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Lytic polysaccharide monooxygenase and its application
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Abstract: Lytic polysaccharide monooxygenases (LPMOs) are newly discovered copper
ion-dependent oxidases, which play an important role in the enzymatic hydrolysis of biomass.
Therefore, LPMOs have been described as biomass deconstruction boosters. LPMOs bind to
specific substrates, and their catalytic mechanism has not been fully elucidated. Although there
are many studies involving LPMOs, few of LPMOs have been applied to industrial biomass
conversion, which poses challenges for their expression, regulation, and application. We
comprehensively review the recent advances in LPMOs from the aspects of discovery and
classification, catalytic mechanism, and relationship between structure and function. Further,
we systematically summarize the activity determination and recombinant expression methods
of LPMOs. Finally, we introduce the applications of LPMOs in different fields and put forward
the future research directions. This review helps deepen the systematic understanding and
promote the research and engineering of LPMOs, which will provide reference for the
application of LPMOs.

Keywords: lytic polysaccharide monooxygenases; biomass conversion; biocatalysis; biological
energy; nano-cellulose
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Schematic diagram of the role of lytic polysaccharide monooxygenases (LPMOs) in lignocellulose
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Table 1 The source, structure and substrate of LPMOs
CAZy class Enzyme PDB code Source organism Known substrate(s) References
AA9 PcLPMO9D 4B5Q Phanerochaete chrysosporium PASC, Avicel [13]
AN3046 - Aspergillus nidulans PASC, xyloglucan [14]
MLPMO3 SUFV Mpyceliophthora thermophila PASC [15]
MILPMO9L - M. thermophila PASC, Avicel [16]
GH61E 3EJA Thielavia terrestris PASC, Avicel [17]
HiLPMO9B SNNS Heterobasidion irregulare Cellulose [18]
HiILPMOYSH - H. irregulare PASC [19]
NcLPMO9C 4D7U Neurospora crassa Cellulose, hemicellulose, soluble [20-21]
oligosaccharide
AN1602 - A. nidulans PASC, cellohexaose [14,22]
NcLPMOY9D 4EIR N. crassa PASC [23]
LsAA9A SACF Lentinus similis Cellulose, xyloglucan, glucan, [24]
glucomannan, soluble,
oligosaccharides
NcLPMOY%A SFOH N. crassa Cellulose, PASC, xyloglucan, [25]
glucomannan
TaLPMOSA 2YET Thermoascus aurantiacus PASC [11]
GtLPMOY9A - Gloeophyllum trabeum PASC, CMC, xyloglucan, [26]
glucomannan
GtLPMO9YB - G. trabeum PASC, xyloglucan [27]
HjLPMO9%A 502w Hypocrea jecorina Cellulose, PASC [28]
HjLPMO9B 2VTC H. jecorina Cellulose [10]
MILPMOY9A - M. thermophila Avicel, PASC, xyloglucan, xylan [16,24,29-31]
CvAA9A SNLT Collariella virescens Cellulose, xyloglucan, glucan and [24]
glucomannan, soluble
oligosaccharides
AA10 BaAA10A 2YOW Bacillus amyloliquefaciens o and B chitin [30]
GLPMO10A  5FJQ Cellvibrio japonicus a and B chitin [32]
BILPMO10A  5LW4 Bacillus licheniformis a and B chitin [33]
JALPMO10A  5AA7 Jonesia denitrifcans o and B chitin [34]
SmAA10A 2BEM S. marcescens o and B chitin [35]
ScAA10C 40Y7 Streptomyces coelicolor PASC, Avicel, B chitin [36]
SELPMOI10E  5FTZ Streptomyces lividans B chitin [37]
SamLPMO10B - Streptomyces ambofaciens B chitin [38]
SamLPMO10C - S. ambofaciens PASC, flax pulp fibers [38]
TfAA10B - Thermobifida fusca PASC Avicel [39]
NaLPMOI10A - Natrialbaceae archaeon Chitin [40]
TtAA10A 6RW7 Teredinibacter turnerae Cellulose [41]
TfAA10A 4GBO T. fusca Chitin, PASC, Avicel [39]
ScLPMO10B 40Y6 S. coelicolor Cellulose, chitin, PASC, Avicel [36]
AA1l AoAAll 4MAI Aspergillus oryzae B chitin [42]
FfAA1L - Fusarium fujikuroi o and B chitin, lobster shells [43]
(15%)
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(s3]

CAZy class Enzyme PDB code Source organism Known substrate(s) References

AA13 AnAA13 - Aspergillus nidulans Starch [44]
NcAA13 - N. crassa Amylose, amylopectin, cornstarch [45-46]
MtAA13 - M. thermophila Amylose, amylopectin, cornstarch [46]
AoAA13 40PB A. oryzae - [44,47]
ALPMO13A - Aspergillus terreus Wheat starch [48]
MoLPMO13A - Magnaporthe oryzae Binding to wheat starch [48]

AAl4 PcAA14A - Pycnoporus coccineus Xylan [49]
PcAA14B 5SNO7 P. coccineus Xylan [49]

AA15 TdAA15A SMSZ Thermobia domestica Avicel, B chitin [50]
TdAA15B - T. domestica a and B chitin [50]
DmAA1SA - Drosophila melanogaster - [50]
DmAAI15B - D. melanogaster - [50]
TcLPMOI15-1 - Tribolium castaneum - [51]
LmLPMOI15-1 - Locusta migratoria - [51]
rOfLPMO15-1 - Ostrinia furnacalis B chitin [51]

AAl6 AaAA16 - Aspergillus aculeatus PASC, nano-fibrillated cellulose [52]

AA17 PiAA1TA - Phytophthora infestans Pectin [53]
PiAA17B - P. infestans Pectin [53]
PiAA17C 625Y P. infestans Pectin [53]

—: No data.
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Figure 2 Catalytic mechanism of LPMOs. A: The reaction schemes for LPMOs. B: Overview of LPMOs
with C1 and/or C4 oxidations. S: Polysaccharide substrate.
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Table 2 Summarized advantages and disadvantages of the LPMOs detection methodologies

Features methods Qualification or Targets Stability Accuracy  Ability of activity Quickness/
quantification (soluble/insoluble) comparison Convenience

MALDI-TOF-MS Qualification Soluble High High Weak High
HPAEC-PAD Both Soluble High High High Weak

