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Abstract
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For al known cases, chitosanase is an inverting enzyme, which catalyzes the
hydrolysis of chitosan by an inverting manner to form a-anomeric products.The intrinsic
property of the natural occurring chitosanase largely decreases itsapplication in
glycosyl-transfer reaction. In this study, we have tried to convertthe Bacillus circulan
chitosanase into a retaining enzyme by combiningsite-directed mutagenesis and chemical
modifications. Although the active ditetopologies of these two classes of
enzymes,inverting and retaining enzymes, aredifferent in many ways, the distance
between their two essential groups arebelieved to be the major factor. The chimeric
chitosanases were prepared bychemical modification of the D55C and E37C mutants
with 2, 2-dithiodiacetic acid,3, 3-dithiodipropionic acid, and 4, 4-dithiobutanoic acid.
LC/MS analyses revealed that all mutants were stoichiometrically labeled with all three
thiol agents.The catalytic activity of D55C and E37C were largely decreased as compared
with that of wild type enzyme. No significant activity can be detected on D55C/E37C
double mutant. Thiolated enzyme showed a minor factor on increasing catalytic activities.



The catalytic products for all enzymes were chitobiose, chitotriose and chitotetraose.
Besides of the protein engineering approach, a powerful affinity column for isolation of
specificchitooligosaccharide is under developing by phage display technique. After
screening through the phages library containing 10°-10™ different clones of antibodly.
The functiona phage will be massively produced and immobilized for affinity column
application.

Two amino acids (116 and 223) were selected with the aid of computer simulation.
Chitosanase-bridge was produced by inserting two loops onto these amino acids. From
experimental results suggested that the insertion of these two loops onto amino acid
transforms Chitosanase-bridge from an endo-type chitosanase to an exo-chitosanase.
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R AT T PFE 0 o N-¢ i~ %5 (N-acetyl-chitooligosaccharides) - 4 £ 45
d 2~10 B N-2 faf § 4yt B-14 BEH4EL A chik A 3 EsE  a 57 B
(chitooligosaccharides) | &_d 2-10 & § % #& %14 B- 14ﬁ1}$+1{gf AT 8 dhe A B R
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chitosanase 2. %1k = 48 12 (6) - MH-K1 chitosanase & § 259 & '=<fpé » N174
chitosanase PI§ 238 % - 7 RPEREE 1155 et o bt RPEETH 8 903
ko Z 3 T % - 4o N174 chitosanase @ -k feni= % 5 GIcN-GIcN 2 GIcNAc-GIcN
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# Ik % o B Bacillus # #1i% * z’v’ﬂ?‘%ﬁ PWH1520 # £ ' 41| fx {20 enld i 0 #&
Forql* Spel 2 Kpnl kg7 > BEREFRYF & (PCR) * < > Spel:
5>—GCT CCCATGGCTTTCACTAGT CCTTCT CCT 2 XR-V:5- GACAAT GTA
ATT GTT CCCTA #%3x+ chitosanase gene » 5 § 4% 2 {4 #7189 (7 T4 5
PWH1520/cns; # E.coli # 3 % 3@ » %3+ 7 & #5351 F 40T ! cns-Nterm : 5°-GCT
CCCATGGCTTTCCATATGGCT TCT CCT %2 cns-Cterm 5’-GACAAT GTAATT
GTTCCCTAC - {I* Ré&prad g > & (PCR) *x~+ chitosanasegene » * ¥ * {4
PET22b(+) 1 * Ndel 2 Ncol 7 i+ #72& 4 ( FAHE A4 %] & pNdelcns 2 pNco/cnse

Bacillus megaterium ¥ #7724 2. £7 % it

PHiE $E 75 18 o0 B.megaterium h¥ F% > B>t 7 3 tetracyclinesh LB &R ¢ 0 B
37°C T ook L 115rpm 2 & 12-16 ) F o B~ 100 uL ** 500 mL LB > *+ DO600 =
0.3 > 4 » 05% xylose & ] DO6OO=15E13= s 2 o #ER A 4°C > 11 15000
rpm e 20 A4 o 3 g bR * pH 7 BRpL s R win 0 oA R R AL
o o Blamre RS ) /%]/M\F' vt KR T Re e dR R o

HiTrap Q /&4 + 2 #4175 # H.4 #7
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¢ ”1<9=$ fo ey poe R Bk EAF BT B DTG e g +Fﬁﬁwﬁf ° {t
AR E e N ek B o WM SRR UERAL S 593 % (20mM o pH 7.0) i’%ﬁf‘ H|Trap
QH#F 2 M i  EFEITA A4 BEH A 5 55 200mM > g 5 2.0mL
Imins A5 60mL - jxf 2 & (5d 2F P~ > 4 » 1%chitosan > & 37 CR
B 400 M v K (B B e TR T H B e

Lt BREY PERLEB
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PH - FiE & 5mLLB-Amp 3 &% & 1216 ] FF{s > #&48.5] 1000 mL

LB-Amp 32 %% ¢ » 12 37 °C-kis 2 % sk 115rpm 32 % 18~24 | BF o iz
& 4°C 12 15000 rpm #t.< 20 Mi R AR BT hEN > TR i
10mL (20mM > pH 7.0) i fi& F4E > Jf%,h CETCER CANDETES-§ RS PP
(45W’ 60 % pulse) » & 4 °C 11 15000 rpm e 10 A 48 0 #+ & ik 22 s 2 A B
BT MR B o A KiE T 0 BB Y b r FEEE4ET 80% HrfrR o
8 204415 0 & 4°C 2 15000 rpm dtc 10 A 4 0 Bkt 4°C T o

(O)HiTrap SP /245 < #e4if7s ¥ H kg 17

Ppifedete ok & 071 80% % B enpz% > 1% HiTrap Desalting column *% 3
Tofhrf @18 ehme P PR > 0 AR B3 2 (20 MM, pH 7.0) F fF2



HiTrap SPH 4+ 2 e pfa g4 e 7 R 47 2 4 B P2 5 53 200mM > jiiiE 2.0
mL /min> #4588 3 60 ML < fcf % & 15 d 324 Bo4f > 4 » 1% chitosan» » & 37 °C
LR 400 nm e Sk B 3 e SR H E L o

FF FRERRICE £ F £ gL

¥ B4+ chBicinic acid (BCA assay) W fcie i #3471 39 Tl o b &
]* SDSPAGE # LC-Mass % fip| & sEchi + £ -
RERZL X PEE

#1999 # > Saito & 4 #1g & s ¢ (Saito, Ji., 1999){F wH B =% o &
e 5@ BHE Y R A > MITE 2 APMAT T 2473 0 &P E37C 2 D55C
H 313 (primer)& 340

E37C-5" : 5>—CAT CAATAAACCGTGCCAGGATGATTT G
E37C-3: 55— CAAATCATCCTGGCACGGTTTATT GAT G
D55C-5’ : 5>—GAA GACATT GAA TGC GAG CGC GGG TATAC

D55C-3’ : 5> —GTATACCCG CGC TCG CAT TCAATGTCT TC

REFALERETIPFFFE

EART P Fehfe 4o 2 W EE 10 mM lodoacetic acid ~ 3,3-dithiodipropionic
acid ~ 4,4-dithiobutanoic acid ~ 2,2-dithiodiglycolic acid - B~ % % ehf% % 400 uL £ 100
uL &7+ 4 (Findconc:2mM) iR £353 » ¥ 33 37T CTREFF B F BERE -
i Bl “f Lo X R (ESIIMSIMS)iE B E R e
REBERAE LA PP TFREEP A

Wt T 16t BETRSE o 4o~ 1 % chitosan SOuL 2 fEF S0 pL o 3t 37
CTF fa#c| B ﬁZkF Bis e » B3 AF BR 20F PR T B AR
## 1000 & o 1% 7 3¥ & (ES/MSMS) » %frﬂ AYe 3§ o
# endo-chitosanase = 7 exo-chitosanase /7% ##% 7+

AP AR 2 5] S 4o T

CNS-116-F (5’-CA GGC GGC TCT AGA GAT CCG TGC CTG GGC GGT ACC CAT
CCC GAT GGC C-3’), CNS-116-B (5’- G GCC ATC GGG ATG GGT ACC GCC CAG
GCA CGG ATC TCT AGA GCC GCC TG-3’), CNS-223-F (5’-CTG AAT CAA GGC
GCT ACT AGT CGT ACC TGC AAA CCG GGC TCA GAT ACG CTT C-3’) and
CNS-223-B (5’-G AAG CGT ATC TGA GCC CGG TTT GCA GGT ACG ACT AGT
AGC GCCTTGATT CAG-3’).
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#4 & pNCMO2 448 + > & & 5 chito/pNCMO2 - {1 * Bacillus /% & & Fv
o A9k arand g #rit * ch B, megaterium £ IRk 38 5 16 B MoBiTec = @ #7
PR 2 G F SR FAS O P AL AP FRg- EXE Y ey
o et oA gk 0 ¢ ¥ - MH-KL & B pEp: £ >t Bacillus megaterium ¢ £ 3
hG FE B e ??o SORNMHESR AR ESREE o &HET T7 RNA
polymerase system » 7 i Fjf6 5 E.coli BL21 (DE3) » 4448 & PET22b(+) - Fs » 4
T B ERE 0 A W] é{’ PET22b(+) + pelB leader 2 2 f pelB leader -

’é_“f—i pelB leader 3% i» » & & 5 (n) chito/pET22b(+) - %\*f—i pelB leader

» R B AR chlto/pNCMOZ e pET22b(+)A> Hﬂf |* Ncol 2 Xhol DNA 2| f# fx

2oL Wit o MEPPER A AP I TR I UFIEE T e B LT R T
DNA =5 » B2 /it & &5 chlto/pET22b(+) » DNA B 7|t Bl - #7771 o

‘—h
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Rn- GCT TCT CCT GAC GAC AAT TTC TCC CCA GAA ACC CTG
A s p D D N F S P E T L

