Reviews and Monographs Es3ad=k 274

) D
. . Progress in Biochemistry and Biophysics
)4 2015, 42(3): 201~210

www.pibb.ac.cn

FERBBREER AL RIES REE =2

FIHE FEE %)

HHoORMRIE FHIEA EARL

(LR R B B RIS SER %, Friv 250100)

T UM ORI A R ET Y 3 w8 A I BRI, M D ) S8 B (atomic force microscope,  AFM)HT EA7EK
FH A SR AT R R AL 2T 2 35 W 0 738 3047, 0N AN T IR E B d B S e A 3R . WETT AL, e A e Ak & o 2T 4 2K il
OGS TR E S AR R A L, E R RIS S e OB R AR, Ry T A5 S TR E RN b ST SEIE
By “IERT LG GEETRET L BRI AN DU T 5 Is Bl B R HCRE TR TR, SR T 20 R BRI ik 1K/
SO T A AR SR AR L. DU SR Bz 2l B mOpT 2 SV 1 £ 4 32 1 3% 55 (A8 49 4k RN 0 10 7 7 1)

KR ARBUATHER, UERM, BB FERCE, BREIER

FRNES  Q6-33

AT 2R sk (AR T I 35%~ 50%!",
‘EEER B i) AR E RS,
[ Iy 3 [ 4R B rh it de KR AT AR PR B e,
A AR R BRI R G LA Y. a8
T Wl R AT LA T 2T 448 2% B 2 A B B P Vs
Bl S A=A i, DRl T e H T S AR U
SNl RRERLGR  PRIEYS G55 n) R AT 0 EE
i B H IR AR R 5T 4T 4 2Rl AR P A R RO IR
B TG A A e A R RS 5 N T

R YER T EAFAE T (R ) 40 g e o,
E il AR B TE AR A E IR JS TR R SRR B AR e
b, X KR R B, AR HT
T4 il Ko A D 8 AR MR Ry < A2 SR e
fif )5 B (biomass recalcitrance)” . ‘& B AN [F) i 5 2
R AFML GG AFIET 2288531 S50 JZ R
HAFZRED AR S5 TS A ). 2L
VRO Z IR T ARG E K, SECT
7 RN R AN — PR RN T e 2R RS 1K) 2 R S il
S T PR A 2 M e, B ) A 2 2 A B
SRIDTICHIRNTTRE,  H w35 Db 7 e B e AL
BRSO S % 5 s

H T AR LT YE SR S5 R 10 7 Tk 5 S e, Rl
e VAR SIAH S N R G, g S N B ) S iE T L g

|

DOI: 10.16476/j.pibb.2014.0220

BIRTHEA S N AR G BMEREA T AR B ATl S .2y
TIEAIORTTE, e LAS St e o R 1) A e s &4 EL 0,
RFEAUHME LR LT 2l 28 B AP 1 0 LE S PR
MR AL, RS RPN ANILAS, 2 R
PRI IR ARAEAE T 2. St BT A BoR
I LAFEGIAR RS RS ANl 7y 110185l RAEH
TELTHER IR I LIS AT A MARSCJE I, Xl
ANHTIE TBRREs . TH6 7w,
AT B R BAGFTAT Y W27 Bl aSAT M i
PREFWEAE BRI O LR, XA AT T
WEART-Beainl LA 21 4k 2586 7 5 IR FEAiA T 0 K
SR ) PR P DA R,

L IN 23 73 A R S W AR R 53 T (R 53 T
AT, FEEMHTHEARBL LT & a,
AT EALFIARIS, EBAH T EIR RS b, [
R FER IR ¢ B, d. gy
HER . MRS AP K 731 B N R ) LS PP,
R T AL AT AL SR T B, 57 ) B B

* [H K HARBHE R4 (31370111, 31070063)F11l 445 [ bt 4% & 15
T R CE RS 7 (20111176 555 6 Ti) % Bhui H .

= JH IR AL

Tel: 0531-88366202, E-mail: Iswang@sdu.edu.cn

Wk 3 2014-12-24, $2%2 H: 2015-01-12



*202- SMFEE5EYYIRER

Prog. Biochem. Biophys. 2015; 42 (3)

(atomic force microscope, AFM)${ A AT LLAE AR 1
BAg, ZEOR AT HEA S KIS, AR5 1K
XS AT YR MG R L R AT RS SRS 5
b, AFM i R e R OGS AR o 2 Tt o )
Jis J3 N TEAIE S, B AR i m] AAE RS AT
MR A HEAT I EE . Zr il (240 AFM F 470
I X Y 8PN T 100 wm, 7£ Z 40 BN T
10 wm, T AR S PR S bl A PR S i, 4
FDCHGBOR,  AFM $14if 1508 3 8, XA R A
T NATHEAER R EXS 701 BT I IwToEt. - B
FHEARIED, KA fE eI, A iE e
IEF 10 W/ B RAL, S EdE e RET . ARM
BAGAL BRIIUAAE, TER T B — e R 1 B
% (high-speed atomic force microscope, high-speed
AFMYECAR, T B A 1 N I8 3 e it
RAFAFLAR BN A TR T BRSO FTREN. {1
- high-speed AFM W] L7EAE 3R89 K70
TSR RA RS SALAIAT LS,
T LIOULIN 2T 24k 2R A i 182 S A2 3 (R B PR 3%

