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Abstract:  Molecular engineering of cellulases can improve enzymatic activity and efficiency. Recently, the

Carbohydrate-Active enZYmes Database (CAZy), including glycoside hydrolase (GH) families, has been established with
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the development of Omics and structural measurement technologies. Molecular engineering based on GH families can
obviously decrease the probing space of target sequences and structures, and increase the odds of experimental success.
Besides, the study of cellulase active-site architecture paves the way toward the explanation of catalytic mechanism. This
review focuses on the main GH families and the latest progresses in molecular engineering of catalytic domain. Based on
the combination of analysis of a large amount of data in the same GH family and their conservative active-site architecture

information, rational design will be an important direction for molecular engineering and promote the rapid development of

the conversion of biomass.
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212 ZOR M A Y R S B R T A ), 2
H ATk A b T AR v P
KR TR RIS, S5 TR K i 21 4
KBET B-1,4-WHH HEAY— 2B MY PR . Gl 27 4E
R R T HE 2R R W) B AT LR WAL, AR
JO7 A W R 7 i S A AR,k fige R RE DR L
e At 2 AT Ry A e A B B O R S (H
H1 T B 21 4k 3R MR A SCR A 1 L A7 AL e
DR T AR Tl Tz AP sEa 4y
TAY 5 E TR T BOA AT A 4 R
TolcaE DR AR A I e At R
(Ui pH 3 R ] AR E 1k ARSI RE 155
ANASCRT L] 1] S 9K T 4 2 Tl ) o fige L ol S G
WEURER LR, A o gt — 2 % ok
FrEVE BT SO, LIRS RERS W 2 A W B
LA Y R AL o SR (I rT AP

1 FazmaRRL Y kEL

11 AEZRBERFIOSHEESHINGN
BRI

EF A R B th A B E Y Ay, o
ZEARFLTE 7 B LR i B A A X oy TR 2
SRR A 2L, L EE IR OK AL B W 4 R R
(Cellulose-binding module, CBM), i i

HEFEIK (Linker) i3 2S5 (Catalytic
domain, CD) I+, 7Aook & A HAh 2
Fa 3 o A B R 48U A 2 A /MR R 247 2 2R Bl F—
M — X R (Dockerin) i o #E fE K S —
MRS (CD) 4%, Hrh R T 5 3¢
R M (Scaffoldin, SMPRAEMIT-2R 8 F) ARG EAR
Pt (Cohesin) 454, T SCHRE 1 — Bl SAFAE—
4~ CBMY, CBM TE45 & M M FAR A 2 F 13
Ferp B EEAEAC i CD W B R
ST

MR 2 11 0 25 Al 2 BR8P ) A ARARL:
B[] 4 ok IR R Bk K Ak S IS PR g S
(Carbohydrate-Active enZYmes, CAZy)7 A [F
M JREIE (http://www.cazy.org/), FHHopiH
KRR A 131 KR, AR MTER
D17 A GH S5, J W K i IR % rh oK
TEHR H B 22— K I . R R SR 7 4
R AR R IR SRR e s, A
B GH FK K E % KRB L (Deeply rooted
evolutionarily), I GH9 FKKWLF 4R, 7=/
R, AAHE (B AR A
PRAR) . BHiE . Y53 (8435 Hs),
535 GH5 5 GHI12 ZWRHY IS G 2 7040 Tl
WL S EE R AEY T ARG RS LR
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53T (Lightly rooted evolutionarily), 4l GH7 K%
RS B K RS, GHS Z5 R & A 4l
K IR IR 54T . A RIS B H ARG LR K
T, BINREREALANAE R G, GHT KRR
TR NI LR TN, 15 = A T 4
RN LTS Z ET BAN, Wi
AT, BERAAER AT, HIEHA
A A R B R G R AR . NI E 17
SFEIAHMF R 1500 XA HEY h R, Hr
40 % Lh 1 Ay S A rh & A B — R A
Al ZRWEIE LA 5 T 7E 0 3R A 21 4 2R A T W ik A
Hrpr, W —e2s & A JL 45 gt 21 4k 25 i Y
I, HXSEREN I8 AR B GH Z k. Wsk)E T
22 IR L RO H [ KRB Trichoderma Reesei (2146 A
JETE Hypocrea jecorina W)JTCYERY), HAM A £F
YHRM T GHS, GH6, GH7, GHI2,
GH45 5 GH61 ZJ5; R I (i 57
W Thermobifida fusca ¥4k H GH5, GH6,
GHY 5 GH48 ZKIERIA LT YER B SN 5 Mih 4
AN A RWELF4E R Cytophaga hutchinsonii
FreA: GHS 5 GHO KIEMAR G de =™ IR
M BIIRE R Clostridium thermocellum
FEE 4 GHS, GHS8, GH9 5 GH48 KK %
EAE L

