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W OE: AART L RANTEEEM R 4895 5 & 4 45 — 45 B8R 1LB5 (Cellobiose Phosphorylase,
CBP)#u 4 4 F¥E A5 B /0B (Cellodextrin Phosphorylase, CDP)&5ER AL R MR LT 4 — N A4t 4 45 . CBP
#2 CDP /& T 4% F /KB 94 K 7% (Glycoside Hydrolase Family 94, GH94), 3t B-1,4 #3454 4 —.
BAl &) ZAR T RE &R 4 CBP #= CDP 492 fe it i fefEALALIE, JFil i & & S dh ik 54748
™ T S R R AR S FABAE AR 69 s My Jhml. B CBP A= CDP +T ARG 69 B BR AL 5L A7
R Faif @) MR, A % FHIRERT CBP = CDP A FE&x Loy, TEEMEAEAR
U FHE TARMER . WEBET TR FBEELESRAFHRELE 3 A5 @, & T CBP
Fo CDP 6934 XiE, At ZH oA XA R AT EE, FHRESBHHRE L.
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Research and application of cellobiose phosphorylase and
cellodextrin phosphorylase: a review

LI Yapeng XU Yifan CHEN Hongge'

Key Laboratory of Enzyme Engineering of Agricultural Microbiology, Ministry of Agriculture; College of Life Sciences,
Henan Agricultural University, Zhengzhou, Henan 450002, China

Abstract: In nature some anaerobic cellulolytic bacteria can produce cellobiose phosphorylase (CBP) and
cellodextrin phosphorylase (CDP) in order to phosphorolyze cellobiose and cellodextrins, respectively.
Both CBPs and CDPs belong to glycoside hydrolase family 94 (GH94), which have a high specificity for
B-1,4-linked glycosidic bonds. At present, the properties and catalytic mechanism of CBPs and CDPs from
different strains of bacteria have been extensively studied, and analysis of the protein crystal structures
have revealed the structure basis of the two phosphorylases for catalyzing different substrates regarding
their degree of polymerization. Because of the unique phosphorolytic reactions and reverse synthetic
reactions CBPs and CDPs can catalyze, there have been many reports showing their applications which
mainly include three aspects: construction of engineered yeasts that directly use cellodextrins, construction
of enzymatic conversion pathway of cellulose to starch, and enzymatic synthesis of special sugars. Due to
the rising interest in CBPs and CDPs, here we have reviewed the related studies and provided some
perspectives about the future research areas.
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RBTEF e 2 ek b3 f o 3 & AT A
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I B PRI TS G . BRI AIL A £ i A e 55 ) AU 2L AT
HRWE L SR, ARBTEF4E R 451 B P18
T HRE MR 19 O T AE R R IEA RS, AR
Ve AR N 5 12T Gy SRS LD ES R N
PRI HE T T WK AR 2T 4 R IR T, X sk
2T 4 2% B 0 0O W 8 2 o0 W TN U 2R B T
(Endo-1,4-B-D-Glucanase , EG)FI -4 — Wi 7K fift lifg
(Cellobiohydrolase, CBH)/E ] F KR4 &K,
PR HE TR RN AR TEME, 2T R TR AL 4ESE
W E — 20 W T 1 IR B PN ) - e AR
11 W (B-Glucosidase, BG)ZKAf, A& B %54 4% A
FHURL XSO R AR LT KRR, W Clostridium
stercorarium™ . Ruminococcus albus", © 1%
T BGIK SR LT Yt — el 2 Y50, b A —
Bl % R L. (Cellobiose Phosphorylase, CBP)FI4f
o 75 BH Wk R 1k B8 (Cellodextrin  Phosphorylase ,
CDP), 3l WmR ik 2 2T 24 RN LT 4 SE 0, %
PR ) [ RE R A LA o BEmR AL CBP Al
CDP 5 BG —H, J& HARRMAEY ™ A ML 4R
KeflE R e, BA15 EG. CBH M4H 73 bhlmfE
F, - FERDH 27 4 3% 5 J5T 3 ik nid Al A= 0 mT 0 P ey e
IRARETR

