity of mgLPMO10

25 SREARYVIARERSREMNEIKBTHSR
2.5.1 1R TnCelB & DtCelB K fi# PASC

LPMO #2& — 28 2] 4 3% Wiy 4 9 Wiy, ] 1 B 3 A
YR MR R . L EEEH 2 UAML
T R 1) B AR AT 4 A 0 G R X, AT 4
R, ATRITLPMO 5 W # 4 1) Hi 5R B
FE i T KAl AR R 2T 4k = 1 U R e 77, LLIPTG i
75 253 ) 335 VE A V) A SR B S TnCelB™ L
Lo DrCelB , I X 2235 ¥ Mg 3E AT 2046 , HI 5 )& 22 (1 By
[F 7 e 1

SRR RO /S-S S B
DNSS &l 5E 36 Ji5 K% BT & K B2 IF i 5 mgLPMO10
55 9 U4 S0 B 1 P [FAE A . mgLPMO10 73 7 5
TnCelB Ml DiCelB #% AN [F] BE /R ILH &, R 5 5
PASC 1£ 70 °C 1 73 F A2 A H ) B 1 h, DNS % Il
SE 45 B 8 fTon . mgLPMO10 B 5 Ji& ) ) 3
BF 5 72 A2 S 7T R O R B (4 SRR R ORD L (H
% mgLPMO10 5 TnCelB B¢ DtCelB % i ¥ H 5% &
IR B Ja S SN P A IR I JORE iR R B A T
HPh ) TnCelB 8% DrCelB 5 & # S B 7= A 1 38 i
BB R K . £S5 TnCelB 4 &, X4
mgLPMO10 ¥ 0 B A5 32 & B, S B 77 AR 1) 38 T
B R B R A . 24 mgLPMO10 5 TnCelB JiE
IRHEA 1D1.502 5 I, 38 SRR SR iR FE#T A 1 /L
FE A, R, mgLPMO10 5 TnCelB [ BE/REE N 101

— NGB A E I L, i P N 123%.
mgLPMO10 7£ 5 DrCelB [ 41 & v 28 17 41 |
(i 3, M R LE A 121 30 DR W 9
N 0.66 /L, Hp [A] B 75 3 138%. X 0] AE Y 5L [R] 42 -
TE J 5 18] 5, DtCelB 540t K fif PASC 1) 3% A
mgLPMO10 % By S b W ¢ C-4 88 )5, JIK W) 2 55 F
E G, N Y B T T 2 mr R A



Vol. 44 No. 5

AL A, AT E 75 I mgLPMO 10 Ji % K 47 T iE J5 b
FEE. MHIZ TN ERB T h N, TnCelB 4 & Xf
PASC H A 8 & 1K il 75 P, mgLPMO 10 1) B [F] $2
TE 18 52 AT A BR

11r- 4 145
— R O
4 140
LOF o thiE

aQ 1135

209F 130

il <

o3 W N B WN. ® 1125 %

I =

W 0.7 F 120 =

= 4115 =

& 06}

28 W 1110
051 - 105
0.4 ¥ 100

0 0.030 0.075 0.150 0.300 0.750 1.500
mgLPMO107& %/(umol/L)
(a) mgLPMO10 1} TnCelB
Llp -145
b Wi L 3 @,
| oL AR B - 3 10

%09_......17]\@;}‘{ —135

E; : 1130

2 08F {125 %

i) s =

e 0.7 <120 =

= § 4115

i 0.6

2] 4110
05r g 4105
0.4 100

0 0.030 0.075 0.150 0.300 0.750 1.500
mgLPMO107& %/(umol/L)
(b) mgLPMO10#}[7 DrCelB

B8 AEKE mgLPMO10 5% /M40 &) 45 8% 49 b B 1E R
of mgLPMOI10 at different

concentrations with thermophilic endoglucanases

Fig. 8 Synergistic effects

gi; s R MmgLPMO10 %:.‘21 -
& 0 o 7 lmgLPMO10 igg( 1.0}
ﬁﬁ ol M 0.8
Eo.é §06
04 =
Ho2 oz

W ORE EARBUESEAMEENRRRERENA

W Bl TnCelB & DtCelB K fit 7~ B 4 4 & J&k4h
mgLPMO10 43 %] 5 TnCelB il DtCelB 7£ 70 °C
Z A% R P [F K iR PASC.MCC.CMC. JE 48 DL J% i
A B RE VA 24 b, 8 W E I8 R T SR T L IR AT
7RI mgLPMO10 43 % %F TnCelB F1 DiCelB 7K fift %
PRI RS20 . W 9 B 7R ,mgLPMO10 5 2 Ff 4
U176 58 W8 Wi 1 20 G R 2% B R 4 3 AT K AR S 3 IR
*ﬁ)ﬁiz&}#%ﬁtbﬁﬁbn mgLPMO10 ) %} i 41 %