HATXS CAZy Z8M5R 1532 I 1 T8 1 i 2
BRI SV AR RIESEAT Y, 2 28 Y SRRl AR U8 2 P
S T 309% 1 RIBEIE A R — GH %K.
T HE AW ER T 5 & 45 2 —
ERFR, B E AR SR A AR,
A ] R A AR SRR B 450, o
S S MR R FN S o R DL B AR AL
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IR GH ZE e, ABFTE R — S A
— RHE H S5 S AR LR e Ot T =2 fE
Bo Ji5h, ETHAMEMIHLITE, SO AR
Y RBEL R TR “HEFR (Clan)”. #4E
VS SR YL i S R R S VA LN e A
TR AEAL , K 2T 24 3% I M AL T B IL A6 20 o
A 7l B R A S AT [ R B A AR [
ML T BELA] s Rl — R &R, L AR R AR AR
e BAMFE WAL, & 1 F1H TR
ERABERMEX RN E GBI L
P B AL T 25

12 AHERERES SRR
R 45 21 4 2R g 5 A JiC 1 s A ] 8 7 O =X
AR 3 28 1) WUIEF4EREE PR Z A
V) PR (Endoglucanase, EG; EC 3.2.1.4);
2) AMUIEF 4 3R g FR 2 Ry £F 4 ZRE K A i
(Cellobiohydrolase , CBH ; EC 3.2.1.91, EC
3.2.1.176); 3) B-#iZ Bt (B-glucosidase ,
BGL; EC3.2.1.21), £ 2 5l T GH ZKikH Al
IRELT 4k 2K > 1WA 1 Ol o AR ZREEAA
] B2 H B A 3T & 28 8, A [ B 45 i i3k 1k
HOAH R SO RETE MR B 7, X UERH 8 1 D REEAL
A . ISR Aok T, N LI 4 R T oy
Ak, SN AE R oA T N D2 4 R B A< Ik
Z, B-AEBETTEEOLE GHS Rl GHO K% 5 M
DIAMN A A R A R 58 o IR — EE F K
JEBATHA R B 3 3 S T B A5 A, TR R B4
BB XA WA W DI RER B4 53, D[R] —
KGR A D REE A R b R A T A
PR3 2o 9 5 1 B SR 9 8 03 5 D RE T AL Y
SERFER, KA B TXF & AT A H AR B



KM F/FERBREREECEHES FRISNHE

wits

KRR Y], NWUIZF4ER T
CD MG PR ALE — IR 240 (B 1A), A4
GTAYEREE L, WHLUIWERSS & X pEEE,
A RIS SR R IR A . AMIIEF4EZR T CD
BTG PR R — 2 fLIE , SR 0 — S skt
i iZALIEM S CD 454, B4R EEm 455
Xy ] Frae 4L (Processive catalysis), J=4)
— N EFYE T, PRI SRR A A K A
WRIELE G FRER AR, SO¥ SN AF 4 R i
GYRUHSE . —2RAE T AR 4 5 T AR SR

(EC3.2.1.91), XZSHgnY AV CRE GHO KR
SYRE T (K 1B); B—IAEH T4 =5k
BB JE (EC 3.2.1.176), ZZRAIARFEEH4F
AERE AW GHT KRN A4 E T (B 10)
e P PRAEA T 7= A 1) GH48 KB F (&1 1D),
O IE B A RS AR R N DT e R i 2
J& GHY % (8 1E), Hid AL 5 — N bI2F
HER AL, IR —TF BRI AT 2 Kl
L ZE ks CBM SRk RAE, H CBM
HE 3 K, WFERM, S T IX SR
TR LR A T

®1 EFEAEZIMRE WERFT. HRIMNEW, BUNFRERRERFIHR"

Table 1
the main glycoside hydrolase families”

