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Research Progress of Alginate Polysaccharide Molecular Modifying Enzymes

LI Li', NING Limin*, YAO Zhong', ZHU Benwei", XU Hong'
(1. College of Food Science and Light Industry, Nanjing Tech University, Nanjing 210009, China;2. School of
Medicine and Holistic Integrative Medicine, Nanjing University of Chinese Medicine, Nanjing 210023, China )

Abstract: As a linear polysaccharide, alginate has different physiological and biochemical
characteristics according to its structure and composition. It holds great application value and
potential in food, medicine and cosmetics. These characteristics of alginate are mainly controlled by
the action of alginate-modifying enzymes such as alginate lyase, mannuronan C5-epimerase, alginate
acetylase and alginate deacetylase. This review mainly introduced the synthesis of alginate-modifying
enzymes and the mechanism of alginate modification, and summarized the source, classification,
structure, mode of action and research progress of several alginate modifying enzymes. The emphasis
was laid on the research progress of alginate lyase and mannuronan C5-epimerase. And we also
prospected the future development of related research, providing reference for the further
development and application of alginate and its related modifying enzymes.

Keywords: alginate polysaccharide, alginate modification, alginate lyase, mannuronan C5-epimerase
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Fig. 2 Schematic diagram of function of alginate—modifying enzymes
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Algl. Azotobacter vinelandii poly-M
AlgA Pseudomonas sp. EO3 poly—M
AlgA-1I Sphingomonas sp. Al poly—-G
Alteromonas macleodii poly-MG(HYI)
Mase—041
ase=04135 ATCC 27126 poly-G (4M1)
Glaciecola chathamensis
AlyGC S18K6" poly-G
AlyF Vibrio splendidus poly—-G
TsAly6A Thalassomonas sp. LD5 poly—-G
Azotobacter vinelandii D)

AlyA3 ATCC BAA-1303 poly-MG
Alyw201 Vibrio sp. W2 poly—G
Alyw202 Vibrio sp. W2 Py B JE

Alg2A Flavobacterium sp. S20 poly-G

FIAIyA Flavobacterium sp. UMI-01 poly-M

Wenyingzhuangia
Aly7B_Wf ly—M

y7B_W Sfucanilytica CZ1127 B
PsMan8A Paradendryphiella salina poly—M
AkAly30 Aplysia kurodai poly-M

Al-IV Sphingomonas sp. Al poly—M
ZHO-1V Sphingomonas sp. ZHO poly-G .

poly—-M
AlyFRB Falsirhodobacter sp. Algl ey B G

OalA Vibrio splendidus poly—M

Algl.17 Microbulbifer sp. ALW1 poly—M
AlgSH17 Microbulbifer sp. SH-1 poly-M
Algl7C Saccharophagus degradans 5 B A

2-40

M) FE L Dp3 4 5 EC4223  [50]

~ T H
Ml PN 5 EC4223  [51]
Dp2)
] Dp3.4 5 EC4.2.2.11 [52]
W Y1+4h ) Dp2.4 6-1 EC4.2.2.— [46]
syl Dpl 6 EC4.2.2.11 [53]
SR Dp3 6-1 EC4.2.2.11 [54]
A7) Dp3 6 EC4.2.2.11 [55]
R Dp2~4 7-1 EC4.2.2.— [56]
ARl Dp2~6 72 EC4.2.2.11 [57]
MYl Dp2~4 7-2 EC4.2.2.— [58]
AR Dp5~7 7 EC4.22.11 [59]
] Dp2~4 7 EC4.2.2.3 [60]
R} Dp2 7-6 EC4.2.2.3 [41]
S Dpl 8—4 EC4.2223 [61]
Rl Dp2.,3 14-3 EC4.2.2.3 [34]
R7)] Dp2.,3 15 EC4.22.3 [62]
L] Dpl 15 EC4.2.2.- [42]
s Dpl 15 EC4.2.2.— [63]
sh4) Dpl 15 EC4.2.2.— [64]
syl Dpl 17-2 EC4.2.2.3 [65]
W YI+4M ) D];) Zf 17-2  EC4223  [49]
P

L] Dpl 17-2 EC4.2.2.- [66]

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol. 42 Issue 1 2023



54 Bl 0 B 50 3 e

i
=
‘_“p
b
S
=
\
w8
e
9
a\
\\?"

Z_:L'l;

R

Pseudoalteromonas sp.

Aly-SJ02 SM0524 poly-G
PsAly Paenibacillus sp. str. FPU=7 poly-M
HM-
Bacteroides salyersiae
PREF1071_02 CLO2TI2CO1 poly-M
769
OPIT5_18480 Opitutaceae bacterium TAVS 169 8
Aly36B Chitinophaga sp. MD30 poly—M
. . poly-G |
Dp0100 De ﬂuvutalej:; plhap hyphila poly-M.
& poly-MG
SjAly Saccharina japonica poly—M

23 EEKRHNMBEBHEN

A 5 JIT AE R R A A 4 i i %4 ik Bl BIF 5 7 1T K
T ZREEER TR T 48 35 e 24 ik 1l 1) 45 440 JF: 1l g
T 5 YRR S Z 8]0 OGR4 i I 2 i
HY S5 A8 AT LA 53 i 4 A2 AL,

DB-RE VRS54 3 2 4 v e 24 ik 1t v A
ﬁ&%ﬁ%%?émm—ﬁ%ﬁPum4mm\
PL36 2t 1) #3511 24 fifk 1 22 SR FH 3k Bl 45 44 (L
40 Z 25 R AT 53k G AH B 3 4 1 O P17
B F MR (SA) RIS (SB) . EATTAE H A i —
A B BGE 90° Ry BRAR . N NI 7 B i — 4> &
A AR AL B 2L BRI 25 G IR, TE AR SO iR
AN]SR VR

W

AKAly30(PDB:5GMT)  Aly- SJOZ(PDB 4Q8L) CK934 20815(PDB:6KCV)

AlgPG PsAlg7A il AlyQ J& T PL7,AkAly30 J& F PL14, Aly-
SJ02 J& F PL18,CK934_20815 J& T PL36,
4 p-RAEBEHTER

Fig. 4 Schematic representation of S—jelly roll structure

2)B-IR TS5 PLO I PL31 R4 1) 4 o ik ¢

i g 22 K FHX R 4544 (WL 5) , B 34> B-Ffr & Al

3 AR (T)AL™, Fefh (T) 73 I T A p-Ir &

zZlE, —'EmR T e B-1RE (PB1-TI-

B iR | E= (D 2%
i 5L T F =Y (Dp) Kt Sk
[67]

Dp3.4 EC4.2.2.-

] Dp3~5 31 EC4.2.2.3 [68]
SR / 32 EC4.2.23 [69]
Rl / 34 EC4.2.2.— [69]
)] Dp2 36-2 EC4.2.2.3 [70]
R Dp2~4 39 EC4.2.2.~ [71]
7| Dpl~4 41 EC4.2.2.3 [72]

PB2-T2-PB3-T3) ., FIH X 5 kA7 S 454 A= 9
SR AR JUR BAT BB 5E 45 Ka) 114 489 35 JiC 24 A il
T TR, 8 B 248 i Beel PLO 75 I W HH & —F
FA B R RASSE R SR 4, N AR i 45 4 35 (NTD) ) Al
c*m w4 3 (CTD) #8R I T P17 1) B- 18 TiE 3t

B, ZIKI C i (FRE 432~468) A F47 T B3
% PB3 V1Y 3 [l a-M20E ., B-IRTER N Il 7 78
PB1 V-1 A — 4 a-B8 ¢, C il A — 4 a-12
JEM—A P ET PB3 B B HE, LAk Hr R,
W45 G S5 A S £ NTD ik, 1 BeelPL6 Y
CTD Z 5# 1 & 2 &G M4, SR, CTD B
5 55 1) A i U ik TS 1, T 5 PL6 45 R S ]
2 A A EIE R . Besh,CTD 2 58 i —4~
B MHEA LS, BELR M BeelPLO6 X 5 R A
JEC A 1) 37 1 38 s

BcelPL6(PDB:6QPS)
BeelPL6 J& T PL6,PsAly J& T PL31,
5 B-EBELEHTIEE
Fig. 5 Schematic representation of S—helix structure

3) (o), AHARGS K PLS G216 46 8 e 2L e il %

PsAly(PDB:6KFN)

KX R (DLIE 6) 3K =R 4548 /& i LA
AT IR oS TIE AR B AT R 25 4, DA EL 000 7 MR e 27
SRR DT I, N,k HOPLS B A1 (935 1
bl 12 4 o SR TEIE AN, X SRR E Y B — A A
TR AR IR adas WHT S, TEXFEIT IRY)

SRSt A3k 20235825518 IR




LI Li,et al: Research Progress of Alginate Polysaccharide Molecular

Modifying Enzymes

I 15 B R R R B, R — 2 S A A
PRI,

AI-III(PDB: 1HV6)

Al-III J& T PL5,
6 (o), BREBWTEE
Fig. 6 Schematic representation of (a/a), barrel

structure

4) (a/a), Wi+ V4T B4 B 45 1 14 20 & S5 1)
PL15 \PL17 DL J PL39 52 4 6 I % figk iy 22 >R FH i
Pzt (WL 7). PL15S ZKEH Y Atu3025 98 %58
LGSR, A — A AR g5 #1148 R A4 &5
g e 7 DR M i, BV s 45 R B8R C 3 4 g el 2 1)
ST A G AT - SR TE H3 AUFETE , G BRAE I
PSR 454 J2 PL15 58 16 4 1 Jie Hb U1 2L ik 1 14 %
e, R TR AN A0 0 AR A Sy O — 7= 1 T I R
A 3 I A v (9 A DI 2 2 G FE ™, PL39 H i
Dp0100 #3515 24k B B AR B 3 AN 25 4 304 A, N O
SERIR B IR IR TS, AR SR (/) s R L
LS5 H I H 16 S5 RCEAT Y B 4 HEF 26 P A B3
B IR A HL Y o-I85E , C S 45 R 38 AN
VAT BB AR, R — AN H 16 % B HE4l
B B-=Wif . L S5 A B — i B C i 45 A
WOEWR—A 4 2 B-Pr&)2, 5 —HEM N i 45
T4 5150

P R e el ey
27 TE i (52 TN 2"
=z @E 5

{1

Dp0100(PDB:6JP4)

Alya3(PDB:7BIT)
Atu3025 J& F PL15, Alya3 J& F PL17,Dp0100 J& T PL39,
B7 (o), @+RETL-MEBLEHEHIER

Fig. 7 Schematic representation of (a/a), barrel +

Atu3025(PDB:3A00)

antiparallel S—fold structure
1M PL8 \PL32 PL34 Lk J& PLA1 5556 i Jig 24 fit
it 1) 5 48] 1 A A5 B AT
24 WERABEHERS
ey T G 2P e il 30 1ok B— T I L I 284 i 48 S I , T

CA~C5 I WA 1 FUBLEE | 5 76 8 1) Al 38 J5 A i A7
FE— A 4= B SR —L— 25 2~ 64— 47 N I 5% B8 A2 s 3%
B XA SRR 235 nm A0 A WO R T LR E
T 2y S5 e 25 i T 174 5 P

Gacesa $& 11 34> B—TH B S0 38 3o =20 e v 2%
SE RS B I L) S R R AR S B 4 JE B
A CS5 R Ak b By 4 fif AT R IR H=5 JT 1~ 19
pKa; H U, AN C5 A7 48 B— 4> 5T+ 1T Bl
I (B A R R b L - A% 2L 4-O—Hl 1 5
FBUE CA~CS A IE B OBUEE FF- o 2 7 75 0 4 14 0BT
Z 5 ERET BT R A RIS AR TS A 4 AR
L7 X~ 64— 75 MLk Mo 3% 1% % G 3% A A A A A i
Jir A i ) MR 32 S ok R T S A A R 2 B I
¥, 0F Hf B b iR KPR+, 9 C5 (4R U+
(7710 5 C4 5 Ay 2 S0 W 1R 2 A8 114 7 1) 7 () A0 B
ST B (A MBR AL BEAT IR ), 4 0 7 a4
FB Ry AT B (AN G AR S AT R ) .