XPS Both Insoluble High High High Weak
Fluorescent labelling Quantification”  Insoluble Medium  Medium Medium High
Isotope labelling Quantification®  Insoluble Medium High High Weak
Nickel ions absorption  Quantification®  Insoluble Weak Medium High High
Viscosity changes Quantification® N.a.’ Medium Medium Medium High
Peroxidase activity Quantification® N.a.’ Medium Medium High High
Confocal/AFM Qualification Insoluble High Weak Weak Medium

% A credible method which detect the LPMO’s product is necessary prior to this assay; °: Not available. This assay not target

on detection of the soluble or insoluble oxidation products.
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BRIRIE AAL0 TETCAE5 BRI AT ATE KA 1A b
BN FEIRTH0, I3 3 kG o s 1) A S5 A ) SR 4
PR, AR IR AALO, T RS
1 A~ His FRIEFITHE A —ABERAEAL S
Gregory 250di ] pET-SUMO #/AZ ik BaAA10
CRIET Bacillus amyloliquefaciens), ¥ K
BT A SUMO 25 11l 2L 0 5 5 THT

BT RIAFFESN, —2 AAL0 BBl e IF

FEZEFRAT R 4 32 P R, M AE SR AT B R A
F, 8 SR B S I B M A S SR b,
7 AT 980 T i 43 i Al Ak B AR S M TR
WA A R B oy g, A 2R AT T Rk 1R
IR 2 Akt AR R fR e AN, Yu ZEPTVE A
BZF AR 35 BarlLPMO10 B, B AP R K
ke 3.7 f. SR, SRR, 2F
LT TR P A R RS A 1 2% , TSR A0 AR i 2 o
ARl £ RIME, ST HREME R 220, 5 B R
BT, S EERAE (55 KBS, LPMO 7E K
J BT 8 2F AL B v A ek i A g TR0 i
Gh, BAE AR AAL0 72 Al fE = rh SRR,
4 Thermobifida fusca WH) TfAA10A W] LI7E
Synechococcus elongatus F ARk,

Bk AA9 F1 AAL0 51, HATEER AALL Fl
AAI3-AALT BB eNEARRE 39 dff
FES IR R . MR B R SE e AATTH SR
AALTS ST 7E R AT B Rk L AAL3
TR R bR p s, B — eI e
M B v k4 AA T4 FI AAL6 43 5 FH
JELA: 15 5 IR TE 5 AR B v il B 6k kst
AALS LR 52 BAE R A T A HE R I B v )
SIRF RPN,

i BTk, M4 LPMOs & %N 52
ik, FEREEENKGFFEMERBER:. A
MER B, MBI IR AA9 B A TEEE AR TR
Brp ik, PRLESTRBFRE. MHEEZT,
AAL0 FELZORIE T, 7E RIAT R iy RisH
JII. AALL, AA13. AA14, AAL6 Fl AA17
B F BB, AR K PR X AR R i e R ik
F. HATR AALL I AAL7 BOWFSE R0,
BN RERBTRE P # T R RE, ATRER
T X eI 5D 2k, i, Bl B
Kl Z LPMOs &P, LPMOs Xf F£ikfs £y
P B P 2 8 (B 3R SRR T Y S

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



2544

SONG Xiaofei et al. | Acta Microbiologica Sinica, 2023, 63(7)

6 LPMOs 0 M F#F 5%

6.1 LPMOs fE448EiR 75 HE AR A

AR £ 4 2 A W o RE A Sl AT P AR R
AR TR . Al RS UK BEVE,
BT & R 2 X 4 BR A 284k . i IR e g
TS Yo de A7 08 T ARt T e 2 — o K2R
Y AT <L) T R A R R B RRAE O,
I, 2B B R T AT 4k K [ Il R ST R S
i R [R] R O B, XL R A A R R LIRS
YIRE IR (I ERE . BT AR 4E R 414> 5 454 1Y)
SERZ RN, R KR 2 A e R
fity S54RI U RIVE T, SR, SZBR AL Gk
it % e 52 2 205 i 2 B AR5, i e A g S 0%
TR A BER A RF FH . 2010 4, LPMOs /)& B
Ry G A S5 41 4k 2 WAL R S0 R F R ML .
LPMOs [t 5N, W R BARR AR 559 2
W) IR 0 A . e IR SR T e R =
(B A FH S TR
6.2 LPMOs AR HEFEAIN A

YKRAEREARTPHETRIETFES,
JE— R LR R AT S AR A R, AR 4
HAVFZ S 0EeE, il aryibrkge. o
PRI A T IR . AT AR YRR AR
A WIAHAS PSS . k27 4 2 0] 1 T 25
. GO 418 TR S RN e
A SN FH AT ST

VAR SR I BFSE 2 0, LPMOs 1] ] 55 21 4 1N
BI1, RUELFAEWTA, IR RT3 A 45
JE, AL TR ERAT 4 R L4, LA 5 9K LT
Ye K. M FAEGGUREdEhi 25 ik, il
FRACKERE . IREEME, EUA & LR 4 R 9Kk
OES SR LA
6.3 LPMOs 7E&EHIR5 15 75 B R F

LPMOs S 7775 T H B . 4 18 A B A A

<l actamicro@im.ac.cn, & 010-64807516

WS, XA ) %) B DL K [ g Al Wy A rh 2T
PRRERLHELWEN. ANERLIR,
LPMOs 7EAW b h gpEsE C 2l T H K
PE R o T A LT R B TR 29 (AAL6) DL B B iR
(AAL15)F KL T Hifth LPMOs FKji%, 1] LPMOs
AREIE S 7 HABAE YRR, 10 v ARAE P B
. SEER TR fT M 57 K2 Andrew J. Mort 2
FAERUEIA T Trends in Plant Science &3 T 454
&3¢, Do lytic polysaccharide monooxygenases aid
in plant pathogenesis and herbivory? M4 4 55 1)
A B2 A TBEAR AN R LPMOs G015 i T 74
L DA AT i 04 SR g LA S 30 %0 4 0 s
AT R R A O AP TN 22 R LY

7 K2

LPMOs i i) 48 1k 24 il il YR 2F 4k R i 45
Shiy, (EILESFIRAEL, BT K IR s 21
GEGLA, XA AER A S AR B E AR,
SR BT 0 ) 21 4 3R [ A i . NOVOZYME
A PRI —, BRI T
P T 2 K PG, st uds LPMOs™, &
1M, LPMOs M 56 28 B KRR AR P 5 il = M 1)
AT N AT SR A AE TS 2 [l R R OGPk i . 31
an, LPMOs HHEALALE] i A BH A , SE41 LPMOs
(7= S R NS TS bR A il 1220, B
TG 1 SRR E MRS 1 LPMOs A5 9% s ik 25
8 XN LPMOs 78 A4 W) i e AL Uk 5 1
R R RS, Kk, KRB ZE
3T DL B S S (] RELRN P, DA AR R £
Y A 2Ry R ERIRAE ER A P Bk ol % e
) v R A R AR FH

S5

[1] WAREING TC, GENTILE P, PHAN AN.
Biomass-based carbon dots: current development and



KRBAES | A P24k, 2023, 63(7)

2545

[10]

future perspectives[J].
15471-15501.