1 BEXARYHEESRAKRRAERED
FEE I

HIHT AFM S5 2R B 08 D85 0] 1 g J32 ) 7]

MACRAE TG B E AT o RIRIAEE, Wilg s>
T RN — AW AT K s b, A AFM 234 (1)
&) o ma RSB TE. Bk, FIH AFM
O MTETYE R R AL RN, o B R A A I I
JEY). MRET 4 R AW i B 45 i A I AU LT YE R
Bl AU T SLRR AT 22 1R R 4y 1 SRR S5 R 0 AT
KA T EHEM T R F A plet 22 J L e 41 4
22, X ARG IX . I B ET o) SR K
SLRRAARAR A, Tmai SR Valonia ventricosa 1
Cladophora %55 i 45 FhFE AT e 0B, & H
M4 fb o 2F 22, JFal o aE W o RO
(transmission electron microscopy, TEM) 4} #T £ A
PRBN A AR E M. o Valonia 45 fi3R
S R R Ty, I L AR AR, e I fk
(R JITET R i RTACE (o

Ding £ PH H] AFM UL %2 T K i i 41 i 4) A=
BE L ILTUERIMET 22 45K, 255 4T 4 325 U 3R 11
Aty 4 f&(terminal complex, TCOFEAY, & HTHET
22 f /NG BT HH 36 A3 2 A i ——H T
#1 %2 (cellulose elementary fibrils, CEF)%% A4 7Y,
CEFs &5 ¥ ' 1.04 nm [/ £F 4 — B ¥ 5 70 i if
B-1, 4 ¥EIF B oy T HE( 1a), BEEEMIRGE
(DP) A JL B JLJT AN 52, 3X & CEFs 1) — 2 25
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Fig. 1 The multi-level structure of microfibrils
B1 WALHERREMIEER
(a) ZF4E BRI B-1, 4 BEEFSUIE A FHE, 1X0E— A5, (b)RR BRI S I 2T 4 1B )T )2 450, (o) S5 AT HE SR 1 40 6 NS, o
JUA 100 10 8% FEAMIT BRI, 2T 4 3R J2 45 K38 I YA A 0 BEAT HERUR 80 1 36 MM B CEFs, o th )y 22 MFEE 2174 0.39 nm. (d)fl
YA MU sErT CEF ib st — TR AR, T ier 2, (ERGEm A A b JeHES 7 ) i 22 5
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H. AR EERPPATHES, T g1 TR SR
AT =, — AN TR BRI AIE R 4 ANy
TIEHE, 4 M TNERE, XPheFdis 2450
RTLLFR A CEF ) = 45K 1b). AR EF4E= v
J& 2 [A1 IR I i KA FH DA R Ta s ey SO HERL, TR
CEF =&t 5ioc, Kb ES B2 K
0.39 nm, 36 MRATEHERE— B H 8 )2 BUER, B
% 3 nmx5.5 nm [ CEFs(/& 1c). CEF 251 45 #4 &
AR 7S Tk giby, Hrp i iergi s 1, 6
o [ AT 2 AN 1A B K (100 10 B 0 FR 1),
ZRA YRS S 5 R R EAEGK T P, B
FUH R I CEFs 45 & v] LA %%, CEFs i /K [fi v] LA
KV ERHE B A7 AE. ANIA) CEFs 7EAH )40 f ik
S R SF T R4 2 (microfibril), 1 4% AT i
20 nm Zeifa. KRR TOKREFFh AN [A) 40 it 5 A AN [+
(AT 22 () HERA 7 X129, 48 B e vh AN R 20 2R )2 Ik
CEFs MHMERUR R EA], H el 221 CEF %1
M 1~ 5 WA, H HANF M CEFs 7541 Mo & rh
HeZ 5 WA RSAH R (B 1d). HARFE P i AT 22 4
BATRAG N, ABAN AT ET 22 HLAR 22 R,

B AFM 7> T2/ 0 TR, RAREH)
HTREERK, FotEm, AR T AFM 44
PRER S AT 1 20 B, DT 0 ) 6 S SRR o gt 1l
AFM MWL 23 BT B RTBE . N A% (R B ey S B
KAy EEA R R, HRERER AT 4T 4E R
FEARIIFE T — AN i, 9K 2R BRI E A 7
TIPS, 0] T 2T dE R M U RV E IR, A i) 46 ik
T ORAS [ 2T 4 R 7y BRI o5 FL R e 2T 43R
JEEHIPN. 2012 4F, Bubner &5 Uil £ H A - G
A Y 2 B 20K 4 (amorphous-  crystalline
cellulosic model substrate, MACS), #H <) it
PR TIRIRY), IF HAEGUR)Z IR EAPE IR s 2 1)
— [, XFEA T AFM 8 o AT ER R A B A
JUN N EZT oy T RN

2 AFM X A4 Z B R E B T o
2.1 B—MERH FEBERAEZNEERESI A

FHBEEN

B AFM BORMR R, FEGPKR RUE B ST
HERIRY O ARAES, RIS ARM il 2 1~
100 min A RESRAFHL = BRI 15, AN BE SE UL
Wi o> T AA I RER. Wy 5 IR B SEIN 0 M 2K
A B S IR [ 73 7 4 g 9K A 8] 23 2, i R 1)

AFM 4 A8 08 0 N 3% 2248 T R lsiis % ol
PRI IR0 SOV IR, EREH RIS 3, 125)
A P BN R 5 L R 34 AR R L R O R
V~1Vm ). B, WS i AFM H %,
bR R vk ol ol LT E 7N WA I S iR S P BRE Ko
HAL % b ' 2 A I 2R 46 A 9 A Y kP high-speed
AFM 18 SORRAE 23 AFFTS, Gl AFM A
ik, #2006 4 Hansma U ILNTHER . FAHid
DA S i i R G0 5 O AT sk, ] DR KR
PR AFM FIE 5oy HE A, ILAE AFM Al
RSB EY 1, I ATERER BN il .