AR 485 A A7 5 A R v RS ) 7 g Y O 3 OR
[F] ) 2 K 22 KR e e A A A T BR RN 43 RS
Rk

D& B AL PL6 G 55 1%
A C5 AR 3 R LT, SRS Lys 78 4 A Ak o
M CS A7 FEHC— AN, Tyr 8 24 4 A0 R $2 4k — 4>
jﬁ¥‘[83]o

2)His/Tyr 4 B3 B%  PL7 Al PL15 F % H 1
Hey 956 Jo S8 At R ) Tyr LA K His 3 531 78 24 4 4k iz A1
AL BRI

3)Tyr/Tyr B B—1HBR  TEfALE RE A Tyr
53 5 384 A Ak R R AR AL B, 9140 PL1T S5 T Y
Algl7c, M5 52K I Tyrd50 5% 3 75 24 46 1k fif
Tyr258 M fiE LR,

4)Tyr/Tyr B! B—iH Bk PL5 . PL14 il PL18 Kk
HR (A B T S A B AL AR R, TR — A Tyr BESE
B A G T A

5) KIS BT BR  TEAE AL R oK
TR I B R T, Arg DL Lys 4390l 78 2 4
PR FRARE LB

6)Lys/Lys B B—IH BR 7 i Ak o 72 b 7] — 4>
Lys B 7 S A W2 S 78 S b i, 191 n PL36 K%
1) Aly36B 7£ A fb i #2 1 Arg169 Tyr185 #il Tyr187
BT ORI Y B LA, Lys 143 RE 7S 4 i fb iR X 72
AT N

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol. 42 Issue 1 2023



F W, F: BERSBSTHABY T RE R

Z_:L'l;

R

2.5 WEERRNBHBAIEEEYE

LRI B 18 186 J5C SR ik Tl T~ R P 1) T 5 41 0
B/ T e S g~ P T A A B e R BE AR E A
pH B8 5E P HITER 3 16 55 R T 5 A R T i BV 2R A 2R
SRR T Tl A= IR, /5 3 X 2 4l fr i
Ty S GG 251 Tl P = R S R AT T B

AR i T 38 S 2R A il L ] v e B 4
Jit 2 — | A e B A B AL R b, b T VR
PEROAEAE M AL SR AT DUTE S B3 B R 64T, I

7R 5 00 26h R ) o A R B T P ) 2 v DA T i 3 Ui
Py )T AR, Y AT A 25 R R T R A e AR v
TR (T 45 C)ib T AR Ik e s g,
S H AT L AR A 110 48 B R R Al T T 46 9 M
R ORG24 A 2 ME, HATE AR 28
6 T 2 LA Tl AN B PR E M, RUAE 30~40 CR I
HH i R AR T PN, T S T B A AR RE A 1 1 B I
S RECE B R 2 A2 T H TR IE ) — e 4R
Tt M LA 14 B VA JRC 251

F2 ABEMABREUEERRNGE
Table 2 Typical thermostable alginate lyase

K SR IR E/C A
. 1E 50 CHIBE R EE 2% oh i (pH 6.0) AR E 72 h J& , il {4
rSAGL P. pastoris 45 B9 49.0% 19 16 75 1 [92]
L% T (AMOR) 1E 90 °CINF 7= ) = & 1 40 CI 7 18 1, TEE IR
AMOR_PLITA 0 31 o o 2 a4 >50 W& 4T AMOR_PLI7A fEHSTE 60 “CF R 24 h [93]
NitAly R 1 70 TE 67 CHM R E 30 min J5 G AR B8 50% , BN 78 (94]

B H BT 1A G 5 i 24 A 1 it B AL 1) A AR
KWL, R C A HRGE | NitAly 98 e P
55 Cys80 Hl Cys232 Z[AIJE L i) AL AT ™, ok H
Cobetia sp. NAP1 [ AlgC—PL7 iy Fa 5 PE vl BE 5
a—MRTEAT S Yang S5 XF AlyM JE47 (4 5F 45 44 38 5
KPR F5_F8_type C Z5 MBS ,7E 45 CTFIHE
1 h A FAFE 1 B AR B8 30%~40% ) TG 11 32 F1 51
TR B K2 T0% ) Tl 310, 2 8 5 1) 58 742 R AL
A LA T R R S5 R, BETE A s HR TR 1 1

100 CE AT AL 30 min J& 475 1H 8% B 10% 114 1 H

M, TIE Y R ) RS P o T BE 5 i B S A R R
Ak,

TEARIR A5 SEAT B 52 N7 AT LAY /D REFE | e
AR Aol A= 95 2 £ DX T2 1 A A 7 ) X B, — fike
P T 94> P 8 24 M SR A B AEAIR T 35 CI B AT fi v
HEALTEVE , I8 % 78 20 “CI DR B s 1 Y 5097,
3P T 3 MR R AT E M B4 I
Ay

*3 HAKHLERKRFE
Table 3 Typical cold-adapted alginate lyase

Alg2951 Alteromonas portus 25 FEMRT 30 CHIEEE T A R RE P [47]
HB161718
L TEARIE 10 CH1 20 CF, A AL T 1k 43 31 Sy e i 305 4 114
Alyw201 Vibrio sp. W2 30 72,9970 38.4% [57]
AlyC3 Psychromonas sp. 20 TE 1 CTH AR i Er 48.2% [97]

XiF T K 22 B0 I B A T e 3, A 1Y B
pH HZ3E hdE | JF B AE B2 11 pH Y Il P 3R 30 i 4
SR, WA —SEEETE R A (Y pH B AR T R
i M A DB E R S Y pH i LA R
W R, Ik B Vibrio sp. NJ-04 1) AlgNJ-04
2L B AE pH 4.0~10.0 A9 % pH Y5 HI O B8 7 ot
80 % I 1% £ , & ML AR 5 9 pH AR @ RN,
Alyw201 7E pH 5.0~10.0 ¥¥ & 12 h J5 {5 44 /4 8 1

T0% Y35 P o R ) 2 e A D 21 B B A4S pHL YE I (pH
3.0~11.0) 9 & 12 h J5 U5 Of B L 40% 1Y 7%
PN, 5548, K H Pseudoalteromonas carrageenovora
ASY5 (1) Alg823!! Vibrio sp. SYOL i) Aly08!'™!
Serratia marcescens NJ-07 [ AlgNJ-07"" Paeniba—
cillus sp. 1.J-23 B Algpt®" % 5 B A K47 (%) pH F&
ETE

TR P BRI TR 20 A R 9 IR 2R A Tl O i

LRSS LR ASIL 2023 FE 425511




LI Li,et al: Research Progress of Alginate Polysaccharide Molecular

Modifying Enzymes

HLA 06 bk — e B0 7E — 5 ok B 1 A0 B T
T A T R S fi I 1 T M RGO BORY R T E AT
VK PR EE WS VL BE ST . WIAE 1 mol/L NaCl &4 F,
AlgM4 1 1% T3 I T 29 7 A5 125 AlyPM =3 P 7E
0.5~1.2 mol/L. NaCl 4~ aJ LA fin 6 £51%; i % 1
K H Vibrio sp.i) A9mT 7£ 0.4 mol/L. NaCl &5 T H
TGN T 24 500, JRE R HAT A ILE & k| T
AR 22465 5 e gk g mJ A SO0 (LR L v A 0
B IF B A # W 48 on ok, AR A A
AlgNJ-04 BTG ALFEPE R R TSR > T a6
KR 25 3% 48 T e — Tl 52 0T G R v £ R AT K
P8 AlgM4 () Z G458t a—SREFN BT 8 1 % &t
B NaCl 2028 DA 1 58 T X IS4 1 2% F0 ) AL
PO PE B RE F10 ) AlyPM (3R TG AL PRS2 i T
NaCl A7 75 I H X i 9 5 #7345 (H 2 4548 IF AR &
A AR AlyC3 1 16 AL AL ) R R R R T
LU NPT AU

S X R T T A g ) S R A AR AR
AR R T TR R R A il ) R AE |l 2 M T A A
A B X g 1) = G A5 K4 43 BT, T > T 9T e b ) ) e
J 24 ff B EAT Tl A A 7= 75 AT B 2 B 5k
35 75 46 T S A AL AL
2,6 BWERANMBEHLA

ey T J 25 e Tt 1) IO /5 40 95 5 T o 5
JEUAE AR A3 S il A 1 A AR A T L B A i
Ny 45 5 T

1) 46 5 JE SE A ) T A8 40 O M SE B AR X 4y 1
Jig /N B 2R A T R B SRR A
FALTE R M Sk AN 25 o Twamoto 55 LLHR T R fifk
TR T e ) A5 174 4 5 T S R X b 988 R BE R TNF -
(75 3 16 1 465 ML I Bl A 15 300 100 48 i e S EL A
SNz B R T RN, AR Belik S5 41 1 6 A 4
T T 5 il O i DR SR ) SR R R 2, ™ A 1 H
Y TS R S P FH T IR R YA 97 ek gg 1o

2) JEAE BRSO U e A i BE b
SERCEE T, BRIE A A B AR 2
MR E BT, BT 2 W] 2 1 1540 B e 90 2% A 1
AT E — 25 i 240 Jf BE (%) 5 20O SR FH 2 4k 38 il F
e 5 e TV A 110 7 1 T L e A 3B A0 R R R
A RIS

3) M BEME LR A TR YT e B 2L g e
% T A — SE 4T A 2 I it i 206 1 2T 4 16 5 s o

T TR 7 A B R IR, T ) A i R S 07 1 4
5 T HUE R R IEYUEAERIN, Patel % JT & T #
b B — i e 2L TG ) e Ak 7 R A 9 K JBURE
(Aglase—CIPR-CH-NPs) H T 43 &6 97 il 48 M 2F 4k
A A g 0 B T R e