Statistics on the gene sequence, topological structure, catalytic mechanism and other information of

425

GH Number Number 3D Catalvtic Catalytic Catalytic
. of gene of PDB?/  structure Clan SCOP" fold o proton nucleophile/
family mechanism
sequence  structures status donor base
8 604 26/8 (a/a)g GH-M Inverting Glu Asp
9 1448 26/10 (a/ar)g _ a/a toroid Inverting Asp Glu
48 162 12/3 (a/a)g GH-M Inverting Glu .
6 393 39/9 _ _ 7-stranded B/a barrel Inverting Asp Asp
45 215 8/4 _ _ Double psi B-barrel Inverting Asp Asp
b-jelly ..
7 4947 45/9 GH-B Ret Gl Gl
roll Concanavalin A-like —— . .
- lectins/gl
12 310 33/12 B rJ:lllly GH.c |lcctins/glucanases Retaining Glu Glu
5 3401 113/37 (B/a)g GH-A Retaining Glu Glu
TIM p/a-barrel
44 60 14/4 (B/a)g . Retaining Glu Glu

*: besides the 9 main glycoside hydrolase families listed in the table above, the other 8 families (GH10, GH18, GH19, GH26,
GH 51, GH61, GH74 and GH124) mainly include enzymes with other activities that also catalyze the hydrolysis of the
glycosidic linkage of glycosides. In addition, among the 8 families, only one of the three structures within GH124 family has
been resolved in PDB.

*": the statistics cuts off in December 2012.

#: protein data bank.

®; structural classification of proteins.

_:unclassified.
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Table 2 Distributions of glycoside hydrolases with different function in each cellulase relating GH family*

GH family B-glucosidase Endoglucanase  Cellobiohydrolase ~ Number of other activities in this family"
GH1 \/ 18
GH3 \ 6
GH5 V V 16
GH6 V 0
GH7 y 2
GHS y 4
GH9 \/ V V 1
GH10 28
GH12 y 3
GH18 2°
GHI19 2°
GH26 2¢
GH30 \ 5
GH44 y 1
GH45 V 0
GH48 V V 1
GH51 y 1
GH61 1°
GH74 V 2

GH116 v 2
GH124 y 0

" the statistics was made in December 2012.

**: besides the three main types of cellulase, it may also contain other types of enzymes that catalyze the hydrolysis of the
glycosidic bond in each family.

V: corresponding activity can be detected in this family.

# known activities are mainly endo-1,4-B-xylanase (EC 3.2.1.8) and endo-1,3-B-xylanase (EC 3.2.1.32).

®. activities in this family are mainly chitinase (EC 3.2.1.14); endo-p-N-acetylglucosaminidase (EC 3.2.1.96); xylanase
inhibitor; concanavalin B and narbonin.

¢: known activities are mainly chitinase (EC 3.2.1.14) and lysozyme (EC 3.2.1.17).

4. it mainly contains f-mannanase (EC 3.2.1.78) and p-1,3-xylanase (EC 3.2.1.32).

°: main activity is copper-dependent polysaccharide monooxygenases.

http://journals.im.ac.cn/cjben
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Fig. 1 3D structures of different cellulases. (A) 7. reesei Cel7B (PDB ID 1EG1). (B) T. reesei Cel6A (PDB ID 1QK2).
(C) T reesei Cel7A (PDB ID 1CEL). (D) C. thermocellum Cel48A (PDB ID 1L1Y). (E) T fusca Cel9A (PDB ID 1JS4).

Catalytic residues are shown in sticks (blue).

] — R R LT L K W1 43T S5 F AR RS, R
A 0 5 A Ao 72 b A Ak H S A [ P15 1Y
JEHN A B D BB o X 21 4 2 Bl 52 0 )7 91 5 45
Fa BRI AL 5 B B, 4 A/ T LR 3R] — 530
LR ZK W o7 PR A AR P Ak, I FLZARE AT
22 BEAREE; 74h, SCOP &
(http://scop.mrc-lmb.cam.ac.uk/scop/) ' £ % [
5 25 ¥ 52 Tt v B R TR 2 4 RN A AL/ X 2 1
JR G5 ) DAL B SR s B a5 k2 A
SRR S AN B DX R = 9% S — 50 A5 Ak ]
8, [RIA AT AR 3E X IR e 8 5 g, X2 D)
BE U fb B 28 AT BT LA %o 50 e A
SR T, A B TR LR 91 25 [a] Z A1
g5k s A BRI Z BRI C R, AT DR 4% 2
RESHAL TR E R, 5 ATl 701 o f it
S