2009 4F Igarashi 5 PUF| H high-speed AFM %}
T & AR 8 A U1 A 4E 3] W (Trichoderma reesei
Cellobiohydrolase [ , CBH [ , X #& TrCel7A.
EC.3.2.1.176) 5 45 it 1 4E 22 3% 1 10 B A ik R AT 1
WL, I AFM (1) Z i 523 B i e B 40
TELTYEZR RN AAAE, TRl PR R AN ) 118 3))
R, I oA g S eT 4 2= 3R FALRE ER T )
i2g)), gz P RLI7E 3.5 nm/s edy, IXid
Wl 73 5 IR B e AN 2011 4F Ding 455
SRR CRAEAR RIS SRR, JHE R H i g oy
F Ik 45 #43 (cataiytic domain, CD). #g /K4 G
Yy 4k 45 B R (carbohydrate-binding domain, CBM)
Hizghl 4.

i TR AT 22 2 2 A5 R (B 1),
LTYE R o> 1 45 G IR AR 4 i 2T 4 25 (1 s R TR
—HANTWF TR, FLAE 2003 £F Lehtip 452
8 L TEM UUE B 4 EF AR B (Clostridium themocellum)
e MASZ B S M CipA 5 1. 3 KK CBMs
455 Valonia 85 4T 43R 1, WP FRELK IR
(110 [fi). Xu 55347375 2008, 2009 418 i A
By F 2 3 4k 5 1 £ (semiconductor quantum dots,
ZnS QDs)FRic B T ERERFE AR INER 2. 3a %
CBMs 4551 Valonia i T 4 3% 110 Hi/K i L,
LGS AT YE R AR RN A, SRIM AT 22 1K
JKHARRS ok K i & AR H MK, A4 CBM
L5 CD AN 73 AN &S 5 T 45 i 4T 4E R UK
FERF FLEAT B S 2 XX — ), Liu 559250
TN, Tk AP BE Al 2 AT 42 1,
ISR ZKTHI(100 TH) € [0 [ € T~ BF v b, B g i
JKIAI(110 i), FIH AFM SZinf RS CBH T F#fiit
PR er 2 [a)—fr B s R S8R, RINAERE
fifg ok R v R R A R AR B AR A, B R A B A vk
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/N, BT CEFs g5 fiiat, 12500 15 82 nT A AGAIE 52
T HAR R N RE R A AR AT BRI EKTH b, g5 A B
wWiE2a fros. AR PAHCEE > 1, T2 R
THREKII, 25 7o FEER TR
K EANFIOESE, TR dce I 2R, ¥
S TR ) B 7R (traffic jam)
b/ S N T [N/ S NI A R v RS B2
(Trichoderma reesei cellobiohydrolase I, faj#% CBH
I, XFR TrCel6A.EC.3.2.1.91) AR % B 42 T),
I ELH BB ) 2% 0%, Tgarashi 2559 i A g Ak
HGE A YR | R AR I 2R, (Ef
PREF4E 22 AT St K AR N, ) FH A A 38 7 A 2F
YEHERCR LA i AT e T 3280 5 AL b IXde
TE 5 18 BB K T R mT S PR BRI T CBH T 55§ 43
TR fRCR.

ANV A 2R R AT FR LR BT I AR LT 4 R
AL, A R B Iy, A TR AARIZE 5t sty B i B4
fiE ). Imai 2509 L TEM KL CBH [ /& mgh &
B fiAR s d 2T 4 25 1A Do, S+ DR I i FF 4 B At T
BB A S, B UL 2b, ¢, IX 5 Zhang 5P
F AFM M2 145 R —3%, CBH [ A2 L fm) i H.
I M Ji ity FF AR B AR 45 41 35, 2011 4F Liu P20
it AFM g2 MEE0E— DAESE CBH T /& Mds st Ak

AT I 2 BRI AT 22 Bk R g, CBHT & M g6
Al P AT 22 PR AR A I o 46 B (18] 2d), TR i
5 CBH I FAME K S AN A

Fiig R85 70 WA (R AT AT 4 22 g T (CBH T ) AT LA
NAEIE J5i i AR R 4l A e 25, nl LA S 4 i
2F 22 R o 1) B AL B, BRIk 2 Ak AR Ak H s K W
CBH it BAT W UILT e Blg s 1k, 7T DA 25 Ad G
E A Y m P A A B R WA D) AT 4 R T
(endoglucanase, EG.EC.3.2.1.4) &= B [ M T w2 B4 41 4k
2, X G AT YE R BRI, Wang Z5HOE
AFM 5 48 UL 52 21 EG 0] A7 20 B A G o B 21 4
=, MAVIA4E=EE EG FIFEREfRES 4T 4E 5%, 1o
gAYt 2 Y RO I R R i 5 AR I SRR B, X
FERS AN ET4E 2 CBH T - CBH I B AR 4 1)
I ) B i A T CIEL 2d). A G 4 31 1 R RS 2
(surface roughness) ] W1 i, EG 1) Ll e A7 24 B
LT 22 (0 TG BT e 2241, 3] LA S Bl dn 41 4
IR (swelling): B EG A3 R4 M fi 25 b A 4 25 11
WA AT 22 AR AR /N, I R I AT 22 AR AL
50~ 60 min Pk EE/ME, AidhETHER AR AR
BPEACA 60%, HA 185 min I, )5 LLpff-higer
2 FARAIOR, RIS N3] T A1) 93%.