4)REBECI Y % S PR S AL W 43 T
R UL — A5, SR HBETR i G RE AT M
BRAE M GE T oA, A BAT R RIS 4 o e DL AR
FHASE X 1 i R 3% e 400 8 e, P45 & — S AR i
T Q0 A5 X 4 B R Btk AT R AR AR S — 20 )
i i B AR A

5) AW BRRLI A A TR A K RO
o W 3 B BT A O R R A R T A 5 v ]
AP, BT ARBER, B4 L
HAXFZE 5 o AE A% G 0 Tl A 4 0 12 AR i 4 o
JBe | 2 AR AR B0 1 2R A 7 1 A U0 L A
Sk I AT LA OR) P4 BERE , LA 5 Al T i ]
Wang 55t Ak 7 7 i i 21 4 o8 e 24 e g (PN B
Alg7D FnAMII B Alg17C) ) i 02 0% 1k i 72, LAAE DA
8 ¥ T AU P2 DEH, i DEH J2& A1 FH A8 4 9
J A= 7 A R DG B
27 REBERIAMEBHINE AR

IR B 0T 469 58 fise 241 i 1 17 P g 0, 202 0l
aok T A (AT R A R ) O A T A v TR R BT
SRR RE R ROCHR & T 0 Tl Ak B RO

TR R ) B KON ANAE AR R BN B
TIEBA T e A e M | nT AR MR S Ty
57 T s L I TG 0 A T LA o
B A 2 S 00 AT I S Ak E X [ A A A L
JE M B AL G O A AT T — Se RS, 9 n 2 R
B YIOR IR RR 7 M9 K IIURL A AL A AL BRI
RLAT | Ry 4 T E M 0 A | TN K B Ak B R
PUAE Wy BG4 J5 T B A TR 9 Mk 4 A i L T 1Y
AR AR BT L R L K A I L A i ALyPL6
A 52 76 A FL AL B 0B (MTOPs ) b5 |, 76 5 &2 fifi
10 KJ5 , 7 45 CT PR >55.4% 116 WS Li %0k
o T g Tt AlyO8 [ 5 76 AR X 43 o2 1k 7 SR bl
KRR b, SlFEE Aly08 AL, [k AL-
LMW —CS—NPs 7 1 il 4 &5 {15 20 10 14 A= 90 155 149 2 A
11 EL VBT B2 28 1) A= 0 S T 2 BB B T AR il A
Y A0 P T 1 A A ROR D AR T A
T T B Tt R 0 AR W R 1 i — 2B R

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol. 42 Issue 1 2023



F W, F: BERSBSTHABY T RE R

Z_:L'l;

R

Meshram 5% Algl. [& 22 7 iy 2 21 4 258 i8I 1, ik
Ty Hi fif DR T 22 0 285 35 () A% 7K e Ak i) 5 g )

il 14 53 F o v B EALHE A T M
TE L ) HEAE R ST 45 R 3o R 20 RN A A A 25 # SR
WO 28 gk 43 B0 I 1 S8 AR AR LA 5 W0 46 AN [
T2t . VR T DR R G 25 T 4 i i 2
fiff Tl 53 1 WO G B g R R U E R E DL S A R
R AR ST A R R A R 1) R B v R ) 3
FIFEME AN, Yang ZF7EXF cAlyM AL A 5
G2 L B2 A BT 28 o T I A6 4 v |
AT T, B T R AR K D102C-A300C F1
G103C-T113C,1,,(45 C)4r FIBEIM T 2.25 .1.16 hi"¥,
5 T 78 TR R AL B 5 & A 8 A 24 A7 I ALy 7B 7E
35 CTFRIMB B E MM EME, R, 28 Wr
Aly7B-CDI (FEHEALZ5F9 5% . R2~Y181) I}, Aly7B-
CDIT (1 25 44 3% . W190~H477) 7 35 °CF i #: nf
DLOR R AN AR BAS E P R K 8 . Xu 5538 i 7
AlgL—CD B 36 P v 5 1A Bl PE 22 3 R ok & Bk i
it 3 - LA ST 1, b 5828 fR E226K (1 FE ARG
SR I RN S IRY R R R
Y AR Algl~CD B35 (GG 7 AR R RE 5455
W RV R, 5 Ca® P4 Ak 178 55, E226K 1Y
PR E PR 2200 Su 453 T E226K AR AR,
TEFE loop R 1 LAY 1211 137 5 AR 90 A 1AL B
E276.Y292 1 R294 i i /E A TR HE i1, BOHR Y
AR IR E226K/1211T/R294V i £k 24 B2 & Rl 11 26 5
R KA DE R B AR & T 4.78 £y,
32 1,,(45 C)M 89 min 34 SN F] 557 min™, 1L
Hb o3 F R I T DA T Y B 4™ ), Zhang
G E TS B AlyF b ] 7 i 2 i A 2 Ak
LRSS G R 3 Arg266 VEAT 7 S ZRAE, BRI A
SOWHER AT, 25 FE B F128T/W172R/R226H
GEAARRY FEE ) = (O S O 87.0% )28
MR =M (OB EE R R R 40.5% )0

H & RBM CS5 25 (mannuronan C5-
epimerase , MCSE ) f& — T #5 i J5¢ 16 115 1 , {1k 465 v
JEE Y B-D—H S ERERR (M) ¥ 4kh C5 [R] 73 S F 1
a—-L-T IS HEEE TR (G) . WEFE R 4l b )5 i1 — Lk
MCSEs BETEMRINGIA G F B, I iE— 25 4 i i 8 e
) G AR B 2 ITE AlgE2 764585 48 e b

¥ G ERFEARXT & B NFI AR (0~45%) 2 m 32y
709%™, i AlgE6 F AcAlgE1 H 2 1] LIK G 5% A
Xif B 0 AR R B 78% 1 879%™, 5 HE FI A i 1)
PR AR BRR A M0 E MR S G/M Y & B % MCSE 1
Shy — Tl A T T 1 T il 2 A 7 LA R R A T 4
Jie ) F T L
31 HERECSZRRMEBARERSYE

MC5Es AP FZ R RIE . BRAYRIE, 4
FE 4B B I R 45 AN O R, 1 B AR (R i
BB (W2 G B S R B T A R
A RN T) 22 B A0 B T ) R 36T 260 B D (a0 48 [ 4
AR [ AU, RN A ) MCSEs HAT AN [
R ST RIRRE

MCSEs AI 4328 Ca> K4 30 A AN Ca®*=IF 45 it 14 V.
R0 T A B R B P Psm | [543 [ 20 R )
AcAlgEl LA B AR B [E A AlgE1~7 R 6 PR Bk
T Ca WY AFAE T T A B M T A [ LT |
15 AL B PP Y R AlgG Rl AFE TG Ca®* 5514 B 3K
b T 5 A T TR A Dy oty I B R R U, X T AR
Ca> ) MC5Es >k i3t ,Ca>Z 5 v L 55 4 Ak = B v
FE WHIRE IR 0 L, ITTTE T A BRI TR Y Ca? R
YT T AlgG b —SERRER I Z LR , 4N Arg345,
A LABET [R) R 7 T e

MC5Es 3 /] DL 43 h 5. 3] B8 F1 XL ) g MCSEs , 171]
W (o [ & Y AlgE2 1 AlgE7 #1524 2% 1H) 57
A T A R 4 TG P, A AR AE Ca®* (3.3 mmol/L) 1
100 AlgE2 AT LUAB 1 46 35 e I (8 45 v i) 0
R W AR R B A AR S T 4 S ST 34 A X
G TR T R RIURE A e 5 I VA VR P 0 B T B [
¥, AlgE7 A 5 AlgE2 IR i WL Lh A L H: 24 i
Fifg 7 P T AlgE2", Gawin S5 7E 2020 4F M AFE (3
] R TP S 3 R B I, L AcAlgE2
Il AcAlgE3 HA 54 fift il F1 5 4 FilE 05 P, FLYE R AP 4%
PR S R T MU R A A L R Y
AlgG A LA SA TG P | 1M ELIE BE O 4148 8 i AN
RS, Sk BT A B M P Ca K1Y PsmE
S AE B TP M AR L 5 A AR R O- & T
7J(ﬁ7£"~':[125]O
32 HERE CS £RRWERR SR ELLH

R £ [ 20 TR 7 AR T gy I M 2 ) S R il
(AlgE1~7, AlgEs) Z5 ¥ FRAE © 2 58 15 45 |, AlgEs
PSS [R) 9 2 1 B H 2 B, A 3 — A s A4S A A

LRSS LR ASIL 2023 FE 425511




LI Li,et al: Research Progress of Alginate Polysaccharide Molecular

Modifying Enzymes

Be (29 385 MNEIEBR ) FI 1~7 4> R BB (£ 150 &
FER)UB REAS AlgE #BAT — A IERR) A Fl R ALELY
Fe 8 B M A A (UL IR 8) , B AL AlgE R )
—A~ R BLHLH A — S 5o W R S5 4 1k
LRI B 548 WA Ca™ 4l A0 ) A R En]
DA AT S 48 1k B2 L R Ay A e 2 IR S A Ak B B A
0T RO AT SR AT M 32 5 0 PR A
PR AT Ca i J3E 1R 2SR A A A5E B 14 44 1 7%
e T 2910 £5032) Brib 248, B 9 MR LR IF 5
M 4~7 DEE W R BERS5 T 20 Ca® i1y
gia0 ) THEMAHME M PsmE A 5 AlgEs AL
A R R BEH [RIBFE B A B M X N X
RTX X, M XAl RTX X#&RES 5 Ca* 44,1 N
X & — il 2 Tt Ak g0, kA IR A R T Y
AcAlgEl AcAlgE2 F1 AcAlgE3 AR S AlgEs A 1]
1) A58 e 45 A BT
B ST

Al RI R2 R3 A2 R4

AlgEl
Al Rl1 R2 R3 R4
AlgE2 1 I 1 )

Al Rl R2 R3 A2 R4 R5 R6 R7
AES el —— L)
Al RI1
AlgE4
Al RlI R2 R3 R4
Algés 1 1 1 )
Al RI R2 R3
AlgE6
Al R1 R2 R3
AlgET
Al Rl R2 M R3 N RTX
PsmE G T )
Al R1 R2 R3 R4
AcAlgE] SRS
Al R1 R2 R3
AcAIgE2
Al RI1

AcAlgE3 SIS
B 8 MCSEs it
Fig. 8 Module structure of MC5SEs

WF N GO S W R DA 2 T AlgE4 /Y
45K, AlgkEd 19 A BT & N — G TR AT B-1R
€, B 4 AT - S R, L 4E 12 A5 R I
BB AR R S IE B Tyr149  Aspl152 His154 Fil
Aspl78 J& AlgE4 T M % SC Bl % B | H & W 1 W2 1) o
FALRR LT LS Aspl52 (5K Aspl78) JE & ,
Tyr149 YENELIRIZ IS C5 5/ T, iT1k
(4 His154 15 A fi A AR 5Tk — A4~ B XF C5 #E47 5%

By | e T8 Bt i M IR, R AEHUE B T —
NG TF VAT B-We VR . ARG TR A BEHA] L&,
A 1A PEREIR R L R L RT LLgh & 5 AN gk LI,
AlgE4 ) 45 #4455 A9 ] DL T O 4 b B g 3 Ak
AlgE1~7 45H4