ATF T BG R £ 4 TERE R W r K f A
CBP (EC 2.4.1.20)F1 CDP (EC 2.4.1.49)J&3# + #
W2 A 2L i £F 2 S50 S XTI P iy B i . e
CBP {EFI T4 — W, A2 1-BIR- 4 4 (G-1-P)
it bk, M CDP WI/EH F R A FE (Degree of
Polymerization, DP) >3 (Y 4£F 4 ZE b, N4 4k —
B EFHEVORE . AP ME TSR, AR G-1-P A1
LRSS S YE SR . KT CBP il CDP
18 2T A —WH N 2T AE SE0E 1 BRI A1 2L A (LT TR ARk
f I REAE BRI . WAL PLI . ATP A=, D
PSS 224507 TR S KA BG B £F 4k — BRI £F 4
FERER KA RRAFE AR, A 5K BG I LEIA 3L

O KR, ALk CBP A CDP FEZERY
SR FN R O
1 CBP #i1 CDP 3¢5

CBP T 20 {42 50 4 ULE Clostridium thermocellum
b g kBT e ik, AR T
Z f AW kBT CBP, U Clostridium

thermocellum™ . Cellvibrio gilvus[ . Cellulomonas
[10] [11]

9]

Clostridium
[12]

Fomes
[3]

species annosus

stercorarium Thermotoga neapolitana

[14]

Cellulomonas uda'™' ., Thermotoga maritima

Ruminococcus albus'™ . Ruminococcus flavefaciens!'®
Hl Thermotoga petrophila® ™%, CDP & T 20 fit22
60 SEAC K [RIFE B SCHE Clostridium thermocellum
YRS 2 JSRESELE Clostridium stercorarium'™
Clostridium thermocellum YMA4A"' | Saccharophagus
degradans®™ . Ruminococcus albus™"F Clostridium
cellulosi® 4 (A= Wy vh & B . 0T LA 51 38 2
CBP itJ& CDP, EfTHRIEEFE R TIKAR, £
O3 AT A SRR T I A R

CBP 1 CDP ¥JJ& T M AR, EAT109 =)
G-1-P LA R %5 W 1 H2 0l A M A P T AN A7 7 125
iz, SR, KRZEN BG ZMISMEE, 1L
A/NER T JE TN . TE B AR B —SE R P [R]
if A BG. CBP I CDP, ixX4LpaFl7e Al FIEF 4k
TR I R 22 3 B NS W A R AR A 4o
Clostridium thermocellum [F)B} AT B Py B BEIR 1L
Mg PG, H AL 5L IBOBO0 2T 2 — 0 ot gk k4
Fbok fi ok 5 20 £210 F2y 78 Ruminococcus
albus "1, O PN T8 I B AR R AR A I 2T 4 — R L
Bl 90%*Y . R WL Ve FIlFHET 4 S0k
MR, BEAR R4S AT AR oK g A T HLAA A
.

X FA R, A 4 TN R A L AR i
CBP & CDP Z: 5Bt L PG S 5K HATHY
AR BT L iy £ 4E SRR AT A 72 o A0 7 RE AL 2
S Re. DALTHE BRI B8 1), KRRt
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Phosphorolytic pathway of cellobiose
G,

G + G-1-p
2G-6-P

EMP
1C, —— 4Pyruvate+5ATP

Hydrolytic pathway of cellobiose

pi

G + G-1-P
2G-6-P

EMP
1C, — 4Pyruvate+4ATP

1 AHE_EOBBERIER T KBEEE ATP £ LR
Figure 1 The advantage of the phosphorolytic pathway compared to the hydrolytic pathway in ATP production during

cellobiose degradation

TE: Co: £F4E W G: W4 G-6-P: HAME-6-BMR: HK. CHHMEE; PGM. SRR 4L
Note: C;: Cellobiose; G: Glucose; G-6-P: Glucose-6-phosphate; HK: Hexokinase; PGM: Phosphoglucomutase

B W A 0 A ) B 24 7 ) 34 i A B % % (Embden-
Meyerhof-Parnas Pathway, EMP)&4%. %
FEVEA EMP 3848, T G-1-P 54 S 28 B -6- i iR
(G-6-P)JiiE A EMP i&48. 1 /0 FHi& &0t EMP
WA BN BRI A A 2 4 F ATP, ifi 1 43T
G-1-P 4 G-6-P ik A EMP 3424z 5 75 R 2 ) 2 7
N FHEE 1A ATP S A% 3 401 ATP, £F
Y WK R, FRAR 2 S EEEE A EMP
R 4 T ATP, L4 Mg wsfw, 7k
() 1 4 FHZ MR 1 43 F G-1-P #E A EMP NI
W5 4T ATP. M T/KER, wifaitaets
JREM A IREEZ 1 4T ATP, PR S AG F
FREm A K.