(d)

Fig. 2 The graphic modes of the degradtion of crystalline cellulose by CBH I and the synegistic effect
by CBHI . CBH Iland EG III
B2 CBHIMMBERFHERUR CBHI . CBH 1 EG M EERKEKE
(a) CBH T & &5 &5 dh £ 4 2% 1, /KT 110 T A AN . (b,o) 7 Bl i A4 b Mg Jisits 1n) AR IS S5 iz 2h(b), I HLARYE 5 LI 5 84k (). (d) CBH
1 e A ARIE JEUA S 1) 38 S5 R 3ids 3, BG Reith i A D27 4k 52 BE 14 % 0 I8 JsoR 3 5 AR IE 5K 3, 5 CBH T LUK CBH. B AR EF I 13 [7]

TEHL.
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2.2 HHEA S EPERENLEI Y AFM B R 1, #4507 CBH I #ri0as &4 A
gl B A 4 35 R AR R T A Y 5 A T O 2013 4F Bubner 28276f4¢ CBH I « CBHII LA &%

CBH 7] LL5E b 4 i 4 4 22 1 B A, 1 CBHX 25

mn TRET 22 I A R e o R TR AR e R 4 Gy R
BRIy s g, XA T R A R R T B A
1972 %, Wood ZFBH WA BT 13 H G5k, 214
RS> Z AEAE N AN EE AR —
ARG B IR T R T A GIE B . Igarashi 255
FIF AFM 2387 7 CBH I « CBH IT (1 7 % by 7] B it
SEAHET 2B ASAT A, A RO ARZR T R
CBHI. CBHIl, H/™A44 o aEL T3
BN PR Tl 431 B = 2B B 1A ] e i Fn, - [RJ s
J high-speed AFM WL 21| 1 45 il £ 4 320 5 d %
ECPR & BN IS R B Aif i 2R LT AR, R HED 2
CBH I ¥ AL s AR PN loops FTHF, HA TP
YEZZEEME T, 0 &Y AT 4 35 3 OB EE 1 W

—Fl EG Z (M R B AR, 13 I W F v
KL CBH T = BB R4l /b 4 P 4 R (H AR <
15 nm), ¥ CBH [ F#fi# i KW k& R A 14%
(K 3a). fERP N CBHI B EG I, ] LWL 3
Gh AT Y R G e BT o XA, XA
TR & BH 2 38 (P 3b, ©). FETGERY - 45 4R
HAYERIRYIT, TC e RET U RN B AR 15 45 T 4T
YeF TR, XFE CBH 1 X4l /NG5 T £F 4 25 11 [ Mt
BRI P, RO BB PR BRI, X
PHEEALHIE R 90% (&1 3d). A AT HIBEZL 2 I N
G, SEAN CBHII LA K EG PR RET4E 2,

HEHMA CBH T, ATLAEIL TG M &R i
ﬁéﬁtr&%%mﬁ* AR

(d

| 0 min . 6 min . 17 min

28 min

39 min 49 min . 58 min

Fig. 3 Dissecting and reconstructing synergism of single enzymes and synergism degradation

by the complete cellulase system of 7. reesei™”

B3 AEZRRYHE—EBR. SERAERLULNEERERS

(a)f.— CBH [ BB AR BEWS AR FR (ES M /NL S B 2T R (b) e — CBHILAE “2RAR” 0 i B Al 70 o8 AT i o0 KL & i

Sty tAT “l

J6” . () EG M AR REM MR TE 2 BT Y R AT 45 AT SE D0 W1 ik ()M A A B R P, 0~ 17 miin JE 2 ZY 2T 4 3R AS 2 W) 8 [ehde, 75
28 min FAIHE B IS S AR B R TR, SRRSO RE T, A BT 22 IR A LA BT ST AR A (d) BN 100 nm.
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Wang %581l AFM S5 A U [R/E AT T
RGEWT, K> T AN - WY A4 25 (exo-endo)
W) - 4hU) 474 Z i (endo-exo) LA K& N Y] - 40 Y)) - Ab
D11 4 2 5 (endo-exo-exo) 55 A [7] 28 214 1y [7] 1) B il
R, BRI Z BN A F, 7 A i )
B RO BANE], SEIMA NI 4ERR(EG 1)
XA UE R AT G E B LT HE R e K, A4 i
YRR, TIMASMIE4EZRE(CBH 1) A
1 FEELE AR SO INNAE FH B S e — 2B A
CBHII AW VIEgE I, v DAYELF 4 224 =280
PP, i34 CBH T HA7 5 iy 1) B i
R, HIREF AT Y 2 WL ) B 4T 4 R R R
A & I FAER.