CAA TTT CTIT CGC AAT AAT ACG GGG CTC GAT GGEC GAG CAG TGG AAC AAC ATC ATG
Q F L R N N T G L D G E Q W N N | M

AAG CTC ATC AAT AAA CCG GAG CAG GAT GAT TTG AAC TGG ATC AAA TAC TAC GGG
K L I N K P E Q D D L N W | K Y Y G

TAT TGT GAA GAC ATT GAA GAT GAG CGC GGG TAT ACG ATC GGT CTT TTC GGI' GCT
Yy C E D | E D E R G Y T I G L F G A

ACT ACA GGEC GGC TCC AGA GAT ACC CAT CCC GAT GEC CCG GAC CTC TTC AAA GCC
R D T H P D G P D L F K A

TAT GAC GCC GCC AAA GGA GCC AGC AAC CCG TCG GCT GAT GGC GCA TTG AAG CGC
y b A A K G A S N P S A D G A L

K
CTT GEC ATT AAC GGA AAA ATG AAA GGC TCG ATT CTG GAA ATT AAG GAT AGC GAA
L G | N G K M K G S | L E | K D S E

AAG GIG TTC TGC GGC AAG ATT AAA AAG CTT CAA AAC GAT GCG GCT TGG AGA AAA
K v F C G K | K K L Q N D A A W R

GCG ATG TGG GAA ACA TTC TAT AAC GIG TAT ATC CGG TAC ACGC GIC GAA CAA GCG
A M W E T F Y N V Y | R vy S Vv E Q A

CGC CAG CGC GIT TTT ACC AGC GCG GIG ACG ATC GGA TCG TTT GIC GAT ACG GCG
R Q R G F T S A v T I G S F v D T A

CTG AAT CAA GGEC GCT ACC GGC GGC TCA GAT ACG CTT CAA GGC TTG CTA GCC CGT
L N Q G A T G G S D T L Q G L L A R

TCT GGC AGC AGC TCG AAC GAG AAA ACC TTT ATG AAG AAT TTC CAT GCC AAA CGT
s G s S S N E K T F M K N F H A K R

ACC TTG GIT GIG GAT ACC AAC AAA TAC AAC AAG CCA CCT AAC GGI AAA AAC CGr
T L v Vv D T N K Y N K P P N G K N

R
GTA AAA CAA TGG GAC ACT CTC GIG GAC ATG GGG AAA ATG AAT CTG AAG AAC GIC
v K Q W D T L v D M G K M N L K N V

GAT TCC GAG ATT GCT CAA GIC ACG GAC TGG GAA ATG AAG TAA
D S E | A Q Vv T D w E M K *



®- chito/pET22b(+)£r (n)chito/pET22b(+) & % 5 71
Bacillus expression system # % # £ 2 # 14 7

B. megaterium % IRk AL kb gk K8 S (xylose operon) i # ¢ ¥ &
(regulatory element) » #c & Jf 4e > xylose 3 8> F]1 5 p kAL R AL - B L
PR TR o TR AL AN o BRFETFEARZL 0 KEER
WM Y AR E G E o v HiTrapQ g4 it 4e (Bl= ) #f7r < (Bl= )
% 2 SDSPAGE e % » 3¢ ira Bz © = 7 ef | * B, megaterium i 4t Bacilluscirculans
MH-K1 £ chitosanase » i (534 1 4 S8 ¥ {7 $]4& it % & ¢ chitosanase > ¥ Pﬁ—ﬁ I
Zé’ﬁﬁﬁk‘ﬁp ﬁ%MP’ﬁéﬁ%mﬁﬁa°

(%) 108N

kDa M B.m
97.0 L L L R
66.0 s 006 .
45.0 : R 1
g oo 1w
30.0 “_ e g |
201 | - |
| »
i 0 o
14.1 ‘ o
=, Time (min)
il " | e AU280 o Adivity — NaCl conc
W= ¢ B.megaterium & .57 RpE W= WildtypeHiTrap-Q i+ 2 #
PER 230 Sk HHpa & 475 4 W

E.coli expression system # 3 # 2 £ 7 #7;

#-Cchito/pET22b(+) #7;% ~ % 4% ;) BL21 (DE3) > T % H £ g% » F IR
for IPTG FEenfin™ T A § v Fend o ) fé.gi:i.g{\ ’§c’ PRI -0t
LMo T T R G AR RS RRDIPRER Y R ARG IPTG
FEHTOPNTVEIBEFERETFERERT o VAR iEE AT A e 0 1B
EPFR A 16~20 ] FOEAREEFEMEEGE Vo 4 FMBET X B ERG
o @ (n) chito/pET22b(+) HEZ £ A4 2 chito/pET220(+) 4p ke o 14 4 3T *
chito/pET22b(+) i& {7 78 F]1 4287 F-v ik T o

BED" HiTrapSP a3 2 #eitt™s § 1 pH 7.0 2 42 % > ¢ HiTrap SP ehk
1T RE T (Blz) > % 200~400mM snNaCl kR » -2 b e ™ ko>t 57 &
PEfE % B awtiy > 5 SDSPAGE A2 SR (Bl ) HHEFARFE 90 %1t »
AFEH: 29KDa B E v FERZPIZERRBZTE L LRI FTHILE
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@ hed — o 7,\/}357‘ v rT!"'T

RERF A AR F ST .

212 RHEJTRHCRFL (unit L& 1 1 pmole/min)

Total protein, Tot. activity | Spec. activity |Purification| . 0
(Mg) Step (unit) (unit/mg) folg | Yield (%)
411 Extract 4074 9.90 1 100

(NH4)2S04
287 3863 135 14 94.8
0-80 %
HiTrapSP
3.2 959 300.1 30.0 235
pH 7.0
kDa
1 2 M | 970 6
| S 660 I | 10
. 450 i 1 o
4 _
s W WS 300 I | 0
, | | 40
20.1 I | 2
0 : O O : 0
0 20 40 60 80
- 144 Time (min)

B I Hi-Trap SP & 7 % % 2. SDS-PAGE &
Lanel : E37C, Lane2 : D55C
Lane 3 : wildtype, M : Protein marker

%.1988 & » p ﬂk%‘f*d Bacillus circulans MH-K1 7% 35 7
Hf g

AR

ﬁ}ﬁ%ﬁéﬁo

>

— OD280 — Salt% -O- Activity

Fl= Wild typechitosanase Hitrap-SP
B+ % Fe e k47 B

N ]‘mll‘\”%’]t?p E—‘]/, Kot L F E €

FIp AR B 7] X 4 A4 TR K SLiR (7 chitosanase 16 W Ap B PR g o

Y

ROEEF
& o Fev %‘H&

KRR A

']}7' H—:‘z\ﬁL,l /'-»’MT)’Q') 4 m

T R

chitosanase {4 » T 4¢c
‘xz\IFU,]‘ %% B. brevisexpression system’ 7 A3

A

A .B_fj—j’- % -

& 37°C pH 6.0
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TR BT RPE J\ﬁ*ﬁf@; FReiiw @ &£ (Dp2 1t ) 2 - g
bg&)—"&i‘aw ) ’dﬁ,‘éxg*ﬂ% ZpE zg ZPENPRE - TR Lbﬁj_j,_—/% P N

BT R

PEFS % o 7 $tw pEr o2 ggﬁr@g»‘ L ANy %13 o(g]f‘ ) Hrm s AR AT AR

GE2 RSB ERE AL PRSI T AR R Y e 2 AR

i e

enzyme , pdt Micromass Q-Tof

0326-yao-cns 661 (29.762) Cm (652:670)

100~ 363.16 - B
v _
] =y
l%i
OE 90?9 ‘ }621 09(1‘72 99 240 98 25500323 1§ 34][ .18 ?64'19 502'30‘ 524'25825.27 592l.28 703.38
0326-3}5‘1(‘)‘c‘r‘1‘s‘3‘4‘1‘1‘(15093)C‘m‘(33‘6344) " ST T
100+ 363.18
O/wi /V— ﬁ% =
] 524.28 =M
i 162.09 34118 |364.19 502.27 -
R ?099 14“107\ 13009 72597 323'18‘ L | 1?527 59228 70335
T T T T e T e e e e
WA 2 FAR AR ELHRFRSTRBLRCEAF (TWEASREY T H
’}p_ﬁ.’}%ﬁ-‘]*);&" —pEASE 1341363 A z@mAa+E 1502-524
22 AR RBEDF BIER
Annealin Extension
ealing ensio Ploymerase DM SO
Temp time
E37C 55°C 13 min Pfu Yes
D55C 60 C 13 min Pfu No
E37CD55C 61°C 13 min Pfu Yes
iz
A S E

PR AP B

PLA%# 27 i v e (essentail amino acid) Glu37 4o

AspS5 -2 Quick change = 2R %2 :x% = Cys- r E37C -~ D55C &
E37C/D55C ggkx % %% - Quick change #1i¢ * 2. PCR A4p B 15 240k = -

Trd R ZERpEZ 2+ £ 28

FORETEFCERE Y
+ R R FHRE R LS EEL SR R

£

s 1 ATIJ fL

B2V ,FB

e 7 pelB leader 2
(mature protein) > 4 (Bl = (+)) 2
- Met’=ip -miz 5 29234 5 > 1 Met-Ala

=

<L

PET22b(+) & st » g
2 B4t o miz & 29305 2

1 EcRld B 097 4k (wild type) 2

'm/z 5 29087 Rl 5 ° 7

2
v

z
v

4 BT

R B IRen
RFREEZ che

CRUD NS W T fbfj‘r—% kG R od o ?ﬁ?ﬁv‘& RPE
VILE B H - TP R e %‘*
o
Met-Ala-Phe
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f

