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ABSTRACT

Chitinase A from a marine bacterium Vibrio harveyi is an enzyme that degrades chitin to
chitooligosaccharides, yielding chitobioase as the major product. The gene encodes chitinase A
was previously cloned and its enzymatic properties characterized. This study describes the
functional roles of the aromatic residues located at the substrate binding cleft and the surface-
exposed residues in chitin and chitooligosaccharide hydrolyses. Point mutations of Trp70,
Trp168, Tyr171, Trp231, Tyr245, Trp275, Trp397, and Trp570, were generated. Investigation of
specific hydrolyzing activity indicated that only mutant W397F had enhanced activity, while other
mutants showed a significant loss of the activity. TLC analysis of product formation showed a
complete change in the hydrolytic patterns of short-chain substrates when the reducing end
residues Trp275 was mutated Gly and Trp397 to Phe, suggesting that both residues were crucial
for the binding selectivity of chitinoligosaccharides. Chitin binding assay and kinetic experiments
suggested that Trp70, which is located on the surface at the N-terminal end of the chitin binding
domain, was the essential binding residue for a long-chain chitin. Assessment of substrate
binding modes by HPLC MS revealed that NAG, preferred subsites -2 to + 2 over subsites -3 to
+2 and NAG, only bound to subsites -2 to +2. Crystalline o chitin initially occupied various
subsites, generating variuos chitioligosaccharide intermediates which later interacted mainly to
subsites -2 to +2. In addition, mutants W275G and W397F preferred 3 substrates over a
substrates. Four crystal structures of chitinase A and its catalytically inactive mutant (E315M)
were solved in the absence e and presenc of substrates to high resolutions of 2.0 — 1.7 A. The
overall structure of chitinase A comprises three distinct domains: i) the N-terminal chitin-binding
domain; ii) the main catalytic (a/f3), TIM-barrel domain; and iii) the small (a+3) insertion domain.
The catalytic cleft of chitinase A has a long, deep groove, which contains six binding subsites (-
4)(-3)(-2)(-1)(+1)(+2). Structures of E315M-chitooligosaccharide complexes display a linear
conformation of NAG,, but a bent conformation of NAG,. The crystallographic data provides
evidence that the interacting sugars undergo conformational changes prior to hydrolysis most

likely via the ‘slide-and-bend’ mechanism.
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imaluanadaasoaeulaiisieussinanglaariting isalalnlules (B-N-acetyl
glucosaminidase/chitobiase) (EC 3.2.1.29) (Davis & Eveleigh, 1984)
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eulmllaRany AT ananvanasusdsdidiadun W deuuaiity e dndlis
ni:@ﬂﬁuuﬁaﬁm 7 TlauneRed mﬁum'ﬁﬂﬂmu fidansing 7 VRINT TTULNIUAUBINNUBIRRT
nua uardrdingoises wihinesewlnillddinuiaraiaduansneiuly iy Aeededy
mmummmLsnmﬂmxmimaﬂuuﬂmﬁmgmmmLﬁuiﬂmﬂaL%ﬂiﬁ(Papavizas, 1985; Cabib, 1987;
) X o = ' s gy o

Kuranda & Robbins, 1991) wuanainiideiinisAnmnudneulsdiiidsuluszuunistleaiunig

a;m’mmmﬂiamlu?&@%ﬁmﬁ%mﬂﬂm%@ﬂ (Srivastava et al. 1985; Sivan & Chet 1989) Ngaugas
lumsdeeansensluszundesamstemedng Miuazliinsegndunds Wy unasuazlanaiin
519 (Gooday, 1999) wananieulasiisuthiluntstesgaanafiRiAa (cuticles) AT
AR A AR AR LT L (Spindler-Barth, 1993) Tl iindalunalnnnssiedunis
ﬁm%@mmmﬁm (Boller et I., 1983; Pleban et al., 1997) WAZILIUNITATIUTAR (embryogenesis)
295U UNT (de Jong, 1992) dauluAunwan acidic chitinase ﬁzﬁ'qmﬁ'mﬁmﬁummszrﬁum@lﬁm
Tiﬂﬂuﬁmﬂﬁ (Wills-Karp & Karp, 2004)
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¥
1% v A A
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Tautles (Cat | uay Cat 1) N1a¥1alaseadng (o/B)s TIM barrel Hnalnnisiedfisanuuy
substrate-assisted mechanism (Papanikolau et al., 2001; Bortone et al., 2002; Sasaki et al., 2002)
z@'quﬂzﬁu‘ﬁ' 2 PelaRwannia 19 wuenizluitiazuuafiFawnsuuan  Streptomyces (Cohen-
Kupiec & Chet, 1998; Ohno et al., 1996) dnunizaevaulnllunguifAediBnausaduuuy biobal
o+ folding motif ﬁﬂ@iﬂmﬁ‘mﬂﬁﬁ?‘ﬁmmu inversion hydrolytic mechanism (Robertus &

Monzingo,1999)
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ALUEAN Hevamine (Terwisscha van Scheltinga et al., 1996) Lﬁﬁﬂfimm'ﬂ\m’]ﬁﬁﬂﬂ’]ﬁ@L‘ff\j@m?
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s

deuuAiFelunzia (marine bacteria) lWWRA Vibrionaceae aniuunasianladlafiug 1o
dJ [~ a a aa dl o o Aﬂl a a 1 ;lj a 'S & dll
feifluasndnaeqlafiuaunda 18 Nd1Any WeasanuuanGealunguilnaseuloisanuanitasive
' a A - A aaa , P oA v @ !
dazaane lanuiiiluesflsznavaesdadlidinlunziady  dawieddeouazlneznen  Tiuuvas
ASUauLa lUIRTAULRaEag (Yu et al., 1991; Montgomery & Kirchman, 1993; Bassler et al.,
1991)  Avrhueulsdlafiuannanainuuanizalunguiasdanumuizanlunnsiiunsye ne 4l
uaLNNTelaga1aNN IARLIALULILNNINITININ (bioconversion process) NMTANENBWNTING
TnagRdteanudaeuuaiizalunzia Vibrio carchariae nameuladlasiug 1o {uwdn (Suginta et

al., 2000; Suginta 2007) weuladlafiua 1@ Uszneussnisateamaaiuinluanawiniy 63

'
= o

kDa 7ipnuantTAidueulnlefiuafiasnsnaaaiussinaladanisumsing 7 e luanelafuln
aweslinannaiiiulalnledlnueiianeiasaus 26 mise udnARNaBINTHRAATERelA
Tnlulaa annisAnsanaNifnisaamansaaseulsinudneulasifliannugay (affinity) salaln
Toalnusanflsdunnawiieanaseslalnledlniuesnnduiwuansdlnrairaeasnuma

anmouzdluluy multiple binding subsite (Suginta et al., 2004 and 2005 ) l@Hn1s@An®1aIn
wulnllafiug 1o 189 S. marcescens dnsmezAlufinuausdnaflussumunanasaianene
conserve ﬁu?mmﬁwmmu%ﬁlﬁuﬁ W168, Y170, W275, F397, Y418 uaz W539 (Aronson et al.,
2003) nenasRluman LU un T adeanta sl da i B nauserin eyl u iy
Fuawmldd  uenaniiandeyaesfilsznauestassaiaisivlafiug 1 wudndl ohitin
binding domain (ChBD) ﬂgjﬁ'é’mﬂmﬂé’ﬁmﬁmmmﬂiwaLW}JVLWT Ime ChBD aziinsmaziilung
uanfl conserve g 3 Fiaie W33, W69 waz W245 dviniiesasludnunisiiasdassieane lafiv
naimesleglusumifimnzaniazgnanelnaievlsdlafiug 1@ anndeyai] fRsedediann

AU1AUNUINUBINTAD LR U LUIUN LI DNMLATLIENEATI89  ChBD  Alanisdudng lafuuay

a a a 1 dsjdld ! o a a 1
ansnaresnsnerilumainideenlallunisaarsduammlaiuuaclainledinusnnnflassng

2. ABNITNANDY
2.1. NMINANLRUS NMTUAAIRANUATNSYNLEENE

Nn1InaeRugaemAlln PCR site-directed mutagenesis taglld QuickChange Site-
Directed Mutagenesis Kit (QIAGEN) wazld wild-type chitinase A DNA ﬁiﬂau@giu PQE60
expression  vector  ilufAISWBALLIL ﬁﬁmmﬂﬁmmm@zﬁ‘lwﬂlﬂa?wq‘ﬂﬂﬁﬁuﬂmaﬁuﬁ:ﬂiﬁm
singlemutant ﬁxﬁﬁ S33A/W, WT70A, W168G, Y171G, W231A, Y245A/W, W275G, E315M/Q,

D392K/N, W397F uaz W570G @91 double mutant léaun W397F/W570G triple mutant léiun
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W397F/W570G/ W275G) was quadruple mutant loun W397F/W570G/W275G/Y171G Aaasune
el Suginta et al. (2007)

Mﬁwfmﬁqmimm@mummgmﬁ”}ﬂmqmmmmuﬁLﬂ?}lﬂuﬁqamiﬁq automated  DNA
sequencing (BSU, Uszwelne) uazdinszidayarasaiduiasaslisunsuly DNASTAR package
(DNASTAR, Inc., Madison, USA) %1013 express FAanduuusilaRug 18 Fuduuaziaulingne
Wufluuuafide £ coli aneiug M15 daanadsusadiineenduuuinaiaiioluenvan
LB/100 pg/ml ampicillin 7i 25 °C auld OD,,, Use1tu 0.6 11113 induce HagaA2E 0.5 MM
isopropyl thio-#D-galactoside (IPTG) 7 25 °C flunan 18 dalue  wdsantuufumaddae
ANL3Y 4,500 g wnan 30 WA i 4 °C Fansazaneimaddog 40 ml 9 lysis buffer 7
1sznaumae 20 mM Tris-HCI buffer, pH 8.0, 150 mM NaCl, 1 mM phenylmethylsulphony! fluoride
(PMSF) uaz 1.0 mg/ml lysozyme faanTuinIsaaneTaddaemaTia ultrasonication uiatiuuen
WRAIAREANALANET 12,000 g Hunan 1 Falus thdlafildudenistiuannznaudaeia
Tasunimsnaifluuuduawnzlngld Ni-NTA agarose 1usiady nasanndneapednyifog 5 mM
imidazole maidae 10 mM imidazole sinnsazientUsRuiUegiU NiZ* #ag 250 mM imidazole 111
fraction THlANIAATILINANALEAVERIY 12% SDS-PAGE mnuiaaas Laemmlii (Laemmli, 1970)
¥iAnn9su fraction AiunusAulafiuaRsiumii 63 kDa WnArefuudatintnEy membrane
filtration (M. 10 000 cut-off, Vivascience AG, Hannover, Germany) L‘ﬁ@ﬁﬁm imidazole WazNMA
Tspudadingy sinnnsinanudiudurestisiugaea Bradford’'s (Bradford, 1974) udatinlulsiiy