55N ) 245 24 3% R S 1R B [ S AS [RD  E BH
mgLPMO10 X} ixX L& i ) A 4 — & [ K 20 4 = 1
I A, % PASC #E A7 B K I 8] (24 D 1 K 8 )5
TnCelBEX DtCelB 5 mgLPMO 10/ 17 £ 5K M# 1 h
() &5 AN —FF . TnCelB 5 mgLPMO10 [¥) ¥ [A JF b
DtCelB {5 . A 6 [ Ji RS2 « 76 A B[] e B i 72
DtCelB %f PASC [ AL 1t BE A5 BR , ¥ [F) 42 T 2 W) 52
M. A b T DiCelB, TnCelB gt /K fif GE 1 5 5,
fHE Ak R 2 By, IR UK R 6 B 4 b i . mgLPMO 10
SEAGAB R A 5 77 A R U B R, AT S 307 i
MR A 2HATEERERS
mgLPMO10 ¥ [7] 7K fiff 25 Ji& 4 1 ¥ [5] B2 AT LAt 6
R KR —FH A, TnCelB 5 mgLPMO10# HL A 5
T 1 W IR 5 0 B 15 0 2 0 2, 78 7K A T4k 3
H RN 2 MR I T B A R M, R
BH PR 2 2 D8] 9 B R 28R % T SR IR B A RIF I
J FH 5 .

252

130 « mgLPMO10¥} [ 7nCelB
125}

o KA INImgLPMO10
= mgLPMO101}[7 DrCelB

"

o ¥ imgLPMO10
=120

P
= st
110

105

N oo

ol N e o

PASC MCC CMC  JE4E  Fikbae

HE
FYERIRY)
(a) mgLPMO101/3[7] TnCelB

PASC MCC CMC

FYERIRY)
(b) mgLPMO 101} [F] DCelB

PASC MCC CMC 4t Jikbs

HE
FUERIKY)
(c) mgLPMO10-5 P 1% 5 i it 1 By [0

b€ D 1
HE

B9 mgLPMOI10A= M ¥ # R 4% 85 K A% 71 B 4 4 & JR 4 69 1 ) 2
Fig.9 Synergistic effects of mgLPMO 10 with endoglucanases for hydrolyzing different cellulose substrates

3 énllﬁ

£ K AT B BL21(DE3) Hh R R ik5 7 R T
HE A 7 F R 41 /) g A LPMO (mgLPMO10) , i I
FIEE T 2 s A 2 R R RS 5 K A 28 4 53 R 9
i€ pelB {5 5 JK B A Fl F mgLPMO10 {1 &L . #

AR A e S 3 R IE I I I &R EE
0.50 mmol/L fJ IPTG, I 1E 28 °C T #% % 18 h Itf,
mgLPMO10 )& 15 & i & 8 12.9 mg/L. i il
5E mgLPMO10 ¥ 8§ & 77 2484k, 1 o€ B0 iR B2 A
70 °C, fxi& pH N 6.0, H7E %% 4 N R A B

113



114

Journal of Food Science and Biotechnology

SE M, B o B /1N 25.5 Ulge & T Cu* b, Xt
mgLPMO10 B & /742 F+ i K & )8 &+ 2 Mn™,
Al PASR T+ 75% 1 g 3% /7 % mgLPMO10 B 5 /)
P& T+ A K I 26 TH U P 77 & PEG-6000, 7] DL 3
22% [ B35 77 . mgLPMO10 23 5 5 2 Fh )y 1) 4 %
BE B AE 70 °C T X £F 4 3R W33k 47 P [5) K f i, 35
RO R0 FAE B ) B e oA 1 138%,
FLAE K A Ak B8 H RV I, 8 — 2 M R, A
i K R AR AT 4 R T AR T EE S
KA

S ECHR

[1] SOMERVILLE C, YOUNGS H, TAYLOR C, et al.
Feedstocks for lignocellulosic biofuels[J]. Science,2010,
329(5993):790-792.

[2]LYND L R, LIANG X Y, BIDDY M J, et al.
ethanol: status and innovation [J] .
Biotechnology,2017,45:202-211.

[3] CHANDEL A K, GARLAPATI V K, SINGH A K, et al.

Cellulosic

Current Opinion in

The path forward for lignocellulose biorefineries:
bottlenecks, solutions, and perspective on commercialization
[J]. Bioresource Technology,2018,264:370-381.