RESHMY R, PHILIP E, MADHAVAN A, SIROHI R,
PUGAZHENDHI A, BINOD P, KUMAR AWASTHI M,
VIVEK N, KUMAR V, SINDHU R. Lignocellulose in
future

ACS Nano, 2021, 15(10):

biorefineries: strategies for cost-effective
production of biomaterials and bioenergy[J].
Bioresource Technology, 2022, 344: 126241.

SHARMA J, KUMAR V, PRASAD R, GAUR NA.
Engineering

of Saccharomyces cerevisiae as a

consolidated bioprocessing host to produce cellulosic

ethanol: recent advancements and current challenges[J].

Biotechnology Advances, 2022, 56: 107925.

RANI SINGHANIA R, DIXIT P, KUMAR PATEL A,
SHEKHER GIRI B, KUO CH, CHEN CW, DONG CD.
Role

monooxygenases

and significance of lytic
(LPMOs) in
deconstruction[J]. Bioresource Technology, 2021, 335:
125261.

SONG XF, LIU QL, MAO JW, WU YZ, LI YZ, GAO
K, ZHANG XM, BAI YL, XU HJ, QIAO MQ.
POT1-mediated d-integration strategy for high-copy,

stable

polysaccharide

lignocellulose

expression of heterologous proteins in
Saccharomyces cerevisiae[J]. FEMS Yeast Research,
2017, 17(6): fox064.

SONG XF, L1 YZ, WU YZ, CAI M, LIU QL, GAO K,
ZHANG XM, BAI YL, XU HJ, QIAO MQ. Metabolic
engineering strategies for improvement of ethanol
production in cellulolytic Saccharomyces cerevisiae[J].
FEMS Yeast Research, 2018, 18(8): foy090.
VAAIJE-KOLSTAD G, WESTERENG B, HORN SJ,
LIU ZL, ZHAI H, SORLIE M, EIJSINK VGH. An
oxidative enzyme boosting the enzymatic conversion
of recalcitrant polysaccharides[J]. 2010,
330(6001): 219-222.

ARFI'Y, SHAMSHOUM M, ROGACHEV I, PELEGY,

Science,

BAYER EA. Integration of Dbacterial lytic
polysaccharide =~ monooxygenases into  designer
cellulosomes promotes enhanced cellulose

degradation[J]. Proceedings of the National Academy
of Sciences of the United States of America, 2014,
111(25): 9109-9114.

BISSARO B, KOMMEDAL E, RGHR AK, EIJSINK
VGH. Controlled depolymerization of cellulose by
light-driven lytic polysaccharide oxygenases[J]. Nature
Communications, 2020, 11: 890.

KARKEHABADI S, HANSSON H, KIM S, PIENS K,
MITCHINSON C, SANDGREN M. The first structure

[11]

[12]

[14]

[15]

[16]

[17]

of a glycoside hydrolase family 61 member, Cel61B
from Hypocrea jecorina, at 1.6 A resolution[J]. Journal
of Molecular Biology, 2008, 383(1): 144-154.
QUINLAN RJ, SWEENEY MD, LO LEGGIO L,
OTTEN H, POULSEN JC N, JOHANSEN KS,
KROGH KBRM, JORGENSEN CI, TOVBORG M,
ANTHONSEN A, TRYFONA T, WALTER CP,
DUPREE P, XU F, DAVIES GJ, WALTON PH. Insights
into the oxidative degradation of cellulose by a copper
metalloenzyme that exploits biomass components[J].
Proceedings of the National Academy of Sciences of
the United States 2011, 108(37):
15079-15084.

LOMBARD V, GOLACONDA RAMULU H, DRULA
E, COUTINHO PM, HENRISSAT B. The
carbohydrate-active enzymes database (CAZy) in
2013[J]. Nucleic Acids Research, 2014, 42(D1):
D490-D495.

WU M, BECKHAM GT, LARSSON AM, ISHIDA T,
KIM S, PAYNE CM, HIMMEL ME, CROWLEY MF,
HORN SJ, WESTERENG B, IGARASHI K,
SAMEJIMA M, STAHLBERG J, EIJSINK VGH,
SANDGREN M. Crystal structure and computational
the
monooxygenase GH61D from

of America,

characterization  of lytic  polysaccharide
the Basidiomycota
fungus Phanerochaete chrysosporium[J]. Journal of
Biological Chemistry, 2013, 288(18): 12828-12839.
JAGADEESWARAN G, GAINEY L, PRADE R,
MORT AJ. A family of AA9 lytic polysaccharide
monooxygenases in  Aspergillus  nidulans  is
differentially regulated by multiple substrates and at
least one is active on cellulose and xyloglucan[J].
Applied Microbiology and Biotechnology, 2016,
100(10): 4535-4547.

VU VV, BEESON WT, PHILLIPS CM, CATE JHD,
MARLETTA MA. Determinants
the
monooxygenases[J]. Journal of the American Chemical
Society, 2014, 136(2): 562-565.

ZHOU HC, LIT, YU ZC, JU J, ZHANG HY, TAN HD,

LI KK, YIN H. A lytic polysaccharide monooxygenase

of regioselective

hydroxylation  in fungal  polysaccharide

from Myceliophthora thermophila and its synergism
with cellobiohydrolases in cellulose hydrolysis[J].
International Journal of Biological Macromolecules,
2019, 139: 570-576.

HARRIS PV, WELNER D, McFARLAND KC, RE E,
NAVARRO POULSEN JC, BROWN K, SALBO R,

DING HS, VLASENKO E, MERINO S, XU F,

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



2546

SONG Xiaofei et al. | Acta Microbiologica Sinica, 2023, 63(7)

[18]

[19]

[20]

(22]

CHERRY J, LARSEN S, LO LEGGIO L. Stimulation
of lignocellulosic biomass hydrolysis by proteins of
glycoside hydrolase family 61: structure and function
of a large, enigmatic family[J]. Biochemistry, 2010,
49(15): 3305-3316.