2 CBP #1 CDP iy fbi R

HATC AR AARFEERE 9 # CBP 45 3 F
CDP BB A7 VR A Bl PR T 3RAE o ARl Bt 11
IR R R, A2 8 I RIT Y. B
KN, BIEIREE . AoiE pH FUR P4 S5 i 1y
H—EMZEN ., M4 BRENDA ¥ 2ok O A 1E20
fiRiE ) CBP F1 CDP BB~ PE BT LR, sk 1
Iz

ARSI CBP 45 CDP 4> FH:M 91 kD %

280 kD A%, HARKEERA Cellulomonas
gilvus ) CBP, 4>FHH 280 kD™, AN[EE 5
CBP Z [ FIR ¥ 9 A —E W F—1E, KATE
60%—90%[8], HiUN: K H Thermotoga neapolitana
F Thermotoga petrophila 1¥] CBP [d]—14:°4 89.7%;
M3k B Cellulomonas uda 1 Clostridium stercorarium
() CBP [a]—1EHBAK, H 61.4%. A CDP
Z A LR 9 [A] — PR AR, A7E 40%, filancR
H Clostridium thermocellum F Clostridium cellulosi
[t) CDP 2R 51 Z A1) [F]— 1 44.3%.

CBP 5 CDP il AL R Z7E 6080 °C
ZIE), AR A IR R T A PR S RORTA] 45 EAE AR
—EZESE . BIMRER Clostridium thermocellum
(i f 6 A KRl 6065 °C, Hi™ A ) CBP fid
AR Jy 60 °C™; Fod 4 IR 80 °C i
FEINTE Thermotoga maritima FIT 7=/ 1Y) CBP fgid 1
TIREE N 80 °CM™s [RIREA 1Ry T R B 1 g 41
Thermotoga petrophila ;”/:1¥) CBP Foilifi fb i
PRENT 80 °C!; M HbAAIE B A W R 4 s
HIFEFEINE Thermotoga neapolitana, .7 i)
CBP i AL W ik 85 °Cl); Wi T FRos i
JEFE 39-41 °C Z[a] )98 B 405 Ruminococcus albus
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JE 77 AR B CBP dic i i A6 I BE 0 AH XA,
50 °C'™, T CBP 5 CDP )& FHIAHE, 1]
JIT A A 1) 2 0% J81 70 ff A 0y A B o P AT, T B
e TR Al 1) Hh P L A IR R B S N AR
Bk, AFERIEEFR CBP 5 CDP fia@ fEH pH
M2E AR, FEAHE 6.0-8.0 Z [,

CBP il CDP J& THAZ IS, HEALAYIE AT
o HAtRYE, CBP FI CDP B 1AL LT 2 SEHE
AR Z A, AT LAEAT 30 1] (95 iUz, BPEA
HIA LT N L Z IR, % G-1-P By
D-Hi A B R B [ R B — R A YR 5%
VEIFRERCH TCHLBE . UL CBP N, TEBEAR I 7
6], CBP TEJCHLBA A7 7E T A5 £ 4k M o0 it
153 G-1-P #1143 FH %05 s 766 B )7 W)
CBP WA G-1-P M %S M4 —h . FAl]
ATLAER], FEFrS)H RS CBP 5 CDP 4k A9 AL i
IV SN 24U 2y L RS Ry sl [ M e =S
MH R, FlUkH Cellulomonas gilvus 1
CBPP 53k [ Cellulomonas uda 1] CBP'™, % —
SSRiAE 2 N5 ) bR RN HURAEAE S 25 S,
sk B Ruminococcus albus %) CBP Il CDP, Hi#
WA 5 1) IS 0 6 3 8 T B 1 s s % AR
B2, S A O i R R,

Bk FiRBESN, Wu SE%5E TR H Thermosipho
africanus TCF52B W HEAY THA 1941 £ A9 UIHE,
BARZE A S A A GH94 K% E CBP g1 [+]
— PR T 12%, (HARR T CBP AYEH:, mMH
ZRETE 5 BT 10118 RE R FHEF 4 — W ARG B KT
2 WL HETENE AR SEZ K, 7R T CDP Ll
REDs ALK (kea/ Kon) N SE B, 21 28 DUME FILT
A TURE 53 ) LB A NG S N I B AR R, JF
S By 1) B4 B 07 78 5408 vy T W Il 5 T
it 5 T 1) b B [ 3ol FH 7 4 — W R0 2T 24 55
T A 2 ) A WA S A2 AR, DR e &
X TaCDP; 2019 4F, Kuhaudomlarp &5 —IE
ST ZMEXT B-1,3 WL —, Tk CBP il CDP