1.3 SNMEBERTHERNIFEEIMIEEE
5T ET 2 R AR W) oA 1 gk Ak AR B
BT B2 AR R T4, B T AR 4 ROk
Oy TR RS, BRSO A W) B b b
B B s A gl A A 2 E R R
FREIRERZ — TELFAER G, mEF4ER G
liff 22 B A ¥ 52 54K (Terminal complex, TC) [H] A}
SERL 36 MAEHEEER G A, JEA 3 nmx5.5 nm
FEAT G SR IRET 22 bk 2 M FEocer 2217, 74k
RAEMH R D, AN BE S T2 NTET 22 31
BIERUEEE , XNy 2 BRI 2T 4 2R K A i) S B
AR WO R IR N E AL AR T 22 RS
an X, PRAR R R I, TN AE R A S T
PR EF At FR B 138 SR i e AR I i, R b R
A I A R T ik, BT M gERTEAR
Az S R, I AR i SN 41 4
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NS R AR N R A S IS BN
T VR Y 2 S Bl Ry 2 £ 2 2 i A O AR P R R
AR 0 3 B B UL R I 2T A 2R e B R 5
HirZ —st 2RI H AN A g 2 /s, R E
Pt v HL R A 4 AT R R R0

GO ET 2k 2 Tl A 45 4 3 1 L 3 45 4
TERET Y — W= e IRl , 5 Reas B B2 &
TEAYEREE I, DMESE R 1 R A Ak K
fift . AT SCHIESE, 2F 4k ZWH K i B ) Pl 22
AR AL Bl 7 B B B S T R Y BE A O
7 o B PRI RN, RS B
R H—26.37 keal/mol™ 4> 15 WA A H.
YE AT AR AR TR b 88 S AR 2T A R i, 214k
K R X AL 7 XS T DNA i iE
Wi, e W SRR ATP B /KRR RE =
HIVT DNA SERRSERT T8 Ui ] 1 )
PG FET DU A AL 27 R s A RR A8 1 A= ) K 4y
T, BEEARA T HLERT PO B T
MLER" WP H0 . 45t . o3 F a2 LHIRE,
T 25 8] 55 s [A] 4348 i 20— e A 2ok 2 1% BT A i
FRE, AT LU RS S 1000 i - R 2 A A Y

BLILESIRE 47 TAPAN D27 4 A 1550
PERE

2 FEZFHNLTRE

A\ 1983 4F Ulmer #2118 A 5 T 72
(Protein Engineering)” ME&LIK, LF4EREFHI 5
FHUGERBADI TUT 3 AME: 1) LUEM%E
AR AR SRR 2) LA % PCR B
DNA e ZHE AR FE 309 “EmiFi”; 3) HErLAEL
IR ST B A AR R B Ae Y SR R

oLy [21
Wit B
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21 KUESRTARKNE SEMIT

20 t2 80 AEAX, BfAE & s SR HOR By PR
K, AR MR IESGE RIS NE A . HIEA
MRS b — Gl M 4E R B, EERE
E M EERR AT I, XPAH DG HR 1 A T BT A
G o VLITIENT [ W 53— PR R Y G B s B TR
Sb LS, DO i s S IR S & A
IR DA A Y S5 JE AR WA R B o A A
GABFLARC LI 3BT T A [6) 28 BUAT TR a8 o 1Y)
S RMEA A FRGEMIE pH MK ; Zhang
SEXHE O S IR AAE T T fusca KR Cel6A JiE 1
AL B O R AT 1 R, i T
HAEf R RN g4 R
cellulose, CMC) HYIE 1, 5% T XKV &
—Pk; TELARIRE4ER NIRY 5L, 2005
4 Barker 55 X — WG IR i #A i 2T 4 7 Acidothermus
cellulolyticus WINVIZF4EZR Bl CelSA 55 245 AT
FERRAS (Y245G), FEIR T AR Wil vEH
(X T i R ARSI T 20977,