LIU B, KOGNOLE AA, WU M, WESTERENG B,
CROWLEY MF, KIM S, DIMAROGONA M, PAYNE
CM, SANDGREN M. Structural
dynamics

and molecular
studies of a Cl-oxidizing lytic
polysaccharide monooxygenase from Heterobasidion
irregulare reveal amino acids important for substrate
recognition[J]. The FEBS Journal, 2018, 285(12):
2225-2242.

LIU B, OLSON A, WU M, BROBERG A,
SANDGREN M. Biochemical studies of two lytic
polysaccharide monooxygenases from the white-rot
fungus Heterobasidion irregulare and their roles in
lignocellulose degradation[J]. PLoS One, 2017, 12(12):
¢0189479.

AGGER JW, ISAKSEN T, VARNAI A,
VIDAL-MELGOSA S, WILLATS WGT, LUDWIG R,
HORN SJ, EIJSINK VGH, WESTERENG B.
Discovery of LPMO activity on hemicelluloses shows
the importance of oxidative processes in plant cell wall
degradation[J]. Proceedings of the National Academy
of Sciences of the United States of America, 2014,
111(17): 6287-6292.

ISAKSEN T, WESTERENG B, AACHMANN FL,
AGGER JW, KRACHER D, KITTL R, LUDWIG R,
HALTRICH D, EIJSINK VGH, HORN SJ. A
C4-oxidizing lytic polysaccharide monooxygenase
cleaving both cellulose and cello-oligosaccharides[J].
Journal of Biological 2014, 289(5):
2632-2642.

JAGADEESWARAN G, GAINEY L, MORT AJ. An
AA9-LPMO containing a CBM1 domain in Aspergillus
active on and cleaves
cello-oligosaccharides[J]. AMB Express, 2018, 8(1):
171.

LI X, BEESON WT IV, PHILLIPS CM, MARLETTA
MA, CATE JHD. Structural
targeting and catalysis by fungal polysaccharide
monooxygenases[J]. Structure, 2012, 20(6): 1051-1061.
SIMMONS TJ, FRANDSEN KH, CIANO L,
TRYFONA T, LENFANT N, POULSEN JC, WILSON
LL, TANDRUP T, TOVBORG M, SCHNORR K,
JOHANSEN KS, HENRISSAT B, WALTON PH,
DUPREE P. Structural and electronic determinants of

Chemistry,

nidulans is cellulose

basis for substrate

<l actamicro@im.ac.cn, & 010-64807516

[25]

[26]

[27]

(28]

[29]

[30]

lytic polysaccharide monooxygenase reactivity on
polysaccharide substrates[J]. Nature Communications,
2017, 8(1): 1064.

PETROVIC DM, VARNAI A, DIMAROGONA M,
MATHIESEN G, SANDGREN M, WESTERENG B,
EIJSINK VGH. Comparison of three seemingly similar
lytic polysaccharide monooxygenases from
Neurospora crassa suggests different roles in plant
biomass degradation[J]. Journal of Biological
Chemistry, 2019, 294(41): 15068-15081.

KOJIMA Y, VARNALI A, ISHIDA T, SUNAGAWA N,
PETROVIC DM, IGARASHI K, JELLISON ],
GOODELL B, ALFREDSEN G, WESTERENG B,
EIJSINK VGH, YOSHIDA M. A lytic polysaccharide
monooxygenase with broad xyloglucan specificity
from the brown-rot fungus Gloeophyllum trabeum and
its action on

cellulose-xyloglucan complexes[J].

Applied and Environmental 2016,
82(22): 6557-6572.

HEGNAR OA, PETROVIC DM, BISSARO B,
ALFREDSEN G, VARNAI A, EIISINK VGH.

pH-dependent relationship between catalytic activity

Microbiology,

and hydrogen peroxide production shown via
characterization ~ of a  lytic  polysaccharide
monooxygenase from  Gloeophyllum  trabeum[]].

Applied and Environmental Microbiology, 2019, 85(5):
€02612-¢02618.

HANSSON H, KARKEHABADI S, MIKKELSEN N,
DOUGLAS NR, KIM S, LAM A, KAPER T,
KELEMEN B, MEIER KK, JONES SM, SOLOMON
EI, SANDGREN M. High-resolution structure of a
lytic polysaccharide monooxygenase from Hypocrea
Jjecorina reveals a predicted linker as an integral part of
the catalytic domain[J]. Journal of Biological
Chemistry, 2017, 292(46): 19099-19109.
FROMMHAGEN M, KOETSIER MJ, WESTPHAL
AH, VISSER J, HINZ SWA, VINCKEN JP, van
BERKEL WJH, KABEL MA, GRUPPEN H. Lytic
polysaccharide monooxygenases from Myceliophthora
thermophila C1 differ in substrate preference and
reducing agent specificity[J].
Biofuels, 2016, 9(1): 186.
GUSAKOV AV, BULAKHOV AG, DEMIN IN,
SINITSYN AP. Monitoring of reactions catalyzed by
polysaccharide

Biotechnology for

lytic monooxygenases using

highly-sensitive fluorimetric assay of the oxygen
consumption rate[J]. Carbohydrate Research, 2017,

452: 156-161.



KRBAES | A P24k, 2023, 63(7)

2547

(31]

[33]

[34]

[35]

[36]

[37]

FROMMHAGEN M, SFORZA S, WESTPHAL AH,
VISSER J, HINZ SWA, KOETSIER MJ, van BERKEL
WIH, GRUPPEN H, KABEL MA. Discovery of the
combined oxidative cleavage of plant xylan and
cellulose by a new fungal polysaccharide
monooxygenase[J]. Biotechnology for Biofuels, 2015,
8(1): 101.

FORSBERG Z, NELSON CE, DALHUS B,
MEKASHA S, LOOSE JSM, CROUCH LI, ROHR AK,
GARDNER JG, EIJSINK VGH, VAAJE-KOLSTAD G.
Structural and functional analysis of a lytic
polysaccharide monooxygenase important for efficient
utilization of chitin in Cellvibrio japonicus[J]. Journal
of Biological Chemistry, 2016, 291(14): 7300-7312.
COURTADE G, CIANO L, PARADISI A, LINDLEY
PJ, FORSBERG Z, SORLIE M, WIMMER R, DAVIES
GJ, EDJSINK VGH, WALTON PH, AACHMANN FL.
Mechanistic basis of substrate-O, coupling within a
chitin-active lytic polysaccharide monooxygenase: an
integrated NMR/EPR study[J].
National Academy of Sciences of the United States of
America, 2020, 117(32): 19178-19189.