Wolfram %5 it B 1ok H T 7 i 5 ML 1 19 AlgG
5> T 458 eI S A TP AT B-1RIE, A 11 458
BRI — AR e, Hh & 4~10 T2
BB AR AR G W 45 G S SRR SIS K i 45 1l

WFITF W], 48 3 e 24 firk 1 R 53 SROBE €5 22 1)
S5 A R ) T BTL A 2 A R P ) B e i g R S A Ak
J AR Fe 3 AN RR W B wErh FR S B 1
g, R AL SR B C5 07 b B 7, P 35 9 SO AL FE
ZRRAERERG 2 % TRk UL s — 2
SEREF AT, R E C4 1 CS Z AT BLORUEEE
B A R AT AR B AT B — A B B B, T
R C5 210 BT 2 — SRR, %8R
JL B A% DAL IR W B 1Y) 5 — ) CS 4R AR — AT
JE R C5 22 1 SR Ak

AlgG Fl AlgE4 19 A Bl iy e iR gy 5 — 2k g
BT 45 ) 1) e e LA T (PL6 \PL31 K ) TE 45 14
LA AL Z Ak SR Dail $E47 85 (5454 i
SRR H] BT Z B A AT AT A] AR 2 B 3R] 1k
0% 7 B TRD R | O L 3ok S 4 g Jie 2 fie g ) e £ 57k
FEAE AlgE4 iy A BEHoh I ORORSE 1S S5 A il
AlgE4 T i) A FEHR I A AL A7 5T DL T 48 8 i 2L A
fitf A1-II1(PLS Z8J% ) Al ALY-1(PL7 %% ), ALY -1
FAT-IIT B JE W 45 & 485 h O i 4 A4 i 4k ok
(GIn/Asn His , Arg F1 Tyr) 7 52 HLEE H e 25 DG 51
o AlgE4 HiR) A BEH TG PEAL £ Asp152 His154
Lys117 # Tyr149 1 75 A [8] 09 25 [\ HE 51, JF B
H R =B LS AL-TIT P 454 i =R 3 A
U T5 AL E 255 o R 4 ATV R R AR
SO B AL, E R H A AR AL (L H R Aspl78)
FA -2 F1-3 [ EREE AR H R[]

AlgG 5 AlgE4 1T P S5 F AR 5 AR AL, 16 1
P EE X BIET Algkd AL 5 AlgG H & B
1) Arg345 fHY BB, M2 &2 5B Algkd
T Ca> 2565 O s LA TR T BRI . IE AN K 24U B-
WG B 5 1 A T P T 2 B IR B, Xl Ca A S
N3 R P AR A8 rh RO R 1 SR R B 1AL, N R #2 5
Arg345 AH 2 B IO, AR Ca® 146 8 e 24 i g A

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol. 42 Issue 1 2023



F W, F: BERSBSTHABY T RE R

Z%

R

AlgE4 3@ it Ca®rf FUEIEFR 1 04 G rs far 15N AR A
Ca® 11 6 56 112 224 fi7t 1t A1 Al G U)o FH — AN A 42 1 5%
o 58 B AN R, AR B A RS R s
B I 3 R Ay S A P R A R | 2 R AR Y
His319 At % M H &5 B B R 1 CS wh # B 7,
His319 1R AT BETE AlgG 1A Ak 5 0 Hh e A Ak A 3 1)
YEF , B84, K50 T1E AlgG Bk i 78 rf 78 24 4 1k
R, 33 45 i S AP 4R ) A — S ELA B-UELUE 25 4 48
P LA LA K T R AR 1 45 e — B0,

X AL BE i AlgE7 , Gaardlos &5 fif B¢ 1 4 Fp
TP Qe A R YT ) 5 R LR G S A T R 4 A
it 155 P EL A R TR0 000 A3 0 30 P Rl 3% e ok S OB
AL A 35 R T AR R R O L g I i v R AR
T EEVE TR . S0 F W 09K P poly-M
1 poly-MG B}, Z4fif B O o i) 248 00 5k ML XM
G LXM(X K G5 M), Hr H154 76520 5824
TEALTE, Y149 78 4410 HR | 1 28 28 7K R148G JLT- 2R
2T A RS B T SR A M
HEM R148 23520 Y149 4 51+ $& 41t 45 4 1 lobl
I 55 —fiuneel
33 HEEE S ZnRMBRHERATR

&F MCSE 18 07 2 i 4 i e/ A G i il 3=
FHEPEROERE T AlgE X%, Hitg 2448
Hh P R sy A 2 B S A AR R i a4
KN e e A b WA Je B 4RI G AR 3
H M BRI I 7 B IR 22 1) S 4 Ak R I S IS
WU A AR AR S E R T R 2 )
Wi B-1,4 WEFHEE 12, B4 SR AR X T A 4B 5K
FEREEE U 1800, PRI I A1 Z2 A BE AR X B2 2, [ AS
— WK S AL AR B R AT DA TE il 55 0 0 A i S A LR
SERLS, A BESEIRGE T AlgE4 YTk 1 A =X | il
B IR RT3, B — A R T — IR T
b, ANTG BB A e . BN B P A — S AR ek
B T ep 3 LA T A R R — R — A
T I T EE T RAEY I I S, W T
5 B B R 1 AlgG A 30 o 1 AR, 3kt 2
W2 B BB P AR MR G A8 Y R
R Ak AlgE2 Al AcAlgE1 2547 {2 oot 455 5 gk
FrRBE, FF H 5 R Y 40 0 045 B 1 10 o A7
Sl i A AlgEs 8 AR 3 A o 2t A 2 e
H PRIHIL A AL G HEAT BB

T RO AR, AFER AlgEs 57 B B

PEAI AN ] AR AR IE  AlgE T HAT P A A [
AR, — B4 poly-G, —F ™ poly—
MG Algk2 Fl AlgES 3= %2 77 £ J5 /9 poly -G,
PsmE (AlgE6 Fll AcAlgEl 27 A K (1Y poly-G!,
AlgE4 EZ7 A poly-MGMI, AATTRT LA 27 9
SRR [7] 28 2 ) 46 8 AR SRR
34 HERHE CS ZNRMEBHEFREE

IR 28 R ALY R 22 805 A i Y i id pHL 78
6.5~8.0, ficidh it vis ] 30~40 C™, iR iE , ok A
Pseudomonas mendocina sp.DICP-70 i) PmC5A 1EH
S fift Tt R S ) T IS ) B3l pH 430l R 8.0 F19.0, S
R il pH B e O TN 53 8 52 MRV 7, >4
Na™¥ & & 100~200 mmol/L i} | AlgE1 3% ¥ #5502
XFF AlgE2, Ca® ¥ i 2k 0.58 mmol/L B+, %] i J2 hif i
FRBE Na* ¥ B2 09 3 0 3 m, 24 Ca® ¥k B ik 2
3.3 mmol/L i, Na3f 5344 4k 52 N7 8 A7 fie b VR A i
M Na* ¥k 35 #1249 20 mmol/L B}, Xf 544 1k [ v A
VRN, X TR RERE AlgET , 8 A Na vk J&
A ARG 2R Mgt T PR T T 38 0 poly—G BYIE 8, 1T = Ca?
P J3E D) i v At Tt 5 PR IR I poly—G BYFE i,
B, AT A Na® 5 Catdk 15 K AlgE7 19
SIS VS AR AT H s, WFEA
FURTEIE RO E LT Sen] LU Ca?, (B IY 15
PEW] i R AR
35 HERECSZNRUEBHNEA

MCSE 15 —Fh i B B AE Wi, RES IS IR Y
G BRAE S B K e i i 48 o R SE W T 9 B AT
K poly—G 5 poly-MG By i, AL ™ it R
O R A ATLBRC I RE R B4 A= s e R LR
i 25 25 W RO kL LA R | 2 A T A A 4
SHAETTTH

D& BA LU PERE A R W& G A
B y AT LA i — 2 T B A5 5 TR A
R R Y = 2 55 S T 2, I ) 05 e L 2 — 5 A )
PERIHUAR 5 B, BA R4 v £L B R0 g 5
s AC IR B A5 45, T MCSE 55 4 9 i 43 1
(G k5 5 MTT ) 2 BT D0 S LB B A9 41 K
e — RN ] B TR RERY T 15

2) il 5 NI T 25 R AR RE B IS e ok e
KGR BARAL R . 25 W) RO R A RS
BT HFLBR/NVA G, BEFER I poly-G & 1
B B e B o B BT R FLBR S5 4, SR B

LRSS LR ASIL 2023 FE 425511




LI Li,et al: Research Progress of Alginate Polysaccharide Molecular

Modifying Enzymes

BB HORE ST, TR S MR R TR
Z AR T HLBE A I A B4 R 25 5 e ™, A
U, wE G R B RE S B4 o AR 4 25 W A B
IR Al R B o )57 8 O e R PR JBE b A 4% 25

3) 3SR W SR TR P W G B
8 Sl AT LA J 55 4 A T 4 4 R i A P R
TR 2 T R A, S O W 0 SR AR e B Ak
A= W A% 2 ok 52 A BOR A B B0 PR HE SR PR R
AR, IR MY/G 5% 3k L 3 R ) 46 186 52 S B 1
& Y BT BRI M RT LA R il 28 0 1 0149

4) il 2 e T A1 JoT 0 R BT 9 E IS SR B A
52 04 T 5 S T AR FH 36 7 I KA, A B
TIAASC AT LA Ay 358 M e Jot o A % 85 M i o, i
A LLGE AR A s A, AR B R R il SR Y
poly—MG. ZH i 1) 18 8 J12 S8 2 702 #f I 1l 4 i A
R A R S R

| 4 semmcmt

0T B B IR 02/03 i b & AR LR 3
T ARG R MBEE AT REWIENR
P FE A AT 240 A O BEL RS 5 3 40 1438 B TR Bt 2 R A
A5 R S A T T VA T MBS AT R 448
S N A e RS PR S . AR A IR 1R
B R VRN R 2 TR AR BL
4.1 EERZEBVEIHIE 5

R X 4 2 M55 B B v 2 TR 48 38 e 1 A 4
AERE R RERNCEEEART M, LW
Algl Alg] F1 AlgF Bl — A2 EARE G, I
B Alg8 F1 AlgX JE B /- W 2 | AR E &1k 54
B M i 2 AE R AR, T8 B 0-2
WA S Rt e, AR Algl Alg] Fil AlgF A 248 3 i
A U 0 A AR — 03 R T4 B 2k
Ak Br 6 F5 1Y, Chanasit 55 038 o 286 E W 7 X —
S Algl 2RSS S Y O- LB I R I, LA
1A A1 J5 2 T R AR A gk 200 B SR s RS 2 Tk
BT Alg) B AE I BB 2 B R R E AlgX
AlgX 2 H &% BB O-Z BRAb g, & — oKk s
Wah A BB K M R EE 2 mh Ak,