ML B-1,4 WHTF6EE, DR R JLE B e SO B
FR AL (Glycoside Phosphorylase, GP), FfIHZEH
WK R 161 FIE(GH161)PY,

Uk4h, 7E CBP F CDP LAY A s i, B
T 2 T A S T DR AR A A A, R
Z GRS HADREIE NAKE . HER b . e A
B VBRI Z (A0t LA AR S e v, X BoR T
CBP 5 CDP 7EFRAME IS0 & B T HAT VEAE () 1
FAMA

3 CBP fi CDP HIREALHLHI R AEALES
W2 5

E AW FTIH R, CBP 7EA# AL AT 38 [ i fi
BRI ARG bi-bi AL, RIS 2% 4%
W —SE MY S A &, [N RO P M4 B — 8
PINF R, (HXTTFAER CBP, HIKMIME G5
PR RO A AE— 8 1 22 57 . TERERE 7 ] |,
FKIRT Cellvibrio gilvus®*'FI Cellulomonas uda
) CBP F5C 5474 —MELs G, P9 BERR LA 25
G, RSk D-#ahl, HER G-1-P, KK
F Clostridium thermocellum () CBP 7E = ) B U7
5 B3k 2 4> CBP gAHIE], [H 245 i R
FHI, BV S o e 5 A 0 45 G TE AT, TS 2R 4
TR S TERCY, A, RIET Thermotoga
maritima" H Ruminococcus albus" ¥ CBP I & LA
BEALEY T 5 EI45 G o

HATCA 3 Rl DR IER) CBP 283d X 4T
YA A AR AR S A, ar Dk ok B Clostridium
thermocellum 1) CBP (CtCBP)®"| 3£ Cellvibrio
gilvus 1] CBP (CgCBP)* I3k B Cellulomonas uda 1]
CBP (CuCBP)™. #ZEHAT, Ak A Clostridium
thermocellum [¥] CDP (CtCDP)f5 2] T BHHf 1) IR 245
RO AT R 1R = 4RGSR OR B,
2 MAHFEIE L, AR T 4 AR
EEH—N i B-—HIAZM L, SREE A
(0/)6- iR L5 F AN C It 45 M AR GE AE 85 T
2 AR ) — R A A B AR AR A SR A
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TE—ie s B AR T (/o) 6-RTRGE H AL T 55
— P B-—INAG A AL, X 2 S
22 ) AR A R B, T At P 355 e e BT

LI CtCBP M|, HApFHEd 811 ML IRA
B, RS, BT KRR 94 K
W, B4 ARSI (R 2), A a5
OLEITT . 1-279 AEEIRFRHE N N I B-—HIG
GER I, 280-314 % R 5% AL O MR e % B IR
321-734 4 Fk R 5% 2L K (o/o)6- A MR 45 #4 3 ;
315-320 ZAKLFERAR L AN 735-811 LRI N
C M RGN 3 B-=IIA LS
18 NS AT B EEIE A BRI B P& 4
B, Z 5 EIE L 90°25 H Y 2 4> o- 1R e 4 BUIR iE i
Fetk, N Ui B-—BH YA L AA) ol o ik B e % B2 A
5 (/o) 6-H BE S5 A I AH 152 5 (o/cn)6- 47 256 45 44 S P
2 AMRLODEIERL, X 2 ANELD IR E 6 4> a-igie
W, Ho &AL &S ERST AL,
His653. GIn699 F1 Thr718, ‘Ef1AMIEE S Gly719
() F5E N T LEARRES #4380 N B R G 5 s R i 45

A (o/a)6-HRRGE R B

(a/0)6-barrel domain

VT Y iy
(q'y\y ft‘ b’ Jelly roll domain
¥ . \dm

3 e N

7
S
MY ol
) OB i
{ ‘ ‘ ) ,':/ Helical linker

Ty~
B- a1 ¢

B-sandwich domain

2 CtCBP (A)F1 CtCDP (B)HI B kL5 4+

4, I EARETRIE Aspa83 HLf TARRGEH R .
BT s C Sl # I )R I WUZ 5 i 3 & P70 78
CtCBP ', N i B-—BIIA S5 IR (o/ o) 6- R 45
P32 (] A AR O TR D A4S K/, —
AHER 2 AT E BRI 158—169)ZEfH F 55—
FE (/o) 6- AR 25 K 30 R 1) — R AR AT v, S B
TIEHALE SIS 75— IRk 488-507)
A F 8 7 T AS R TOES X ORI AT TR
i, 4SRRI R LAGE & o (BN BN RR IS 25 40
RAEFE3 (TR, DT (5 AT DA T SR R
IR BRI,