MEKASHA S, FORSBERG Z, DALHUS B, BACIK JP,
CHOUDHARY S, SCHMIDT-DANNERT  C,
VAAJE-KOLSTAD G, EIJSINK VGH. Structural and

functional characterization of a small chitin-active lytic

Proceedings of the

polysaccharide  monooxygenase domain of a
multi-modular chitinase from Jonesia denitrificans[J].
FEBS Letters, 2016, 590(1): 34-42.

VAAJE-KOLSTAD G, HOUSTON DR, RIEMEN AHK,
EIJSINK VGH, van AALTEN DMF. Crystal structure
and binding properties of the Serratia marcescens
chitin-binding protein CBP21[J]. Journal of Biological
Chemistry, 2005, 280(12): 11313-11319.

FORSBERG Z, MACKENZIE AK, SORLIE M, ROHR
AK, HELLAND R, ARVAI AS, VAAJE-KOLSTAD G,
EIJSINK VGH.

characterization of a conserved pair of bacterial

Structural and functional

cellulose-oxidizing lytic polysaccharide

monooxygenases[J]. Proceedings of the National
Academy of Sciences of the United States of America,
2014, 111(23): 8446-8451.

CHAPLIN AK, WILSON MT, HOUGH MA,
SVISTUNENKO DA, HEMSWORTH GR, WALTON
PH, VIJGENBOOM E, WORRALL JAR.
Heterogeneity in  the  histidine-brace  copper
coordination sphere in auxiliary activity family 10
(AA10) polysaccharide

lytic monooxygenases[J].

[40]

[41]

[43]

[45]

Journal of Biological
12838-12850.

VALENZUELA SV, FERRERES G, MARGALEF G,
PASTOR FlJ. Fast purification method of functional
LPMOs from Streptomyces ambofaciens by affinity

Chemistry, 2016, 291(24):

adsorption[J]. Carbohydrate Research, 2017, 448:
205-211.
KRUER-ZERHUSEN N, ALAHUHTA M, LUNIN VYV,

HIMMEL ME, BOMBLE YJ, WILSON DB. Structure
Thermobifida
monooxygenase and mutagenesis of key residues[J].
Biotechnology for Biofuels, 2017, 10: 243.

LI F, LIU YX, LIU Y, LI YJ, YU HB. Heterologous
expression and characterization of a novel lytic

of a fusca lytic polysaccharide

polysaccharide monooxygenase from Natrialbaceae
archaeon  and  its  application  for  chitin
biodegradation[J]. Bioresource Technology, 2022, 354:
127174.

FOWLER CA, SABBADIN F, CIANO L,
HEMSWORTH GR, ELIAS L, BRUCE N,
MCQUEEN-MASON S, DAVIES GJ, WALTON PH.
Discovery, activity and characterisation of an AA10
lytic polysaccharide oxygenase from the shipworm
symbiont Teredinibacter turneraell].
for Biofuels, 2019, 12: 232.
HEMSWORTH GR, HENRISSAT B, DAVIES GJ,
WALTON PH. Discovery and characterization of a new
family of lytic polysaccharide monooxygenases[J].
Nature Chemical Biology, 2014, 10(2): 122-126.
FROMMHAGEN M, WESTPHAL AH, HILGERS R,
KOETSIER MJ, HINZ SWA, VISSER J, GRUPPEN H,
van BERKEL WJH, KABEL MA. Quantification of the
catalytic performance of Cl-cellulose-specific lytic
Applied
102(3):

Biotechnology

polysaccharide monooxygenases|J].

Microbiology 2018,
1281-1295.

LO LEGGIO L, SIMMONS TJ, POULSEN JC N,
FRANDSEN KEH, HEMSWORTH GR, STRINGER
MA, von FREIESLEBEN P, TOVBORG M,
JOHANSEN KS, de MARIA L, HARRIS PV, SOONG
CL, DUPREE P, TRYFONA T, LENFANT N,
HENRISSAT B, DAVIES GJ, WALTON PH. Structure

and boosting activity of a starch-degrading lytic

and Biotechnology,

polysaccharide monooxygenase[J]. Nature
Communications, 2015, 6: 5961.

VU VV, BEESON WT, SPAN EA, FARQUHAR ER,
MARLETTA MA. A family of

polysaccharide monooxygenases[J]. Proceedings of the

starch-active

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



2548

SONG Xiaofei et al. | Acta Microbiologica Sinica, 2023, 63(7)

[48]

[49]

National Academy of Sciences of the United States of
America, 2014, 111(38): 13822-13827.

VU VV, HANGASKY JA, DETOMASI TC, HENRY
SJW, NGO ST, SPAN EA, MARLETTA MA. Substrate

selectivity in starch polysaccharide monooxygenases|[J].

Journal of Biological
12157-12166.

FRANDSEN KEH, POULSEN JCN, TOVBORG M,
JOHANSEN KS, LO LEGGIO L. Learning from
oligosaccharide soaks of crystals of an AA13 lytic

Chemistry, 2019, 294(32):

polysaccharide monooxygenase: crystal packing,
disorder[J]. Acta
Crystallographica Section D, Structural Biology, 2017,
73(Pt 1): 64-76.

NEKIUNAITE L, ISAKSEN T, VAAJE-KOLSTAD G,
ABOU HACHEM M. Fungal lytic polysaccharide
bind
similarly to amylolytic hydrolases[J]. FEBS Letters,
2016, 590(16): 2737-2747.

COUTURIER M, LADEVEZE S, SULZENBACHER
G, CIANO L, FANUEL M, MOREAU C, VILLARES
A, CATHALA B, CHASPOUL F, FRANDSEN KE,
LABOUREL A, HERPOEL-GIMBERT 1, GRISEL S,
HAON M, LENFANT N, ROGNIAUX H, ROPARTZ
D, DAVIES GJ, ROSSO MN, WALTON PH, et al.