T8k, E RUGEBRICUEN] T M)A 4t R
WG PEEROL R A B9 R (Loop) £ 4 16 ] 7 L%
fif it AR AR T AR . A E MR FEAT 2T 4
HAITH Cellulomonas fimi FURIF) Cel6B (ZHIFR
“J Cellobiohydrolase A) C A i () — BL ™ FRZEH
HXTATEMEIRY) (A CMC) 1 A e 1 A e
PEE . XA ETR P T fusca T HA W FrLE
R e 11 Cel6B 19 6 A1 IR 4 43 7 E 4T 2 #
RAE, RIITA RIS R b AT 4E =
(Bacterial microcrystalline cellulose, BMCC) HYf%
fift e J1ARA T IAG, ) i L v R 22 v A P o
55, P ILHEN X SE Y FRESHTE CeloB By T HFZEE
FEff i & m2AEH . J34h, Von X% [RARE

(Carboxymethyl
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Cel7A WML P 3 i (D241, Y247 Fl
D249) #7554, it I BRE /5 KA ]
B S g A BB i, B T X
SERULT2E R 525 fh e 2 R RS 11

RUE R AR H R B4 il Ty b v T 1 4
RS , JHE X AR ARG | AR I
TFHY A AR o (HIE AN SCrd, i B
WV LR 2 2 Bl o T AT 00, BRI = 445
Ffe BB AR TS A, i B R 27 4 B K%
(4n GH5-9, GH12, GH45 il GH48) [/ E0 b1
P T =R (& 1) WH., T H A4
RS 5 UIREC R A IR A B, BTl
RV 7 2F 4k 25 1l 285 0 A 1 00 R X ek 17 ik
T, IR AT REMEAIMELIAS EIRAE, BT LI E A
RARBNA LR [ o M 2, R
58 A i BT 48 4t R B 2L A R 1 A T Bl A
1o b, R—RIGH L4 R i 7 H 751
IR T 30% , 33X 156 I [l —JE R 7 91 7 it Akt
R RAE T — R R, BILIREIR A
A S AR 30 DR A T 158 I 2% 7 VR AR AR
PR TE RN, WL R T — R BN

£33 FMATEEHLFRARTHTERIES TRIEHEH

Table 3 List of cellulases whose properties have been changed using directed evolution techniques

(95 KSR, T e e b O AN A BESRAS D e
2SR T o AN, AR YER B AR HAT
LR AR R S3E 0 R, X HRAE —EFRJE
L RR TR L HE R B s BT
I o

22 AHERMBIIE RN

UM B e e SN (DS B T i e =
SEFERRZ D e A AR
BT IEAT £ 2 R 53 1 20 7 2 3 9 AT 0 DA
AT, i, RA IR B,
BEBCH — RV E MR T, Bl AR &%
T, BRI R, SR AT HE BT 2 e
LA RARE R BT, B A R
T, TR ARSI JE R R 1 7 Pl AL 98 AR B A 1 I
R, 5 el i e R A s &, AR
BA RSl B AR 77 1 o i BOR B S8 T 1993
AEHEEPER Amold 15 1999 47, Michael
Himmel 5, ARG S48 SR H T TRARRK
22—l AL A AR B 3% 3 81
38 3 A 1) A R R T el AR A A R M R Y
i 78

*[22]

Source DNA technique Result
T reesei DNA shuffling Activity increased by 4.5 folds
Clostridium cellulovorans DNA shuffling Thermostability enhanced by 2.5 folds
Endoglucanase®
T. reesei epPCR A basic shift of 0.6 pH unit
Termite species Family shuffling Activity increased by 20-30 folds
Pyrococcus furiosus IBINA By giniEling Hydrolysis rate of lactose increased by

B sitimasngs Sulfolobus solfataricus

Paenibacillus polymyxa

epPCR, DNA shuffling

1.5-8.6 folds
A 20-fold increase in half-life and
an 8-fold increase in catalytic efficiency