214 32 28 1R P () PR it ] DA eG4 3 T AR ]
BOK, TR R ITHRSE B2 AR K, (FZ K I [A) fifg
fiff 3 R I 431 0 LS ) B 2 AR, e 0]
MACS K45 4T 4E =030 15 3 iR I, B )
e, LTHUERB o> Tiash 32 BRI, ANGEL
8 2 B A4 15 PE (optimally active) [ i 4 X 35 Y
NI IEE i T i 22 PR 2303 R BRI, 3t gl o i 2T
YEZIRS TP B AR LT 4 2 o3 (AT e 2 7 W)
R FR .

DRAEAH BRT0T 25 it 2T 248 2% 1) vy 30 A e i i 21 4
MBI A THLER T RSSO 2 S LT YE R I
B AR ., i AL g5 K 3R (CD) o B A B
(cohesin). FHERIHL (dockerin) i) AH H.AE T HGE 2>
TEEY, g My T 2E8W AR CD
T AR 58 o) 5 AR A e R I s s b . o
LR e NR T 2T Y RS R YE T GHS. GHO LA
N GH48, W UIHIBE T celA J& T GH8, RA&KI
f715 GH6 1 GH7 IR £ 4 25 g, b5 FL AR 1 —
FE, LR AN RNE R 5 0 (5]
AFAE MR TLAE I, Gilbert™I7E 2007 47 &30 T 84
X4 - RO i W L A G A —
B, X R Ty AT 2T Y/ AR 1 2 h R
%, JFEBETM. Garcia-Alvarez Z5¥E 2011 FA4E
W1 HE 2 35A (174 U W T I 7 B (cryo-electron
microscopy) & HL # £F 4% 1 1 B £F 4k /)N 44 (mini-
cellulosome) 3 AN FbHERTHAH I (1) &5 44, REIERIIL
(] ()3 B K (linker) (R 2 M W] LAASTAS /M B ISR 22 10 52
R 2 R RIEE, FEIT IR G 0] LG £F
Y /NARAE B A v T S A R T e ZEAT A 4
NS B8 A 28 B At 1R P Sk X el — 29 K
LT AE/NARAE R AR AT 4 25 I 7 T2 it AR AT AR KA

A I B SRR EARENZEA1E,
BEGWIE S RANERS . FAE 1998 1F Bayer
ST TEM R IR FH AR P 4T e 3 55 5% 7 4R
(LT /MR RERS T 5 BT 60~ 200 nm ) 22 5§
-4 /MA (polycellulosomal organelles). 7EJE % 2§
LT AE/ MR [R]IN P AN AR AT 4 MARERS TE R 2R
A&, AR BN B EF 4 IMALS S S5 R I, 2T 4/ MA
Aefg Il i 2 B8 (1 CipA 19 [ MEEER A5 LA
o /MR SRR 1 CipA 11 XBEHAR T AE B R
BARE 5 Y)(heterodimeric)®™, FEF-DL_ESEIGUESE A
AER S T 21 4 /Nt i ik S 40 8 1 (Al AR BAE 56 Ak
HESRA. Bk, F4AMEARE ML
R 2 AR DX SR AT AR A AEAR R I 34

LT YE/MA R I I 0 AR S REIE TR TR 1)
FHHAE ¥ 2 A CD i1 85 i R SR 3 S 8 R A
by BT Y NRAE R AR AR LT Y R AT AT A0
e ? Ding SFPIE 2012 4538 i LU £F 4 /A 5 i
HELE AR R MR, I 4 MARR I I 2
it 20 3 2 TB) PR P [0 A P R T 2T 22 D 2T 4 o 3 1 %)
5, FF H LA HOBESE R D (0 7 2R Ad AR T 2
22 (6] 4a). TV 29 B B 2T 4 22 AN e SR B FRAT TR i
PR I MIRET 22— BodAT 58 1) 38 J2= AR (18] 4b),
T 22 ) B ik, i ARRER L. FJH] TEM
XF 2 R AR T 20 M BE IR A A S AT, R AT 2
KIMFEMEAT S AFM 73BT 45 5 —30, (H 41 fu ke iy
BB B fE AT R HVIH WA [R]SY, Hyeon 2SI IE, fif
- HEAR R (Clostridium cellulovorans ) 4T 4E/INMAAE B fift
ANFVELT Y R IR ) LL— X 0] 22 AR REEA T
fitg, IXAELRYE/NARTT DONEF 4 22 32 100 JR 3890 R R 1
W 5 () B AR RFAE , 41 Resch %593 i SEM & LT
Y /N R A I W) 30 RE S T B oy BRI A8 45
(discrete pockets), £F4E/NA T N PIFTBE TS CelA
SEANAHEA L 25 A sk CBMI3 WY B 21 414 25 2R 119,
T JR A Hh B ff Al 2 B R F LI &5 g,