Lytic xylan oxidases from wood-decay fungi unlock

ligand binding and active-site

monooxygenases starch and [-cyclodextrin

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

SABBADIN F, HEMSWORTH GR, CIANO L,
HENRISSAT B, DUPREE P, TRYFONA T,
MARQUES RDS, SWEENEY ST, BESSER K, ELIAS
L, PESANTE G, LI Y, DOWLE AA, BATES R,
GOMEZ LD, SIMISTER R, DAVIES GJ, WALTON
PH, BRUCE NC, MCQUEEN-MASON SJ. An ancient
family of lytic polysaccharide monooxygenases with

Nature Chemical Biology,

roles in arthropod development and biomass
digestion[J]. Nature Communications, 2018, 9: 756.

QU MB, GUO XX, TIAN S, YANG Q, KIM M, MUN
S, NOH MY, KRAMER KJ, MUTHUKRISHNAN 8,
ARAKANE Y. AA1S

monooxygenase is required for efficient chitinous

lytic  polysaccharide

cuticle turnover during insect molting[J].
Communications Biology, 2022, 5: 518.

FILIATRAULT-CHASTEL C, NAVARRO D, HAON
M, GRISEL S, HERPOEL-GIMBERT I, CHEVRET D,
FANUEL M, HENRISSAT B, HEISS-BLANQUET S,
MARGEOT A, BERRIN JG. AA16, a new lytic

polysaccharide monooxygenase family identified in

<l actamicro@im.ac.cn, & 010-64807516

[54]

[55]

[56]

[57]

[58]

[59]

fungal secretomes[J].
2019, 12: 55.

SABBADIN F, URRESTI S, HENRISSAT B, AVROVA
AO, WELSH LRJ, LINDLEY PJ, CSUKAI M,
SQUIRES JN, WALTON PH, DAVIES GJ, BRUCE NC,
WHISSON SC, MCQUEEN-MASON SIJ.
drive plant infection by
Science, 2021, 373(6556):

Biotechnology for Biofuels,

Secreted
pectin  monooxygenases
pathogenic oomycetes[J].
774-779.
JAGADEESWARAN G, VEALE L, MORT AlJ. Do
lytic polysaccharide monooxygenases aid in plant
pathogenesis and herbivory?[J].
Science, 2021, 26(2): 142-155.
BISSARO B, STREIT B, ISAKSEN I, EIJSINK VGH,
BECKHAM GT, DuBOIS JL, ROHR AK. Molecular
mechanism of the chitinolytic peroxygenase reaction[J].

Trends in Plant

Proceedings of the National Academy of Sciences of
the United States 2020, 117(3):
1504-1513.

HANGASKY JA, TAVARONE AT, MARLETTA MA.
Reactivity of O, versus H,O, with polysaccharide
of the
Academy of Sciences of the United States of America,
2018, 115(19): 4915-4920.

KUUSK S, BISSARO B, KUUSK P, FORSBERG Z,
EIJSINK VGH, S@RLIE M, VALJAMAE P. Kinetics
of H,0,-driven degradation of chitin by a bacterial

of America,

monooxygenases[J]. Proceedings National

lytic polysaccharide monooxygenase[J]. Journal of
Biological Chemistry, 2018, 293(2): 523-531.
MULLER G, CHYLENSKI P, BISSARO B, EIJSINK
VGH, HORN SJ. The impact of hydrogen peroxide
supply on LPMO activity and overall saccharification
efficiency of a commercial cellulase cocktail[J].
Biotechnology for Biofuels, 2018, 11: 209.

BISSARO B, ROHR AK, MULLER G, CHYLENSKI P,
SKAUGEN M, FORSBERG Z, HORN SJ,
VAAJE-KOLSTAD G, EIJSINK VGH. Oxidative
cleavage of polysaccharides by monocopper enzymes
depends on H,0,[J]. Nature Chemical Biology, 2017,
13(10): 1123-1128.

PETROVIC DM, BISSARO B, CHYLENSKI P,
SKAUGEN M, SORLIE M, JENSEN MS,
AACHMANN FL, COURTADE G, VARNAI A,
EIJSINK VGH. Methylation of the
histidine

monooxygenase from auto-oxidative inactivation[J].

N-terminal

protects a lytic polysaccharide
Protein Science: a Publication of the Protein Society,

2018, 27(9): 1636-1650.



KRBAES | A P24k, 2023, 63(7)

2549

[61]

[62]

[63]

[66]

[67]

MEIER KK, JONES SM, KAPER T, HANSSON H,
KOETSIER MJ, KARKEHABADI S, SOLOMON EI,
SANDGREN M, KELEMEN B. Oxygen activation by
Cu LPMOs in recalcitrant carbohydrate polysaccharide
conversion to monomer sugars[J]. Chemical Reviews,
2018, 118(5): 2593-2635.

BEY M, ZHOU SM, POIDEVIN L, HENRISSAT B,
COUTINHO PM, BERRIN JG, SIGOILLOT IJC.
Cello-oligosaccharide oxidation reveals differences
between two lytic polysaccharide monooxygenases
(family GH61) from Podospora anserina[J]. Applied
and Environmental 2013, 79(2):
488-496.

CHEN C, CHEN JY, GENG ZG, WANG MX, LIU N,
LI DC.
polysaccharide monooxygenase

Microbiology,

Regioselectivity of oxidation by a

from Chaetomium

thermophilum[J]. Biotechnology for Biofuels, 2018, 11:

155.
MOSES V, HATHERLEY R, TASTAN BISHOP O.
Bioinformatic  characterization of type-specific
sequence and structural features in auxiliary activity
family 9 proteins[J]. Biotechnology for Biofuels, 2016,
9: 239.

DANNEELS B, TANGHE M, JOOSTEN HJ,
GUNDINGER T, SPADIUT O, STALS I, DESMET T.
A quantitative indicator diagram for lytic
polysaccharide monooxygenases reveals the role of
aromatic surface residues in HjLPMO9A
regioselectivity[J]. PLoS One, 2017, 12(5): e0178446.

FRANDSEN KEH, LO LEGGIO L.

polysaccharide monooxygenases: a crystallographer’s

Lytic

view on a new class of biomass-degrading enzymes|[J].
IUCrJ, 2016, 3(Pt 6): 448-467.

FORSBERG Z, BISSARO B, GULLESEN J, DALHUS
B, VAAJE-KOLSTAD G, EIJSINK VGH. Structural
determinants of bacterial lytic polysaccharide
monooxygenase functionality[J]. Journal of Biological
Chemistry, 2018, 293(4): 1397-1412.