UNANHINENN TAT9A519 vigalAui -30°C 11 15% narases aundaztinun el

2.2. pMsunwanminuasaulallafiiug

%
aaa

wueniipeseuladlafualaeld pNP-GleNAc, uduamm Tnevindfisenlu 96-well
microtiter plate MNUf)AzeN 100-pl fitlsznandae1o ul taulsd 500 uM PNP-(GICNAC), Wwaz 100
mM sodium acetate buffer, pH 5.5 7 37°C 1flwaan 10 " mﬁmﬂfiummﬂﬁﬁ?mé’mmilﬁm
1.0 M Na,CO, (50 pl) WAYTAMNLTNN D p-nitrophenol (oNP) ﬁlmqmﬂﬁuum A WAIANUIEAINH
dudures pNP faenaWNImsgIuzes pNP fa¥amuTid9s 0-30 nmol AMAEWIRANTIUEARIA
10919 l9lneAF reducing-sugar assay taesinifisen 500 i filsznaudag 1% (whv) colloidal
chitin 114 100 mM sodium acetate buffer, pH 5.5 Way 100 pg wulnsTi 37°C Tuedesiaei
Thermomixer comfort (Eppendorf AG, Hamburg, Germany) dunan 15w uﬁqmnﬁuuqm
Uffseandaanisdui 100°C iuiaan 5 Wit udaihuendausaslafiveandasainuiia 5,000 g iu

a1 10 W daula 200 pl iindisenmaaeuiin1asRTANeds DMAB assay ANNATY8S

Bruce et al. (1995) udadpmniEninuimaniindisendAiganauwas A, Tnaldnsnuinsgiu
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2949 GlcNAC, 1199 0-1.75 pmol WaAududuaasinaasad dqu crystalline @-chitin %138
By colloidal chitin waildsunnuenlasilunisvindfisansunn 400 pg (Pantoom et al.,

2008)

2.3. N15AFITEMUNANALAATIA TLC
o = aaa a e a 2’/ a
vinnsAnsdiseanisaanelatanledinuaarisled (NAG,-NAG,) 1eveuladlafiuanasis

uwazlasmanaaiug uilsunmse 20 pl teelfisadsznaudiag 100 mM sodium acetate buffer, pH

s
a o '

5.0 ¥ 2.5 mM AUALRIN uaz 200 ng teulaLFgns fiansundisend 37 °C luan 0, 2.5, 5,

q

1% 4

10, 30, 60 W17 uaz 18 Falue nasaINtuneAULAFENAEN19FNT 100 °C Hlwnan 5 WAl 1AsAIN

' ¥
a =

1%m_]mmm:;mﬂﬂ?mm 5 pl i LA sivnannafinaTuseas thin layer chromatography Tagl
1gusn silica TLC plate 2U1A 5.0 GH x 6.0 U W stationary phase uazdl mobile phase 17%
sznaugag n-butanol:methanol: 30% ammonia solution:H,0 (10:8:4:2) (vV/v) mEsanTia e
W TLC Anmdnsazane aniline-diphenylamine reagent Wdaeufi 120 °C (fluaan 5-10 undl

(Suginta et al., 2007)

a L4

2.4. MaugnuardtAsziinanalaemalia HPLC MS

ﬁﬁﬂﬁﬁ?ﬁmmmma{iﬂm@ NAG, uaz NAG, luiBsnms 50 pl filszneudag 500 M
Auawean 100 ng oulad luansazansinies 0.1 M ammonium acetate buffer, pH 7.0 ﬁ@mmﬁ
0 °C ifluaan 0, 3, 7, 20, 30, 60 4AT 180 U M4 LIANGN 7] 111N3 aliquot #198¥ATE 10 pl adlu
200- ul vial udauinliluan@aeHPLC Arefuietes ESIMS TaanaduildAa Hypercarb®column
(ThermoQuest, Thermo Electron Corporation, San Jose, CA, USA) a11a 150 x 2.1 mm 5 uym N1
N7 run m@ﬁmﬁﬁfqmmi 10 °C # flow rate WiNfiL 0.4 mi/min ¥amsgzrinanasenaneeduifon
5-70% gradient 124 acetonitrile ‘17{5?1 0.1% formic acid ANLATLMN B/a ratios @Wﬂ‘ﬁumﬁ peak 184
tmasing I grunnsaaneinnalulATes electrospray MS 14vua positive full scan Taaidaan
499U8Y mass-to-charge ratio (m/z) 9214914 200-1,400 Y SO, S ISAE signal-to-noise ratios
Faenailaaulualunnsiias iy single ion monitoring mode Inaaen m/z 424.5 115U

NAG,, m/z 627.5 415U NAG,, m/z 830.3 115U NAG,, m/z 1034.16 411151 NAG, &1iU m/z

1236.3 4131 NAG,(Suginta et al., 2009)

2.5. N1591 Chitin Binding Assay
YN1IANEINSSUAUALAMMALEAS  chitin binding assay nUfAsaN (500 i)

Uszneaudag 1.0 pmol el uaz 1.0 mg laiu lw 20 mM Tris-HCI buffer, pH 8.0 Aia16i ]
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o

fuRe 0, 1.25. 2.5, 5, 10, 15, 20, 25, Az 30 WA 71 0 °C ieansAINITEAEIRsdLARMIng
el o anfidasnsinnnstiuueniewlmiagszaanaineulnisuiulafiu daaainaise 12000
g 7 2°C fwaan 10 wif Famsmanududuseels iavun (E) LL@;Lfau%ﬂﬁmﬁ@@g (E) T
dolafnes Bradford's udaAnmnmAnnddumsaenlmTauiulafiu (E,) anaunis E =,
+ E, @9un1311A1 equilibrium adsorption isotherm vlaenieulnilafainonuddusing i
Faus 0 9 7.0 pM ﬁ@muqﬁ 0 °C fiv 1.0 mg 1ealARuTiAFNG 9 luaa1 60 WA Nt
natluuengdaulaniiewlm@gszeananeulnfisuiulafudannuEs 12,000 xg udaiinundn
A1 TisAugaeds Bradford udaa¥ensuszudng [E] vs [E] Maunen dissociation binding
constants (K,) aagiaulad wild-type auiuwulainatsiuglaailersdu non-linear regression T

GraphPad Prism (GraphPad Software Inc., San Diego, CA) (Pantoom et al., 2008)

2.6. NSANHINNAAUNAANEAS

NnsAnEAMIaaunadanfaaeulmdlafiug  IneRs  colorimetric assay lmelu
Uqien 100 i Ysznausiae 0-500 uM pNP-GlcNAc, Tuasazane 100 mM sodium acetate buffer,
pH 5.0 taz dH,0 TaeMn1g pre-incubate aadiuanly microtiterplate 7i 37 °C \luaan 10 Wi

a

wasantANeuliii 400 ng uardndfisansieldn 10 wil Agmuugd 37°C udnyn

UAsendaensiFin 50 pl 1 M Na,CO, finnsdnnnifzunns pNP Miiatulnadnnisganauuai A,,
WaraF1ansmMuIRsFIUes pNP g9 0-30 nmol AeantiinN1TATUIAIANAIN A AUNA AN AR T
WA K, AV, A1 K, Aannisnaaesinatnaie e ldilaridu nonlinear regression anlusunsu
GraphPad Prism @91n1911ANNINAauNaA18RFAa81ANA chitohexaose Wae colloidal chitin 1438
DMAB assay 1e#infjfisen 200 pl 1% 0-500 M NAG, iU 50 g tewulesl 1w 100 mM sodium
d‘ [=f a o :J/ aaa v ¥ dl [
acetate buffer, pH 5.5 #1 37°C 1uaan 10 W wasantiune alizenmaanissiad 100 °C il

% )

a1 3 Wl udnihfiunesioune ludisenundauniinnasaodiaeds  DMAB assay dou

v
s a o o o

colloidal chitin fRaLALAAUALUNANA chitohexaose WA MAMHNIENDY 0 to 5.0 % (W) NIN133A

°

HARKALNANATAATWAINNIMNNIATIULR9NRIA GlcNAc, Va9 0-1.75 pmol WaziIAINIg

AQAUNAAIEATHN <] AN HeridU nonlinear regression (Pantoom et al., 2008)

2.7. n15Y11 homology modeling

Pnansureansaaciluaeevladlafiug 1@ ann@a V. carchariae (UniProtkB/TrEMBL
accession number Q9AMP1) submit W1l Swiss-Model (http://swissmodel.expasy.org/) e
e lassadwanuifreaeulnilaeldlasaiadsdenveseulailafiug 1 natewug E3150

ani@a S. marcescens MU hexaNAG (PDB code: 1NH6) ilulasaaiesuunuy uasiandlnsagasnei
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e ldsaallsunsy  Pymol  (www.pymol.org)  MNNNIMATLUMUNTaINIAasRNLEuslae
. a o [ o [ a zif , s o
superimpose NIARLHIU 459 fareslaraairadiniunelseeaeulodlafiug 1 anl@e Vibrio M
neparRunRAwaAeafuiUewlTiues Serratia waa dock WIANA hexaNAG WNALLFMTa89
wulmiann Vibrio faeTilsunss Superpose 1 CCP4 suit package (Collaborative Computational

Project, 1994)

2.8. msdgnuaniaulanladiiug 1a

VINNIUIAN1E] L‘]ﬁﬂﬁéfusluﬂ’]?ﬂ@ﬂwﬁﬂLﬂl&hﬂﬂﬂﬁLu’& |8 Al sitting drop CrystalQuick™
plates (Greiner bio-one, Frickenhausen, Germany) Tmmﬁ?‘lm Screenmaker 96+8™ Robot
(Innovadyne Technologies, Inc., Santa Rosa, CA, USA) 198 96-well microbatch IMP@CT plates
(Greiner bio-one, Germany) Tmmvﬁlm Oryx8 protein crystallization robot (Douglas Instruments
Ltd, UK) usiazcrystallisation drop tsznaudag 20 nl seseulmiissanlvinnaudiaudu 20 mgml
Tugnsazanetinines 10 mM Tris=HCI, pH 8.0 71 20 nl U848 T98ANNAN Crystal Screen HT &
SaltRx HT a1n Hampton Research, Aliso Viejo, CA, USA 78 JBScreen HTS | & Il AN Jena
Bioscience GmbH, Jena, Germany @ﬂﬂﬁuﬁﬂﬂ’]?mmm%ﬁmmmﬂumimﬂmaﬂﬁimm
condition #1147 flFanansdaannu@n JBScreen HTS Il Tasin3vin macro seeding Wud1a"9Ed
wanzanFeignmgRlunsdgnudn 16 °C finnudiduredlsiu 5 mg/ml ansdasanu@nie 1.2
M ammonium sulphate k8% 0.1 M Tris-HCI, pH 8.0 paneulmT R ATl E N I vnAn e mEed
wndiaramingy 230 x 100 x 15 pm®

dounsulgnuaniusiiunaneiug £315M 1433 microbatch wae sitting drop an1nziEudud
WnauanAa 20% (wiv) PEG 4000 waz 200 mM Ammonium sulphate (condition D10 ann
JBScreen HTS 1) figuugil 16 °C Awdenanziluvnns optimize sedaeda hanging-drop
vapour diffusion luSuRvnwURANTSALAL291A 100 x 30 x 50 um® 11 20% (wiv) PEG 4000,
0.1 M ammonium sulphate W&z 0.1 M Tris-HCI, pH 7.5 daunanisiiufl soak daedugiasm 1dann
nsUlgnudndl 16% (wiv) PEG 4000, 0.1 M MgCl, 1 0.1 M HEPES, pH 7.0 ms soak #inlnenis
OMEILANNNENA1T cryoprotectant filsznaudag mother liquor 77 20% (w/v) PEG 4000, 10% (V/v)
glycerol uaz 10 MM NAG, or NAG, UdaiHanAaAufl 16 °C udeanifiinnis  mounted wan
Tmemgesag liquid nitrogen cryostream et lUAnEn AR (Songsiriritthigul et al.,

2008)
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2.9. NMIMTATIASNENNANR