1P| 2. miz 5 28956 i > b AE %2
AR S AR S

» 7 R+ % 4% 2 signal peptidase ¥+ pelB leader ih& - 147 i o

F AB
T A N %‘f 7 - B Met vk g o

PR AT TR ) Samu 2 A

AZ A BRALRARY O FASEAFA

Mutation

Wild type
in E.Coli

—
Gk
e

NO With
E37C | D55C | E37CD55C

pelB leader | pelB leader

-M:28950 |-M 29305 29289 | 29295 29272

-MA 29234 29222 | 29227 29201

By
4
s

-MAF29087 | 29076 | 29077 29054

(NH4)2S04 Micromass Q-Tof
yao_920407_e37c 701 (32.714) M1 [Ev-26900,1t24] (Gs,0.750,944:1702,1.00,L33,R33); Cm (692:707)

F UG g 4 b pelB leader 2. pET22b(+) 4 52 2 4 (Bl= (7))
T

100+ 29305.00
%
29234.00 29367.00
29087.00. 29508.00
29017.00 29571.00
25596.00 26758.00 30525.00
0 T T ’ - Lyt T baphi " / v . " (T oY : T————
25000 26000 27000 28000 29000 30000 31000 32000

Ndel self ligation Micromass Q-Tof
yao_920327 _cns 648 (29.283) M1 [EVO,It13] (Gs,0.750,967:1569,1.00,L33,R33); Cm (640:652)

100, 28956.00

%

1 29055.00

28933.00)

] 2557000 25854.00  26544.00 2751L 0% 27842.00 2958300 30114.00 30992.0031474.0037262. 0%3273200

N loadil \ I P Mmd LT Y ) YT N nuh m
pob el kLot e e L L L T el e

25000 26000 27000 28000 29000 30000 31000 32000

Bl 3% & %R wild type (n)chito/pET22b(+) % chito/pET22b(+)4 +

ik 5



MRkt Z (E37C & D55C & E37C/D55C) ¥ Jis @ #iEHF & — (41 & e
T FRHadphl F R0 L o §F £41* lodoacetic acid ﬂl—«n’fw%%pT ’
lodoacetic acid & ¥ % 2 e F & - B3 > A & RF¥ o £ ff % 2 Lys {v Cys
ﬁ?ﬁaiﬁw,aaw%ﬁDﬁcaam:%“ﬁH%mei3@CWW“
STt ey o FIP AR TR S - R KT HEATY
77 LB (-CHrCOOH) #iEzs a2

WAL MH-KL 87 RpFpsd 2 if > 2 opsmA vl F s

general acid (E37) {- general base (D55)2. 7 & & % fl ik e ;};J\-_;}-g—_;ﬁ,]ﬁ&%ﬁé 109 A -
mgd AR AR R T Insight I package program B % o hof A 0 7 4 E37
5 A e s 75A > @ D55 A5 5.6A -7 Aa AT f kaF 4~ 4
“%“@*Fﬂfﬁw’ﬂwAwQﬁ 2,2-dithiodiacetic acid - 3,3-dithiodipropionic
acid 2 4,4-dithiobutanoic acid (2 4 7 ) & R B f% & (T% rlex %S i 5 2L 2 Ap ¥ iE
aoooF - Bl F‘L—ji%‘ét % 15 A s fe F)H r%uﬁ_.\: SRR b ] > o
PP R AL 2t E B R AT~ 2 Cys (£% o iR Y BR 5 - @ Cys
«w§0(wﬂmouga¢ﬁﬁxﬂ1}§rﬁ;ﬁdwpfipm;¢¢,gﬁzgﬁ
BB FHRY AP HAT TR - BREROTEFE - A5 2B (LF
N ]’ﬁ;‘]_‘L )o

WA ~FY edpEEl

AR R GeiARE Y B SAAM S FR pH B2 L B
& FBTF ik o AheT 1 F pH 8P > HIRRF fiE gt pH 7o

L F P RR RS R E S AR R TIEE A G pH 7 g R 2
ié'h‘#ﬁ‘cf s Flm 2 pH 7 FREGE R o A K RiEARY 1Y ?"r?&@lﬁw R AT
Je= =15 > 1% Desdting Column 'z 3 2 & i > 7 @3] % HR 2% - Wildtype 3
6 fena 3 R4 w 5 129295 29077 0 Flwak 2 A k- X R 9 Feri 4L B 4-8
5 DS5C fh-&fsehis s » #1 D-g s 2 ps A3 £ 4 % 5 29386~ 29168 > 12

}a E:
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D-p s 2 fs% 2 4 5 £ 5 20401-29182> 12 D-b s is s % 2 A 5 £ 5 29414
20196 ; B 49 5 E37C -z isehid s » B AL F A I 2 s34 3T £ 55
29076 ~ 29224 ~ 29295 » 14 D-g i 2 5% A 5 £ 4 5 5 29289 - 29380 12 D-p

Tt prd 2~ + £ 5 2939 -

29325 ~ 29178 -

i & (# 40)

BN (e S+ E)

A. lodoacetic acid

ICH,COOH (MW : 59)

2,2-dithiodiacetic acid (D-9)

HOOCCH,SSCH,COOH (MW : 91)

3,3-dithiodipropionicacid (D-p)

HOOCCH,CH,SSCH,CH,COOH (MW : 105)

4 A-dithiobutanoic acid (D-b) |[HOOCCH,CH,CH,SSCH,CH,CH,COOH (MW : 119)
SCH2COOH Mcromass Q-Tof 1-MAY-2003
920430 _YAO DB5C LABEL 455 (20.227) ML [BE-18224,1t18] (Gs,0.750,1023:1527,1.00,L.33, R33); Om (447:462) TOFMSES+
0, 291680 46063
29077+91
" 2938600
— 29295+91
29146.0)
2940800
2536300 ?ﬁaozoo 2810800 3060900 AWBO VBB 3408000
Ol “\‘l ; st ; N .M_um’_ﬁm.]n : bt : " “IA. : Wizl h‘l " ‘l IHH‘I ulnl‘ll Lk ,m
25000 26000 27000 28000 29000 30000 31000 32000 33000 34000
SCH2CH2COOH Mcromass Q-Tof 1-MAY-2003
920430 YAO DB5C LABEL, 1 523 (23.014) ML [Ev-18886,1t21] (Gs,0.750,969:1583,1.00,L33R33); Om (515:525) TOFMSES+
10 29182.00 157e3

%

29077+105

| 802200 267010027 0°® 2806000 g0 W67 310400 326850022024.00  33801.0033780,00 3463600 92900
N Y v " T, sl
s b st st TR T mess

25000 26000 27000 28000 31000 32000 33000 34000
SCH2CH2CH2C00H Mcromass Q-Tof 30-APR-2003
920430 YAO_LABEL 684 (30.056) ML [Ev-22533t23] (Gs,0.750,1048:1683,1.00,L 33 R33); Cm (673700) TOFMSES+
1007 2919600 58663

29077+119
% 2941400 29295+119
—
2017500
2943600
o0 2200 kol ® 29105’(%' Il Mm 20 \mm/l m/ »
G ““ | TR : ks . L ol ‘l : ‘IlnIlA ‘I : . lln“ﬁ I : il ‘ll bl ‘ll : “‘.7— ol : : b bt
25000 26000 27000 28000 20000 30000 31000 2000 33000 34000

W1 %% D55C £ 7 f chemical label =% %
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SCH2COOH Micromass Q-Tof
920409_YAO_E37C_LABEL_2 245 (11.051) M1 [Ev-20713,1t20] (Gs,0. :1790,1.00,L.33,R33); Cm (244:252)

100+ 29380.000
I

29162.000

29331.000 29402.000

29184.000
29204.000

29493.

29423.000
29445.000 29472.000

29358.000
29244.00029268.000

G T T T T T T T T T T T T T T
29150 29175 29200 29225 29250 29275 29300 29325 29350 29375 29400 29425 29450 29475
SCH2CH2COOH Micromass Q-Tof
920409_YAO_E37C_LABEL_3 230 (10.248) M1 [Ev-9960,1t19] (Gs,0.750,1077:1406,1.00,L.33,R33); Cm (227:238
100

%]
29419.000

—%9221.000>

29303.000 29495.000 9531,

9071.00Q

28933.000 58972 000

29252.000

ZBéOO 29(500 ‘ ZQiOO 29‘200 29é00 291‘100 29!300
benzenesulfonyl chloride Micromass Q-Tof
920409 _yao_e37c_unlabel 217 (9.766) M1 [Ev-15702,1t23] (Gs,0.750,1099:1516,1.00,L33,R33); Cm (214:222)
100- 29224.000

] -MA  «—

29295.000 29497.000

— -M

29317.000

] 29076.000 2951¢
‘MAF < 29204.000

29057.000 29097.000

29339.000 29478.000

41 28895.000
O‘\““““\““““\““““\““““\““““\““““\““
28900 29000 29100 29200 29300 29400 29500
Bt - 2% E37C 2 7 F chemical label % %
BT RERIEF 2 BLREE A 217

N

BRI R BHRAEE > A7 DNS & 7 g Bplid o F AR 2 R
53 A Flpt - g e ﬂ’f\ﬁﬁ‘f’ﬂ Bogd FHRATEAF DS FE
FEAL MBS T ZELL B RADTHARE RERPE O &K
AHEENEE A o (LB - B )e