(41 FhT3 5, MY STUT . AR BTER 5 2 £ 2 31 00 T 55 55 AT 1 A 1)
L], ' SRR 24K ,2010,29(1) :18-22.
SUN W L, TAO W Y. Effect of lignin and hemicellulose
on enzymatic hydrolysis of cellulose from rice straw [J] .
Journal of Food Science and Biotechnology,2010,29(1) :
18-22. (in Chinese)

[5] BIDLACK J, MALONE M, BENSON R. Molecular
structure and component integration of secondary cell walls
in plants [J]. Proceedings of the Oklahoma Academy of
Science, 1992, 72: 51-56.

[6] HANUS J, MAZEAU K. The
assembly at the atomic scale[J]. Biopolymers, 2006, 82
(1):59-73.

[7] WAKARCHUK W W, BROCHU D, FOOTE S, et al.

xyloglucan-cellulose

Proteomic analysis of the secretome of Cellulomonas fimi
ATCC 484 and Cellulomonas flavigena ATCC 482 [J] .
PLoS One,2016,11(3):e0151186.

[8] OBENG E M, ADAM S N N, BUDIMAN C, et al.
Lignocellulases: a review of emerging and developing
enzymes, systems, and practices [J] . Bioresources and
Bioprocessing,2017,4(1):16.

[9] MUSSATTO S 1, DRAGONE G M.
pretreatment, biorefineries, and potential products for a

[M]/ MUSSATTO S 1.

Biomass fractionation technologies for a lignocellulosic

Biomass

bioeconomy development

BE 3028 2025F 5 A | ERE5EYMEARFER

feedstock based biorefinery. Amsterdam: Elsevier,2016:
1-22.

[10] LOPES A M,FERREIRA-FILHO E X,MOREIRALR S.
An wupdate on enzymatic cocktails for lignocellulose
breakdown[J].
125(3):632-645.

[11] WARREN R A J, GERHARD B, GILKES N R, et al. A
bifunctional exoglucanase-endoglucanase fusion protein
[J]. Gene,1987,61(3):421-427.

[12] O’NEILL G,GOH S H, WARREN R A J,et al. Structure

Journal of Applied Microbiology, 2018,

of the gene encoding the exoglucanase of Cellulomonas
fimilJ]. Gene,1986,44(2/3):325-330.

[13] DAMUDE H G, FERRO V, WITHERS S G, et al.
Substrate from

specificity of endoglucanase A

Cellulomonas fimi: fundamental differences between
endoglucanases and exoglucanases from family 6 [J] .
Biochemical Journal,1996,315 (2):467-472.

[14] MEINKE A, BRAUN C, GILKES N R, et al. Unusual

sequence organization in CenB, an inverting endoglucanase

from Cellulomonas fimi[J] .

1991,173(1):308-314.

[15] VAAJE-KOLSTAD G, WESTERENG B, HORN S J, et al.

Journal of Bacteriology,

An oxidative enzyme boosting the enzymatic conversion

of recalcitrant polysaccharides[J]. Science, 2010, 330
(6001):219-222.

[16] VAAJE-KOLSTAD G,HOUSTON D R,RIEMEN A H K,
et al. Crystal structure and binding properties of the
Serratia marcescens chitin-binding protein CBP21 [J] .
Journal of Biological Chemistry, 2005, 280 (12) : 11313-
11319.

[17] CANTAREL B L, COUTINHO P M, RANCUREL C, et al.
The carbohydrate-active enzymes database (CAZy) : an
expert resource for glycogenomics [J] . Nucleic Acids
Research,2009,37:233-238.

[18] SABBADIN F, HEMSWORTH G R, CIANO L, et al.
An ancient family of lytic polysaccharide monooxygenases
with roles in arthropod development and biomass digestion
[J]. Nature Communications,2018,9(1):756.

[19] COUTURIER M, LADEVEZE S, SULZENBACHER G,
et al. Lytic xylan oxidases from wood-decay fungi

unlock biomass degradation [J] . Nature Chemical
Biology,2018,14(3):306-310.

[20] QUINLAN R J, SWEENEY M D, LEGGIO L L, et al.
Insights into the oxidative degradation of cellulose by a
copper metalloenzyme that exploits biomass components
[J]. PNAS,2011,108(37):15079-15084.

[21] FORSBERG Z, MACKENZIE A K, SORLIE M, et al.

Structural and functional characterization of a conserved



Vol. 44 No. 5

pair of bacterial cellulose-oxidizing lytic polysaccharide
monooxygenases[ J1. PNAS,2014,111(23):8446-8451.