TF 5% ¢ B £ T A 2 8 v 114 G 3 G 1) S5 4 A
JE RIS A T g 2 2 IR AlgX A SR
it} AlgG Y 2EMifE & & kG —&8 5, 7 LUA 2
Z W ) 1 5 AL, P BIRB IS 45 & M Ak LIt it

Fr A8t B, AEL TR i AN 5 2 0 Rl T A 5 e o8 1)
4 E BT R R,
42 MRZBUNFIHEX

i LR B B A IR L = K S RE TR G
B R A A A AR L T R T R AR B
=7 TP K BRE IS N ST AR LA B A A W P e A
W B4 0 101 OB A5 AR 22 BB DT TR LR 1

] 3 A1 BRI TR T B LA 2 T A 48 9 A 2 A
O3B A R, R LA R i AR A I A A E 1, AT
A B T AR IR P0G A IS RIS AR T PR
R ERT , AE A P ) i S B P R X B A R Y T 24
PP T 10~1 000 A5, £ T A e o5 g 2 5 S0 440 A4 T
2 NE 20 T o e it F) T R U DR eI A
B2 1) £ T AR AL X T 3 9 i o A P i BT JRR 2t R
AEEE L,

D 8 2 ELE

Z AL B0 8 il LA e A Tl L AL B
1B 2N RN 2248 i SC P R 2 A0 H 5 OB
C5 2=10) S AL g al LLGEAL 7 22 G, T I 26 il A REAiE 1L
C 2 S B AR AR A X AlgEd (14 b 44 45 44 1) 43
Hr 2 Wk 2 ol T s A A7 BHLAY R, IRk, O T 3RS
G o R A B, WX B A WA AR R AT
Eaomf,

AT B A A BB L T RE #8 ™ AR T 41 G Bk
FE MBI (HIE AN T BB 2B T —
Fift o3 W PR T 5% RBE C5 22 0] A PsmE, 1% E 0%
TEM ML L R ZE R G Bk BB Y, PsmE fE%
HEAL Z AL R Y AT 22 1) St A AL B, R — A B
Joi L ESE AN C5 22 1) 574 D RE (0 DU BE M, (45 1
R A A4 IR B AT BRI £ o R R G Bk
SRR

| G = =

JRUE A RTE 3R AE 1 KA 1048 W 150 28k 1,
Ol e Xk o T A R R I X A e B 5
Sk T 0 2L D | — BT T I A e 3 e i il o R
H R BT R 014 T = P B AL o) o B A B3 b
MBS RE o LI AF- A A2 R 1) 5 T 48 4 M S ik kg o1
A F A DG SCEE Xl i A 5 AT TH o 2 ST 7 0
S5 R FIAE AL 0 A B9 BE At b DG B R AT IH 38 1)
o Ui G | o I AR S AT I TR 46 9 J SR M i O A A L

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol. 42 Issue 1 2023



|
Al
%
!

B
>
%u“;
==
2
%
S
w

&
&
&
=
B
&
3
&
=3
w

I%

R

it 2 M T, T A A S I 2 B R AL [ B B
3540 W I S i AR A Tl BN FH BRI
L) I b A T Rl A T B LA i Y A 1L
SR RRERYE RE AN i, LA 2 H H 25 340 4 Bk

MCSE 15 A —Fh A= 4 T EL B A 7 48 8 e I B
FRRIE M/G 5% 5 Lb S 7 51 43 A3 1) 4 36 e 55 0
HHA EEE X, 25 AC L0 5 MEAE T JLF
HLA R [R5 i MCSEs IR 95 5 i 7 45 44 w0 25 )
BT HARAE ML, (H XS T MCSEs #4945 ¥4 71 52 17 AL il

SEPLH BB E R AE DL K DNA &1 25 07 4R
v T ) AL 35 Pl 1 B, 4 3 MCSEs 19 Tlk Ak
IV

9 T J A A R — b A W EOR TR R B
T E B PE RN A . H R AR R
L1 T A H 5% R WE C5 22 0] S A b A9 BIF ST TR
X 46 BEJE 2 I AL R LA B9 1 i i R TR
Wt 5 205 4 e A B AR A W i R, 4 o s A il P
BLH A0 A PR AN BT T A, BT LA 25 7ol g 114 7
PR AT BE A A2 H bS8 W e 1, Bl AN TR Y

T E i — PR SOt T E RS MCSEs 1)
IESE YRR 8RO A BRAE Dt 5 20 5 i

B I RET K .

S

[1] VASUDEVAN U M, LEE O K,LEE E Y. Alginate derived functional oligosaccharides : recent developments, barriers, and future
outlooks[J]. Carbohydrate Polymers,2021,267.1-18.

[2 ] BIXLER H J,PORSE H. A decade of change in the seaweed hydrocolloids industry[J]. Journal of Applied Phycology,2011,23
(3):321-335.

[3 ]SCHIENER P,BLACK K D,STANLEY M S, et al. The seasonal variation in the chemical composition of the kelp species
Laminaria digitata,Laminaria hyperborea,Saccharina latissima and Alaria esculenta[J]. Journal of Applied Phycology,2015,27
(1):363-373.

[ 4] WESTERMEIER R, MURUA P, PATINO D J,et al. Variations of chemical composition and energy content in natural and
genetically defined cultivars of Macrocystis from Chile[J]. Journal of Applied Phycology,2012,24(5):1191-1201.

[ 5] FRANKLIN M J,NIVENS D E,WEADGE J T,et al. Biosynthesis of the Pseudomonas aeruginosa extracellular polysaccharides,
alginate, Pel,and Psl[J]. Frontiers in Microbiology,2011,2:1-16.

[6 ] MAY T B,SHINABARGER D,BOYD A, et al. Identification of amino-acid-residues involved in the activity of phosphomannose
isomerase-guanosine 5'-diphospho-D-mannose pyrophosphorylase-a bifunctional enzyme in the alginate biosynthetic-pathway of
Pseudomonas aeruginosa[J]. Journal of Biological Chemistry, 1994 ,269(7).4872-4877.

[7 1 OGLESBY L L,JAIN S,OHMAN D E. Membrane topology and roles of Pseudomonas aeruginosa Alg8 and Alg44 in alginate
polymerization[J]. Microbiology ,2008,154:1605-1615.

[ 8 1 MERIGHI M,LEE V T,HYODO M, et al. The second messenger bis- (3 '-5 ')-cyclic-GMP and its PilZ domain-containing
receptor Alg44 are required for alginate biosynthesis in Pseudomonas aeruginosa[J]. Molecular Microbiology ,2007,65(4) :876-
895.

[9 1HAY I D,REHMAN Z U,REHM B H A. Membrane topology of outer membrane protein AlgE,which is required for alginate
production in Pseudomonas aeruginosa[J]. Applied and Environmental Microbiology,2010,76(6) :1806-1812.

[10] JAIN S,FRANKLIN M J,ERTESVAG H,et al. The dual roles of AlgG in C-5-epimerization and secretion of alginate polymers
in Pseudomonas aeruginosalJ]. Molecular Microbiology ,2003,47(4):1123-1133.

[11] ALBRECHT M T,SCHILLER N L. Alginate lyase (AlgL) activity is required for alginate biosynthesis in Pseudomonas aeruginosa
[J]. Journal of Bacteriology,2005,187(11):3869-3872.

[12] REHMAN Z U,WANG Y J,MORADALI M F,et al. Insights into the assembly of the alginate biosynthesis machinery in
Pseudomonas aeruginosa[J]. Applied and Environmental Microbiology ,2013,79(10) :3264-3272.

[13] KEISKI C L,HARWICH M,JAIN S,et al. AlgK is a TPR-containing protein and the periplasmic component of a novel

LRSS LR ASIL 2023 FE 425511



ReVieW LI Li,et al: Research Progress of Alginate Polysaccharide Molecular
Modifying Enzymes

exopolysaccharide secretin[J]. Structure,2010,18(2):265-273.

[14] ERTESVAG H. Alginate-modifying enzymes : biological roles and biotechnological uses[J]. Frontiers in Microbiology,2015,6:
1-10.

[15] FLO T H,RYAN L,KILAAS L,et al. Involvement of CD14 and beta2-integrins in activating cells with soluble and particulate
lipopolysaccharides and mannuronic acid polymers[J]. Infection and Immunity ,2000,68(12) :6770-6776.

[16] SUTHERLAND I. Biofilm exopolysaccharides: a strong and sticky framework[J]. Microbiology ,2001,147(1):3-9.

[17] SUTHERLAND I W. The biofilm matrix - an immobilized but dynamic microbial environment[J]. Trends in Microbiology,
2001,9(5):222-227.

[18] URTUVIA V,MATURANA N,ACEVEDO F,et al. Bacterial alginate production:an overview of its biosynthesis and potential
industrial production[J]. World Journal of Microbiology & Biotechnology,2017,33(11) :1-10.

[19] GUO X,WANG Y,QIN Y M, et al. Structures, properties and application of alginic acid:a review[J]. International Journal of
Biological Macromolecules,2020,162.:618-628.

[20] MAROUNEK M, VOLEK Z,TAUBNEW T, et al. Metabolic effects of a hydrophobic alginate derivative and tetrahydrolipstatin
in rats fed a diet supplemented with palm fat and cholesterol[J]. Folia Biologica,2021,67(4):143-149.

[21] TIWARI S,PATIL R,BAHADUR P. Polysaccharide based scaffolds for soft tissue engineering applications[J]. Polymers,2019,
11(1):1-23.

[22] LI M,LI H C,LI X G,et al. A bioinspired alginate-gum arabic hydrogel with micro-/nanoscale structures for controlled drug
release in chronic wound healing[J]. ACS Applied Materials & Interfaces,2017,9(27):22160-22175.

[23] SALVATORE S,RIPEPI A,HUYSENTRUYT K, et al. The effect of alginate in gastroesophageal reflux in infants[J]. Paediatr
Drugs,2018,20(6) :575-583.

[24] KAWADA A ,HIURA N, TAJIMA S, et al. Alginate oligosaccharides stimulate VEGF-mediated growth and migration of human
endothelial cells[J]. Archives of Dermatological Research,1999,291(10).542-547.

[251 JIANG Z D,ZHANG X W, WU L Y, et al. Exolytic products of alginate by the immobilized alginate lyase confer antioxidant and
antiapoptotic bioactivities in human umbilical vein endothelial cells[J]. Carbohydrate Polymers,2021,251:1-8.

[26] LIU J,YANG S,LI X, et al. Alginate oligosaccharides: production, biological activities,and potential applications[J]. Compreh—
ensive Reviews in Food Science and Food Safety,2019,18(6):1859-1881.

[27] LIM H G,KWAK D H,PARK S, et al. Vibrio sp. dhg as a platform for the biorefinery of brown macroalgae[J]. Nature Commu—
nications,2019,10.1-9.

[28] AARSTAD O A, TONDERVIK A,SLETTA H,et al. Alginate sequencing:an analysis of block distribution in alginates using
specific alginate degrading enzymes[J]. Biomacromolecules,2012,13(1):106-116.