LOOSE JSM, ARNTZEN M@, BISSARO B, LUDWIG
R, EIJSINK VGH, VAAJE-KOLSTAD G. Multipoint
precision binding of substrate protects lytic
polysaccharide monooxygenases from self-destructive
off-pathway processes[J]. Biochemistry, 2018, 57(28):
4114-4124.

JENSEN MS, KLINKENBERG G, BISSARO B,
CHYLENSKI P, VAAJE-KOLSTAD G, KVITVANG
HF, NARDAL GK, SLETTA H, FORSBERG Z,

EIJSINK VGH. Engineering chitinolytic activity into a

[70]

[71]

[72]

(73]

[74]

cellulose-active lytic polysaccharide monooxygenase
provides insights into substrate specificity[J]. Journal
of Biological Chemistry, 2019, 294(50): 19349-19364.
CHENG C, HAIDER J, LIU P, YANG JH, TAN ZJ,
HUANG TC, LIN JP, JIANG M, LIU HF, ZHU LL.
LPMO
cellulase-catalyzed depolymerization of cellulose[J].

Engineered significantly boosting
Journal of Agricultural and Food Chemistry, 2020,
68(51): 15257-15266.

GUO X, AN YJ, CHAI CC, SANG JC, JIANG LY, LU
FP, DAI YJ, LIU FF. Construction of the R17L mutant
of MtC1LPMO for improved lignocellulosic biomass
conversion by rational point mutation and investigation
of the
simulations[J]. Bioresource Technology, 2020, 317:
124024.

COURTADE G, FORSBERG Z, HEGGSET EB,
EIJSINK VGH, AACHMANN FL. The
carbohydrate-binding module and linker of a modular

mechanism by molecular dynamics

lytic polysaccharide monooxygenase promote localized
cellulose oxidation[J]. Journal of Biological Chemistry,
2018, 293(34): 13006-13015.

WANG DM, LI J, WONG ACY, AACHMANN FL,
HSIEH YSY. A colorimetric assay to rapidly determine
the
monooxygenases[J]. Biotechnology for Biofuels, 2018,
11(1): 215.

EIBINGER M, GANNER T, BUBNER P, ROSKER S,
KRACHER D, HALTRICH D, LUDWIG R, PLANK H,
NIDETZKY B. Cellulose surface degradation by a lytic
polysaccharide monooxygenase and

activities of lytic polysaccharide

its effect on
cellulase hydrolytic efficiency[J]. Journal of Biological
Chemistry, 2014, 289(52): 35929-35938.

KITTL R, KRACHER D, BURGSTALLER D,
HALTRICH D, LUDWIG R. Production of four
Neurospora crassa lytic polysaccharide monooxygenases
in Pichia pastoris monitored by a fluorimetric assay[J].
Biotechnology for Biofuels, 2012, 5(1): 79.

KOSEKI T, MESE Y, FUSHINOBU S, MASAKI K,
FUJII T, ITO K, SHIONO Y, MURAYAMA T, IEFUJI
H. Biochemical characterization of a glycoside
hydrolase family 61 endoglucanase from Aspergillus
kawachii[J]. Applied Microbiology and Biotechnology,
2008, 77(6): 1279-1285.

WESTERENG B, ISHIDA T, VAAJE-KOLSTAD G,
WU M, EIJSINK VGH, IGARASHI K, SAMEJIMA M,
STAHLBERG J, HORN SJ, SANDGREN M. The
putative endoglucanase PcGH61D from Phanerochaete

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



2550 SONG Xiaofei et al. | Acta Microbiologica Sinica, 2023, 63(7)
chrysosporium is a metal-dependent oxidative enzyme a recombinant auxiliary activity 9 from Chaetomium
that cleaves cellulose[J]. PLoS One, 2011, 6(11): globosum with cellulase in cellulose hydrolysis[J].
e27807. Applied Microbiology and Biotechnology, 2015,

[78] SEMENOVA MV, GUSAKOV AV, TELITSIN VD, 99(20): 8537-8547.

ROZHKOVA AM, KONDRATYEVA EG, SINITSYN [86] ZHANG RQ, LIU YC, ZHANG Y, FENG D, HOU SL,
AP. Purification and characterization of two forms of GUO W, NIU KL, JIANG Y, HAN LJ, SINDHU L,
the homologously expressed lytic polysaccharide FANG X. Identification of a thermostable fungal lytic
monooxygenase (PVLPMO9A) from Penicillium polysaccharide monooxygenase and evaluation of its
verruculosum[J]. Biochimica et Biophysica Acta effect on lignocellulosic degradation[J]. Applied
(BBA)-Proteins and Proteomics, 2020, 1868(1): Microbiology and Biotechnology, 2019, 103(14):
140297. 5739-5750.

[79] BEESON WT, VU VV, SPAN EA, PHILLIPS CM, [87] GUO X, CHAI CC, AN YJ, PENG C, SHI N, WANG
MARLETTA MA. Cellulose degradation by WQ, LU FP, DAI YJ, LIU FF. Rational design of signal
polysaccharide monooxygenases[J]. Annual Review of peptides for improved MtCILPMO production in
Biochemistry, 2015, 84: 923-946. Bacillus amyloliquefaciens[J]. International Journal of

[80] DIMAROGONA M, TOPAKAS E, OLSSON L, Biological Macromolecules, 2021, 175: 262-269.
CHRISTAKOPOULOS P. Lignin boosts the cellulase [88] GOMES AMV, CARMO TS, CARVALHO LS, BAHIA
performance of a GH-61 enzyme from Sporotrichum FM, PARACHIN NS. Comparison of yeasts as hosts
thermophile[J]. Bioresource Technology, 2012, 110: for recombinant protein production[J]. Microorganisms,
480-487. 2018, 6(2): 38.

[81] LAURENT CVFP, SUN PC, SCHEIBLBRANDNER S, [89] EIJSINK VGH, PETROVIC D, FORSBERG Z,
CSARMAN F, CANNAZZA P, FROMMHAGEN M, MEKASHA S, ROHR AK, VARNAI A, BISSARO B,
van BERKEL WJH, OOSTENBRINK C, KABEL MA, VAAJE-KOLSTAD G. On  the functional
LUDWIG R. Influence of lytic polysaccharide characterization of lytic polysaccharide monooxygenases
monooxygenase active site segments on activity and (LPMOs)[J]. Biotechnology for Biofuels, 2019, 12(1):
affinity[J]. International Journal of Molecular Sciences, 58.