LT LIRS U B IR L R 2T 4 3 M AL A4 S
W, 8 Ik A SR A 2R R s R IR A mT L
AR EE R, A BT AT T B R
TESRIEEAT WSS, P A TSR A A 4
[FJIRF HY IR, XM T R4 45 SR sl e % 35 ) AATT
PRARLTYE/MAREE X AT AE R DI ET 22 AT B, IF
HIRYIR IR 42, fLIRSE L, X— RS
(VR FHZBCR TR RENE AT A5 B9 IR 2T 4 32 1l 5 70 73 1
Fefh, PEARLTAERIRA, TERARLFRENEERI(E 40).
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Fig. 4 AFM imaging of a single pSW by cellulosomes, fungal cellulases®; Ilustration of the mechanisms

by which free enzymes and cellulosomes differ in their action on cellulose microfibril bundles

and actsynergistically to degrade cellulose™
B4 F4VK BESHERIBEREALE AFM &Y, ERAERIBR . A4/ VKR E R E B PERHA LR E
(a) AFM 23 BT R BLET i /MR S0 BS L BERARAET 22 i) TR sCRT IR IEA T e . (b) AFML 73 87 5 30 B0 1T 2T 44 5% 15 3% B 0 o 7 24 35 JER 00 % ik g o o
i, ()BT IR £ 4 225 N — i 52 1) R AR UET 22, 21 A /AR B BRI AT 22 9 HAR TR ISR 2T 22, P8 T 1) B A 2T i IMARE RN S M 2T 22, JEAEIR

YRR AL, A7B) T CBH T WK

3 RESRE

J5UF 3 AR LA i i1 ) S el B A AT AL
BORT BT EAAE KA < 383 DA R R R
W, TG LG b B T 7y 1 BEAT B M s
Ge, W DUEERAL AN TIashiE L 5 ) T ahds
1728, TSR RE T A IRPE 32, XX 1A%
il N B I ARSI = HES AT
e/ i ib]sy R DA SR VS SN A FSES Y EPS
W9, X AR N 3 45 L R AL B 7
AP T B, B AR YR T
ol AN R PR B2 HE 2R IR ABIF I BE € £
ARFER, R KIS TR B AR 28 P 5 2 20 b
[RI AL R AR ST

TR TR BRI 32t s 2o HEBN RARA i 2T 4
REH D T AR LR ATITT, K23 ] WA
FTH AR e R IMET 22 LR ETT BRI, AL
FENATAT LAV TRA 5 27 4 3% 20 0 B ) s 2 T Kk
Bt R Pl > T IE SRR . W1 I K B )RR

RPN FR, IR E R I R R
RRCERHEE. Fphlt B2RM R % WAL K71
Mg A, EDMFE AR S SR, A s T
03 SRR P AL T BT LA T ol R PR S A7 B
RIS ES A S B ZAT s DT A Ry St v 20 2R 45
YR G H, BB A FRA LR
% Wi PR 2R BT A/ M A R B0 ISR R SR, 3K
e LT W RS P

2 % x M

[1] Lynd L R, Weimer P J, Van Zyl W H, et al. Microbial cellulose
utilization: fundamentals and biotechnology. Microbiol Mol Biol
Rev, 2002, 66(3): 506-577

[2] Lynd LR, Wyman C E, Gerngross T U. Biocommodity engineering.
Biotechnol Prog, 1999, 15(5): 777-793

[3] TR/, ZE iR, Fhtil, 45, AR Y SR S IR G5 35y
S RFTIE RSB TREAAI, 2013, 29(4): 422-433
Zhang X N, Li D D, Wang L S, et al. Chin J Biotechnol, 2013,
29(4): 422-433

[4] Himmel M E, Ding S Y, Johnson D K, et al. Biomass recalcitrance:

engineering plants and enzymes for biofuels production. Science,



208 SMFEEMYIRER

Prog. Biochem. Biophys. 2015; 42 (3)

2007, 315(5813): 804-807

[S] k. 21 4 3 W e R Lo M 21 i 35 o+ 45 K 5 Th e 5T ik
JE. BARRRAEERE, 2003, 13(1): 21-29
Gao P J. Nat Sci Dev, 2003, 13(1): 21-29

[6] Bayer E A, Chanzy H, Lamed R, et al. Cellulose, cellulases and
cellulosomes. Curr Opin Struct Biol, 1998, 8(5): 548-557

[71 Kraut D A, Carroll K S, Herschlag D. Challenges in enzyme
mechanism and energetics. Annu Rev Biochem, 2003, 72(1): 517~
571

[8] Bubner P, Plank H, Nidetzky B. Visualizing cellulase activity.
Biotechnol Bioeng, 2013, 110(6): 1529-1549

[9] Hansma P K, Schitter G, Fantner G E, e: al. High-speed atomic
force microscopy. Science, 2006, 314(5799): 601-602

[10] Garcia R. Amplitude modulation atomic force microscopy. John
Wiley & Sons, 2010

[11] Allison D P, Mortensen N P, Sullivan C J, et al. Atomic force
microscopy of biological samples. Wiley Interdisciplinary Reviews:
Nanomedicine and Nanobiotechnology, 2010, 2(6): 618-634

[12] Uchihashi T, Kodera N, Ando T. Guide to video recording of
structure dynamics and dynamic processes of proteins by
high-speed atomic force microscopy. Nat Protoc, 2012, 7(6): 1193—
1206

[13] Ding SY, Xu Q, Crowley M, et al. A biophysical perspective on the
cellulosome: new opportunities for biomass conversion. Curr Opin
Biotechnol, 2008, 19(3): 218-227

[14] Zhang Y Z, Chen X L, Liu J, et al. Size and arrangement of
elementary fibrils in crystalline cellulose studied with scanning
tunneling microscopy. J Vacuum Sci Technol B, 1997, 15 (4):
1502-1505