[29] ZHU B W,YIN H. Alginate lyase:review of major sources and classification, properties,structure-function analysis and
applications[J]. Bioengineered,2015,6(3):125-131.

[30] SUDA K, TANJI Y ,HORI K, et al. Evidence for a novel Chlorella virus-encoded alginate lyase[J]. FEMS Microbiology Letters,
1999,180(1) :45-53.

[311INOUE A ,0OJIMA T. Functional identification of alginate lyase from the brown alga Saccharina japonica[J]. Scientific Reports,
2019,9(1):1-11.

[32] PILGAARD B, VUILLEMIN M ,HOICK J,et al. Specificities and synergistic actions of novel PL8 and PL7 alginate lyases from
the marine fungus Paradendryphiella salina[J]. Journal of Fungi,2021,7(2):1-16.

[33] INOUE A,MASHINO C,UJI T,et al. Characterization of an eukaryotic PL-7 alginate lyase in the marine red alga Pyropia
yezoensis[J]. Current Opinion in Biotechnology,2015,4(3):240-248.

[34] RAHMAN M M, INOUE A,TANAKA H,et al. cDNA cloning of an alginate lyase from a marine gastropod Aplysia kurodai and
assessment of catalytically important residues of this enzyme[J]. Biochimie,2011,93(10):1720-1730.

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol. 42 Issue 1 2023



A
I%

|
Al
%
!

B
>
%u“;
==
2
%
S
w

&\
&
&
=
B
&
3
&
=3
w

[35] HATA M,KUMAGAI Y,RAHMAN M M, et al. Comparative study on general properties of alginate lyases from some marine
gastropod mollusks[J]. Fisheries Science,2009,75(3):755-763.

[36] YAMAMOTO S,SAHARA T,SATO D,et al. Catalytically important amino-acid residues of abalone alginate lyase HdAly
assessed by site-directed mutagenesis[J]. Enzyme and Microbial Technology,2008,43(6):396-402.

[37] WANG M P,CHEN L,LOU Z Y,et al. Cloning and characterization of a novel alginate lyase from Paenibacillus sp. LJ-23[J].
Marine Drugs,2022,20(1):1-16.

[38] DHARANI S R,SRINIVASAN R,SARATH R,et al. Recent progress on engineering microbial alginate lyases towards their
versatile role in biotechnological applications[J]. Folia Microbiologica,2020,65(6):937-954.

[39] WONG T Y,PRESTON L A,SCHILLER N L. Alginate lyase:review of major sources and enzyme characteristics,
structure-function analysis, biological roles,and applications[J]. Annual Review of Microbiology,2000,54:289-340.

[40] SIM P F,FURUSAWA G,THE A H. Functional and structural studies of a multidomain alginate lyase from Persicobacter sp.
CCB-QB2[J]. Scientific Reports,2017,7 .1-9.

[41] PEI X J,CHANG Y G,SHEN J J. Cloning,expression and characterization of an endo-acting bifunctional alginate lyase of
marine bacterium Wenyingzhuangia fucanilytica[J]. Protein Expression and Purification,2019,154:44-51.

[42] HE M,GUO M,ZHANG X, et al. Purification and characterization of alginate lyase from Sphingomonas sp. ZHO[J]. Journal of
Bioscience and Bioengineering,2018,126(3):310-316.

[43] SUN H,GAO L, XUE C,et al. Marine-polysaccharide degrading enzymes : status and prospects[J]. Comprehensive Reviews in
Food Science and Food Safety,2020,19(6):2767-2796.

[44] JOUANNEAU D,KLAU L J,LAROCQUE R, et al. Structure-function analysis of a new PL17 oligoalginate lyase from the
marine bacterium Zobellia galactanivorans DsijT[J]. Glycobiology,2021,31(10):1364-1377.

[45] HUANG G Y,WEN S H,LIAO S M,et al. Characterization of a bifunctional alginate lyase as a new member of the
polysaccharide lyase family 17 from a marine strain BP-2[J]. Biotechnology Letters,2019,41(10):1187-1200.

[46] MATHIEU S,HENRISSAT B,LABRE F,et al. Functional exploration of the polysaccharide lyase family PL6[J]. Plos One,
2016,11(7):1-15.

[47] HUANG H Q,LI S,BAO S X, et al. Expression and characterization of a cold-adapted alginate lyase with exo/endo-type activity
from a novel marine bacterium A lteromonas portus HB161718[J]. Marine Drugs,2021,19(3) :1-14.

[48] TANG X,JIAO C,WEI Y et al. Biochemical characterization and cold-adaption mechanism of a PL-17 family alginate lyase
Aly23 from marine bacterium Pseudoalteromonas sp. ASY5 and its application for oligosaccharides production [J]. Marine
Drugs,2022,20(2) :1-17.

[49] YANG J,CUI D,MA S, et al. Characterization of a novel PL 17 family alginate lyase with exolytic and endolytic cleavage
activity from marine bacterium Microbulbifer sp. SH-1[J]. International Journal of Biological Macromolecules,2021,169:551-
563.

[50] ERTESVAG H,ERLIEN F,SKJAK-BRAEK G,et al. Biochemical properties and substrate specificities of a recombinantly
produced Azotobacter vinelandii alginate lyase[J]. Journal of Bacteriology,1998,180(15):3779-3784.

[51] ZHU B W,HUANG L S, TAN H D, et al. Characterization of a new endo-type polyM-specific alginate lyase from Pseudomonas
sp.[J]. Biotechnology Letters,2015,37(2).:409-415.

[52] YOON H J,HASHIMOTO W ,MIYAKE O,et al. Overexpression in Escherichia coli,purification,and characterization of
Sphingomonas sp. Al alginate lyases[J]. Protein Expression and Purification,2000,19(1):84-90.

[53] XU F,DONG F,WANG P, et al. Novel molecular insights into the catalytic mechanism of marine bacterial alginate lyase AlyGC
from polysaccharide lyase family 6[J]. Journal of Biological Chemistry,2017,292(11) :4457-4468.

[54] LYU Q Q,ZHANG K K,SHI Y H, et al. Structural insights into a novel Ca*-independent PL-6 alginate lyase from Vibrio OU02
identify the possible subsites responsible for product distribution[J]. Biochimica et Biophysica Acta—General Subjects,2019,

LRSS LR ASIL 2023 FE 425511



ReVieW LI Li,et al: Research Progress of Alginate Polysaccharide Molecular
Modifying Enzymes

1863(7):1167-1176.

[55] GAO S,ZHANG Z L,LI S Y, et al. Characterization of a new endo-type polysaccharide lyase (PL) family 6 alginate lyase with
cold-adapted and metal ions-resisted property[J]. International Journal of Biological Macromolecules,2018,120:729-735.

[56] GIMMESTAD M,ERTESVAG H,HEGGESET T M B, et al. Characterization of three new Azotobacter vinelandii alginate
lyases, one of which is involved in cyst germination[J]. Journal of Bacteriology,2009,191(15).:4845-4853.

[57] WANG Z P,CAO M, LI B,et al. Cloning, secretory expression and characterization of a unique pH-stable and cold-adapted
alginate lyase[J]. Marine Drugs,2020,18(4):1-12.

[58] MA Y ,LI J,ZHANG X Y,et al. Characterization of a new intracellular alginate lyase with metal ions-tolerant and pH-stable
properties[J]. Marine Drugs,2020,18(8):1-12.

[59] HUANG L. Characterization of a new alginate lyase from newly isolated Flavobacterium sp. S20[J]. Journal of Industrial Mic—
robiology & Biotechnology,2013,40(1):113-122.

[60] INOUE A, TAKADONO K,NISHIYAMA R, et al. Characterization of an alginate lyase, FIAlyA , from Flavobacterium sp. strain
UMI-01 and its expression in Escherichia coli[J]. Marine Drugs,2014,12(8):4693-4712.

[61] PILGAARD B, VUILLEMIN M,HOLCK 1J,et al. Specificities and synergistic actions of novel PL8 and PL7 alginate lyases from
the marine fungus Paradendryphiella salina[J]. Journal of Fungi,2021,7(2) :1-16.

[62] HASHIMOTO W,MIYAKE O,OCHIAI A et al. Molecular identification of Sphingomonas sp. Al alginate lyase (A1-IV ') as a
member of novel polysaccharide lyase family 15 and implications in alginate lyase evolution[J]. Journal of Bioscience and
Bioengineering,2005,99(1) :48-54.

[63] MORI T, TAKAHASHI M, TANAKA R, et al. Falsirhodobacter sp. Algl harbors single homologs of endo and exo-type alginate
lyases efficient for alginate depolymerization[J]. Plos One,2016,11(5):1-16.

[64] JAGTAP S S,HEHEMANN J H,POLZ M F,et al. Comparative biochemical characterization of three exolytic oligoalginate
lyases from Vibrio splendidus reveals complementary substrate scope ,temperature,and pH adaptations[J]. Applied and Envi—
ronmental Microbiology,2014,80(14):4207-4214.

[65] JIANG Z D,GUO Y X,WANG X X, et al. Molecular cloning and characterization of AlgL.17,,a new exo-oligoalginate lyase from
Microbulbifer sp. ALWI1[J]. Protein Expression and Purification,2019,161:17-27.

[66] KIM H T,CHUNG J H,WANG D,et al. Depolymerization of alginate into a monomeric sugar acid using Algl7C,an
exo-oligoalginate lyase cloned from Saccharophagus degradans 2-40[J]. Applied Microbiology and Biotechnology,2012,93
(5):2233-2239.

[67] LI J W,DONG S,SONG J,et al. Purification and characterization of a bifunctional alginate lyase from Pseudoalteromonas sp.
SMO0524[J]. Marine Drugs,2011,9(1):109-123.

[68] ITOH T,NAKAGAWA E,YODA M,et al. Structural and biochemical characterisation of a novel alginate lyase from
Paenibacillus sp. str. FPU-7[J]. Scientific Reports,2019,9 .1-14.

[69] HELBERT W,POULET L,DROUILLARD S, et al. Discovery of novel carbohydrate-active enzymes through the rational
exploration of the protein sequences space[J]. Proceedings of the National Academy of Sciences of the United States of
America,2019,116(20):10184-10185.

[70] DONG F,XU F,CHEN X L,et al. Alginate lyase Aly36B is a new bacterial member of the polysaccharide lyase family 36 and
catalyzes by a novel mechanism with lysine as both the catalytic base and catalytic acid[J]. Journal of Molecular Biology,
2019,431(24) :4897-4909.

[711 1S Q,DIX S R,AZIZ A A, et al. The molecular basis of endolytic activity of a multidomain alginate lyase from Defluviitalea
phaphyphila,a representative of a new lyase family, PL39[J]. Journal of Biological Chemistry,2019,294(48):18077-18091.

[72] INOUE A ,OJIMA T. Functional identification of alginate lyase from the brown alga Saccharina japonica[J]. Scientific Reports,
2019,9:1-11.

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol. 42 Issue 1 2023



A
I%

|
Al
%
!