ﬁﬁﬂﬁiLﬁU%ﬂH@ﬂﬂ?ﬁﬂLM?@%L&ﬂﬁ‘ﬁ@ﬂNﬁﬂ%ﬁLM@TﬁﬂLﬂ?l“ﬂ\‘] Rikagu/MSC FR-E Super Bright
firafusasTfn RAXIS IV imaging plate detector (Institute of Cell and Molecular Biology,
Singapore) v‘hmﬁﬁmmxﬁ%’mﬂ@Lﬁmﬁué’qﬂiﬂmmu MOSFLM (Leslie, 1991) daun1sunlaseaing
1438 molecular replacement Taalisunsn AmoRe an CCP4 suite package (Navaza, 1994)
ewlsinaeiug  E315M  dhusausnfiansnsoudilymndeanaldlaeldlasaiaudinaes s,
marcescens chitinase A (PDB code 1CTN) tilulpsaairsusiuny dqaunisudilnymiinasasinssaing
wild-type Tn998319 E315M+NAG, waz E315M+NAG, lilassadeaed E315M iluusiuiiy A1aau
azidunildanninseaireedeglugag 2.0-1.7 Saansen

yinnne refine TAsaaieves E315M sianunlneia rigid body refinement a4 lusunsy
REFMAC a1n CCP4 suite (Collaborative Computational Project Number 4, 1994; Murshudov et
al., 1997) @9un1391 refinement 2891ANAF wild-type éuﬁuﬁaﬂ non-crystallographic symmetry
(NCS) restraint refinement L‘ﬁ@ﬁwum tightrestraints 11 mainchain Wag sidechain Tusendineng
N1 refinement 168519 model faaldsunsu O (Jones et al., 1991) daulaeaFradetanlfun sugar
coordinates Q1N protein databank (PDB code 1NHG6) W 'lal model IuLLNuﬁELQQMi@uﬁiﬁﬁﬂ 2F -
F_uaz F-F. u&n refine sie aunseiidldAn R free factor i converge Tnelnseairagavinezes wild-
type E315M E315M+NAG, Way E315M+NAG, MaInN1sn refinement iR R-factor Lilu 16.8,

18.9, 18.7 uaz 18.1 18% uazAn R, . \{lu 20.5, 21.9, 21.5 uay 21.0 % (gA1319% 12 Usznaw)

free
MINATAL B11N13M9IRa8aL geometry 103lAeairegavinefaelisuns PROCHECK (Laskowski et
al., 1993) naFauiaulinaieviedaeseuladlafiua Aldsnaldsunsn Superpose Wazun

v
direct contact faaililsunsn Contact degly CCP4 suite MNsuanslassaiauanisunmlng

Tdsunsu Pymol (www.pymol.org) (Songsiriritthigul et al., 2008)

2 QW =\

3. Nﬂﬂ'\‘iqqguﬂg’ﬂﬂﬂ’i'\ﬂ
3.1. NMSANHIANUBINITNANLNUEUBINTARSHIUAUT LIS

AN BNAUININTeNLULANAINZE mutagenic primer WanN1sidasunsaaziiuag
wiunLnasedenlallaRiua 1@ fauNe Trp168 Tyr171 Trp275 Trp397 was Trp570 AMnnIg

a o o a o‘da/a/ a a a di o
WRauisuasureansnesiureteulniiivlafiuaainuuaiFedn 7 uazaINuULRAeY
Tareafreafreanuineesenlodlafuandlnseadaninveslafiug 18 | Nl Serratia

@ v ' PO oo ~ o A o il

marcescens WluguuuLnLINIAerATUMMNALNANEOIE  conserved  UATHNNIARGEENAIDLT

A9ULUDA TIM barrel domain Asuanslugili 1
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7N 1 uassuunsnaesianaianiAvedlafiug @ AanuuANEe Vibrio carchariae NUARS

AWVLareansAas N UL Trp168 Tyr171 Trp275 Trp397 waz Trp570 MU uA1uLLYea TIM

barrel domain (me%m Suginta et al., BBA-General Subjects, 2007)

m?ﬂ/lﬂ@ﬂ\‘wﬂ?ﬁlilu Trp168 Tyr171 Trp275 Trp397 war Trp570 InewmAtA site-directed
mutagenesis MM LS single mutant 5 Fiama W168G Y171G W275G W397Fuas W570G H double
mutant 1 4 Ae W397F/W570G) & triple mutant 1 fiaAa W397F/W570G/ W275G wazil quadruple
mutant 1 FiaRe W397F/W570G/W275G/Y171G ﬂﬁm@zmummaféﬁmGﬁﬂq@fﬂuﬁmmﬁuﬁuﬁmme

6 LUF0uAD (-4)(-3)(-2)(-1)(+1)(+2) ﬁummﬂugﬂﬁ' 2

ndl o A o a ndl a ! a Qi |
g‘l_h/l 2 ﬂqﬁf“]ﬁL?EI\?I?]’J"II’PNﬂ?WﬂiNIMQQLLM’]HVIU?LQE‘IALN‘IJ@\ﬂﬁIF]Lu@ w Adwivungassnimang

[

uﬁ(umﬁﬁm Suginta et al., BBA-General Subjects, 2007)



18

WAIANNI9AIIRAaLIANNYNABTRNs At uTtinvastiandle ndfaaniemi DNA

sequencing I#AnHINsuanseanvasTreNiwwwillsfuluaadidninu £, coli anewug M15

a

wudaagannsananllsfueanFuinman Wewientidos IPTG Anudndi 0.5 mM gaungi

au

a chg/

25°C w1 18 dalna [ILTanasag Ni-NTA affinity chromatography wazazldsaueansog

Q

250 mM imidazole wuanlalisaulamiug 1o AAuLTgnsge (317 3A) uaviBuinaesilsfunugs
16ha 1015 mg TUshuisgvasiamad 1 @ns  nisdsilasaiszAuAanidee CD
1o = o oA ¥ =KX o =
spectroscopy WUNAN®IWEU89 CD spectra waslisAunanawugiAuadaaasiuaadllsmu
wild-type (3117 3B) wansdnsmeriiunlsvinnisnlasunlaclidansenuiulassaislnasmuanes

T1l3mu

4 5 6 7 8 9 10

O . —

MRE 10% cm? dmol

Wavelength (nm)

1 3 (A) SDS-PAGE weslisiunanesiugiivinizgradaemaila Ni-NTA agarose  affinity
chromatography (B) CD spectra 284sAuNaIeiugnisgns (Wasiinn Suginta et al., BBA-

General Subjects, 2007)

N13M9IAUIAT specific hydrolyzing activity aeaiaulsdnaeiuginauiueulsd wid-type
Tneignsaas18a pNP-[GIcNAC], uay colloidal chitin wudﬂﬂiﬁuﬂawﬁuﬁ%\mmmLfﬁu W397F
A" specific activity AndnAnaestlsiu wild-type @1 W397F 1A specific activity 289013
aa"el pNP-[GIcNAc], gaiflu 142 WinuarlAnlsiunnsinetulugans colloidal chitin 493A17 ldan

wild-type (713799 1)
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13197 1 A1 specific hydrolyzing activity a94l1lsAu wild-type wazlsfiunanaiug (uiashnan

Suginta et al., BBA-General Subjects, 2007)

Specific hydrolyzing activity

Chitinase A variant
(x 10° pmol pNP/min/pg) * (Mol reducing sugars/min/ug)®

Wild-type 1.84 +0.05 (100)° 1.99 + 0,018 (100)
D392N 0.61+0.09 (33.4) n.d?
W168G 0.24 £0.03 (13.0) n.d

Y171G 0.36 £ 0.00 (19.5) n.d.
W275G 0.20 £ 0.00 (11.1) 0.10£0.001 (5.0)
W397F 2.61+0.08 (141.8) 2.04 +0.061 (102.5)
W570G 0.11 £0.00 (5.6) n.d.

Double mutant (W570G/W397F) 0.10 £ 0.002 (5.5) n.d.

Triple mutant (W570G/W397F/W275G) 0.01+0.001 (0.6) n.d.

Quadruple mutant
(W570GW397FW2T5GIY171G) 0.01+0.001 (0.6)

* Chitinase activity was measured using pNP-[GIcNAc],, and release of pINP was detected by the colorimetric method.
® Chitinase activity was measured using colloidal chitin, and release of reducing sugars was detected by the DMAB method.
Values in brackets represent relative activity compared to that of wild-type (set as 100).

n.d.

dnd represents no detectable activity.

NaNIMARRsd ldananaed 2 IeagudnnnaAeunsnesitussuauenidu w397 flua
sanisaavesduiansnianadn o uazlafulnawes anmizitiagesanuatanailE
annIsaane colloidal chitin uazlalaladlnuapanfladaunn 2-6 wiag (NAG,-NAG,) wudnlilshiu
naneug W168G, Y1716, W570G lignsnsnaanglaiuldiinan 18 dalue daulusiu wo7sG
uaz W397F anansnaane colloidal chitin liRnantesnistindaud 2.5 widt fe 18 dalus lidena
wilaliBeuutlasguuunisaanslafiuinniniledieniu wid-type Taandnuandniilife NAG,

LazHRANATDIAD NAG, Aeuans gL 4
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A B C

std1 2 34 56 7812345678 12345678

917 4 NM3TAIITINN TLC UamInIsaane colloidal chitin fael A) wild-type B) W275G uaz C)
W397F da4 std A G1-G6 standard mix; 1-7 Aawanlin1sun 2, 5, 10, 15, 30, 60 U waz 18

dqlu9 uaz 8 A. substrate blank (W1AIANA Suginta et al., BBA-General Subjects, 2007)

douna TLC uamieldsiiunnsalianunsnaas NAG, haauar w2756 ulilsfiugn
Fenflaane NAG, 18111 NAG,+NAG, uazlusiufiganzrtinnia NAG,- NAG, 14@ndn wild-type Ao
W275G uaz W397F nsfnenazesiaanlunstinsenisaaetinma G w0altlsRunanaiugaes
failifeniy wild-type WUdn W275G @ane NAG, Miflurinana NAG,+NAG, Whindn dowltlsfiv
W397F aanerinmna NAG, Wiilufana1aauinsing Faus NAG,-NAG, uaziiaanesnistiuiiiu
18 dalusazlgudnnaiiiy NAG,+NAG, Fesnenirnistentinma NAG, m@q‘tﬂiﬁuﬂmﬂﬁuﬁﬁq
aaangliannTalsmu wild-type atiALE (gﬂﬁ' 5) e AR NAMAN 09N T8ANE] NAG, 124 wild-

type ABUNAIA NAG,+NAG,
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A B o

std 12345678 12 345 67 81 23 45678

717 5 NM3AAIILIM TLC Nuansgiuiiunisaans hexaNAG #ngl A) wild-type B) W275G Uaz C)
W397F da4# std A" G1-G6 standard mix; 1-7 @17 M lunNsUNsAs 2, 5, 10, 15, 30, 60 W7

uay 18 dqlua; 8 A substrate blank (WHAIANN Suginta et al., BBA-General Subjects, 2007)

b

o ] a

A1ngUi 2 wudinsmasiity W275 dnassnaglusiumis 4uR -1 dounsaailu W397 ax
agluiBudugainaae +2 nsnaziluiiaesiiaziiludariiuuanisduaesinnia NAG, Tidnan
I o 1 dl dl o v a 1 dl 4 dl % aa < dl Y a |
ag lugumisnmunzannazyin liiianstesniussnaasanssaodine Wi ldnannaiy

al

NAG,+NAG, nsulasunlasaiinaasnsaeziluinlinsnesilu Trp275 uay Trp397 goyids

[

ANHNAINNTD IUNFRANT UL LR WNI e TN AR AR LANFAN9 A LRNNIN

3.2. msﬁnmNammmenmﬂﬁ’uﬁfﬁu?mcuﬁ’uﬁ'u"lﬂau

UANEARNIARNINTERNLLLANATIZW mutagenic primer iesinnnsulAsunsansilud
conserved TiadLiLlARu (chitin binding domain, ChBD) 1aveulnllafg 18 dedfaAe
Ser33 uag Trp70 Ui uLenLFusARARL ChBD AndedsaAe Trp231 WAy Tyr245 A1nnng
WReudeuddursansaeziilmeseulnilfulpfuaanuafidedy 7 uazainuundieas
Tassaieaisaudineceulnllafnaiildlnsaiauifnedefiig 10 ande  Seratia
marcescens \Huguuuunudnnsnesiluiomailildnne conserved uazinisdnGusnediii
(surface exposed) Tasianlasl Inefinsnezdlu Trp70 azaguangauay Trp231 avatiulugnin

6

Autanadnuasad (317 6)
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Trp70 Ser33 Tyr245

\d \ \

Ala  AlaTp T

7N 6 wansuuuanaeslassaFwanifvedlafiug 1 AanuuANGEY Vibrio carchariae MUAAS

AuvaeanInezily Serd3 Trp70 Trp231 way Tyr245 Atdnnsuueniuanaveslamiug

(WAASTINN Pantoom et al., BMC-Biochem, 2008)

NINAABSANHINATDINITNAERUTAaN1sduRudLaImINTAINI9YIN chitin binding assay

wudeulainaneiiug W70A azdufiu colloidal chitin lédaaign doweulad w231A dulanuls

2
o a4

nnngatasulminAneiauaiaisuseinisdulafuienauivlafiuasuansstae W231A>

S33W >WT = W231F>S33A>Y245W>W70A Tnananain1sduuanslilugii 7A uas 78

% [Free protein]

WT  S33A S33W W70A W231A W231F Y245W
Chitinase A mutants

Incubation time (min)

917 7 nisdueslusiunansiugnaollsfiuiulasiu A) nanesnasensdu B) nisduvaslismiv
ﬂmﬂﬁuiﬁ:ﬁuiﬁau@@wﬁmﬁﬂ colloidal chitin (closed bar) waz crystalline chitin (open bar)
o [ % e .