2019, 20(24): 6219. [90] GABER Y, RASHAD B, HUSSEIN R, ABDELGAWAD

[82] LADEVEZE S, HAON M, VILLARES A, CATHALA M, ALI NS, DISHISHA T, VARNAI A. Heterologous
B, GRISEL S, HERPOEL-GIMBERT I, HENRISSAT expression of lytic polysaccharide monooxygenases
B, BERRIN JG. The yeast Geotrichum candidum (LPMOs)[J]. Biotechnology Advances, 2020, 43:
encodes functional lytic polysaccharide 107583.
monooxygenases[J]. Biotechnology for Biofuels, 2017, [91] YANG YL, L1J, LIU XW, PAN XL, HOU JX, RAN C,
10: 215. ZHOU ZG. Improving extracellular production of

[83] KADOWAKI MAS, VARNAI A, JAMESON JK, Serratia marcescens lytic polysaccharide
LEITE AET, COSTA-FILHO AJ, KUMAGAI PS, monooxygenase CBP21 and Aeromonas veronii B565
PRADE RA, POLIKARPOV 1, EIJSINK VGH. chitinase Chi92 in Escherichia coli and their
Functional characterization of a lytic polysaccharide synergism[J]. AMB Express, 2017, 7(1): 170.
monooxygenase from the thermophilic fungus [92] COURTADE G, LE SB, SETROM GI, BRAUTASET
Myceliophthora thermophila[J]. PLoS One, 2018, T, AACHMANN FL. A novel expression system for
13(8): 0202148. lytic polysaccharide monooxygenases[J]. Carbohydrate

[84] de GOUVEA PF, GEROLAMO LE, BERNARDI AV, Research, 2017, 448: 212-219.

[85]

PEREIRA LMS, UYEMURA SA, DINAMARCO TM.
Lytic polysaccharide monooxygenase from Aspergillus
fumigatus can improve enzymatic cocktail activity
during sugarcane bagasse hydrolysis[J]. Protein and
Peptide Letters, 2019, 26(5): 377-385.

KIM 1J, NAM KH, YUN EJ, KIM S, YOUN HJ, LEE

HJ, CHOI IG, KIM KH. Optimization of synergism of

<l actamicro@im.ac.cn, & 010-64807516

[94]

FORSBERG Z, ROHR AK, MEKASHA 8,
ANDERSSON KK, EIJSINK VGH,
VAAIJE-KOLSTAD G, SORLIE M. Comparative study
of two chitin-active and two cellulose-active
AA10-type lytic polysaccharide monooxygenases[J].
Biochemistry, 2014, 53(10): 1647-1656.

FORSBERG Z, VAAJE-KOLSTAD G, WESTERENG



RIS | BUEY IR, 2023, 63(7) 2551
B, BUNAS AC, STENSTROM Y, MacKENZIE A, Plasmid, 2005, 54(3): 241-248.
SORLIE M, HORN SJ, EIJSINK VGH. Cleavage of [100] HEMSWORTH GR, TAYLOR EJ, KIM RQ,

[96]

cellulose by a CBM33 protein[J]. Protein Science: a
Publication of the Protein Society, 2011, 20(9):
1479-1483.

GHATGE SS, TELKE AA, WAGHMODE TR, LEE Y,
LEE KW, OH DB, SHIN HD, KIM SW.
Multifunctional cellulolytic auxiliary activity protein
HcAA10-2  from Hahella
enzymatic hydrolysis of crystalline cellulose[J].
Applied Microbiology and Biotechnology, 2015, 99(7):
3041-3055.

GREGORY RC, HEMSWORTH GR, TURKENBURG
JP, HART SJ, WALTON PH, DAVIES GJ. Activity,
stability and 3-D structure of the Cu(ii) form of a
chitin-active lytic polysaccharide monooxygenase from

chejuensis  enhances

Bacillus amyloliquefaciens[J]. Dalton Transactions
(Cambridge, England: 2003), 2016, 45(42): 16904-16912.
YU MJ, YOON SH, KIM YW. Overproduction and
characterization of a lytic polysaccharide
monooxygenase in Bacillus subtilis using an assay
based on ascorbate consumption[J]. Enzyme and
Microbial Technology, 2016, 93/94: 150-156.
SCHALLMEY M, SINGH A, WARD OP
Developments in the use of Bacillus species for
industrial ~ production[J]. Canadian Journal of
Microbiology, 2004, 50(1): 1-17.

NGUYEN HD, NGUYEN QA, FERREIRA RC,
FERREIRA LCS, TRAN LT, SCHUMANN W.
Construction of plasmid-based expression vectors for

Bacillus subtilis exhibiting full structural stability[J].

[101]

[102]

[103]

[104]

GREGORY RC, LEWIS SJ, TURKENBURG JP,
PARKIN A, DAVIES GJ, WALTON PH. The copper
active site of CBM33 polysaccharide oxygenases[J].
Journal of the American Chemical Society, 2013,
135(16): 6069-6077.

RUSSO DA, ZEDLER JZ, WITTMANN DN,
MOLLERS B, SINGH RK, BATTH TS, van OORT B,
OLSEN JV, BJERRUM MIJ, JENSEN PE. Expression
and secretion of a lytic polysaccharide monooxygenase
by a fast-growing cyanobacterium[J]. Biotechnology
for Biofuels, 2019, 12: 74.

HIMMEL ME, DING SY, JOHNSON DK, ADNEY
WS, NIMLOS MR, BRADY JW, FOUST TD. Biomass
recalcitrance: engineering plants and enzymes for
biofuels production[J]. Science, 2007, 315(5813):
804-807.

KARNAOURI A, CHOROZIAN K, ZOURARIS D,
KARANTONIS A, TOPAKAS E, ROVA U,
CHRISTAKOPOULOS P. polysaccharide

monooxygenases as powerful tools in enzymatically

Lytic

assisted preparation of nano-scaled cellulose from
lignocellulose: a review[J].
2022, 345: 126491.

MOREAU C, TAPIN-LINGUA S, GRISEL S,
GIMBERT I, le GALL S, MEYER V, PETIT-CONIL M,
BERRIN JG, CATHALA B, VILLARES A. Lytic
polysaccharide monooxygenases (LPMOs) facilitate

Bioresource Technology,

cellulose nanofibrils production[J]. Biotechnology for
Biofuels, 2019, 12(1): 156.

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




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Japan Color 2001 Coated)
  /PDFXOutputConditionIdentifier (JC200103)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