B
>
%u“;
==
2
%
S
w

&\
&
&
=
B
&
3
&
=3
w

[73] LI Q,ZHENG L,GUO Z L,et al. Alginate degrading enzymes:an updated comprehensive review of the structure, catalytic
mechanism , modification method and applications of alginate lyases[J]. Critical Reviews in Biotechnology,2021,41(6):953-
968.

(741 25, W1, TR, S5 o e 2R G 1 25 A B AR AL LR T S8 2R R (T, AR i L3 72,2020, 18(5) : 592-598.

[75] XU F,WANG P,ZHANG Y Z,et al. Diversity of three-dimensional structures and catalytic mechanisms of alginate lyases[J].
Applied and Environmental Microbiology ,2018,84(3).1-12.

[76] GAO S K,YIN R,WANG X C,et al. Structure characteristics,biochemical properties,and pharmaceutical applications of
alginate lyases[J]. Marine Drugs,2021,19(11):1-14.

[77] STENDER E G P,DYBDAHL C,FREDSLUND F,et al. Structural and functional aspects of mannuronic acid-specific PL6
alginate lyase from the human gut microbe Bacteroides cellulosilyticus[J]. Journal of Biological Chemistry,2019,294 (47).
17915-17930.

[78] INOUE A. Characterization of PL-7 family alginate lyases from marine organisms and their applications[J]. Methods in Enzy—
mology,2018,605:499-524.

[79] OCHIAI A,YAMASAKI M ,MIKAMI B, et al. Crystal structure of exotype alginate lyase Atu3025 from Agrobacterium
tumefaciens[J]. Journal of Biological Chemistry,2010,285(32):24519-24528.

[80] JI S,DIX S R,AZIZ A A,et al. The molecular basis of endolytic activity of a multidomain alginate lyase from Defluviitalea
phaphyphila,a representative of a new lyase family, PL39[J]. Journal of Biological Chemistry,2019,294(48):18077-18091.

[81] PREISS J,ASHWELL G. Alginic acid metabolism in bacteria: the enzymatic reduction of 4-deoxy-L-erythro-5-hexoseulose
uronic acid to 2-keto-3-deoxy-D-gluconic acid[J]. Journal of Biological Chemistry,1962,237.317-321.

[82] GACESA P. Enzymic degradation of alginates[J]. International Journal of Biochemistry, 1992,24(4).545-552.

[83] GARRON M L,CYGLER M. Uronic polysaccharide degrading enzymes[J]. Current Opinion in Structural Biology,2014,28:
87-95.

[84] OGURA K,YAMASAKI M,MIKAMI B, et al. Substrate recognition by family 7 alginate lyase from Sphingomonas sp. A1[J].
Journal of Molecular Biology,2008,380(2):373-385.

[85] OCHIAI A,YAMASAKI M,MIKAMI B, et al. Crystal structure of exotype alginate lyase Atu3025 from Agrobacterium
tumefaciens[J]. Journal of Biological Chemistry,2010,285(32):24519-24528.

[86] PARK D,JAGTAP S,NAIR S K. Structure of a PL17 family alginate lyase demonstrates functional similarities among exotype
depolymerases[J]. Journal of Biological Chemistry,2014,289(12) :8645-8655.

[87] MIKAMI B,BAN M, SUZUKI S, et al. Induced-fit motion of a lid loop involved in catalysis in alginate lyase A1-1II[J]. Acta
Crystallographica Section D-Biological Crystallography,2012,68:1207-1216.

[88] YOON H J,HASHIMOTO W,MIYAKE O, et al. Crystal structure of alginate lyase A1-III complexed with trisaccharide product
at 2.0 angstrom resolution[J]. Journal of Molecular Biology,2001,307(1):9-16.

[89] DONG S,WEI T D,CHEN X L,et al. Molecular insight into the role of the N-terminal extension in the maturation, substrate
recognition ,and catalysis of a bacterial alginate lyase from polysaccharide lyase family 18[J]. Journal of Biological Chemistry,
2014,289(43):29558-29569.

[90] DONATO D P,BUONO A,POLI A, et al. Exploring marine environments for the identification of extremophiles and their
enzymes for sustainable and green bioprocesses[J]. Sustainability,2019,11(1) :1-20.

[91] HAN W J,GU J Y,CHENG Y Y,et al. Novel alginate lyase (AlyS) from a polysaccharide-degrading marine bacterium,
Flammeovirga sp. strain MY04 ;effects of module truncation on biochemical characteristics,alginate degradation patterns,and
oligosaccharide-yielding properties[J]. Applied and Environmental Microbiology ,2016,82(1):364-374.

[92] LT H F,WANG S L,ZHANG Y Y,et al. High-level expression of a thermally stable alginate lyase using Pichia pastoris,

characterization and application in producing brown alginate oligosaccharide[J]. Marine Drugs,2018,16(5):1-16.

LRSS LR ASIL 2023 FE 425511




ReVieW LI Li,et al: Research Progress of Alginate Polysaccharide Molecular
Modifying Enzymes

[93] AMTZEN M O,PEDERSEN B,KLAU L J,et al. Alginate degradation:insights obtained through characterization of a
thermophilic exolytic alginate lyase[J]. Applied and Environmental Microbiology,2021,87(6):1-16.

[94] INOUE A,ANRAKU M,NAKAGAWA S, et al. Discovery of a novel alginate lyase from Nitratiruptor sp. SB155-2 thriving at
deep-sea hydrothermal vents and identification of the residues responsible for its heat stability [J]. Journal of Biological
Chemistry,2016,291(30): 15551-15563.

[95] YAGI H,FUIJISE A,ITABASHI N, et al. Purification and characterization of a novel alginate lyase from the marine bacterium
Cobetia sp. NAP1 isolated from brown algae[J]. Bioscience Biotechnology and Biochemistry,2016,80(12):2338-2346.

[96] YANG M, LI N N,YANG S X, et al. Study on expression and action mode of recombinant alginate lyases based on conserved
domains reconstruction[J]. Applied Microbiology and Biotechnology,2019,103(2):807-817.

[97] XU F,CHEN X L,SUN X H,et al. Structural and molecular basis for the substrate positioning mechanism of a new PL7
subfamily alginate lyase from the arctic[J]. Journal of Biological Chemistry,2020,295(48):16380-16392.

[98] ZHU B W,NI F,NING L M, et al. Cloning and characterization of a new pH-stable alginate lyase with high salt tolerance from
marine Vibrio sp. NJ-04[J]. International Journal of Biological Macromolecules,2018,115:1063-1070.

[99] ZENG J,AN D,JIAO C,et al. Cloning,expression,and characterization of a new pH- and heat-stable alginate lyase from
Pseudoalteromonas carrageenovora ASYS5[J]. Journal of Food Biochemistry,2019,43(7):1-13.

[100] WANG Y ,CHEN X,BI X, et al. Characterization of an alkaline alginate lyase with pH-stable and thermo-tolerance property[J].

Marine Drugs,2019,17(5) :1-14.

[101] ZHU B W,HU F,YUAN H,et al. Biochemical characterization and degradation pattern of a unique pH-stable polyM-specitic
alginate lyase from newly isolated Serratia marcescens NJ-07[J]. Marine Drugs,2018,16(4).1-12.

[102] HUANG G,WANG Q,LU M, et al. AlgM4:a new salt-activated alginate lyase of the PL7 family with endolytic activity[J].
Marine Drugs,2018,16(4):1-13.

[103] CHEN X L,DONG S,XU F,et al. Characterization of a new cold-adapted and salt-activated polysaccharide lyase family 7
alginate lyase from Pseudoalteromonas sp. SM0524[J]. Frontiers in Microbiology,2016,7.1-9.

[104] UCHIMURA K ,MIYAZAKI M,NOGI Y ,et al. Cloning and sequencing of alginate lyase genes from deep-sea strains of Vibrio
and A garivorans and characterization of a new Vibrio enzyme[J]. Marine Biotechnology,2010,12(5):526-533.

[105] IWAMOTO M,KURACHI M,NAKASHIMA T,et al. Structure-activity relationship of alginate oligosaccharides in the
induction of cytokine production from RAW264.7 cells[J]. FEBS Letters,2005,579(20) :4423-4429.

[106] BELIK A,SILCHENKO A ,MALYARENKO O, et al. Two new alginate lyases of PL7 and PL6 families from polysaccharide-
degrading bacterium Formosa algae KMM 3553 (T) :structure , properties,and products analysis[J]. Marine Drugs,2020,18
(2):1-12.

[107] DENIAUD-BOUET E,KERVAREC N,MICHEL G,et al. Chemical and enzymatic fractionation of cell walls from Fucales:
insights into the structure of the extracellular matrix of brown algae[J]. Annals of Botany,2014,114(6):1203-1216.

[108] INOUE A,KAGAYA M,OJIMA T. Preparation of protoplasts from Laminaria japonica using native and recombinant abalone
alginate lyases[J]. Journal of Applied Phycology,2008,20(5):633-640.

[109] WAN B,ZHU Y,TAO J,et al. Alginate lyase guided silver nanocomposites for eradicating Pseudomonas aeruginosa from lungs
[J]. ACS Applied Materials and Interfaces,2020,12(8):9050-9061.

[110] PATEL K K,TRIPATHI M,PANDEY N,et al. Alginate lyase immobilized chitosan nanoparticles of ciprofloxacin for the
improved antimicrobial activity against the biofilm associated mucoid P. aeruginosa infection in cystic fibrosis[J]. International
Journal of Pharmaceutics,2019,563:30-42.

[111] LEE O K,LEE E Y. Sustainable production of bioethanol from renewable brown algae biomass[J]. Biomass & Bioenergy,
2016,92:.70-75.

[112] WANG D M,KIM H T,YUN E J,et al. Optimal production of 4-deoxy-L-erythro-5-hexoseulose uronic acid from alginate for

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol. 42 Issue 1 2023



A
I%

|
Al
%
!

B
>
%u“;
==
2
%
S
w

&\
&
&
=
B
&
3
&
=3
w

brown macro algae saccharification by combining endo- and exo-type alginate lyases[J]. Bioprocess and Biosystems Enginee—
ring,2014,37(10):2105-2111.

[113] LI Q,HU F,WANG M Y et al. Elucidation of degradation pattern and immobilization of a novel alginate lyase for preparation
of alginate oligosaccharides[J]. International Journal of Biological Macromolecules,2020,146:579-587.

[114] LI S,WANG Y,LI X, et al. Enhancing the thermo-stability and anti-biofilm activity of alginate lyase by immobilization on low
molecular weight chitosan nanoparticles[J]. International Journal of Molecular Sciences,2019,20(18):1-14.

[115] MESHRAM P,DAVE R,JOSHI H,et al. A fence that eats the weed :alginate lyase immobilization on ultrafiltration membrane
for fouling mitigation and flux recovery[J]. Chemosphere ,2016,165:144-151.

[116] CHENG D Y ,JIANG C C,XU J C,et al. Characteristics and applications of alginate lyases:a review[J]. International Journal
of Biological Macromolecules,2020,164:1304-1320.

[117] CAO S S,LI Q,XU Y X,et al. Evolving strategies for marine enzyme engineering:recent advances on the molecular
modification of alginate lyase[J]. Marine Life Science & Technology,2022,4(1):106-116.