&oyuanmnife wild-type (M); S33A (A); S33W (V); W70A (€); w231A (@); w231F (L); uaz

Y245W (/\) (LiadAinn Pantoom et al., BMC-Biochem, 2008)
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IHAANHINATBINIINAUNUSHDAT hydrolytic activity aadiaulsiseduammainaiinma

PNP-[GIcNAC], crystalline chitin Uaz colloidal chitin AuansluANIINT 2 WLIINIINALRUSHEA

6

rennilasuulasAn hydrolytic activity 189 pNP dudimmnifieaianiies wanudnlsfunaeiug

3

[%
aa

S33A W70A W231A way W231F A uapiinsaduainimanssnima colloidal chitin hay

crystalline chitin anadatinaxn Wamauiullsfusasn dauldshunanesiig S33wW uay Y245W
CZA Qadﬂl d?
Az liALeARIREIUU

FN39% 2 HAT9INIINARUSsaAT hydrolytic activity aadeulnilafiiug 1@ (Wasiiun Pantoom

et al., BMC-Biochem, 2008)

Protein Specific hydrolyzing activity (U/pmol protein)2
Crystalline chitin Colleidal chitin PNP-[GlcNAc],
Wild-type 0.5% + 0.02(100)b 12.9 + 0.22 (100) 50.5 + 1.13 (100)
S33A n.d.c 8.5 + 0.50 (66) 58.0+ 1.08(115)
533w 1.00 + 0.08 (166) 15.3 £ 0.32(119) 54.0 £ 2.55 (107)
VW7 0A n.d. 43+ 0.17 (33) 528+ 2.14 (105)
W23IA n.d. 6.6 £ 0.26 (51) 45.2 + 2.00 (90)
W23IF n.d. 9.2+ 049 (71) 54.3 £ 2.85 (108)
Y245W |.49 + 0.09 (250) 19.6 £ 0.53 (152) 536+ 1.6l (106)
2 One unit of chitinase is defined as the amount of enzyme that releases | pmol of [GleMAc]; or | nmol of pNP per min at 37°C.
bValues in parentheses represent relative specific hydrolyzing activities (%).
cMon-detecrable activity.

-

NN9ANHANMNNAAUNAAIRASAL chitohexamer R colloidal chitin WudnTsAuNaewLg

q

o o

nneali A1 K, seduawmmlainledlnuannifladanaaanties  uarliinaatnaditiaddnyiuen

k., wazAn k /K veseulad lunpsedunullsfiunanawug S33A W70A W231A uaz W231F

cat

AN k,, uazAn k /K, seduaesnaisens (colloidal chitin) Wasaawnn Tusiiunanawugnliien

k../K,, Hoangnna W70A Aeuanslun1anen 3

cat
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apaaunaransiadaulmilaRiug 18 (WaINNI Pantoom et al.,

Chitinase A Chitochexaose Colloidal chitin
variant
K (nM) k. (s1) k /K (M) K (10! mg ml') kg (s1) ke /(107! 571
mg mi-!)
Wild-type 218 £22.0 29 1.3 % 103 {100 .74 £0.1 1.2 0.7 (100)
533A 171 £ 205 16 1.5 = 10%(115) 207 £0.2 0.9 0.4 (57)
S33w 210+ 154 28 1.3 = 103 (100) 1.58 £ 0.2 1.4 0.9 (129)
WT0A 185+ 22.0 25 1.3 = 103 (100) 226 £ 0.4 0.4 0.2 (29)
WW231A 189 £ 132 26 1.4 = 103 (108) 1.0 £ 0.2 0.6 0.6 (86)
W23IF 163 £ 103 14 1.5 % 103(115) .70+ 02 0.9 0.5 (71)
Y245W 201 £ 13.1 16 1.3 = 103 (100) 1.82 £ 0.2 1.7 0.9 (129)
2 Relative catalytic efficiencies (%) are shown in parentheses.

AMTAN®IAN adsorption isotherms WU S33W waz W231A TANn139uiu colloidal chitin

geninTismiu wildtype @au Iafiiwananesiug W70A, S33A, W231F waz Y245W liAinisduiiula

Autiagndn WaAIWIMIAN dissociation binding constants (K,) ansuWlugili 8 Tidn K, vas

wild-type {11 0.95 + 0.11 uM %ngqndﬂm'ﬂ K, 1839 S33W (0.84 + 0.09 uM) uazaas W231F (0.88

+0.09 M) LANTag WAgINdNA1as W231A (0.26 + 0.03 M) aeinaltiad Aty Tuniemssdnuen K,

289 S33A (1.50 = 0.11 uM) 2823 W70A (2.30 + 0.25 uM) uazaas Y245W (1.60 + 0.16 UM) e

NINNINANT8Y wild-type AnAn K, ldaunsnagdaauaunsnlunisduiuduammidiiuansu

failpa  W231A>S33W>W231F>wild-type>S33A>Y245W>W70A HANNTNAREYN lAdanARaariy

AT chitin binding assay WATANNINAAUNAANAATAILANTWILIT 7 LaTA919] 3 ANAIAL

Bound enzyme (umol/g)

a

o

Free enzyme (pM)

71/7 8 Adsorption binding isotherm aa4ltlsAunanaiugnialisfiui colloidal chitin (closed bar)

foudnuniae wild-type (H); S33A (A); S33W (W); W70A (@); w231A (@); w231F (L); uay

Y245W (A) (meﬁm Pantoom et al., BMC-Biochem, 2008)
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3.3. MSANEINA LNNIFLIADNALUDIFLUALATNUULS LI TILATNSLAan LiazTulnasuag
vaulgallamiua
idfedusemnldinsAnmeanudensuresduanmaiiasiig | LUWLTNN substrate
binding subsites 1adiaulasl Inaldmalla quantitative HPLC MS a1ndaiauazes Watanabe uaz &
§939]8 (Imai et al., 2002) ﬁdﬂﬁﬁmaimimi@mﬂufmmﬂiﬁmm%u%ﬁﬁuﬁuu?mmév“uLLuuzg::u
mu{iﬁmmimﬁumamLiﬁzju?mmm*qimﬂmi feed Wnannn1esulaudulaRy (ChBD) ANuLAen
Wit lunmaassiacddiauanalnnisdnduaesinna 0entaNAG LAz hexaNAG daiflusaumis

14 v 1
1a9uAagedl uarlaRuaneenn Aauanslugli 9

(A)
é [-2 to +2]
[-3to +2]
[-4 to +1]
\.
(B) ( - é!!‘i —_— A 2= T Ai_ ‘Eﬁ
U-. L-‘ LW TL
[-3to +2]
SO Oe, e
\ 4 3 -2 1Y+ +2
(C)

207 9 nalnnisduaesinaalalnledlnuaaanslssiaslafunisnossevevladlafiug  (A)

U

pentaNAG hydrolysis; (B) hexaNAG hydrolysis; ka2 (C) chitin hydrolysis (a1 Suginta et al.,
J Chem Biol, 2009)
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o

AngUazLiindtigg pentaNAG azdu1anduLuLEINUAUIAgINLLLAS 1) AU subsites

1 1
o

-4 T3 +1; 2) AU subsites -3 T4 +2; waz 3) AUV subsites -2 D9 +2 (3N 9A) AnUEATIANG

< [ QII a o ¥ 1 o A A [ QII . =2 [ -QII
hexaNAG A& N130AUNLE AU IAg NLLLuA WA Aa 1) 4UN subsites -4 D9 +2; 2) AU
subsites -3 119 +2; waz 3) 4UN subsites -2 Tiv +2 (U7 9B) daulafiuanaenazdulFuuuifenia
UANEIANUIANTAZENNLFINU +2 F9UUANHANULALIANTULNUNINNAULZINNU -4 LazA I uTALNY

AulARuRsgLy 9C

1 %
=&

nIAnEMsteRaBUELT  0°C  whmmaviBunneesnansaifintulngmatia
quantitative HPLC ESI/MS wudleRa R RuEnsdUAAm pentaNAG avgneiaeiilunamnnases
10infe NAG, unz NAG, uaztiae hexaNAG 1Hiilu NAG, NAG, uaz NAG, Sauamednn1ssniuss
InalABANANTUARIAWINAE  FILVTEeIANNUAN LA IUMANaNENEtNANe  daunis
sz fiduduesiidnesume fesnanuainnnaild i uandiluns e 4

X
1

A1519 4 nsdszannieannaniintuainnisaanelalnledlnuaannflsflaedd quantitative HPLC

MS analysis (WAS7NN Suginta et al., J Chem Biol, 2009)

The B content of initial products
Substrate Enzyme
NAGI NAG2 NAG3 NAG4 NAGS
Wild-type - 92 (100) 41(42)
pentaNAG I 5
(NAGS) W275G - 92 68
W397F 85 69 100 100
Wild-type - 90(100)° 67(71) 45(48)
hexaNAG
2 3 - 2
(NAG6) W275G 920 64 82
W397F 40 66 100 100 100
*The values in brackets are the expected values from the -2 to -2 binding mode for NAGS5 hydrolysis.
°The values in brackets are the expected values from a combination of the -3 to +2 and -2 to +2 modes for NAG6 hydrolysis.