STk AP E R UEFEL B RFE RS 2 R DR e g T
e g Y o 2 R g R o Tl A RS o R
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f”’?”*’}'}tﬂl/?l

m e FERR 5 7.
o b%%mﬁ%\m?’@“mﬁﬁ%ﬁﬁfi°

%L 3 pRag

g 10-20

product Micromass Q-Tof 1-MAY-2003
920501_YAO 400 (17.444) Cm (394:402) TOF MS ES+
1004 524.28 87
a 363.18
o %
244.12 52527 6g5.43
226.98. bos. 21 l686.38
okl T\ \‘ St AR O JBsaro | dos031143 7 ZEOVAT 120 44 16091 180240 192198 90,9 2400 88
t f 4 y y " " 4 y f ¥ ' t ; ¢ ? ' T T f
920501_YAO 348 (15 186) Cm (41:351) TOF MS ES+
b 1004 524.28 51
%
B64.19 582.29 68536
5703 244.08 942.63 1646.36
8606 990.65 1572.93 - 1966.63 2092.50
ol I .\H\M m \H‘ ! | A " . 4\ \ S O e 2151.23 2323.93
y f Y y y y + ¥ v T ; 1 ; T ¥ t
920501_YAO 271 (11.845) Cm (265:274) TOF MS ES+
C 1004 524.28 55
363.18
%
685.36
143.09 216.95 [364.17 52527 &ge 38
244 10 [364- 1238.73 1346.06
818.06
ok u\\WH bl PR SFETVIPATIFD PO ORI O Fiertrm PP L4110 13846 172503 1898.71 214628
) ' 4 " ‘ y } b y y T " ; " : * t v
d 920501_YAO 190 (8.328) Cm (185:195) TOF MS ES+
1004 524.25 54
363.16
9
"] 363.23
52527
14312 24410  [364.17
| ‘ 584 ere% 43 /9058 1029, 74;131 861166.75 132767147623 156067 176952 1889.251995.71
o JP TR X A A 20 74 ] S 1560, 2093.85 s
' 7(‘](\ ! Ann ! ﬁr‘m ! R(‘\n ! 1 nnn ! 1 7nn ! 1A‘n(\ ! 1 R‘(\n ' 1 Q‘(\n ' 7n‘nn ! 77‘(](\ ‘7A‘n(\
a4 C-SCH>CH,CH,COOH, (b C-SCH,CH»COO
] a) D55C-SCH,CH>CH» H, D55C-SCH,CH>, H, (c
D55C-SCH,COOH, (d) D55C-unlabel
[AAAS . ibi ] . . ibi - = . .
Attt B pE MW 341363 &7 = pF - MW : 502 ~ 524
a Micromass Q-Tof 10-JUN-2003
920610_yao 766 (14.364) Cm (734:798) TOF MS ES+
100, 162.08 2.53e3
484.23
226.95
% 32315 46316 50226 524.21 645.29 663.32
573.77
172.97 240.96 341.16
‘ ( ‘ s 320613 376.96 412.60 44494 564. 78] \ 597.62 687 28 73486 L0 06 824,36 g5 57 866.89
4, 254.9: -
oluk [ 200 i N L kl)]xl:[l‘ﬂimmlkllun " mH.T " ‘“LNl.ul .JMLLM
or e e et ] ' ey
920610_yao 935 (17.608) Cm (909:948) TOF MS ES+
1004 363.16 1.52e3
162.08 50226 52424
%-| 226.95 s2315 663.32
: 685.31
484.23 573.77
180.09 240.98 20613 364.16 430.93444.97 l \ 54429 1 592. 2194 15 64829 702.89 753 2g 770.86 824 30
o“‘ Y “.29‘4‘97‘\‘\ PO WU SV P (O J‘\AA.L A L.(A LWI‘K ol ‘L L {‘I ” ( (86692
920610_yao 557 (10.403) Cm (533:591) TOF MS ES+
100, 16208 363.13 2.67e3
C 502.23
524.21 66320
%l 226.95 323.15 341.16
240.98 493.22 526.23 08328
180.09 30611 36416 1060 444.94 57377 592.24  ga5.29 202.89 753.28 190 a9 824 36 846
| |, 20400 25498 . | L s62750 | |, Liddod L | N ( {865 85
okt bl Ll b e A bt hbthidethodblihh bt Lt b \“\“‘
920610_yao 380 (7.080) Cm (371:398) TOF MS ES+
1004 363.13 1.43e3
162.08 524.21
d 9% 226,95 502.23
1r2.97 240.96 323.15 341.16 66320 09528
{180 09 5408 : 31 ‘ 376.04  430.9344404 49322 52521 57377 59221 65427 686.26 75328 77086 g24.36 84636866 o
3061 -
‘ (o, | R T Lol {..‘Jnmh\. AU A bbb (L A

(a) E37C-unlabd, (b) E37C-SCH,CH,CH,COOH, (c) E37C- SCH,CH,COOH,

(d) E37C-SCH,COOH, A 44~ +7 : = g8 : MW : 341~ 363 = g% : MW : 502 ~ 524
M- BAEAEG 2R a5 0 BB A HHE LA PEF
& (glycosylation) = 2, = fx% --pE A ¥ B 48 (glycosyl -enzymeintermediate) ~ % = #

1) i

13



v

T PEEPEAY FéW"’i—i P 75 F J&(deglycosylation) = & B2 & B S - F
3 i{: 2_ carbocation (£ # * & f& oxocarboniumion) (L B+ = )> fﬂtb FREMEE

Z I S FF A RIRT R €T R K AR Y PR AR o X FIA T B
re&'ipH? NTRAAF S A R PR pEA T 3§ *fiﬁ’f*']ﬁ%éi Hi e
#-1% 19158 i (carbocation) # % 4 = o Fa el F BT e

il o BRI B RERN T A RREA AL BE L RE  HRER
gi']i‘é’—“#&?’ G (SR T L E RS RS T AP B R
fErs+ 2 B ERFERE-H2Z T o bp ARRAY > AFFILATRBELF 5
Z’ﬁt’%{r Lm#}‘[’} » F] Lot *}; ez N0 BEREE L BV R RBLEFEAGES (R
Btw) TREFZFEEE EF MRS 1% F i 2 oks BT R

-]

(o]

)24
Fop T ARPEAT A XX EM o RGBRH T FE- HRE -

E37 E37

°\_on Glycosylation

55C-modified

Glycosylation

Glycosyl-enzyme
intermedi ate 55C-modified
(Could be accumulated!!!)

Deglycosylation

Deglycosylation

55C-modified

55C-modified

chitooligomers

Bl = FET 2 e FF (retention) 4147 F
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One -step
Inversion

|

A

OH

Btz eFi& (inversion) #+4]H

N R pEre-L iE g # (endo-chitosanase) & *F B gF %o K iE fiE F (exo-chitosanase)

B GET T EARY K Y AE Y o BB RE AT 4 4 B B peptide:
E it s air FArk o g ;t;t?} Jn & @ ¥ & Bacillus chitsanase shg > 4 (B -+
Z)0 RF BRS04 chitosanse Eit Y B R G AR A S S T3
180 ( » %}5\@%4&2 signal peptide e A enfiz 2 S 9RAR A 7 5 116 2 223)
w3V RGE | B B petide- i&0 B & o e loop + X 5 Saa 2 6aa £ 0 peptides -
(BT .+ ) 4er2 8 BAFNEEAEE S PH 5 chitosanase-bridge.

¥

Wy

(A) (B)

B+ 7 Bacillus chitosanase(left) and chitosanase-bridge(right). = B cis # &
W) tA st loop (A d ) JriplH 2 g A At

T REECFRAEEEOREE 238 B AL loop o G
chitosanase-bridge (CNS DM ) % i+ 1t 4% & SDS-PAGE } 22 CNS £ 1 90%
SRR LR e

15



M  cns dm
KDa -

97.0
66.0
45.0

i

30.0 ———

20.1

144 ==
® -+ SDSPAGE

1345 chitosanase DNA & 7] » -2 f+ B8 B¢ 2R3 ° 5364 AR A 74
178 &+ & > chitosanase(cns) = 29081 Daand chitosanase-bridge(cns_DM) % 30124
Da(Bl+--) kR {HHEFEFL,+E > » T2 F 47 1043 ddtons » 7
HF 5 4 r A BEECE R Ereh peptides. B A 47 B4

(A) Chitosanase from Bacillug

MHMSNARPSK SRTKFLLAFL CFTLMASLFG ATALFGPSKA AA ASPDDNFS
PETLQFLRNN TGLDGEQWNN IMKLINKPEQ DDLNWIKYY G YCEDIEDERG
YTIGLFGATT GGSRDTHPDG PDLFKAY DAA KGASNPSADG ALKRLGINGK
MKGSILEIKD SEKVFCGKIK KLOQNDAAWRK AMWETFYNVY IRY SVEQARQ
RGFTSAVTIG SFVDTALNQG ATGGSDTLQG LLARSGSSSN EKTFMKNFHA
KRTLVVDTNK YNKPPNGKNR VKQWDTLVDM GKMNLKNVDS EIAQVTDWEM
K

(B) Reconstructed CNS in pet22b(+)|

MASPDDNFS PETLQFLRNN TGLDGEQWNN IMKLINKPEQ DDLNWIKYYG
YCEDIEDERG YTIGLFGATT GGSRDTHPDG PDLFKAY DAA KGASNPSADG
ALKRLGINGK MKGSILEIKD SEKVFCGKIK KLQNDAAWRK AMWETFYNVY
IRYSVEQARQ RGFTSAVTIG SFVDTALNQG ATGGSDTLQG LLARSGSSSN
EKTFMKNFHA KRTLVVDTNK YNKPPNGKNR VKQWDTLVDM GKMNLKNVDS
EIAQVTDWEM K

(C) Bridge mutant CNS in pet22b(+),

MASPDDNFS PETLQFLRNN TGLDGEQWNN IMKLINKPEQ DDLNWIKYYG
YCEDIEDERG YTIGLFGATT GGSRDpclggTHPDG PDLFKAYDAA KGASNPSADG

16



ALKRLGINGK MKGSILEIKD SEKVFCGKIK KLQNDAAWRK AMWETFYNVY
IRY SVEQARQ RGFTSAVTIG SFVDTALNQG ATsrtckpGSDTLQG LLARSGSSSN
EKTFMKNFHA KRTLVVDTNK YNKPPNGKNR VKQWDTLVYDM GKMNLKNVDS
EIAQVTDWEM K

wild type-bridge/endo-exo test Micromass Q-Tof 27-APR-2004
QSIN 04273 58 (2.545) M1 [Ev-14938,1t18] (Sp,0.500,951:1480,1.00,L.33 R33); Om (42:98) TOF MS ES+
28950.00 549
100,
%
28970.00
28929.00|
2671400 2780900 3020200 3101600 31467003238200 3285200 3AZ00 3493600
o b s o "\'wmm""“'“* ronioabobliotisos b e
25000 27000 28000 29000 32000 33000 34000
chitosan test Micromass Q-Tof 23-APR-2004
QSIN_04232 934 (41.327) M1 [Ev-11721,1t20] (Sp,0.500,1189:1597,1.00,L33,R33); Cm (920:1012) TOF MS ES+
~ 29991.00 755
100
%
30089.00
26079.00 27647.00 29887.00 E 31518.00  32847.00 34383.00 39599.00 36806.00 38986.0039455 00
PO YN NN SURIRATAP [ TRV TRRITNE Y SPRAEYORN 1] NTTORR v Ium.\ R (W R R TR P ..1 il
T T T T T T T mass
26000 28000 30000 32000 34000 36000 38000

W= F#s474 3 E - wild type (upper) chitosanase and mutant chitosanase
with artificia loops (lower), i.e. chitosanase-bridge.