CtCBP my#{&¥r& 5 HAM GH94 A5 (U
CgCBP #il CuCBP)HIIH, [k A Clostridium
thermocellum B CtCDP 5 ixLblfrrahty i EA
—EWIFILE (E 2). CtCDP fu & —AN K p-=H
TREEFIR, IREEHIIE T A B R AR
It 2 A oM E I E (o/o)6- AR A AL S F e,
I LL—AN /N 2R FE U224 i 4 28 10 A1 161 45 Ry 3k 4
F&. CtCDP iR7E N difrAE— R i 120 ~%(

(/) 6- il AR 25 A6 5k

P o L B

. Jelly roll domain

HEIE 7%
l/ Helical linker

B-—HIAZEF
B-sandwich domain

Figure 2 The monomer structures of CtCBP (A) and CtCDP (B)
TE: B-=HNASSHBUT AL @R BT AR s (o)6-RE BT Abrh; EihZ T Ek @l ; CtCDP ) N Ay

o/ P EEFI T (bR

Note: B-sandwich domains are colored red; Helical linkers are colored cyans; (a/a)6-barrel domains are colored yellow; Jelly roll
domains are colored green; The N-terminal o/f domain of CtCDP is colored blue
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BERRIR LA N o/p G5H, XA o/p Gt
N Uiy B-— BTG G5 R 34 55 AH G 5 11 B-— IR 45
MBAFFEAR AR, SRR T SRR
HAREOL, BEAh, [RIRESR I X-SH28 Ay kvt ok
H Thermosipho africanus TCF52B [1] TaCDP (J5#%
4N GP)RY) 5E1Z M 25 SRS T T 9%, &
PRAHE T C BT CtCDP, HoAE (/o) 6-FiR A AL 45
BN BAR R 45 & DA AP TR A KA
A 1 BE M A AT A X AT RE S 5 RIS 48 A
CR/NE AR, E T 5 i LT A e S
hHE 2 ATLUER], REFR—RH%KK CtCBP
Y5 CtCDP 7E45 AT RE L ARAE R AL, (H 31
YRR AR K2 . 5 CtCBP ML, CtCDP
PR IR R I sEz , W LERFRE
>3 LT 4EZERE, T CtCBP HAEGE LILT 4 — B h
W O'Neill 55 PZERE 22 57 THDG X Rl S A5
Tf#RE: CtCBP TGN A EE . CtCDP B i)
P, X ERE T 3 2R (A 3):
(1) =FHNMLF IR 048 A 1 4b B4 fL 35 (Catalytic
Loop) JEAIR], CtCDP % CtCBP K 12 243
MRBR AL . BARTEAL G AL OCHALAT Asp624 IR 4Y
b, ZHEESHAELL, {HAE CtCDP H M 11e628 Z )5
KHATH5ZHEEAFRES ., X+ CtCDP Hiik
WEE, ZIRIR LT B I PR, T — A N T
FI 5 IR E LS, Z R M Lo fE5)
— AN I FEIR LS A 2 5 I — /N IR TE Y
. XAT CtCDP AN WE SRS . T
— 7T, FRERER T A Trp622 1 Asp624 HITRAT A1
WEXIEIETCFM . MEZ T, CtCBP b IR0
REEATFR, H C il r S Eim A s 4%
Z b, BEH TR OASACRRN; (2) BiefEfh
RO AR T F (Adjacent Loop) X G P4V 5 H A4
Frvhse, (HIXFmXT CtCDP X /N, KA
CtCDP 4RI [ CtCBP FRR I IR 5 N4
JLH#2 ; (3) CtCBP Fl CtCDP [a] %5 3 4> B 5 2% H
W T RA AT 2 NWIIE R . 5 CtCDP