NANTNARESlUANTeN 4 wudnilefifusinnstes pentaNAG #iael wild-type chitinase &

I 92% BNAG, waz 41% BNAG, feaenndeaiuilefifusifuinitesudnua (100% BNAG, uaz
42% BNAG,) FlEannnistesfiRnannisduaesduammingld 2 o + 2 binding mode &1
iwafidusinnstiag hexaNAG 18LiW 90% BNAG,, 67% BNAG,, uay 45% BNAG, #0AARAITLIAN
AunnuessARaT ldannisduaasduamsmingldnalnuuLNaNszdng 3 to +2 binding mode
fill -2 to +2 binding mode Aa 100% BNAG,, 71% BNAG,, haz 48% PNAG, ANNANFL (mm\iﬁ' 4

AN ln9LaL)
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daunazaanisdane lmpunuaeulodlafuades lafuduinanalalnledlinudaanslss
A1edu 7] Huasus NAG-NAG, Tvdenadeiuauidenlddnmuineuudous NAG, dnilu
HARNAMANTaINTten Tnafina1Gusuaenisdas (3 W) wulminan NAG, Tdszunns 3 pM
waznAugauesliisanazld NAG, 15u10s 13 UM duNARNaTesadnIAe NAG, Nuam A ludasy
A ng dl ] a dl o . . dl % 4 L2 '
AR 2 UM UAZAUGAT 4 UM AruNARNABUAALTIY intermediate NaF9lutFunuiian (Waand 2 pm)
dl v o 1 a o a %3 A % :J/ f/ 1
nan1sneaesifeududneulailafuasinanelauludnesnanpesatmnady 7 A 3
wiag@uliifnainnia9uuuL random binding kazlaaniafingag endo activity dautinaia NAG,
A ZJ/ % . L4 - dl dl o 1
Neuianuagnadalaenalnuuy feeding  tnannsdingsng exo activity (U 10A) iaAwInLe

o

cleavage ratio 184%1A18 NAG, futimananNaay o WeuiiszudngaitesEusiui 3 uim fu

mméuzsmlunwﬁwﬂfﬁ?‘mﬁ 3 daluanuindndouifies NAG, sievihmaiinsing y ﬁngq%u
Fauananane NAG,:NAG, Qq%u 1.9 Win NAG,NAG, @;ﬁu 9 1IN NAG,:NAG, Qq‘%u 5 11 WA
NAG,:NAG, zga'%u 6 i (gﬂﬁ' 10B) Hednadanaes NAG fetinana y fu y ﬁqa%uﬁmm‘lumﬁw
aauuMALLanTNIFATusshanistulgIunT  feeding  waziamsianmsteaane lafin

WLl progressive hydrolysis

16
(A) ] I
2
g 124 =
=
o 104 - § 8
o o~
£5 s :
£
[ 64 L
=
£ 4 -
2 B
0 T T ! I T T T -
0 20 40 60 80 100 120 140 160 180
Incubation time (min)
= 3 min ® 180 min
(B) 30
‘E 20 p 1
AT
)
10
L
° *| .
0= T - . .
NAG2:NAG3 NAG2:NAGY NAG2:NAGS NAG2:NAGE

7 10 PsunnsaesndnuaiiiniuainUfjisanniseas chitin 1985 quantitative HPLC MS (A)

Time course of chitin hydrolysis (B) Cleavage ratios (Wia47111 Suginta et al., J Chem Biol, 2009)
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NNINARBNAANIABNIIANENATRINITNANERUSFaN1aen I Fas lunafuasduIdnm  6a

uandluguil 11A W‘Llf:iﬂuﬁjl’NLfmﬂuﬂ’]‘j‘ﬁ’]ﬂﬁﬁ?‘m%\‘uw}' 0-150 W% wWud1dnaInisaane B-anomer
109X LA L ILANANIAINSAIINNIEaTE o-anomer TtuanslHTiudndLARM UnardufuLBion
ssreaaulmilaeilanadiBAathiueanuiuen substrate binding subsites uazegluaisazans
Tulnsagil B - v7a o -anomer ag TUBNIIANAR (48% B UAZ 52% o) NANNINAABIABAARBIILINIS
UIBIGUALAIN hexaNAG KLU -3 to +2 WA +2 to +2 binding modes (gﬂﬁ' 9B) Wiavnniailae
nsnaziluilanadiBAntansinfe Trp275 iy Gly uas Trp397 iy Phe Wudﬂﬂiﬁuﬂmﬂﬁuﬁfﬁq
489A8 W275G uaz W397F Hannuanunmnlunislfeslume fesduammilasulingnaalisnm
n1saane p-anomer 8RNI a-anomer anidleifiuuiugasnisaaevesllsiusais (3171 11B,C)
nenazily Trp275 ﬁmmzﬁﬁﬁmﬁumﬁuﬁu{iﬁm@ GIcNAC Aifnuvitias (cleavage site, -1 to +1)
dounsnezilu Trp397 enudrdnysentsidenduresewlniiutinmadulantiiefie +2NAG
annnsAneinsaisreaeulodlafiug e ﬂawﬁuﬁfﬁuﬁﬂm@ pentaNAG  uaz hexaNAG
(Songsiriritthigul et al., 2008) WU IS UTUT e TR AR T udaeualaTaauuaTus
lalnsTriinidungn naulaeuaiinaesnsnezaly Trp275 Wunsnezaly Gly M Idlnansznusaus
1alnstTinTinssyinsiatnaafisaumis -1 uay +1 denaliitinisulasunsidendureseulalned

dl o 1 o % aAa Y & £ dl (=3 1
m:‘m@umwummmmuL@Miw1ﬂmﬁqmquu@uimqsﬁ’1mL@ﬂum} AMNANTINN 4 RLLUUINITARL

'
=

U1ANA hexaNAG azliinanuaniilu NAG, NAG, uaz NAG, wdawauusilaifusaas p content

-

Talasullannidutanadngnasnniannisdnduntsnonsdasull  wanannfildsfunanawusg

3

W275G flalfAnmanuanneseduaingm (substrate specificity) M9g1usaAe pentaNAG hexaNAG

uaz colloidal chitin anadlszanns 5 Wi lnalnsidasuAradnnseulunisdy (affinity of binding,

I
Al

) anAdatiNaNINEaeLAUANA

| o [~1

K ) saduainsn 1énias wAANASTUN38ANe (catalytic rate, k

cat

TeanTalsAusais (1137199 5)



29

100

(A)

75 &P
50 1

25 ]

100
75

(B)

50 ]

25

100

Relative abundance

(C)

75

50 P
25 \.\.\.ﬁ

0

5 25 45 65 85 105 125 145
Substrate reduction time

{min}

s 11 dunnsaesndnuaiiiniuainifjisannistas chitin 1985 quantitative HPLC MS (A)
Time course of chitin hydrolysis (B) Cleavage ratios (meﬁm Suginta et al., J Chem Biol, 2009)

daun1ilasunsaazili Trp397 i Phe a1am ldiiauansenusausslalnsiWdniinitu
%; % aa ol v A o 1 o ] a ‘29‘, M v 1 o I
imasulanesaadinlianainisalunisimenduananduiuwsinsnasdluitlildag luaums

o

daawieuny Trp275 seiunnidasunsaesiluadddiinanssnuiudnsnisees  wasanaednis
v cma o % %’I a & o 2 aa 2 o o
nansRugnaennliasiimalalaledlnusaanflsdaduniniesnulanaueisaod Huazeaiaduiy
o 1 e S 1 4? o dlv aa %; d‘o 1 ] o
AumedLuULEave Ui Wlananiuaz inalagAnaetimanfumiesing AEWLTL
Auviselas lfunaunapenn linasnalunisdeavanuanaatlddeous  NAG-NAG, sauanslu
AN 4 wazinliAnasinissaunaranfilasulddaelagliiud k,  299n1raanatinma

pentaNAG 1ae hexaNAG L1 8 Lay 60 WINANNANSL (113797 5)
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ANT NN 5 ANRAUNAAARTIaIN1TdaduaInIn lalnladinuaanflesnas lafuaesenlnila R

g |

pannuazieulzdlaRiuananewug (Lasnn Suginta et al., J Chem Biol, 2009)

9

pentaNAG hexaNAG colloidal chitin
Chitinase A

Km Ke. Keal K Km K, kool K, Km K, Keal Km

(M) ) (7w (M) (1) Suh mgm) | Shmgmr)
Wild-type 380+49(1) [ 021(1) 56 10% (1) 174=23(1) o9 tx10t(y |2sta foton 88 x 10% (1)
W275G 35:110(0.8) | 004(02) | 13x10%(02) ng=17(14) |oos3) |[23x10t@ny |25:37@) Joo2p2z) [e7xi0f@
W397F 476 11(1.3) | 211 (10) 44 % 10°%(8) 160+53(26) | 20018 65x 10°(59) |19:01(16) |oo3@3 |1axict@y

AR 11 azifiudINIsnaneiugueInInecilu Trp275 uay Trp397 WikasfeA1aaunamIans
ga3nsaaglARuANsaNN AN auNaANansaasnsaaelalnlealnuananfladitasannnalnnidu

vasduamsmsaachimiiont douredlaivazidndulaenlanadniiFodazinaeudnsdiuans
gaalaudulmiulagn1sdusznineanaveslafninaesiy surface-exposed residues i Tyr31,
Trp70, Trp231 WAz Tyr245 ay Favtunsnesilugnulaneiaad iy Trp397 uag Trp275 N aatT
Iuﬂwﬁqaﬁammmfnm@‘lﬁﬁ’]@j substrate binding subsites AINAUUBUTANE (-4) Ngasw
IR0 (+2) Seriuna asunsmes iU u 1,41, 42 FlanAuaunsolunssuiuYaNg
Knueng3nnduasinlfioulsdd processivity Aaduawmsmiiatas feduinguilnanadasiunanis
aaunafdanfaasn1saanslafusaalilsaunaaiug W275G uar W397F Tiean K| i dauAn K,

ARANAL NN

3.4 . msAnslassgssninvaauldillafiug 1o wazieuldinanewug E315M lu
anaznlaidugiasniuduaLATy

[ %

2 = ¥ o =S = o‘:// a a a
dauazueuldvinnisdnsnisanuanieuliisunnseslafiug 10 waz wulndlaueg

1
aal o

18 NaNeWug E315M Aduamsniunduammm NAG, uaz NAG, lnananldssiuildaunsnini
NABndlFangas 2.0-1.7 deansan nasanifivdeyauaznismlasairauiiessuuazinssa¥eating

=l as P2 aa 1 o . 1% dl
aziaaalnead molecular replacement 10 fAM 19l ALAZAINNIYN refinement 289lAT9dF19A
Tns9ainama 1) wild-type; 2) E315M; 3) E315M+NAG,; 1Az 4) E315M+NAG, tatiAeainuazan

n1991 refinement WaASIA1LAN9799 12
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ANTN 12 AN NADFALAZAINNIN refinement 1aalasaad1saulallafiuasnasy waziaulbinans

o

uﬁj(LLu@'\‘iﬁm Songsiriritthigul et al., J Struct Biol, 2008)

Statistics of data and structural refinement

Crystal Wild-type E315M E315M+MNAGs E315M+NAGS

Data collecton statstics

PDB code 3BES 3B9E 3D 3894

Space group Pl P2,2,2, P2,2,2, P2,2,2,

Unit-cell parameters a=6027A a=6396A a=6.51 A a=6370A
b=G428 A b=g8311A b=8308 A b=8332 A
c=8352 A €= 10698 A c=10559 A C=106.57 A
x=91,74° a=f=y=90° g=f=y=00F a=f=y=090°
F=91.18°
y=11291°

Resolution range (A) 2462-2.11 (2.00) 24.68-1.79 (1.70) 24.54-1.81 (1.72) 30-1.90 (1.80)

Solvent content (%) 469 44 85 43.70 44.55

Unique reflections 73693 (10404) 61563 (7880) 59561(8247) 53131 (7564)

Observed reflections 292719 (41321) 607216 (59894) 406849 (45783) 452556 (53380)

Multiplicity 4.0 (4.0) 9.9 (7.6) 68 (556) 8.5 (84)

Compl eteness (%) 946 (91.9) 97.2 (872) 992 (95.6) 99.7 (99,0}

(1 si gmaly 195 (55) 26.9 (4.5) 263 (9.9) 26.3 (6.1)

Renesge*" (%) 66 (228) 7.1 (36.1) 7.1 (123) 7.0 (312)

Refinement s toristics

Reacxea (%) 168 18.9 187 18.1

Rrree (%) 205 21.9 215 21.0

Mo. of amino acid residues 1134 581 567 567

Mo. of protein atoms 8708 4474 4353 4353

Mo. of carbohydr ate atoms - — 57 85

Mo. of ordered waters 1081 740 664 690

RMS. deviations

Bond length 0007 0.0DE 0,006 0.00G

Bond angle 0968 0932 0962 0.990

Mean atomic

B values Protein atoms 1445 15.10 1424 13.74

Substrate - - 19.82 21.79

Waters 2446 25.89 2492 25.42

Overall 16.19 16.60 15.70 15.45

# Values in parentheses refer to the corresponding values of the highest resolution shell.

" Roperge = 3 57 [HURRE) — (1(RKD) [ /57, 57 lithki) where |, is the intensity for the ith measurement of an equivalent reflection with indices hkl.