# % 4381 * chitosan hexmer 3 %"Ti\‘s‘p/’a\ endo fr exo e 4] o 2 ¢ o
F e f’*}‘i" R pEfE % (exochitosanase) s » p FEAE2B REBEH Ki2N ~ BpEA
2 LERTET B S ?ﬁi%’fv‘*éﬂ*lZﬁ% ( chitobiose,glucosamine) - #p %t ¢
nAT RpEREZ (endochltosanase) RN REEAL SR RS gﬁ,; o ]
g Mo gL Lo A p 2 Al(endo)r FEE AT = pEF o i & chitosanase

bridge # %~ = BEF futs b’“ré% Wen % 57 44 L LB E e g
23 2 N A% 23
RER RS BpERE o (B~ )o
chitosanase-bridge Micromass Q-Tof 14-APR-2004
qsin_04144 36 (1.590) Cm (21:63) TOF MS ES+
100, 36311 2.01e3
685.22
%1 663.23
162.06 34114 136412 217 08621 805.18
| oo || || o | (" [ weis Plon oo g0 J46
Oty il 1 el t f o i T T \ T T T T m/z
200 300 400 500 600 700 800 900 10CX) llOO 1200 1300

B+ ~ chitosanase-bridge&2 8~ = @F Bis wAF A H 1 &g $ 5 - pE(m/z
341, m+Na/lz 363) and = & (m/z 663; M+Na/z=685). % > # = p& Only few
chitotriose (m/z 502)

%7 {i8- 9 7 f2 & chitosanase bridge ¢ - & 1 % loop } fhicys A& A& o
R R AP A REHEHY cEF FERESRLEFLE-HERE A
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#H% b B4 (B4 ) #for

B+ 1 chitosanase-bridge x-ray % & ® -

m~${¢%
1. Izume, M., and Ohtakara, A. Agric. Biol. Chem 1987, 51, 1189-1191

2. 1zume, M., Nagae, S., Kawagishi, H., and Ohtakara, A. Biosci.Biotechnol .Biochem.
1992,56,1327-1328

3. Cheng, C-Y, and Li,Y-K. Biotechnol Appl Biochem. 2000,32,197-203

4. Boller,T.,Gehri,A.,Mauch,F.,Vogeli,U.Chitinase in bean leaves: induction by ethylene,
purification, properties and possible function.Planta. 1990,157, 22-31

5. Robbins, PW. Albright, C.,Benfield,B. J.Biol.Chem.1988, 263(1) , 443-447

6.Saito, Ji., Kita, A., Higuchi, Y., Nagata, Y., Ando, A., Miki, K. Journal of Biological
Chemistry 1999,274:30818-30825.
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T E BRFL (2002-2005)
BELisFT R I3

42 P :Exploration of glycosyl hydrolase family 75: a case study
of Chitosanase from Aspergillus fumigatus

A powerful chitosanase for the
preparation of chitooligosaccharide was
previoudy  purified from  Aspergillus
fumigatus. The corresponding gene was
cloned and the enzyme was further classified
into glycosyl hydrolase family 75. The gene
sequence derived from mRNA is composed of
717 bp with a deduced polypeptide of 238
amino acids including the first 17 residues as
the signal peptide. By comparing the
sequences of genomic DNA and mRNA, we
found two introns containing 67 and 82-bp
(GenBank AY190324). The recombinant
chitosanase was over-expressed in E. coli with
a form of inclusion body, which was rescued
by treating with 5 M urea and subsequently
purified by cation-exchanged
chromatography. A time-course '‘H-NMR
experiment on the enzymatic formation of
chitooligosaccharides revealed that the
mechanism of the enzyme involved an
inversion of an anomeric configuration.
Through analysis of the products and their
corresponding methylated derivatives with

LC/IMSMS, the pattern of enzymatic
hydrolysis of the GIcNAc-GIcN and
GIcN-GIcN  linkages in  chitosan were

unequivocally determined, whereas the
GIcNAc-GIcNAc and GIcN-GIcNAc linkages
were not digestible. Site-directed mutagenic
studies on the ten conserved carboxylic amino
acids of the family were performed. Among
them, the mutants of D160N and E169Q lost
all activity, whereas the other mutants
retained > 40 % activity of the wild-type
chitosanase. Measurements of circular
dichroism of D160N, E169Q, wild-type
enzyme and other active mutants yielded
similar spectra, indicating that activity loss of
the two mutants was not due to the change of
protein structure. We conclude that Asp160

and Glul169 arethe two essential residues of A.

fumigatus chitosanase.

Chitosanase (EC 3, 2, 1, 132) is a
hydrolytic enzyme acting on the -1,
4-glycosidic linkage of chitosan obtained from
deacetylation of chitin, a linear biopolymer of

-1, 4-linked N-acetylglucosamine (GIcNAC)
residues. As such oligomers have versatile
biofunctions D), chitosanase,
chitooligosaccharides and their derivatives
become attractive to pharmaceutical industries,
for food additives, for agricultural immunity
controls and for many other prospective
applications.

Chitosanase was found in severa
microorganisms (2). Based on the homology
of the amino-acid sequence (3), chitosanase was
classified into five glycoside hydrolase
families — GH-5, GH-8, GH-46, GH-75 and
GH-80. Extensive studies were performed on
GH-46, especialy on Bacillus (4) and
Sreptomyces strains (5). On the basis of the
anomeric configuration of the catalytic product,
two types of chitosanases, the retaining enzyme
and the inverting enzyme, were found. The
fundamental cataytic mechanism can be
proposed if the type of enzyme is known. In
general, the retaining glycosidases are believed
to caayze hydrolysis via a two-step,
double-displacement  mechanism. Two
essential amino-acid residues, one functioning as
a nucleophile and the other as a generd
acid/general base, areinvolved. In contrast, the
inverting glycosidases follow a one-step,
single-displacement  mechanism  with the
assistance of a genera acid and a genera base.
The general base polarizes a water molecule to
develop a stronger nucleophile for attacking the
anomeric carbon, while the generd acid
protonates the glycosidic oxygen to accelerate
the reaction. Among the families containing
chitosanase, the retaining configuration of the
catalytic mechanism of GH-5 chitosanase was
derived from glucanase (6). The inverting
configurations were experimentally verified in
GH-46 (7, 8) and GH-8 (9). GH-80 was adso
inferred to be an inverting enzyme. Although
several genes of GH-75 chitosanases were
cloned including those from Aspergillus,
Beauveria, Cordyceps, Emericella, Fusarium,
Hypocrea, Magnaporthe, Metarhizium, Nectria
and Neurospora, investigations of enzymes of
this family are much less reported, presumably
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owing to the inaccessible expression of
recombinant chitosanase. The artificial gene of
Aspergillus endo-chitosanase was synthesized in
2004 (GenBank AY787804), presumably owing
to the potential application of A. fumigatus CSN
in large-scale preparation of
chitooligosaccharides  (10). All  GH-75
chitosanase originated from fungus and no other
fungal chitosanase has been found in another
family so far. Although little work on GH-75
is reported in protein purification, cloning and
enzymatic activity (10-13), the digestion pattern
toward chitosan, a possible mechanism of
reaction and the essential residues involved in
catalysis of this family enzyme remain
unknown.

In our work, which represents the first
extensive investigation on GH-75 enzyme,
molecular  cloning, recombinant  protein
expression and re-folding, product anaysis and
site-directed mutagenesis were performed to
explore directly the cataytic features of A.
fumigatus chitosanase.

MATERIALSAND METHOD

Bacterial Strains, Plasmid, and Culture
Condition — The A. fumigatus Y2K strain
screened from soil in Taiwan with chitosan as
the sole source of carbon (10) served as a gene
source of cloning. The medium used for
cultivation and enzyme induction was M9
medium (composed of Na,HPO, 1.3 g, KH,PO,
3.0 g, NaCl 0.5 g, NH,Cl 1.0 g, MgS0O, 0.24 g,
and CaCl, 0.01 g in 1 L solution) containing
chitosan (1 %) at pH 6.0. A spore suspension
(~1x10") was transferred to a culture medium (1
L) a 28°C and 120 rpm on a rotary shaker.
This five-day culture served for the preparation
of the induced chitosanase and chromosomal
DNA, but the four-day culture for total RNA
extraction. Escherichia coli strains TOP10 and
pCR 2.1 TOPO-vector (TOPO TA Cloning kit,
Invitrogen, USA) were used for DNA cloning,
and BL21 (DE3) and pRSET A vector
(Stratagene, USA) as the protein expression
system.