M, ¥ CtCBP FE IR FILHE — I HIHIL
Ao AR T T HEARTERE , I AE CtCBP
2 AN SE R AR, B A TSR] SRR [ 4R /N T
PO Sl 1 KX S NTITE: = D 1 S W O £ V2
LIS PENL 8 &/ T CtCBP YR M4E,
HHBA AR 2 AN E R B R, sRifife
VR S ANTJT R CtCDP H, 2 IS 481
B- = AL N AETE 2 4 o= , 3% 2 METERY
EE S5 2 m A M EAER A BT IRy 5161
LIS A . CtCDP JER N A o/ Z5F 38
FIREAAAEE —EMPER, SLSAHEXTIEER B-—H]
TR SRR S8 2 1] B AH A 25 0 S R T SR AR A —
B, FEEIAIF, SR RIKN 2 R
Z IRV EE R ARG I, A SR8 T LS R A
%%%[40-41]0

4 CBP #1 CDP 5

YRR E AR R AE Y ORI, L
I AFE T ARMIE S . Sk A= TE b, R —Fh
YA A YR, CBP 1 CDP [HH AT AR fRLT
Y 2R A i 0 B L o ) PR AR G BRI A >3 Y
EFYETEN , BT YRR G R P — 5L R
Jnfaffdi CBP 11 CDP 7 2] 4 2% [ A5 757 4 3 e
Ho R B K AR A S S AR R . HAiT,
CBP 5 CDP [ FZARBIAE 3 AT o

3 CtCBP (A)# CtCDP (B)R¥I QKR EMER
Figure 3 Comparison of substrate-binding pocket
between CtCBP (A) and CtCDP (B)

T MRS GRS Abrih

Note: Catalytic loops are colored red; Adjacent loops are colored
blue
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41 RATHEEEMNAALEERNIERGHE

RE S A4 A 32 = 45 AT A6 R 2 A1 i 554k
ARREHRACRB R, LA BT 4 38 0 Ik A 7 41
Y 21 2 BN A IR IO K R ST . 2742
T A 7 4 ORI A TR A A S5 T
VA X I ik 1) A BT 2T 4 R AU I /K it by BAMRE P
WA K BEA " O T AR A 4E 2K i ad 72
77 A A T G O N T G SRR R R 2
X 2k A S R A Y, R AT 4 R
(R T8 73 7K Ak ISR Tl 20 21 4 T AR 7 R0 ) E S
B, b AT DL 2T 2 SR (00 T I B T R
HEAT MR E , AT LA e S0 2T AE SEREXT £F 4 R
L3 OE IR (YA E I S =il o3 3 & ST SRR
W i) £ HE R Tl BRSNS I BG 403 LA AL £T 24 SE M
AR A, DRI AT LR R R AR A 5 21 4k 2% JURL A8 7K
RS o

Sekar S54[IH T 55— P AITEMIARIL CBP HYR
Wk TAR G, Hon] DL AR O A 27 4 A=
KB, Rz Hy s T AT L[] S K A R B i 7 24—
R HAF I TR, % TR SR T HUH B
— RS I A2 ) K A T TR T O oy 1 2 4 — A A
FA2EM BERTRI F CBP % B4 FH T2 B
AR AR EAT AT A RS A

PR TP T BE A S0y A 7 T 4 L B B A 58 4 T Y
wik, BASAK . 5 T RyEmom - i
AR, RS RE S B R LT e W LT 4
TEWE . MR T LU B R T 4R SR Y T AR BB T
BRATLLR 3560 . (1) Mt n] L3I sk i g /s
BG MR TREE 1, (i ek v ) P 2T 2k SRR
G ife 7 A ) A B R A T R I A L (HLX R
AR AN RE S 70 WA B 7R 8 Al , T3R5 U
TSNS BG, PRI B RA R AR BT 4T 4 5
RIKIRIET. (2) LT 4eSERE s A BG e A
WEBRER AL AT DA IET SR SEAR T TE M N 247
KA R TR AR, A PSR R TR
B ARA AL T 20— RO ik Eomas o, ATl 5