[22] ISAKSEN T, WESTERENG B, AACHMANN F L, et al.
A C4-oxidizing lytic polysaccharide monooxygenase
cleaving both cellulose and cello-oligosaccharides [J] .
Journal of Biological Chemistry,2014,289(5) :2632-2642.

[23] BEESON W T, PHILLIPS C M, CATE J H D, et al.
Oxidative cleavage of cellulose by fungal copper-
dependent polysaccharide monooxygenases[J]. Journal
of the American Chemical Society, 2012, 134 (2) :
890-892.

[24] FROMMHAGEN M, WESTPHAL A H, VAN BERKEL W ]
H,et al. Distinct substrate specificities and electron-donating
systems of fungal lytic polysaccharide monooxygenases[J] .
Frontiers in Microbiology ,2018,9:1080.

[25] JONES S M, TRANSUE W J,MEIER K K, et al. Kinetic
analysis of amino acid radicals formed in H,0,-driven Cu'
LPMO reoxidation implicates dominant homolytic reactivity
[J]. PNAS,2020,117(22):11916-11922.

[26] CHALAK A, VILLARES A, MOREAU C, et al.
Influence of the carbohydrate-binding module on the
activity of a fungal AA9 lytic polysaccharide monooxygenase
on cellulosic substrates[J]. Biotechnology for Biofuels,
2019,12:206.

[27] FRANDSEN K E H, LEGGIO L L. Lytic polysaccharide
monooxygenases: a crystallographer’s view on a new class
of biomass-degrading enzymes[J]. IUCrJ,2016,3(6) :
448-467.

[28] CHYLENSKI P, BISSARO B, SORLIE M, et al. Lytic
polysaccharide monooxygenases in enzymatic processing
of lignocellulosic biomass[J]. ACS Catalysis, 2019, 9
(6):4970-4991.

[29] RODRIGUEZ-ZUNIGA U F, CANNELLA D, CAMPOS-
GIORDANO R, et al.
technologies affect the level of enzymatic cellulose
oxidation by LPMO[J]. Green Chemistry,2015,17(5):
2896-2903.

[30] CHEN K X, ZHANG X,LONG L K, et al.
of C4-oxidizing and C1/C4-oxidizing AA9 LPMOs in

substrate adsorption, H,O,-driven activity and synergy

Lignocellulose pretreatment

Comparison

with cellulase on celluloses of different crystallinity [J] .

W ORE EARBUESEAMEENRRRERENA

Carbohydrate Polymers,2021,269:118305.

[31]LID C,LI AN,PAPAGEORGIOU A C. Cellulases from
thermophilic fungi: recent insights and biotechnological
potentiallJ]. Enzyme Research,2011,2011:308730.

[32] TURNER P, MAMO G,KARLSSON E N. Potential and
utilization of thermophiles and thermostable enzymes in
biorefining[ J]. Microbial Cell Factories,2007,6:9.

[33] ABDEL-BANAT B M A, HOSHIDA H, ANO A, et al.
High-temperature fermentation: how can processes for
ethanol production at high temperatures become superior
to the traditional process using mesophilic yeast? [J] .
Applied Microbiology and Biotechnology, 2010, 85(4) :

861-867.
[34] TUVENG T R,JENSEN M S,FREDRIKSEN L,etal. A
thermostable bacterial lytic polysaccharide

monooxygenase with high operational stability in a wide
temperature range[ J]. Biotechnology for Biofuels,2020,
13(1):194.

[35] SIMMONS C W,REDDY A P,D’HAESELEER P,et al.
Metatranscriptomic analysis of lignocellulolytic microbial
communities involved in high-solids decomposition of rice
straw[ J]. Biotechnology for Biofuels,2014,7(1):495.

[36] BRESLMAYR E, HANZEK M, HANRAHAN A, et al.
A fast and sensitive activity assay for lytic polysaccharide
monooxygenase [J]. Biotechnology for Biofuels, 2018,
11:79.

[37] MUKASEKURU M R, HU J G, ZHAO X Q, et al.
Enhanced high-solids fed-batch enzymatic hydrolysis of
sugar cane bagasse with accessory enzymes and additives
at low cellulase loading[J]. ACS Sustainable Chemistry
& Engineering,2018,6(10):12787-12796.

[38] Wang K L, Huai SY,Tan Z Q,et al. A first expression,
purification and characterization of endo-f-1, 3-glucanase
from Penicillium expansum[J]. Journal of Fungi,2023,9
(10):961.

[39]BOK J D, YERNOOL D A, EVELEIGH D E.
Purification, characterization, and molecular analysis of
thermostable cellulases CelA and CelB from Thermotoga
neapolitana[J]. Applied and Environmental Microbiology ,
1998,64(12):4774-4781.

DAL G B < S TD

115