. . i i
¢ Ragor == — where Fo, and F oy, are the observed and calculated structure-facors,

=

R =255 = calculated from 5% of the reflections selected randomly and omitted from the refinement process.

Tassafrsauifveveulsd lafiua 1@ andia V. harveyi vianundlasaaingpe gin 12a

1 o a

wulsilasiug wild-type 3U9120 Taseainlasiua v naneiug E315M Alailiduianm wunsnavd
T (His), Au C-terminus wavteulmsi®vin genetic engineering W lilivadaeTunisvinignauuy

a ' o o !

nzileguinnusaazduiunsnesiluvane o seivianinduiudusainm  daugli 120

U
v

Trsea¥radedouanslafiua 1o naaug E315M+NAG, nulassaieuestinnia NAG, uLaNees
LML resnAaLRidvion m'qu{iﬁm@mifngmﬁﬂﬂiﬂmmmm electron density Wi AR
dnvmamissiidlaseguUitlal rigid wiunddlundeanls dangll 12d wamslassairadetausadla
AA 1@ NANEug E315M+NAG, wu‘imqgﬂmemmﬁﬁmmﬁauﬂuuwﬁﬁuﬁmﬁmm Thsaaing
frllresenlnilafiua 1@ anide V. harveyi Usznaudaednsinmuvanaa 1) Ty laud
a12s1uli (the N-terminal chitin binding domain, ChBD) Uszneudaensnesaluf 22-138
Tmuuf’lﬂi:ﬂ@ué’wmﬂﬁﬁﬂLﬂwﬁﬂLmzv‘i’mﬁﬂ‘ﬁ'Lﬁ'mﬁumiﬁﬂﬁﬁumﬂmqL%’ﬂ@ju?mmw'q; 2)
Tousalfjisen  (Catalytic  domain, Cat) Tnuiidentulauudslafugae hinge i

Usznaudaenanaziiui 139-159 Tawdeljisendaesinmutionnn Cat | (nsnaziilui 160-460)
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LAz Cat Il (N3mazATuf 548-588) unsufiuiuanatdnuazaresonietnsasy 8 ANUNAFN
TAsea¥1af Gandn (o/B), TIM barrel ﬁﬁu?mml,éq@@j waz 3) TpLNRLNTNIUIALEN (small insertion
domain) 1lszneudaensaesfiluf 461-547 snafraflulaseains o+p funanszudnelaimuiss
Ufjnisentiee Catl uaz Cat i unanfaeniaimuiiin small o+ insertion domain fislainsumihiif

: X
wduauaa9laNLT

N 12 TaseaFunfguaeseulaidsznaudisanlamumdn  Tawudulafiu @R inmuss

9

U538 TIM barrel Auasdmdy wild-type (a) A1uydmiu mutant E315M (b) @45y E315M
+ NAG, (c) uaz@nasd i E315M+NAG, (d) uazlpiuuunanauialdn (@idan) (Wuasiun

Songsiriritthigul et al., J Struct Biol, 2008)

nsdvitassaidisiauneeulailafiua 10 nareiusiuduamem NAG, (U4

q

13a,b)  WUINLE0ALNTAeL N AN LN AN LT A LAY LTINS LA LT AN AU AN AL

o o

TneAuuALTRUSUALEIANA GIcNAC WAATAWMINENATMLG -4, -3, -2, -1, +1, +2 AINAAL
Tnedisumiis -4 agiduueiactnatiuluaasifnaisadausnumds +2 agniesnuEaaingu

UBNUAILIIDULT U310 +1 1Ay +2 UL Uuesinmananuan lfvadnistasduainmm g9

AUWLNARYED cleavage site BgIzWINAMUMUN -1 71 +1
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3117 13 TaseairaiTieton E315M + NAGE (Wnasiiun Songsiriritthigul et al., J Struct Biol, 2008)

(a) Surface representation LL@mﬁﬂwmmmiﬁmmmﬁﬁﬁqmwnmqﬁmgLﬁmﬁ' (GEN N
stick HeYABNTRIANFUAULAAIAILALUADY DZADNUIBIDENTLAULAAISILALAY LATDZAD
mm”LuIma?L@uLLamﬁfm%ﬁﬁL'Tm) nsnasiilinauvauiiily  surface exposed  LAAIAE
TAgagFauuy stick (@xa9)

v i 1
(b) TAsea¥19a09tnAa NAG, Wil NAG, NUFIaNe NAumlsdt -4 Dig +2

[ % ] o o '

anntassairanunsnasiliununaunddsanisduiulafunagnioseqeuladloun Tyra

o

¥

Trp70 Trp231 uaz Tyr245 annisvinnisidasunsaasiumaniinudinsnesiily Trp70 Hunum
AnAtynga lunnsauiuduammansens (Pantoom et al., 2008) daunsaaziilu Tyr171 uaz Tyr435
dl ¥ o o 1 dl ¥ o o o o %’ a

fdanefau NRE waz RE mnasu dhazfandesiunisaninnisiesazestianalatnledinugs
psladiliasanAuniaaednsnesiluiiaesiegntlatevivaedsinues substrate binding cleft wa
naneaesnlfaInuaui Fo-Fe uaz 2Fo-Fc wudnmima NAG, Auludnwoiziasegilmssuazny

o

v 1 1 v 1
wdgipaies A NALAUAuM 3 -2 +1 uaz +2 laglunudiluinnaduagfaiums -1

a dl

we dautena NAG, wulassgluuinauaziinnsiinvesiusy B1—>4 Inala@aniidanszndng

U1ANa -1 fudiea +1 1 90 °C M lfsraniassuineiuasilanadann 5 894mnsanNannlaAaaig

F39 aaINes 3 deansanlulnsea¥ise Asuanslugili 14
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917 14 Tasegilaasinmna NAGS Wauiuiinia NAGE lu substrate binding cleft aagiauliaadla

a

AluANaNEWUE E315M (Uiaafinn Songsiriritthigul et al., J Struct Biol, 2008)

wanantwusaanaune -1 Tulasegtluuy half chair @aflugll transition state 194n19154

o

UffSengnasasnegfidusnses binding cleft uazgnsivdaanseesdluiidfyde Asp3t3s Fas
Wuselalagiau mnﬂmmaﬁLmﬁzﬁﬁiﬁﬁﬂmﬁﬁmgﬂdﬁﬁﬁm@m%ﬁﬁuﬁ'm"ﬁLmuﬁuﬁuzﬁ"umm
nénalasagilnss Aadaninsegiin recognition conformation Tasagulitlaignsnsngndesaanels
siannmadinnasulnsagidug e liuseinaledanszminadima 1 fu +1 dnluing
mm@zmuﬁﬁmﬁq‘ﬁ'Léﬁﬂﬁ'ﬁ?ﬁmﬁ@ Glu315  wninliiAnUisensaaneiuszinunalnnsds
Tilsmauls Gﬂﬂiﬂmgﬂq@ﬁdq bent conformation waN1sMAaesildaNNNsANETAsIa¥ aTedion
vaveulniinliinmnanalnnisaanelafiuredlpfiug 10 dnazifistin side and bend

Useneusians dunaussuandlugili 15 faul
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Steps

1. Substrate recognition .O

L T ey T
LN [

4 3 2 Twal 42

L)
LT

2. Sliding and bending

3. Bond cleavage

4. Product release

77 15 nalnnisdadisamudeianeuuy slide-and-bend (UasiNA Songsiriritthigul et al., J

U

Struct Biol, 2008)

AUARLNITAIUNLRAANEAUALBITN 4 TUNDLS

1. N1941 (recognition) TupeutduamsmdndLlulaseginsise recognition conformation

=

2. NNIADULAZIE (Slide and bend) ANNTAREUIBIANLUIAIAANNIATULELTALT InaLlang

= X v

pERtgnesesaensnasilundrAtysianisidanduaesduiansanssiane  Trp275  Uay
Trp397 (Suginta et al., 2007) M iiinlAsegLezasinmg

3. N12AARUSY (bond cleavage) N139818987 88 ANAaNT IR usLInalpTANNA LML -1 LAy

+1 WnunInangeazilu Glud1s M linan1sdallsnautaznisdaneaasnuas

14 v 1
4. N1INQATRINARNATNGNA (Product release) NafipRUsEyn i lAIIAa NAG2 lunARLAT

AWMLY +1 WAz +2 navaniddindf)isenmu retaining mechanism (Papanikolau et al.,

2001 Bortone et al., 2002; Sasaki et al., 2002)azlfuanuatnmaniduifiacluuas
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4. g9Unan1snaaag

nuddsilininsaielafianansiuglaanalasunsnesilusaumuinisnuduiu
fuamnuaznsnazlluiinreseulodlaeinnisilasunsaesiiu Trp70 Trp168 Tyr171 Trp231
Tyr245 Trp275 Trp397 uaz Trp570 laeinAlia site-directed mutagenesis NIINAAALINIAN
specific hydrolyzing activity 1890134818 pNP-[GIcNAc], way colloidal chitin wauiiauiy
Tishiu wild-type wudnlshunanaiuginenasiluasumauiianinaiuismeas pNP-glycoside uas
colloidal chitin ledaendnlusiu wild-type wuldsinanesing Wao7r lusamennliien specific
activity 289N138i 28 FUALAINTIGRIAININNGN wild-type NITATIRAALNARKNANLAATUANNNTAANE
lesunazlalalodlnuannnsledsiaus 2-6 wiae (NAG,-NAG,) wudnlafiluananaiug W275G uay
w397F lanlasuilasgiuuunisaanatianalatnladinuaamislesldangduuuaeaeulsd wild-
type 2eN9AWTY nan1saaasagilliddinsnaziily Trp275 waz Trp397 uUnazdmudATysianis
A o 90J a & o I8 a all |dl a a
wanduaasnanalalnledinuaamiiles  dounarasnisnanaiugaesnsaeziiuiegNusinmin
Tshu wudn Trp70 TeegfnanasuduaesinuudulafuiunumérAtysanisdunaznisaanale
a 1 a dl [l Y o = 1 a ] = ]
Audneen daunsaezilu Trp231 uay Tyr245 dvetfindiulanainasenisaanalafuusliinasie
naauiulafuaeenn  uaznspesdluwius llunumdnAysanisduuaznisdanslalnladin
waAASlafanadu o

= o [ o a o a o a a

nnsAnEnanEuznisauaaseulsiiulalnledinutanflediiauiulafiuinamaila
quantitative HPLC MS WuAdLIansyn NAG, ez NAG, 1aUNAzaLiLUTnnifysILmieqy -2 0y
+2 dulaRuans e ENAUALTNLLUANUAZILIL progressive UWANARKALNATE NAG2 AIWLNINNGN
dnaanaduan o wansdeulaiaaialafuaieenduwuy progressive AnNnMsAlATIzAlAE HPLC
MS nlinsuaneulasd wid-type TdEnisdenldduammmdouauladnaiawius W397F uay
W275G 1danaane B Auansmuinnd o duamsm suidedougarinaaanisaneninseainanante
Alua 1o Alseaing Palamuasausn Iafluanaeiug E315M E315M+NAG, uaz E315M+NAG, 9
ANNAZIREAT 2.0-1.7 feansan tasvaialnasnreseulnilnnundandaiueulndlafiug 1o
A1n S, marcescens Usznaudeainiamupne Tawudulaiu Tnmwsaljiseuazlnmmunsn
2N TAseaienes E315M+NAG, LAANUNANAANUATNTE9ANINI09N ANAINUAZ LN TAUT
13nd -3,-2,+1,+2 laglinuiimanusinmdy -1 doulrsaine E315M+NAGSE uanslnsagilvenes
WAAENTANaAUANALTIN 4 19 +2 Tasefradedeuaeaeultd E315M+NAGS uaz
E315M+NAG6 M lmsudntmatiazinisilasulasegthineinlinisasnewuss inaladian