E3 . .
: More examples can be resulted in review ¥,

% CMC is used for determining endoglucanase activity.
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JAEE 1) A AR T X 2 4 R Wl R A 7 el
BT RE SR B EMOR B “A o™, Hl T
X B (B 1 T A5 AR BTN RE Rt
ERERA RN “HHME", Rk aER
fiti 73 H1 300 N FERALA, T REAY 341 %5 [H)
BOEKEk 207, i H b 25 A 28 A8 B4 & A8k
SRR D, XA A RS AR AR Y T AR R B
FEH K, IR AR T H 0 A Rk
W G+ A SR S AR R SCIE Gl g Ny G 3R
TEIE AR A K IE B PPN 45 S AR PERE I 73, A
A2 SR IR T A R ) K ) R 5 R e R ).
PRAE, Ik 2 LR 2 - i TR Ak S R A A
875 (Iterative saturation mutagenesis, ISM) $i K
M5 I ARG | 58 RSO R BT, ]
AR LT GRS I ] o RS X A e AR A S
PESEAT T oA, (H Tk B i BRI, iR
H RIS TP e X N VI EF e KB - HH T 1
MIGE b, 38 1 AR DR SR SN £ 4E R g o1
HEATRE [ A ) SCHER R IE o PRI, AR o sk
AR IS 27 A 2 WA — 5 IR BRAE o SR8
RULT A RS ) 45 | AEAR AL LA 3 3800
ERBEATA R R SIRARE.

23 EFHEENEBEHGERBENE
E2ra

CEGEE NP i e
P 2T 4 36 S R 5 2 B 5
KO PR OB KA 3 TR SR L
FRIE T 28 11 R G0 S T 45 2 £ 8 2
PEVET B AERE IO, JURE A MRS 5 T 3
VSRR ROES, 3 03 5
WIS P AR WIS . o T BT £ R I
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SEEET PSR G R Y, [R)— A R 7
B3 H; 4 AT — R Fhas T 454 P, s b5 i ot
HAREE H 70 1 BT AR S0 AR G FE R AT 2 471
FexF, 5t AT A2 O P S5 A R 51
FHPI AR R, R ZE G C AR
ST AR H R 5 910 33 v 10 ) R A L 1R M s
[ 2H & n 28, CATERY], X EETREsR
e o & ——IREIX (Sector) FEdtfL [ HA
ARSI, BB MR 1 AL D RO
PR, XRPRE T A I B s 4 1 A 15 R g8 it
G3HT, T LAR IR I8 IR A 15 5878 25 8] A48 2R 5k i
FIFEH , 3R IR R . 53 S R4l Bl
PITTRNURLL, 50 R LUK A M PR T 27 4 R il
JIC ) ) 45 G B A Al T SR L ) 4 1t R 4 A A 5
-5 P20 ] B B AT M R 4 R L
FERR A ROR AR AR, S Bl LA v R T 2
RE A 2T 4 28 B 1 2958 FORSER,

HAT, B8 s R g R O g B e
kML, BRTAJE SCHEMA,
ProSAR &% ROSETTAP', 2009 4F, Heinzelman
FET S, LL3 P E R R &
Humicola insolens , W& #\ E 5¢ ¥ Chaetomium
thermophilum FZI4& N BT H. jecorina) 5 B 4h
VILT4E R (CBHIL) @45 oo, T
HA M A RSO . I Sk I AR AL 4T 43
ARG T B A S5 B IR IR A R TR E
PEAOEZ IR, B2\ 3% A TEAUIAR SO P T
73 ANGARMR, Horp 15 AN G AR R IR E AR 3
THEE (R AR E P 2 L IR E M B 1Y
EARERE T 7 OFF L X R T a5
SCHEMA 475 i AT F 4 ) DNA 4l
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(DNA shuffling) FLAT B YRR, Rl RIAT %
by G HE 2H ISP A AR P, TR O O L AR
PEECHAB M REAS 2132 = Bl 1 S8 1A

SN, XTI KRR, Al
FHSEFEN (Ancestral sequence reconstruction, ASR)
1) 5 AT D RE i Ak 7R o i 2k o) R — S8R
FE A R IR LE R 04, 5 LG S 1Y ) s 98 7% 5
WG T RE S A 5 e 1 7 91 A8 Ak, 3 i B
HEAL I AR T ) S AR N HHE R OC R 1A
ST T ak O E 1 L SRRz IR
TR gk | Thie S sk e e

RS A A R OK A GHS . GHI2 45
— RINFRINEF AR TGS | G5 HHEAT I )
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Fig. 2 Statistics on the absolutely conservative amino
acids in the sequence profile of the active site in GH12
family (Residues are numbered according to Cell12A of
T reesei).
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