[15] Zhang Y Z, Liu J, Gao P J, et al. Structure investigation of
Cellobiohydrolase I from Trichoderma pseudokoningii S38 with a
scanning tunneling microscope. Applied Physics A: Materials
Science & Processing, 1998, 67(4): 483-485

[16] Wang L S, LiuJ, Zhang Y Z, et al. Comparison of domains function
between cellobiohydrolase I and endoglucanase I from Trichoderma
pseudokoningii S-38 by limited proteolysis. J Mol Catalysis B:
Enzymatic, 2003, 24: 27-38

[17] Wang L S, Zhang Y Z, Gao P J. A novel function for the cellulose
binding module of cellobiohydrolase I. Science in China Series C:
Life Sciences, 2008, 51(7): 620-629

[18] Imai T, Boisset C, Samejima M, et al. Unidirectional processive
action of cellobiohydrolase Cel7A  on Valonia cellulose
microcrystals. FEBS Letters, 1998, 432(3): 113-116

[19] Imai T, Putaux J L, Sugiyama J. Geometric phase analysis of lattice
images from algal cellulose microfibrils. Polymer, 2003, 44 (6):
1871-1879

[20] Baker A A, Helbert W, Sugiyama J, et al. New insight into cellulose
structure by atomic force microscopy shows the I crystal phase at
near-atomic resolution. Biophys J, 2000, 79(2): 1139-1145

[21] Ding S 'Y, Himmel M E. The maize primary cell wall microfibril: a
new model derived from direct visualization. J Agric Food Chem,
2006, 54(3): 597-606

[22] Zhang Y H P, Lynd L R. Determination of the number-average
degree of polymerization of cellodextrins and cellulose with
application to enzymatic hydrolysis. Biomacromolecules, 2005,
6(3): 15101515

[23] Lehtis J, Sugiyama J, Gustavsson M, et al. The binding specificity
and affinity determinants of family 1 and family 3 cellulose binding
modules. Proc Natl Acad Sci USA, 2003, 100(2): 484-489

[24] Ding S Y, Liu Y S, Zeng Y, et al. How does plant cell wall
nanoscale architecture correlate with enzymatic digestibility?.
Science, 2012, 338(6110): 1055-1060

[25] Sturcova A, His I, Apperley D C, et al. Structural details of
crystalline cellulose from higher plants. Biomacromolecules, 2004,
5(4): 1333-1339

[26] Bubner P, Dohr J, Plank H, et al. Cellulases dig deep: in situ
observation of the mesoscopic structural dynamics of enzymatic
cellulose degradation. J Biol Chem, 2012, 287(4): 2759-2765

[27] Ganner T, Bubner P, Eibinger M, et al. Dissecting and
reconstructing synergism in situ visualization of cooperativity
among cellulases. J Biol Chem, 2012, 287(52): 43215-43222

[28] Ando T, Uchihashi T, Kodera N, et al. High-speed AFM and
nano-visualization of biomolecular processes. Pfliigers Archiv-
European Journal of Physiology, 2008, 456(1): 211-225

[29] Casuso I, Kodera N, Le Grimellec C, et al. Contact-mode
high-resolution high-speed atomic force microscopy movies of the
purple membrane. Biophys J, 2009, 97(5): 1354-1361

[30] Barrett R C, Quate C F. High-speed, large-scale imaging with the
atomic force microscope. J Vac Sci Technol B, 1991, 9 (2):
302-306

[31] Igarashi K, Koivula A, Wada M, et al. High speed atomic force
microscopy visualizes processive movement of Trichoderma reesei
cellobiohydrolase [ on crystalline cellulose. J Biol Chem, 2009,
284(52): 36186-36190

[32] Liu Y S, Baker J O, Zeng Y, et al. Cellobiohydrolase hydrolyzes
crystalline cellulose on hydrophobic faces. J Biol Chem, 2011,
286(13): 11195-11201

[33] Xu Q, Tucker M P, Arenkiel P, et al. Labeling the planar face of
crystalline cellulose using quantum dots directed by type- [
carbohydrate-binding modules. Cellulose, 2009, 16(1): 19-26

[34]Liu Y S, Zeng Y, Luo Y, et al. Does the cellulose-binding module
move on the cellulose surface?. Cellulose, 2009, 16(4): 587-597

[35] Igarashi K, Uchihashi T, Koivula A, et al. Traffic jams reduce
hydrolytic efficiency of cellulase on cellulose surface. Science,
2011, 333(6047): 1279-1282

[36] Igarashi K, Wada M, Samejima M. Activation of crystalline
cellulose to cellulose Il results in efficient hydrolysis by
cellobiohydrolase. Febs Journal, 2007, 274(7): 1785-1792

[37] Zhang Y H P, Lynd L R. Toward an aggregated understanding of
enzymatic hydrolysis of cellulose: noncomplexed cellulase systems.
Biotechnol Bioeng, 2004, 88(7): 797-824

[38] Jalak J, Kurasin M, Teugjas H, et al. Endo-exo synergism in
cellulose hydrolysis revisited. J Biol Chem, 2012, 287(34): 28802—
28815



2015; 42 (3)