Aaauld Tnanisulaeulassgiinazifindiunaln “slide-and-bend”
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Abstract

Point mutations of the active-site residues Trp168, Tyrl71, Trp275, Trp397, Trp570 and Asp392 were introduced to Vibrio carchariae
chitinase A. The modeled 3D structure of the enzyme illustrated that these residues fully occupied the substrate binding cleft and it was found that
their mutation greatly reduced the hydrolyzing activity against pNP-[GlcNAc], and colloidal chitin. Mutant W397F was the only exception, as it
instead enhanced the hydrolysis of the pNP substrate to 142% and gave no activity loss towards colloidal chitin. The kinetic study with the pNP
substrate demonstrated that the mutations caused impaired K, and k., values of the enzyme. A chitin binding assay showed that mutations of the
aromatic residues did not change the binding equilibrium. Product analysis by thin layer chromatography showed higher efficiency of W275G and
W397F in G4—G6 hydrolysis over the wild type enzyme. Though the time course of colloidal chitin hydrolysis displayed no difference in the
cleavage behavior of the chitinase variants, the time course of G6 hydrolysis exhibited distinct hydrolytic patterns between wild-type and mutants
W275G and W397F. Wild type initially hydrolyzed G6 to G4 and G2, and finally G2 was formed as the major end product. W275G primarily
created G2—GS5 intermediates, and later G2 and G3 were formed as stable products. In contrast, W397F initially produced G1-GS5, and then the
high-M, intermediates (G3—G5) were broken down to G1 and G2 end products. This modification of the cleavage patterns of chitooligomers
suggested that residues Trp275 and Trp397 are involved in defining the binding selectivity of the enzyme to soluble substrates.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Active-site mutation; Chitin hydrolysis; Chitinase A; Chitooligosaccharide; Specific hydrolyzing activity; Thin layer chromatography; Vibrio carchariae

1. Introduction (32) as the main products. Chitobiases (EC 3.2.1.52 or formally

EC 3.2.1.30) and N-acetyl-f-hexosaminidases (EC 3.2.1.52)

Chitin is a 8 (1,4)-linked homopolymer of N-acetylglucosa-
mine (GIcNAc or Gl) and mainly found as a structural
component of fungal cell walls and the exoskeletons of
invertebrates, including insects and crustaceans. A complete
hydrolysis of chitin usually requires three classes of glycosyl
hydrolases. Endochitinases (EC 3.2.1.14) act randomly on
chitin to give chitoligomers, then chitobioses ([GIcNAc], or

Abbreviations: Gn, (-1-4 linked oligomers of GlcNAc residues where
n=1-6; pNP-(GlcNAc),, 4-nitrophenyl N,N’-diacetyl-B-D-chitobioside; TLC,
thin-layer chromatography; DMAB, p-dimethylaminobenzaldehyde; IPTG,
isopropyl thio-f-D-galactoside; PMSF, phenylmethylsulphonylfluoride

* Corresponding author. Tel.: +66 44 224313; fax: +66 44 224193.

E-mail address: wipa@sut.ac.th (W. Suginta).

0304-4165/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbagen.2007.03.012

further hydrolyze the dimers and chitoligomers to yield N-
acetylglucosamine (GlcNAc or Gl) as the final product.
Chitinases occur in a wide range of organisms, including
viruses, bacteria, fungi, insects, higher plants, and humans. The
presence of chitinases in such organisms is closely related to the
physiological roles of their substrates. For example, bacteria
express chitinases that enable them to utilize chitin biomass as
the sole source of carbon and nitrogen [1], whilst chitinases in
fungi are thought to have autolytic, nutritional and morphoge-
netic functions [2]. In insects, chitinases are essential in the
moulting process, and may also affect gut physiology through
their involvement in peritrophic membrane turnover [3]. Plant
chitinases mainly act as biological control agents against fungal
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pathogens and invading insects [4,5], while viral chitinases are
involved in pathogenesis of host cells [6]. Chitinases in some
vertebrates are mainly produced as part of their digestive tract
and may also utilize the enzymes in their defense against
pathogenic fungi and some parasites. Human chitinases are
particularly associated with anti-inflammatory effect against the
T helper-2 driven diseases, such as allergic asthma [7,8].

Chitin is the second most prominent polymer only after
cellulose. Thus, the enzymatic degradation of chitin waste using
chitinases has recently received much attention as an envir-
onmentally-friendly alternative to chemical methods. Chitin
derivatives are highly biocompatible and offer a diverse range
of applications in areas such as biomedicine, nutrition, food
processing, and cosmetics. Chitinase A is a major chitinase
produced at high levels by certain soil-born and marine bacteria.
This enzyme could potentially serve as an efficient catalyst for
the bioconversion of chitin into valuable derivatives for
commercial use.

We previously reported the isolation of chitinase A from a
Gram-negative marine bacterium, Vibrio carchariae, and the
DNA that encodes the Chi A gene [9,10]. On the basis of amino
acid sequence similarities, this M, 63000 enzyme is classified as
a member of family 18 chitinases [11]. Like other family-18
microbial enzymes [12—14], the catalytic domain of V.
carchariae enzyme comprises two short sequence regions,
which form an (a/PB)s-TIM barrel active site. A completely
conserved acidic amino acid (Glu315) located at the end of the
conserved motif DxxDxDXE (in the B4 strand) is likely to be the
catalytic residue [10]. The action of native chitinase A on chitin
initially released a series of small chitooligomeric fragments,
which were further hydrolyzed to G2 as the end product,
suggesting that the enzyme acts as an endochitinase [15]. The
retention of the 3 over a anomer of all the products observed at
initial time of the reactions is in agreement with the substrate-
assisted mechanism employed by the enzyme. As suggested by
molecular simulation and X-ray structures of the family 18
glycosyl hydrolases [16—19], the catalytic acid equivalent to
Glu315 is presumed to donate a proton to the glycosidic
oxygen, which leads to a distortion of the sugar molecule at the
scissile position into a boat conformation. The resultant bond
cleavage yields an oxazolinium intermediate and the retention
of anomeric configuration in the products. The higher affinity of
V. carchariae chitinase A for higher M, chitooligosaccharides
[15] suggested that the catalytic cleft of the enzyme comprises
an array of most probably six binding subsites, comparable to
that of CiX1 from Coccidioides immitis [20,21] and chitinase A
(SmchiA) from Serratia marcescens [12,22].

A number of studies using site-directed mutagenesis of Ba-
cillus circulans chitinase Al, S. marcescens 2170 chitinase A
and B, and Streptomyces griseus chitinase C [23—26] suggested
several surface exposed aromatic residues that were important
for guiding the chitin chain to the catalytic cleft so that effective
catalysis can take place. The effects of the active-site aromatic
residues of B. circulans chitinase Al on chitin hydrolysis were
also well studied by Watanabe’s group [27]. Since the amino
acid alignment indicated that certain aromatic residues of V.
carchariae chitinase A including Tyrl171, Trpl68, Trp275,

Trp397 and Trp570 are linearly aligned with the aromatic
residues at the binding cleft of B. circulans chitinase Al and of
S. marcescens chitinase A, this research has employed site-
directed mutagenesis to investigate the roles of these aromatic
residues on the binding and hydrolytic activities of the enzyme
towards insoluble chitin and soluble chitooligosaccharides.

2. Materials and methods
2.1. Bacterial strains and chemicals

Escherichia coli type strain DH5a was used for routine cloning, subcloning
and plasmid preparation. Supercompetent E. coli XL1Blue (Stratagene, La Jolla,
CA, USA) was the host strain for the production of mutagenized DNA. E. coli
type strain M15 (Qiagen, Valencia, CA, USA) and the pQE 60 expression vector
harboring chitinase A gene fragments were used for a high-level expression of
recombinant chitinases. Chitooligosaccharides (G1-G6) and pNP-glycosides
were obtained from Seikagaku Corporation (Bioactive Co., Ltd., Bangkok,
Thailand). Flake chitin from crab shells was product of Sigma-Aldrich Pte Ltd.,
The Capricorn, Singapore Science Park II, Singapore). QuickChange Site-
Directed Mutagenesis Kit including Pfu Turbo DNA polymerase was purchased
from Stratagene. Aluminum sheets (Silica gel 60F,s4, 20 x 20 cm) for thin-layer
chromatography (TLC) were obtained from Merck Co. (Berlin, Germany).
Restriction enzymes and DNA modifying enzymes were products of New
England Biolabs, Inc. (Beverly, MA, USA). All other chemicals and reagents
(analytical grade) were obtained from the following sources: reagents for
bacterial media (Scharlau Chemie S.A., Barcelona, Spain.); chitin from crab
shells and all chemicals for protein preparation and thin-layer chromatography
(Sigma-Aldrich Pte Ltd., Singapore and Carlo Erba Reagenti SpA, Limito, Italy).

2.2. Homology modeling

The putative amino acid sequence of the mature V. carchariae chitinase A
was submitted to Swiss-Model (http://swissmodel.expasy.org/) for the tertiary
structure prediction using the X-ray structure of S. marcescens chi A E315L
mutant complex with hexaNAG (G6) (PDB code: 1NH6) as structural template.
The predicted structure was viewed and edited with Pymol (www.pymol.org).
The residues at the substrate binding cleft of V. carchariae chitinase A were
located by superimposing 459 residues of V. carchariae chitinase A with the
equivalent residues of S. marcescens chi A mutant docked with G6 coordinates,
using the program Superpose available in the CCP4 suit [28].

2.3. Mutant design and site-directed mutagenesis

Point mutations were introduced to the wild-type chitinase A DNA that was
previously cloned into the pQE expression vector by PCR technique [10], using
the QuickChange Site-Directed Mutagenesis Kit, according to the Manufac-
turer’s protocols. Active-site chitinase A variants were generated using
oligonucleotides synthesized from Proligo Pte Ltd. (Helios, Singapore) and
Bio Service Unit (BSU) (Bangkok, Thailand). Oligonucleotide sequences used
for site-directed mutagenesis are listed in Table 1. Single mutants (W168G,
Y171G, W275G, W397F, W570G and D392N) were constructed using the DNA
fragment encoding wild-type chitinase A as template. A double mutant (W397F/
W570G), a triple mutant (W397F/W570G/ W275G), and a quadruple mutant
(W397F/W570G/W275G/Y171G) were produced using mutants W570G,
W397F/W570G, and W397F/W570G/W275G, respectively, as DNA templates.

The success of newly-generated mutations was confirmed by automated
DNA sequencing (BSU, Thailand). The programs used for nucleotide sequence
analyses were obtained from the DNASTAR package (DNASTAR, Inc.,
Madison, USA).

2.4. Protein expression and purification

The DNA fragment that encodes wild-type chitinase A (amino acid
residues 22—597, without the 598—850 C-terminal fragment) was cloned into
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Table 1

Primers used for mutagenesis

Name DNA template Sequence?