I solation of Chromosomal DNA and RNA from
Aspergillus fumigutus— The mycelium were
collected by filtration and ground to a fine
powder with a mortar and pestle in the presence
of liquid nitrogen. Chromosoma DNA was
then extracted by phenol-chloroform method,
and tota RNA was isolated through acidic

guanidinium
extraction (14).
Construction of cDNA library— RNA isolated
from the mycelium was used for the construction
of a cDNA library. The method of cDNA
synthesis was modified from a SMART PCR kit
(Clontech Laboratories, Palo Alto, CA) (15).
The set of smart primers, pT and pG, were
designed and synthesized with the sequences
5-AAA CAG TGG TAA CAA CGC AGA GTA
CTTTTTTTTTTT TTIT TTT TTT TTT TTT
TTT TVN-3 and 5-AAA CAG TGG TAA CAA
CGC AGA GTA CGC GGG-3, respectively, and
were used for RT-PCR amplification
(ThermoScript™ RT-PCR System, Invitrogen).
The reverse-transcription performed at 65 °C for
1 h and subjected to PCR with these cycling
parameters for 30 cycles: 94 °C for 30 s, 65 °C
for 30 s, 68 °C for 2 min, with an initia
denaturing step at 94 °C for 5 min and a final
extension at 68 °C for 8 min. The freshly
prepared cDNA was purified on elution through
a GFX column (Amersham Pharmacia Biotech
Inc., USA), cloned into pCR 2.1 TOPO vector
and transformed into competent E. coli TOP10
for the cDNA library construction.
Amplification of cDNA Fragment Containing
csn— According to the N-terminal sequence of
the mature CSN (10), two degenerated primers
pl and p2 were designed. The pl primer,
5-TAY AAY YTR CCA CCY AAY YTR AAR
C-3', was designed on the basis of the first eight
amino acids of CSN, whereas the p2 primer,
5-CNA AYA AYY TNA ARC ARA THT AYG
AYG A-3, was synthesized according to the
sequence of the fourth to the twelfthamino acid
of CSN. These primers were paired with pT
for PCR using the cDNA library as template for
amplification of the csn fragment. These
fragments were then cloned into pCR 2.1 TOPO
and sequenced.

Amplification of the Genomic DNA of CSN—
Genomic DNA of CSN was amplified using p2
and p3 (5-GGA TCC GTT CTA GTT CGC TAT
GCT TTC AA-3) as primers and chromosomal
DNA as the template. The amplified DNA
fragment was cloned into pCR 2.1 TOPO for
sequencing.

Inverse PCR — The upstream nuclectide
sequence containing information about the
signal peptide was cloned with inverse PCR
according to a method described by Ochman et
al. (16). In genera, chromosomal DNA was
digested with restriction enzyme. DNA

thiocyanate-phenol -chloroform
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fragments of suitable size were then purified and
self-ligated to form circular DNASs, which then
served as the template for inverse PCR.  With a
set of “outward-going” primers, the circular
DNA is amplifiable. In this work
chromosomal DNA (~5 ug) was completely
digested with EcoRIl. The digested fragments
between 500 and 4000 bp were isolated from the
gel of DNA electrophoress and further
self-ligated with T4 DNA ligase (Roche,
Germany) at 16 °C, overnight. With a GFX
column, the ligated DNA fragments were
purified and subjected to serve as a template for
inverse PCR. The “outward-going” primers in
a pair used to amplify the CSN-related gene
were designed as p4 (5-CTT GTG TTT GTC
GTA GAT CTG TTT CAA GT-3) and p5
(5-GGA AAA TGT TCC AAG GTA CTG GCA
AAA G-3). The cycling parameters of PCR
amplification were as follows: 94 °C for 30 s, 53
°Cfor 30 s, 72 °C for 2 min (30 cycles), with an
initially denatured step at 94 °C for 5 min and a
final extension at 72 °C for 10 min to complete
the unfinished single-stranded products. The
inverse PCR product was purified and inserted
into pCR 2.1 TOPO for sequence analysis.
Construction of Expression System of
Recombinant Chitosanas— For reconstruction
of csn in an expression vector, p6 primer
(5-CAT ATG TAC AAT TTG CCA AAC AAC
TTG AAA C-3) was synthesized with the
insertion of Ndel site (CATATG) before the
nucl eotide sequence of the first eight residues of
the mature protein. Use of p3 and p6 as
primers and the partial cDNA fragment of csn
(described in the section of “Amplification of
cDNA fragment containing csn”) as template
yielded the mature CSN gene. This PCR
product was then cloned into pCR 2.1 TOPO
and further transferred into pRSET A expression
vector within Nde | and BamH | sites. The
resulting vector was named pRSET-csn and
expressed in E. coli strainsBL21 (DE3).

Activity Assays — Chitosanase activity was
anayzed on egimating the amounts of the
reducing ends of sugars. The standard assay
was performed by mixing chitosan (0.3 mL, 1 %,
pH 6.0) and suitably diluted enzyme (0.3 mL).
After incubation for 4 h at 37 °C, hydrolysis
reactions were terminated and analyzed on
adding dinitrosalicylic acid reagent (0.6 mL)
(27). The mixture was boiled for 15 min,
chilled and centrifuged to remove insoluble
chitosan. The resulting adducts of reducing

sugars were measured spectrophotometrically at
540 nm. The absorption coefficient of the
resulting adducts (at 540 nm) was determined to
be 788 M™ cm™ when D-glucosamine was used
assample. One unit of chitosanase activity was
defined as the amount of enzyme required to
release 1 umol of detectable reducing sugars at
37 °C in 1 min (18). Alternatively, the
products were analyzed by mass spectrometer
with electrospray ionization as described in later
section.

Protein Expression, Refolding and
Purification — E. coli strain BL21 (DE3)
harboring plasmid pRSET-csn was grown
overnight in LB medium. This culture (2.5 mL)
was freshly inoculated into LB medium (250 mL)
supplemented with ampicillin (100 mg/mL).
The resulting medium was cultivated at 37 °C
for 14 h. The cels were collected and
resuspended in phosphate buffer (20 mM, pH
6.0) for sonication. As the recombinant
chitosanase formed an inclusion body, the cdl
debris was collected and incubated in urea (5 M)
at 37 °Cfor 4 h. The supernatant was decanted
and kept at 4 °C for at least 3 days to alow
protein refolding. Without removing urea, the
supernatant was subjected to cation-exchanged
chromatography (HiTrap™ 5 ml-SP-Sepharose,
Amersham). The column was pre-equilibrated
with phosphate buffer (pH 6.0, 20 mM) and
eluted with a linear gradient of NaCl (from 170
to 240 mM; 10 mM/min) in the same buffer at a
flow rate 2 mbL/min. The fractions with
chitosanase  activity were pooled and
concentrated for further experiments.  For
purification of inactive mutants, SDS-PAGE was
employed for analysis of the presence of target
protein.

Protein Determination—The protein content of
the enzyme preparation was determined either
by the bicinchoninic acid (BCA) method as
described in the manufacturer’s protocol
(BCA-1, kit for protein determination; Sigma) or
by UV absorption at 280 nm.

NMR Spectra — The stereochemistry of
enzymatic hydrolysis was determined by
'H-NMR spectroscopy at 35 °C (Bruker
AVANCE 500 spectrometer). For sample
preparation, chitosan solution (1 %) was
prepared in acetic acid (1 %). The solution was
repeatedly lyophilized and exchanged with D,O.
The chitosanase for the NM R measurements was
prepared on exchanging the buffer system into
one containing deuteriophosphate (phosphate
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buffer exchanged with D,O; 20 mM phaosphate;
pD 7) via ultrefiltration.  After recording the
spectrum of the substrate (500 uL), chitosanase
(20 pL, 10 ug/mL) was added to the chitosan
solution (1 %). Spectrawere recorded at 9, 21,
33, 48 and 60 min after the addition of enzyme.
All spectra were recorded over a 5000-Hz sweep
width with eight scans for a total recording
duration 25 s each.

Chemical Methylation of Chitosan
Hydrolysate— The chitooligosaccharides were
obtained from enzymatic hydrolysis of chitosan
with 40 % degree of deacetylation (DDA 40 %).
For identification of the structure of these
oligosaccharides, a suitable amount of
oligosaccharides was chemically methylated at
the reducing end of the sugar. The methylation
was performed in a large excess of methanol
containing perchloric acid (2 %) at 50 ‘C for 10
h. The methylated oligosaccharides were
analyzed with a LC tandem mass spectrometer
(LC/IMS/MS).

Electrospray lonization Mass Spectrometric
(ESI-MS) Analysis — Mass spectra were
recorded with a quadrupole time-of-flight mass
(Q-TOF, Micromass, UK). This quadrupole
mass analyzer was scanned over a ratio of mass
to charge in arange 100-2500 units (m/z), with a
scan step 2 s and an inter scan of 0.1 /step.  In
al ESI-MS experiments, we used the quadrupole
scan mode under a capillary needle at 3 kV,
source block temperature a 80 °C and
desolvation temperature at 150 °C. Proteins
used for mass measurement were normally in the
range of 5-10 ug with desalted form.
Site-directed Mutagenesis —The site-directed
mutagenesis was performed according to the
QuikChange method (Stratagene, USA). The
basic procedure involved PCR amplification
with pRSET-csn as template and two synthetic
oligonucleotides containing the desired mutation
as primer. Table | lists the sequences of
primers used for the mutagenic tests herein.
The desired mutations were confirmed with
DNA sequencing of the full gene.

CD Spectra of Recombinant Chitosanase —
Spectra were obtained a 23 C on a
spectropolarimeter (JASCO J-715, cdll length 1
mm). The concentration of proteins for CD
measurement was 1 mg/mL. Sixteen spectra
were recorded and averaged.