PE R J: 20 6 ) e JBE A6 T 3k 30 45 2 45 1 1o T o R I J L
A R EE R R Y SEAR AR, AT AN
i BGUT. SR A AN BG AR, AL
B R B A PR T R TE A, SECT R AR
REARN o (3) A4 A PN W6 A 2T 24 S M ) T R I B
W. Sadie SFMH T 1E RBFUIMHE L I A £ IX
ST Clostridium stercorarium B CBP BB ,
AT T AT LURBOT B AR 2T 4 5 i T R R
) If s A7 W 52 4% 23 3 K A Cellvibrio  gilvus .
Saccharophagus degradans 1 Clostridium thermocellum
] CBP 5k A HLKE Bk 1 B8 (Neurospora crassa) ¥ £F
Y SR 2 E O AR, AR T
AR R LT 4 W7 R TR IR T ARG, Rl
A3 o A AT AL TR Y BG e AT B T g 7
T LAIK s A2 R P25 4 — B0 TRR TR MR, I WF 5T
ERUESCTERR S IR E AT T, WA G ik A A
Yt 55 O AR AT KR AR 204 28%F
32%AYHE N 3 LEERETE T 5 I ALT4E R A A i
BB AKIFRIBARAE ATP Al T AR, FF
HFEAE ATP AN SR Bl AR 2 2 ATP f2E B
T, BRI T A KSR B W
I, LA CBP Fl CDP Jg .0 A4 1 4 M) FH 2T 4E S0k
0 TR I B A 2 O 4 IS £F 4 S A 7 Tl
) — A ET5 1]
42 BEEAHKEREIEMIER

A BRON A W 8 3t FORR 72475 SR R MR 42 T
ey i ok H 45 ™ AR AL BHIT T AR 1Y
RS, JEME N N RREEMRREEY, &
RE LUK IR 12 Y £ 4E R IsURH#EAT N LA A, B
YR EEVEN . AICRE S A e NS ik 25 1)
R, G AT AR AR R Ty Ak B R ) P B A ke
J%. You SR HE T ARSI £F 4 R L VE My
PRZRPO Szl TR 4 R B B RS

WA LT Ye KL VEMIR R 0 2 DR TELT
Y ZOK e, 2R KAk A A B 2 AR Y
NI B-1,4-%] R W (BsCelS) MK A Clostridium
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phytofermentans W4t WK fif (CpCeld8) I [F] F
HT A 8] = 25 4 i 5 2 )5 28 4 —WEAETE R
E R8Ok B Clostridium  thermocellum 1)
CtCBP @ fif Jy i W Fl G-1-P; fJ5 G-1-P #ok A
LR T ) R SRR R A I G 31 22 2F SR A
BCEBEVERY . MARREA 2MLS: (1) SF4ERK
i ABE T o) £ 2 3R 0 Wi DG A T B A 2 — 0, KRR
Wl D 158 A AR 7 ) R A WX K AR 1 5
HIVERT, FEAR T 4R 4 ZOKMERIMERE s 2) MG
AR G-1-P S H1 CtCBP AL 2T 4k — i
PP AR, AR FR Y SO ) AR A AT Al
FREPIR N . MELZTT, ARG SIER
T4 ATP 5% GTP 2 5 L%, 2E— 1wkt
RER T FE o ARSI £F 4 R 7 ve by ik R 2 A Uk
G5, RNSK. To ATP Z 5%, 7w
TERY AR A RESE B i o8, i v] FIAE DI RE &
wh oy ShVIERLSE . B MR I KA,
B4 E N LA BIER I — 1 HE R,
43 BEEERIIASHE

H1F CBP I CDP AEMEALAR ) AT 30 iR S
N, UL, CBP il CDP 8k R &G s PR e
KA R . IR AN BLTE R AT
3R K3k A Bifidobacterium adolescentis W FREAEE
RALHEE IR A Cellulomonas uda /) CBP, F|HE
TR Y G 805 07 5 TR R 4] 26 W s 28 b 2% Ay
LRYETRE, WA BT A R Tk ik
A =B Ubiparip 250250 % 5k B Cellulomonas
uda 1) CBP S T FIZEAE , FAF AR AR A RE L
IR 73%N PR M A Y T AL A A R, I
HAEm AP 48 = BEn ik 3 82%, k1%
T4 R 1k ARG 1) e e SR FE AR E =8

A PELF AE SR R S R AR T CBP
1 CDP HEALBYA MY o Zhong 251221 1 g 7 5k
H Cellulomonas uda 1] CBP FIKH Clostridium
cellulosi %) CDP ZHK MW ARF , LLRRY ) %
WA R, BT REELE 3-6 Z AR ELT