BUE, & AHEREEEERFTRURIESREERS

<209

[39] Koivula A, Kinnari T, Harjunpii V, et al. Tryptophan 272: an
essential determinant of crystalline cellulose degradation by
Trichoderma reesei cellobiohydrolase Cel6A. FEBS Letters, 1998,
429(3): 341-346

[40] Wang J, Quirk A, Lipkowski J, et al. Real-time observation of the
swelling and hydrolysis of a single crystalline cellulose fiber
catalyzed by cellulase 7B from Trichoderma reesei. Langmuir,
2012, 28(25): 9664-9672

[41] Wood T M, McCrae S 1. The purification and properties of the
clcomponent of Trichoderma koningii cellulase. Biochem J, 1972,
128: 1183-1192

[42] Wang J, Quirk A, Lipkowski J, et al. Direct in situ observation of
synergism between cellulolytic enzymes during the biodegradation
of crystalline cellulose fibers. Langmuir, 2013, 29 (48): 14997~
15005

[43] Wang L, Zhang Y, Gao P, et al. Changes in the structural properties
and rate of hydrolysis of cotton fibers during extended enzymatic
hydrolysis. Biotechnol Bioeng, 2006, 93(3): 443-456

[44] Eibinger M, Bubner P, Ganner T, et al. Surface structural dynamics
of enzymatic cellulose degradation, revealed by combined kinetic
and atomic force microscopy studies. FEBS Journal, 2014, 281(1):
275-290

[45] 4=, Eagl, g0, 45 BEARLFAE R “ o FHLE #9T
HEJE. B SR PR, 2011, 38(1): 28-35
Wang J L, Wang L S, Liu W F, et al. Prog Biochem Biophys, 2011,
38(1): 28-35

[46] Bk AR, AL, SRR o, ST AR T i A A A S5 2F 44 340 7 1Y)
YA EFE . SRR, 2014, 54(2): 121-128
Chen L, Wang L S, Zhang H Q. Acta Microbiol Sin, 2014, 54(2):
121-128

[47] Fan L H, Zhang Z J, Yu X Y, et al. Self-surface assembly of

cellulosomes with two miniscaffoldins on Saccharomyces cerevisiae

for cellulosic ethanol production. Proc Natl Acad Sci USA, 2012,
109(33): 13260-13265

[48] Gilbert H J. Cellulosomes: microbial nanomachines that display
plasticity in quaternary structure. Mol Microbiol, 2007, 63 (6):
1568-1576

[49] Garcia-Alvarez B, Melero R, Dias F, et al. Molecular architecture
and structural transitions of a Clostridium thermocellum
mini-cellulosome. J Mol Biol, 2011, 407(4): 571-580

[50] Bayer E A, Shimon L J W, Shoham Y, et al. Cellulosomes—
structure and ultrastructure. J Struct Biol, 1998, 124(2): 221-234

[51] Adams J J, Currie M A, Ali S, et al. Insights into higher-order
organization of the cellulosome revealed by a dissect-and-build
approach: crystal structure of interacting Clostridium thermocellum
multimodular components. J Mol Biol, 2010, 396(4): 833-839

[52] Resch M G, Donohoe B S, Baker J O, et al. Fungal cellulases and
complexed cellulosomal enzymes exhibit synergistic mechanisms
in cellulose deconstruction. Energy & Environmental Science,
2013, 6(6): 1858—-1867

[53] Hyeon J E, Jeon S D, Han S O. Cellulosome-based, Clostridium-
derived multi-functional enzyme complexes for advanced
biotechnology tool development: advances and applications.
Biotechnol Adv, 2013, 31(6): 936-944

[54] Resch M G, Donohoe B S, Baker J O, et al. Fungal cellulases and
complexed cellulosomal enzymes exhibit synergistic mechanisms
in cellulose deconstruction. Energy & Environmental Science,
2013, 6(6): 1858-1867

[55] Berlin A. No barriers to cellulose breakdown. Science, 2013,
342(6165): 14541456

[56] Brunecky R, Alahuhta M, Xu Q, et al. Revealing nature's cellulase
diversity: the digestion mechanism of Caldicellulosiruptor bescii
CelA. Science, 2013, 342(6165): 15131516



*210° EYUESEYYIRHRE Prog. Biochem. Biophys. 2015; 42 (3)

The Visual Representation for Cellulase Degradation Velocity
and The Analysis for Limiting Factor”

MENG Fan-Hui, JIANG Xu-Kai, LIU Lin, ZHANG Huai-Qiang, GAO Pei-Ji, WANG Lu-Shan™
(The State Key Laboratory of Microbial Technology, Shandong University, Jinan 250100, China)

Abstract The efficient bioconversion of lignocelluloses is limited by the enzymatic hydrolysis efficiency, atomic
force microscope (AFM) enables us to represent the Real-time motion behavior of the cellulase in the aqueous
solution, to analysis the moving velocity and limiting factors. Cellobiohydrolase (CBH) is demonstrated to
combine to specific site of the crystal face, to move unidirectionally and accomplish the degradation layer by layer.
Over-dose cellobiohydrolase which combine to special face results in the "traffic jam" phenomenon. The
degradation efficiency of crystal cellulose not only depends on the moving velocity of the enzyme molecule and the
cleavage of glycosidic bond, but also lies on the crystal surface area of accessible substrate and the breakdown of
hydrogen bonds on the crystal face. The novel cellulase complex or system with different combining mode,

different movement mode or composition mode should be an important research aspect in the future.
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