RESULTSAND DISCUSSION

Molecular Cloning and the Gene Structure of
csn— To avoid the interruption of introns in
gene, we constructed a cDNA library of A
fumigatus. As the time course tests showed
that the extracellular chitosanase activity
reached a maximum with the five-day culture, a
four-day culture of mycelium was used for RNA
extraction. The complete molecular cloning of
csn involved many steps, summarized in figure 1.
Step 1 involved amplification of cDNA from
RNA. With pT and pG as primers, cDNAs of
varied size were synthesized. To obtain the
corresponding chitosanase gene, we designed
two degenerated primers pl and p2 according to
the N-terminal sequence of the mature CSN (as
described in the method). When pl and pT
were used as primers, a mgjor DNA fragment
with ~900 bp was amplified (step 2). The
amino-acid sequence deduced from the major
DNA fragment was further andyzed by the
BLAST search on the National Center for
Biotechnology Information (NCBI) website; the
results indicated that the deduced sequence was
highly correlated to a putative conserved domain
of the NADH oxidase family (NOF) (data not
shown), whereas, when p2 and pT primer were
employed, a cDNA fragment corresponding to
the csn was obtained (step 3).  The sequence of
csnisshowninfigure2. To obtain information
about the gene structure of csn, we amplified a
DNA fragment using p2 and p3 as primer and
the chromosomal DNA of A. fumigatus as
template (step 4). Sequence analysis revealed
that two introns with 67- and 82-bp were
incorporated in the genomic csn.  The upstream
nucl eotides containing the sequence of the signa
peptide was unwound by inverse PCR (step 5).
The sequence of the full-length genomic csn has
been published in NCBI GenBank with
accession number AY 190324.

In conclusion, the gene, open reading
frame (ORF), and two introns of csn were 866,
717, 67 and 82 bp, respectively. As shown in
figure 2, the ORF encoded a polypeptide that
comprises 238 amino acids including the first 17
amino acids as the signal peptide.  The
caculated molar mass of the mature protein
fused with a Met at the N-terminus is 23593 Da,
further confirmed by ESI mass spectrometry.
In addition, the deduced amino-acid sequence
showed it to be 90 % identica to that of
Aspergillus oryzae (Zhang et al., 2000), but
much less (<30 %) to that of Aspergillus
nidulans.

Over-expression, Purification and Refolding of
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Chitosanase— When pRSET-csn was expressed
in BL21 (DE3), weak chitosanase activity was
detected in cytosol. In contrast, much protein
with molar mass ~25 kDa was observed in cell
debris on SDS-PAGE anaysis, indicating the
formation of an inclusion body of chitosanase
(figure 3). Attempts to control the expression
level of chitosanase on decreasing the
cultivation temperature to 20 ~ 25 °C showed
insignificant improvement in obtaining active
enzyme in cytosol. The enzyme was therefore
purified from the inclusion body via the
refolding of protein and
column-chromatographic  purification. In
general, the aggregated protein was first
resuspended a 5 M (or more) urea
Chitosanase activity was gradually recovered in
urea at such high concentration. The urea
suspension was kept at 4 °C for at least 3 days
before further purification steps were applied.
After cation-exchanged chromatographic
purification, the purified chitosanase with >90 %
homogeneity was obtained. All other mutants
(discussed in later section) were purified with
the same protocol and attained similar protein
homogeneity. = SDS-PAGE analyss of the
wild-type CSN at various stages of purification
isshowninfigure 3(a). Although many GH-75
enzymes, which are exclusvely fungal
chitosanases, have been cloned, we report here
the first successful expression, purification of
the corresponding recombinant enzyme and

investigation of its catalytic function and
essential residues.
Catalytic  Features of A. fumigatus

Chitosanase— The molecular mechanism is
conserved within the same family of glycosyl
hydrolases (3, 19). A successful investigation
of catalytic action of one particular enzyme in
the glycosyl hydrolase family is thus valuable
for understanding the genera features of the
family.  Insight into the catalytic mechanism
is likely best revealed from the study of the
x-ray structure. In the absence of such
information, kingtic study and the
stereochemical outcome of the enzymatic
reaction can provide information that enable
drawing sophisticated conclusions about the
catalytic mechanism (20). Neither the
structura information nor the mechanistic action
of GH-75 chitosanase is available at present.

IH-NMR spectra have been commonly
used to investigate the stereochemistry of
various glycosyl hydrolases such as

B -galactosidase  (21), S-mannanase (22),
cellulases, xylanase (23), S-xylosidase and
B-1,3-glucanase (24). To understand further
the catalytic mechanism of A. fumigatus
chitosanase, we performed a temporal NMR
experiment on enzymatic hydrolysis of chitosan.
Figure 4 shows partid "H-NMR spectra (4.2-6.0
ppm) in a series recorded within 1 h after
catalysis was initiated.  On inspection of
spectrum of chitooligosaccharides, we found
three doublets centered at 4.71 ppm (J=7.8 Hz),
4.90 ppm (J=7.8 Hz), and 5.41 ppm (J=3.3 HZ),
corresponding to the Cl-proton on
non-reducing-end sugar, B and « of the
anomeric protons, respectively. Theratio of «
to 8 (al/pB) anomer was 63/37 when the two
anomers approached a state of equilibrium.
With the addition of enzyme to chitosan, the
doublet, centered a 541 ppm, instantly
increased, indicating the formation of an «
anomer at the reducing end. The
corresponding 3 anomeric sugar (centered at
4.90 ppm) slowly increased over time. At 9
min, the ratio of « -formto S -form was 78:22.
At 21, 33, 48 and 60 min, the /5 anomeric
signals decreased steadily from 73:27, 69:31,
65:35 to 63:37. Based on these NMR results,
we  unequivocaly  identify  Aspergillus
chitosanase as an inverting enzyme. We thus
concluded that the catalytic mechanism of
GH-75 enzymes involve the inversion of
anomeric configuration. With the exception of
family 5 chitosanase, chitosanases from GH-8
and GH-46 exhibited an identical stereochemical
preference (7-9).

Identifying the Substrate Specificity of CSN—
Based on the substrate specificity, chitosanase
has been classified into three subclasses (9).
Subclass | chitosanase presents a catal ytic power
on hydrolysis of thep-1,4-linkages of both
GlcN-GIcN and GIcNAc-GIcN.  Subclass 1
can split only GIcN-GIcN, and subclass I
chitosanases split GlcN-GIcN and
GIcN-GIcNAc. To identify the substrate
specificity of CSN, we measured the enzymatic
hydrolysate of lower DDA chitosan with LC/MS;
we found five major oligosaccharides with m/z
341, 383, 502, 544 and 705, corresponding to a
chitobiose, a monoacetyl chitobiose, a
chitotriose, a monoacetyl chitotriose and a
monoacety| chitotetraose, respectively, shown in
figure 5 (a). The structures of these three
acetylated chitooligosaccharides were further
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determined to be GlcN-GIcNAC,
GlcN-GIcN-GIcNAc and
GlcN-GIcN-GIcN-GIcNAc by chemical
methylation of the reducing end of the
oligosaccharides followed by ESI/MSMS
analysis. As shown in figure 5(b), the tandem
mass analysis of the signal at m/z 397, the
methylated monoacetyl chitobiose, exhibited a
fragment with m/z 236 that is derivable only
from GIcN-GIcNAc-OCH.. Similarly, as
shown in figure 5(c) and 5(d), the tandem mass
analysis of methylated monoacetyl chitotriose
(m/z 558) and a methylated monoacetyl
chitotetraose (m/z 719) exhibited fragments
derived from GIcN-GlcN-GIcNAc-OCH; and
GlcN-GIcN-GIcN-GIcNAc-OCHg,  respectively.
Although other oligosacchrides might be present,
they are insignificant. According to these
consequences, Aspergillus chitosanase was
classified to subclass |, which possesses a
catalytic power on hydrolysis of the linkages of
GIcN-GIcN  and GIcNAc-GIcN, but neither
GlcN-GIcNAc nor GIcNAc-GIcNAC.

When (GIcN)s was hydrolyzed with
wild-type CSN, chitotrimer (GIcN); were
released as major product, whereas (GlcN), and
(GIcN), were detected in only trace proportions.
As the rate of degradation significantly
decreased or even became zero with a shorter
chain of substrate, the substrate-binding cleft of
CSN can likely accommodate six GIcN residues.
The cutting point is predicted to be at the third
glycosidic  bond. Although  structural
information about CSN is not yet available, a
binding domain of this type (-3-2-1+1+2+3) is
discernible in  Sreptomyces sp. N174
chitosanase (8), goose egg-white lysozyme and
other glycohydrolases (25,26).

Catalytic Essential Residues of CSN —
Although at least five GH-75 chitosanases have
been cloned, extensive investigations of these
are few. The protein structure, catalytic
mechanisms, essential groups and topology of
the active site are dill unavailable.  For
locating the possible essential groups and the
active site, the conserved amino acids of GH-75
enzymes, especialy the commonly seen
essential amino acids — glutamate (E) and
agpartate (D), were sieved on the basis of
amino-acid multi-alignment. Five amino-acid
sequences deduced from the available csn of A.
fumigatus (this study; GenBank AY 190324), A.
oryzae (13; GenBank AB038996), F. solani (12;
GenBank D85388), B. bassiana (GenBank
AY008269), and M. anisopliae (GenBank

AJ293219) were aligned by CLUSTALW (27).
The result is shown in figure 6. The essentia
groups of this family are likely to locate on ten
potential positions (nine Asp and one Glu),
which were also conserved on the alignment of
five seeds in Sanger’s result
(http://www.sanger.ac.uk/cgi-bin/Pfam). In
general, glutamate and aspartate were
substituted  with  structurally — conservative
resdues, i.e. glutamine and asparagine,
respectively, by site-directed mutagenesis. The
primers used for mutational studies and the
relative activities of al mutants are summarized
intable 1. All mutants were over-expressed as
inclusion bodies in E. coli. The refolding and
purification processes were similar to that of
wild-type CSN as described in the experimental
section.