YegEpE, DONHLE A P T VAR LT A SRR T
B

eAh, i+ CBP 74 B EEA S o
PRI BRI G-1-P HAT A SO 3EA LAY P-4
W HCRT AR T8 M B A BLI R A RS 2 , 191
m B-#ERE . ARAPTHITFZEM KT U
B e e, Hpl T2 .
YA SR b . Kino 258 sk A Clostridium
thermocellum 1) CBP & ikt it -z b,
Bk B- AT R A S R B T A SR
HA BIFRFEIIEE. De Winter Z5i83F T CBP
B A8 = W B 2 A G i B-E 280 W T 1 T A
Y fi, 3 i T A H AR A B A TS A L
HRIIMA, P TR A Clostridium thermocellum
() CtCBP [BHILALIE T 42 m T =ik, HAg
g TR

i CBP fICDP HATAEH | {2 A2 IRk
AR A A PRk A Sk — . ©
A SCHRIRIE CtCBP AT LAIARUA Y, 4-0-B-d-NHk I i 2
i RL-d-BT R A RS 5 Rl Y, CgCBP ATLUIA
i, B-d-Gelp(1—4)-[0-d-Galp-(1—6)]-d-Gelp %5 3 Fil
S = RO s B R R BB E O A 25 W R
&, AT ZMNH. 5—BW5EiER ctcbp A
BB BB B-Glep-[(1—4)-B-GlepIn-(1—2)-
Glep F1 B-Glep-[(1—4)-B-GlepIn-(1—3)-Glep (n=1-7)
fIRE ST, BF5Et M CtCBP 1 CtCDP fE4) 5l LA#
%) W RN £ 4 W S W R A2 AR A Ak A B T S
i, PSS G-1-Fluoride 10 G-1-P A/ A L 1t
PRI, PEEICR AT FIHEEE] 98%F1 68%°"), Xk
CBP 1 CDP & BRI TREAbAE 7= 0 FH B8 T JEhth

5 5%

T FERE VR fE AL AR £ FE ML Y i i 45 AT
TR I A ST 2T 2 R 647 0] sl & R i wh 234k
CBP Y5 CDP VE -4k 5 WA il 2 v 8 2 21 R
gy, WP IHRRR AL T XA AE ATP A 8Ty
R PE R, Z8 TR AR RN eE., ME
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HHEG, ©AZF CBP Hil CDP ¥ & I o nHw
Hrfe.

X} CBP 1 CDP 1) it — 20T 55 N FH e 224 5]
KIELLTF TAE: (1) &4EHi% CBP F1 CDP., 4
A %Ok, CBP il CDP 4 5 BRI 3 & T D4R
XOFATTF ROt 7 . ST T KEGG
Bt PR SRR, 3R T LUK EE SRR F R
Jr 18 S 2 SRR PR R R DA R L il LR g A
YHTE Thermotoga naphthophila RKU-10 F1 Thermotoga
sp. RQ2 7E KEGG ## i ihgh HAA 9 By CBP
(IR, ik e BE R R A T IR A4, AARK
RS E BT CBP M. (2) il kb &
AL TS RS M . AR A KR CBP Al
CDP 3 S pteoe M 5 H T bk i A= R AR
ASAHIE I 1, ELA S 1 ) A AT g R i Y RS
PER RS AR 2R o B B ER AR | 2 )
A 1) SR s T LU 250 %o AR A T e AR BX A H
(), TR 2 ) 2R AR AR T U SE R ) I | B R il
0 IO 45 . (3) BTl el e A W LLIR TS
21 AE SRR TR ) W R AL , XA SR — Tl il e ]
VAW LT 4t — W . 25 4E — Wi RN 2 45 DU B 55 2 4 5%
W XA HEA CBP Fil CDP IHAERY W REREIR 1L
TitE P ) 7 4 R Y A S 1 1R R o 1
T LA YER B AR b, W] DA LR 4E 2R3 57
KA BT A R ] R R A — 2 A Ak, AT
AR = R R SRR =15 %, (4) XF
P B AR e 0 TR R MRk U, R[]
B s AU AR A W e i B R IR e T AR, R
IR P B A ELAT MRS AT L SRR A R T, A TR I
PRI N Wl i A2 TE A 7, IR TG B R Al — A~ 5
CBP/CDP i fiff icd 5 AH 1 L ) £F A S R R 2R o
PR, RIS —Fn] AFERRIB I B vh R s kil . B
58 K 1) £F 4t M i s R 0 I T3 AW 2 At AR
LR AL SRR B, N T R P4 4 S0 0 1 £
TR AR 5302 . CBP 1 CDP 1[4
WS TELT Y ClEmi v S I TE VR .
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