[118] YANG M, YANG S X,LIU Z M, et al. Rational design of alginate lyase from Microbulbifer sp. Q7 to improve thermal stability
[J]. Marine Drugs,2019,17(6):1-13.

[119] HU F,LI Q,ZHU B W,et al. Effects of module truncation on biochemical characteristics and products distribution of a new
alginate lyase with two catalytic modules[J]. Glycobiology,2019,29(12).876-884.

[120] XU X Q,ZENG D Y,WU D Y,et al. Single-point mutation near active center increases substrate affinity of alginate lyase
AlgL-CD[J]. Applied Biochemistry and Biotechnology,2021,193(5):1513-1531.

[121] SU B M, WU D Y,XU X Q,et al. Design of a PL18 alginate lyase with flexible loops and broader entrance to enhance the
activity and thermostability[J]. Enzyme and Microbial Technology,2021,151.1-9.

[122] ZHANG K K,YANG Y,WANG W D, et al. Substrate-binding mode and intermediate-product distribution coguided protein
design of alginate lyase AlyF for altered end-product distribution[J]. Journal of Agricultural and Food Chemistry,2021,69
(25):7190-7198.

[123] RAMSTAD M V,ELLINGSEN T E,JOSEFSEN K D,et al. Properties and action pattern of the recombinant mannuronan
C-5-epimerase AlgE2[J]. Enzyme and Microbial Technology, 1999,24(10):636-646.

[124] CIF F,JIANG H,ZHANG Z H et al. Properties and potential applications of mannuronan C5-epimerase : a biotechnological tool
for modifying alginate[J]. International Journal of Biological Macromolecules,2021,168:663-675.

[125] BJERKAN T M,BENDER C L,ERTESVAG H,et al. The pseudomonas syringae genome encodes a combined mannuronan
C-5-epimerase and O-acetylhydrolase , which strongly enhances the predicted gel-forming properties of alginates[J]. Journal of
Biological Chemistry,2004,279(28):28920-28929.

[126] WOLFRAM F,KITOVA E N,ROBINSON H,et al. Catalytic mechanism and mode of action of the periplasmic alginate
epimerase AlgG[J]. Journal of Biological Chemistry,2014,289(9) :6006-6019.

[127] SVANEM B I G,STRAND W [,ERTESVAG H,et al. The catalytic activities of the bifunctional Azotobacter vinelandii
mannuronan C-5-epimerase and alginate lyase AIgE7 probably originate from the same active site in the enzyme[J]. Journal of
Biological Chemistry,2001,276(34):31542-31550.

[128] GAWIN A, TIETZE L,AARSTAD O A et al. Functional characterization of three Azotobacter chroococcum alginate-modifying
enzymes related to the Azotobacter vinelandii AIgE mannuronan C-5-epimerase family[J]. Scientific Reports,2020,10(1):1-
14.

[129] JAIN S,FRANKLIN M J,ERTESVAG H, et al. The dual roles of AlgG in C-5-epimerization and secretion of alginate polymers
in Pseudomonas aeruginosalJ]. Molecular Microbiology ,2003,47(4):1123-1133.

[130] BUCHINGER E,KNUDSEN D H,BEHRENS M A, et al. Structural and functional characterization of the R-modules in
alginate C-5 epimerases AlgE4 and AIgE6 from Azotobacter vinelandii[J]. Journal of Biological Chemistry,2014,289(45).

LRSS LR ASIL 2023 FE 425511




ReVieW LI Li,et al: Research Progress of Alginate Polysaccharide Molecular
Modifying Enzymes

31382-31396.

[131] BJERKAN T M, LILLEHOV B E,STRAND W I, et al. Construction and analyses of hybrid A zotobacter vinelandii mannuronan
C-5 epimerases with new epimerization pattern characteristics[J]. Biochemcal Journal,2004,381(3):813-821.

[132] ERTESVAG H,VALLA S. The A-modules of the Azotobacter vinelandit mannuronan-C-5-epimerase AlgE1 are sufficient for
both epimerization and binding of Ca*[J]. Journal of Bacteriology,1999,181(10):3033-3038.

[133] ROZEBOOM H J,BJERKAN T M,KALK K H,et al. Structural and mutational characterization of the catalytic A-module of
the mannuronan C-5-epimerase AlgE4 from Azotobacter vinelandii[J]. Journal of Biological Chemistry,2008,283 (35):
23819-23828.

[134] AACHMANN F L,SVANEM B I,GUNTERT P,et al. NMR structure of the R-module:a parallel beta-roll subunit from an
Azotobacter vinelandii mannuronan C-5 epimerase[J]. Journal of Biological Chemistry,2006,281(11):7350-7356.

[135] JERGA A,RAYCHAUDHURI A, TIPTON P A. Pseudomonas aeruginosa C5-mannuronan epimerase : steady-state kinetics and
characterization of the product[J]. Biochemistry,2006,45(2) :552-560.

[136] GAARDLOS M,HEGGESET T M B, TONDERVIK A, et al. Mechanistic basis for understanding the dual activities of the
bifunctional Azotobacter vinelandii mannuronan C-5-Epimerase and alginate lyase AIgE7[J]. Applied and Environmental
Microbiology,2022,88(3):1-18.

[137] CAMPA C,HOLTAN S,NILSEN N, et al. Biochemical analysis of the processive mechanism for epimerization of alginate by
mannuronan C-5 epimerase AlgE4[J]. Biochemical Journal,2004,381(1):155-164.

[138] HOLTAN S,BRUHEIM P,SKJAK-BRAEK G. Mode of action and subsite studies of the guluronan block-forming mannuronan
C-5 epimerases AlgE1 and AlgE6[J]. Biochemical Journal,2006,395(2):319-329.

[139] ERTESVAG H,HOIDAL H K,SKJAK-BRAEK G, et al. The A zotobacter vinelandii mannuronan C-5-epimerase AlgE1 consists
of two separate catalytic domains[J]. Journal of Biological Chemistry,1998,273(47):30927-30932.

[140] ERTESVAG H,HOIDAL H K,HALS I K, et al. A family of modular type mannuronan C-5-epimerase genes controls alginate
structure in Azotobacter vinelandii[J]. Molecular Microbiology,1995,16(4).719-731.

[141] HOIDAL H K,ERTESVAG H,SKJAK-BRAEK G, et al. The recombinant Azotobacter vinelandii mannuronan C-5-epimerase
AlgE4 epimerizes alginate by a nonrandom attack mechanism[J]. Journal of Biological Chemistry,1999,274 (18):12316-
12322.

[142] SUN M,SUN C,LI T,et al. Characterization of a novel bifunctional mannuronan C-5 epimerase and alginate lyase from
Pseudomonas mendocina sp. DICP-70[J]. International Journal of Biological Macromolecules,2020,150:662-670.

[143] RAMSTADAB M V,MARKUSSEN S,ELLINGSEN T E,et al. Influence of environmental conditions on the activity of the
recombinant mannuronan C-5-epimerase AlgE2[J]. Enzyme and Microbial Technology,2001,28(1) :57-69.

[144] ERTESVAG H,HOIDAL H K,SCHJERVEN H, et al. Mannuronan C-5-epimerases and their application for in vitro and in vivo
design of new alginates useful in biotechnology[J]. Metabolic Engineering, 1999,1(3):262-269.

[145] FERNANDO I P S,LEE W,HAN E J,et al. Alginate-based nanomaterials: fabrication techniques, properties,and applications
[J]. Chemical Engineering Journal,2020,391.1-13.

[146] AARSTAD O A,STANISCI A,SAETROM G I,et al. Biosynthesis and function of long guluronic acid-blocks in alginate
produced by Azotobacter vinelandii[J]. Biomacromolecules,2019,20(4):1613-1622.

[147] GOH C H,HENG P W S,CHAN L W. Alginates as a useful natural polymer for microencapsulation and therapeutic applications
[J]. Carbohydrate Polymers,2012,88(1):1-12.

[148] LIU J,YANG S Q,LI X T,et al. Alginate oligosaccharides:production,biological activities,and potential applications [J].
Comprehensive Reviews in Food Science and Food Safety,2019,18(6):1859-1881.

[149] KAWADA A,HIURA N,SHIRAIWA M,et al. Stimulation of human keratinocyte growth by alginate oligosaccharides,a
possible co-factor for epidermal growth factor in cell culture[J]. FASEB Journal, 1997,11(9) :43-46.

JOURNAL OF FOOD SCIENCE AND BIOTECHNOLOGY Vol. 42 Issue 1 2023



Z%

R

B
=
2
o
%u“;
==
2
%
S
w
&
&
&
=
B
&
3
&
=3
w

[150] CHANASIT W,GONZAGA Z J C,REHM B H A. Analysis of the alginate O-acetylation machinery in Pseudomonas aeruginosa
[J]. Applied Microbiology and Biotechnology ,2020,104(5):2179-2191.

[151] BAKER P,RICER T,MOYNIHAN P J,et al. P. aeruginosa SGNH hydrolase-like proteins AlgJ and AlgX have similar topology
but separate and distinct roles in alginate acetylation[J]. Plos Pathogens,2014,10(8):1-16.

[152] WHITNEY J C,HOWELL P L. Synthase-dependent exopolysaccharide secretion in gram-negative bacteria[J]. Trends in
Microbiology,2013,21(2) :63-72.

[153] DUDUN A A,AKOULINA E A,ZHUIKOV V A et al. Competitive biosynthesis of bacterial alginate using Azotobacter
vinelandii 12 for tissue engineering applications[J]. Polymers,2022,14(1).1-21.

[154] DONLAN R M,COSTERTON J W. Biofilms:survival mechanisms of clinically relevant microorganisms[J]. Clinical Micro—
biology Reviews,2002,15(2):167-193.

oo FH B

R 2R S IT 25 1 H M RR 2R M B 0 iR 1 B G R T U (E ML E

2022 4 12 H 6 H ,BREE 23 51 25 W3 & A Ares (2022)8453372 5 % i SCF , BB IT (EU)2019/6 5 2% 17 , RI 2% 11
H 10 R 9 5 g R 0 A 3 v e P R B e TR R B T I R AR 2023 4E 1 A 3 B, FEBITHAMT 1)1k
FHE < MBS 1 20 R A sl W B sl W o A T I R A 5 IR URE s REOR A B A sl R HC ]
B2 ol 5 ek U A RIICAT S B ) i S B AN SR IR B T 3 £ 5 o A 5 2) A 1 T R S T 2 4 . AR
S A KB IN BEE A TR R A 5 3) 7 A RR B B R 0 2 Ok B A R S = E SO X B AT TR AT S
FE R E IR A

[fRERIR ] rhAe N RIEFNE 1 OCE2 . WCHR METT 4% (b 1 KRR % 2l 4 51 £ it v 470 741 57 4 1 %2 [EB/OL].
(2022-12-23).http://www.tht.org.cn/warningDetail.html?id=aYkOQzdsU4z] CqtUaLvl6DiZ8 BCU3pNSzxRJry4

LRSS LR ASIL 2023 FE 425511