Activity assay showed that DS9N, D76N,
D78N, D8ON, D112N, D114N, D194N and
D229N retained significant cataytic activity
(>60 %) compared with that of the wild-type
enzyme. These mutants release (GIcN)s,
(GIcN)4, and (GIcN)s as maor products with
(GIcN), in a minute proportion. The pattern
of product distribution is virtually identica to
that of native CSN (data not shown).  Hence,
these eight aspartates are unlikely to function as
the essential group of Aspergillus CSN. In
contrast, the activities of mutant D160N and
E169Q were significantly reduced (less than 0.1
%). The residues of Aspl60 and Glul69 are
likely to be the essential groups of CSN for the
catalytic activity if the activity loss is not due to
structura collapse. To identify the possible
structural ateration of D160N and E169Q, we
examined CD spectrometric analyses of these
recombinant proteins. As can be seen in figure
7, CD spectra of D160N and E169Q are similar
to those of recombinant enzymes with
significant chitosanase activity including the
wild-type CSN, the D191IN/D194N double
mutant and many others (data not shown),
indicating the presence of  structura
conservation for al mutants. We further
constructed the mutants of D160E and E169D
and evaluated their catalytic activities. Both
mutants possess at least 40 % activity of that of
wild-type CSN. Retaining two carboxylic
side-chains is clearly crucia for CSN to be
active though the catalytic domain might have
been distorted by 1-2 A apart.

The conserved motif of “DCDID” in
GH-75 seems less important than what exists in
chitinase, in which the conserved motif of
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“DXDXE” is the cataytic center of GH-18
chitinase (28). The mutation in this region of
CSN caused only 30 % - 40 % loss of activity.
The precise function of this conserved motif in
chitosanase is unclear at present.

B. CONCLUSION

Though there are several advantages in
recombinant protein production with the
formation of incluson bodies, such as
higher-level production, no toxic effect,
resistance to proteolysis and highly purified
form by simple physical operation, the inclusion
body predicament is, however, awkward to
resolve, and in only a few cases has the
biological activity been restored. The native
Aspergillus chitosanase is atypically stable with
good thermostability and with no influence on
its enzymatic activity even by urea (8 M) or
guanidium-HCI (0.5 M, data not shown). Its
molar mass is about 23.5 kDa, but it can
percolate through a 10-kDa cut-off membrane
filter. Even though it contains six Cys in its
amino-acid segquence, there is no free Cys in its
native form that can be modified with DTNB.
Moreover, this enzyme is composed of 44 basic
amino-acid residues (16 Arg, 8 His, 19 Lys and
the N-terminus), but a maximum of only 28+
charges was observed in the ESI mass spectrum
(as shown in the inset of figure 2). This
phenomenon is explicable through the
three-dimensional structure of this enzyme by its
disulfide bonds and impacted intensity (29).
These intrinsic properties may alow the
refolding process to be effective.

From mutational studies on ten conserved
carboxylic-acid residues, only D160N and
E169Q lost chitosanase activity greatly without
structural  dteration. Hence Aspl60 and
Glul69 are suggested to be in the cataytic
center and essential for the enzymatic activity.
In Sanger’s alignment of 14 fungal chitosanase

sequences
(http://www.sanger.ac.uk/cgi-bin/Pfam),  three
conserved regions were found; these conserved
regions include two essential groups, Aspl60
and Glul69 in CSN, and the “DCDID” motif.
In addition, Aspl60 and Glul69 were
recognized as catalytic sites via theoretical
computation with MuSiICME
(http://genome.life.nctu.edu.tw/MUSIC; 30, 31).
The remaining question is the specific function,
general acid and genera base, of Aspl60 and
Glul69. According to datistical data of the
glycosyl hydrolase family, when two distinct
carboxylic-acid residues collaborate for catalysis,
Asp nearly invariably functions as a catalytic
base and Glu as a proton donor in the initial step
of the reaction. This feature is present in the
retaining enzymes from GH-3 (32), GH-13,
GH-33, GH-68, GH-71, and GH-77 and
inverting enzymes from GH-8 (23), GH-9,
GH-25, GH-46 (7,8) and GH-82. In contrast,
the case with Asp functioning as a proton donor
and Glu as a cataytic base is rare when both
residues are the essentia groups of a
glycohydrolase. Comparison of the rdative
acidity of Asp and Glu in asimilar environment,
such as a catalytic core, can adso provide
information useful for understanding the natura
preference. The pKaof Asp islessthan that of
Glu according to an empirica relationship (33)
or theoretical calculations (34); hence Asp is
more readily  deprotonated than  Glu.
Consequently, when a cataytic reaction is
performed, the deprotonated Asp functions as a
catalytic base (or nucleophile in the retaining
enzyme) and protonated Glu as a proton donor.
Though the Aspl60 and Glul69 are likely to
function as the general base and the general acid,
respectively, in the catalytic center of
Aspergillus chitosanase, this prediction il
requires proof through extensive investigation
such as with active-site affinity labeling or from
its crystal structure.
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FIGURE LEGEND
Figure 1. Exposition of procedure for molecular cloning of csn.  Step 1. construction of
cDNA library; steps 2 and 3: amplification of cDNA fragment containing csn; step 4:
amplification of gDNA fragment of csn; step 5: Inverse PCR; step 6: construction of
expression system of recombinant chitosanase. Primer pairs used in each PCR are displayed
in parentheses.
Figure 2. Nucleotide sequence and deduced amino-acid sequence of csn cDNA from A.
fumigatus. The first N-terminal 17-amino-acid sequence as a signal peptide is underlined
and the N-termina sequence determined for the native purified enzyme is doubly
underlined. The asterisk indicates the stop codon.
Figure 3. Analyses of molecular weight by SDS-PAGE (a) and LC-mass (b).
SDS-PAGE analysis of the supernatant of cell lysate (lane 1), cell debris (lane 2),
supernatant of cell debris treated with 5 M urea (lane 3), and the purified protein (lane 4).
The mass spectrum of the purified chitosanase (inset) and the deconvolution of the
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spectrum to give molar mass = 23592+2 amu.

Figure 4. '"H-NMR spectra during hydrolysis of chitosan by chitosanase at 35 C.
The initial substrate is shown in spectrum A.  Spectra were obtained over 9, 21, 33, 48 and
60 min in the presence of chitosanase. The signals at 6= 4.90 ppm (J=7.8 Hz), and 6= 5.41
ppm (J=3.3 Hz) correspond to a- and f-anomers of C1-H of the reducing end sugar. The
ratios of a and 3 anomeric signals are 63:37, 78:22, 73:27, 69:31, 65: 35 and 63:37 in order.
Figure 5. Mass analysis of chitooligosaccharides obtained from enzymatic hydrolysis
of low DDA chitosan. (@) Oligosaccharides with m/z 341, 383, 502, 544 and 705
correspond to a chitobiose, a monoacetyl chitobiose, a chitotriose, a monoacetyl chitotriose
and a monoacetyl chitotetraose, respectively. ESI/MS/MS analyses of the chemically
methylated chitooligosaccharides (b-d) and illustrations of structural fragmentations (e-g).
(b) and (e) for the methylated monoacetyl chitobiose (m/z 397), (c) and (f) for the
methylated monoacetyl chitotriose (m/z 558), (d) and (g) methylated monoacetyl
chitotetraose (m/z 719 (d) and (g).

Figure 6. Multi-alignment of five GH-75 fungal chitosanases. Five available gene
sequences from A. fumigatus (this study; GenBank AY190324), A. oryzae (13; GenBank
AB038996), B. bassiana (GenBank AY 008269), M. anisopliae (GenBank AJ293219) and F.
solani (12; GenBank D85388) are aligned by CLUSTALW (Thompson et al., 1994). Ten
prospective candidates to function as catal ytic essential groups are revealed and boxed.

Figure 7. CD spectra of recombinant CSN. Mutants of D160N (A) and E169Q (o)

exhibit the similar CD spectra as other recombinant proteins with significant chitosanase
activity: wild type, solid line; D191N/D194N: dot; D160E, dashed line.
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Table 1. Primer pairs of synthetic oligonucleotide designed for mutagenes and their chitosanase

activity.
Symbol Oligonucleotide sequence Mutation CSN
Sites* Activity

WT Wild type 100 %
D59N-s  5’CAGTTACTGCGGTAACATTCCGGG D59N 96 %
D59N-a  5°CCCGGAATGTTACCGCAGTAACTG
D80N-s 5’CCAATATGGACATCGACTGCAACGGC D76N 65 %
D76N-a 5’GCCGTCGCAGTCGATGTTCATATTGG
D80ON-s  5’CCAATATGGACATCGACTGCAACGGC D78N 62 %
D78N-a 5’GCCGTCGCAGTTGATGTCCATATTGG
D80ON-s  5’CCAATATGGACATCGACTGCAACGGC D8ON 77 %
D80N-a 5’GCCGTTGCAGTCGATGTCCATATTGG
D112N-s  5’GAAGTTTGGCATCTCCAACCTGGACGC D112N 102 %
D114N-a 5’GCGTTCAGGTCGGAGATGCCAAACTTC D114N 109 %
E126Q-s 5’GGTGTTTGGAAACCAGGATCACTCTC E126Q 108 %
E126Q-a 5’GAGAGTGATCCTGGTTTCCAAACACC
D160N-s 5’GGAATCTGGGGTAACACTAACGGTG D160N ~0%
D160N-a 5’CACCGTTAGTGTTACCCCAGATTCC
D160E-s 5’GGAATCTGGGGTGAAACCAACGGTG D160E 88 %
D160E-a 5’CACCGTTGGTTTCACCCCAGATTCC
E169Q-s 5’CGTTTCTACCGGCCAAGCCTCCATTTC E169Q ~0%
E1690Q-a 5’GAAATGGAGGCTTGGCCGGTAGAAACG
E169D-s 5’CGTTTCTACCGGCGATGCCTCCATTTC E169D 40 %
E169D-a 5 GAAATGGAGGCATCGCCGGTAGAAACG
D19IN-s 5’GGTCACAATCCCAATAATGTCCTCTTC D191N/D194N 105 %
D19IN-a 5’GAAGAGGACATTATTGGGATTGTGACC
D229N-s 5’CGATCGGTAACAAACTGGTTGCTGG D229N 80 %
D229N-a 5’CCAGCAACCAGTTTGTTACCGATCG

Note: The nucleotides indicated in bold font and underlined are the mutation sites and silent

mutation sites, respectively.

D191.

*: al mutational sites are conserved in family 75 except E126 and
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