W168G Chitinase A wild-type forward 5'-CTTATTTTGTTGAAGGAGGCATCTACGG-3’
reverse 5'-CCGTAGATGCCTCCTTCAACAAAATAAG-3’

Y171G Chitinase A wild-type forward 5'-GAATGGGGCATCGGAGGTCGTGATTACAC-3’
reverse 5'-GTGTAATCACGACCTCCGATGCCCCATTC-3’

W275G Chitinase A wild-type forward 5'-CATCTATCGGTGGTGGAACAC TTT CTGAC-3’
reverse 5'-GTCAGAAAGTGTTCCACCACCGATAGATG-3'

D392N Chitinase A wild-type forward 5'-CTTTGCGATGACTTACAACTTCTACGGCGG-3’
reverse 5'-CAGCCGCCGTAGAAGTTGTAAGTCATCGCAAAG-3’

W397F Chitinase A wild-type forward 5'-GACTTCTACGGCGGCTTCAACAACGTTCC-3’
reverse 5'-GGAACGTTGTTGAAGCCGCCGTAGAAGTC-3’

W570G Chitinase A wild-type forward 5'-GCAGGTCTATTCTCTGGAGAGATTGATGC-3’

Double mutant W570G mutant

Triple mutant double mutant

Quadruple mutant triple mutant

reverse 5'-GCATCAATCTCTCCAGAGAATAGACCTGC-3’
forward 5'-GACTTCTACGGCGGCTTCAACAACGTTCC-3’
reverse 5'-GGAACGTTGTTGAAGCCGCCGTAGAAGTC-3’
forward 5’-CATCTATCGGTGGTGGAACAC TTT CTGAC-3’
reverse 5-GTCAGAAAGTGTTCCACCACCGATAGATG-3'
forward 5'-GAATGGGGCATCGGAGGTCGTGATTACAC-3’
reverse 5'-GTGTAATCACGACCTCCGATGCCCCATTC-3’

? Sequences underlined indicate mutated codons.

the pQEG60 expression vector and highly expressed in E. coli M15 cells as the
576-amino acid fragment with a C-terminal (His)s sequence [10]. For
recombinant expression, the cells were grown at 37 °C in Luria Bertani (LB)
medium containing 100 pg/ml ampicillin until ODgg of the cell culture
reached 0.6. After that, the cell culture was cooled down on ice to 25 °C
before chitinase expression was induced by the addition of isopropyl thio-p-
D-galactoside (IPTG) to a final concentration of 0.5 mM. Cell growth was
continued at 25 °C for 18 h, and the cell pellet was collected by
centrifugation at 4500xg for 30 min. The freshly-prepared cell pellet was
resuspended in 40 ml of lysis buffer (20 mM Tris—HCI buffer, pH 8.0,
containing 150 mM NaCl, | mM phenylmethylsulphonyl fluoride (PMSF),
and 1.0 mg/ml lysozyme), then lysed on ice using a Sonopuls Ultrasonic
homogenizer with a 6-mm-diameter probe (50% duty cycle; amplitude
setting, 20%; total time, 30 s, 6—8 times). Unbroken cells and cell debris were
removed by centrifugation at 12,000xg for 1 h. The supernatant was
immediately applied to a Ni-NTA agarose affinity column (1.0x10.0 cm)
(QIAGEN GmbH, Hilden, Germany), and the chromatography was carried
out gravitationally at 25 °C, following the Qiagen’s protocol. After loading,
the column was washed with 100 ml of loading buffer (20 mM Tris—HCl
buffer, pH 8.0) containing 5 mM imidazole, followed by another 50 ml of
10 mM imidazole in the loading buffer. Ni-NTA-bound proteins were then
eluted with 250 mM imidazole in the same buffer. Eluted fractions of 0.5 ml
were collected and 6 pul of each fraction was analyzed on a 12% SDS-PAGE,
according to the method of Laemmli [29], to confirm purity. Fractions that
possessed chitinase activity were pooled and then subjected to several rounds
of membrane centrifugation using Vivaspin-20 ultrafiltration membrane
concentrators (M; 10,000 cut-off, Vivascience AG, Hannover, Germany) for
a complete removal of imidazole. A final concentration of the protein was
determined by Bradford’s method [30] using a standard calibration curve
constructed from BSA (0-25 pg). The freshly-prepared proteins were either
immediately subjected to functional characterization or stored at —30 °C in
the presence of 15% glycerol until used.

2.5. Chitinase activity assays

Chitinase activity was determined by colorimetric assay using pNP-
[GleNAc], as substrate or by reducing sugar assay using colloidal chitin as
substrate. The pNP assay was determined in a 96-well microtiter plate and a 100-
ul assay mixture contained protein sample (10 pl), S00 uM pNP-(GlcNAc),
(25 pul), and 100 mM sodium acetate buffer, pH 5.0 (65 pul). The reaction mixture
was incubated at 37 °C for 10 min with constant agitation, then the enzymatic
reaction was terminated by the addition of 50 ul 1.0 M Na,COj3. The amount of

p-nitrophenol (pNP) released was determined spectrophotometrically at 405 nm
in a microtiter plate reader (Applied Biosystems, Foster City, CA, USA). The
molar concentrations of pNP were calculated from a calibration curve
constructed with varying pNP from 0 to 30 nmol.

The reducing sugar assay was carried out by modifying the chitinase
microassay protocol developed by Bruce et al. [31]. The reaction mixture
(400 pl), containing 20 mg of colloidal chitin (prepared based on Hsu and
Lockwood, 1975 [32]) in 0.1 M sodium acetate buffer, pH 5.0 and 80 pg
chitinase A, was incubated at 37 °C with shaking in a Thermomixer comfort
(Eppendorf AG, Hamburg, Germany). After 60 min, the reaction was
terminated by boiling at 100 °C for 5 min, and then centrifuged at 2795xg
for 5 min to precipitate the remaining chitin. A 150-ul supernatant was
transferred to a new tube, to which was added 30 pl of 0.8 M potassium
tetraborate, followed by boiling for 3 min. After cooling, 900 pul of a freshly
prepared p-dimethylaminobenzaldehyde (DMAB) solution was added and then
incubated at 37 °C for 20 min. A release of reducing sugars was detected by
measuring the absorbance at 585 nm (d4sgs). Specific hydrolyzing activity
against colloidal chitin was calculated by converting Asgs to pmoles of re-
ducing sugars using a standard calibration curve constructed with varying G2
from 0 to 4.0 pmol.

2.6. Circular Dichroism (CD) spectroscopy

The purified chitinases were diluted to 0.40 to 1.40 mg/ml in 20 mM Tris/
HCI buffer, pH 8.0. CD spectra over three scans were measured using a Jasco
J-715 spectropolarimeter (Japan Spectroscopic Co., Japan) at near UV (190 to
250 nm) regions. CD measurements were performed at 25 °C with a scan
speed of 20 nm/min, 2 nm bandwidth, 100 mdeg sensitivity, an average
response time of 2 s and an optical path length of 0.2 mm. The baseline buffer
for all the proteins was 20 mM Tris/HCI buffer, pH 8.0. The baseline was
measured and subtracted from each spectrum before the raw data were
transformed to mean residue ellipticity (MRE) using the equation: [O]=
(73.33 mO)/([protlmm lem 1), where [O] is the MRE in deg cm® d/mol, # is the
number of amino acids in the polypeptide chain, m°® is the measured
ellipticity, and 1 is the path length in centimeters. The intensity of JASCO
standard CSA (non-hygroscopic ammonium (+)-10-camphorsulfonate) at
wavelength 290 nm was about 45 units. Therefore, the conversion factor
was calculated to be 3300/CSA intensity at 290 nm or 73.33 using the
equation above. The molecular weight of each protein was calculated from
number of amino acids*mean residue weight. After noise reduction and
concentration adjustment, the measured ellipticity was converted to the molar
ellipticity, which was plotted versus wavelength.
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2.7. Kinetic measurements

Kinetic studies of chitinase A mutants were performed by colorimetric assay
in a microtiter plate reader (Applied Biosystems, USA). The reaction mixture
(100 pl), containing 0—-500 uM pNP-(GlcNAc),, dissolved in 100 mM sodium
acetate buffer, pH 5.0, and dH,O, was pre-incubated at 37 °C for 10 min. After
the enzyme (400 ng) was added, the reaction was continued for additional
10 min at 37 °C and then terminated with 50 pl of 1 M Na,CO;. Release of p-
nitrophenol (pNP) was monitored at 4495, which was subsequently converted to
molar quantities using a calibration curve of pNP (0-30 nmol). The kinetic
values (K, Vinax> and ke,) were evaluated from three independent sets of data
by the nonlinear regression function of the GraphPad Prism software (GraphPad
Software Inc., San Diego, CA).

2.8. Chitin binding assay

Chitin binding studies were carried out using flake chitin prepared from crab
shells (Sigma-Aldrich Pte Ltd., Singapore). Fine particles of insoluble chitin
were suspended in dH,O to yield 10 mg/ml stock solution (the suspension was
continuously stirred with a magnetic stirrer in order to obtain consistent amounts
when pipetting). A reaction mixture (2.0 ml), containing 2.5 mg/ml flake chitin
and 200 pg/ml chitinase in 100 mM sodium acetate buffer, pH 5.0, was shaken
continuously at 4 °C. At different time points (0, 5, 10, 15, 30, 60, 90, 120, and
180 min), a 150-ul aliquot was taken and spun twice in a microcentrifuge at
9660x%g for 3 min to precipitate the chitin particles. Then the unbound chitinase
A remaining in the supernatant was measured spectrophotometrically at 280 nm
(4as0).

2.9. Product analysis by thin-layer chromatography

Hydrolysis of chitooligosaccharides (G2—G6) by wild-type and mutants
D392N, W168G, Y171G, W275G, and W397F was carried out in a 80-ul
reaction mixture, containing 0.1 M sodium acetate buffer, pH 5.0, 2.5 mM
substrate and 800 ng purified enzyme. The reaction was incubated at 30 °C with
shaking for 60 min, and then terminated by boiling for 5 min. For product
analysis, each reaction mixture was applied five times (one pl each) to a silica
TLC plate (7.0 x 10.0 cm), and then chromatographed three times (1 h each) in a
mobile phase containing n-butanol: methanol: 28% ammonia solution: H,O
(10:8:4:2) (v/v), followed by spraying with aniline-diphenylamine reagent and
baking at 180 °C for 3 min [33].

In the time course of G6 hydrolysis by wild-type, W275G and W397F were
measured in the same way as described for the hydrolysis of G2—G6, but the
reaction was incubated at 30 °C at interval times of 2, 5, 10, 15, 30, 60 min, and
18 h prior to termination. Examination of the time course of chitin hydrolysis by
the three chitinase variants was carried out in a 400-ul reaction mixture,
containing 0.1 M sodium acetate buffer, pH 5.0, 20 mg colloidal chitin, and
80 pg purified enzyme. The reaction was incubated at 30 °C at the same time
intervals as for G6 hydrolysis, and then terminated by boiling for 5 min.
Products released from the reactions were subsequently analyzed by TLC using
the conditions described above.

3. Results and discussion
3.1. Sequence analysis and homology modeling

A comparison of the deduced amino acid sequence of V.
carchariae chitinase A with seven other family-18 chitinases
suggested that Glu315 and Asp392 are completely conserved
(data not shown). However, we previously employed site-
directed mutagenesis to demonstrate that only Glu315 was
important for catalysis [15]. The alignment also showed that
five aromatic residues, including Trpl68, Tyrl71, Trp275,
Tyr435, and Trp570 in the sequence of V. carchariae chitinase
A are linearly aligned with the equivalent aromatic residues of

other bacterial sequences. Trp397 is the only residue for which
phenylalanine is replaced in the sequences of S. marcescens, B.
cepacia, and A. punctata. In an attempt to locate these amino
acids in the structure of V. carchariae chitinase A, its 3D-
structure was modeled based on the X-ray structure of S.
marcescens Chi A E315L mutant complexed with G6 (see
Materials and methods). The target residues, which extend over
the substrate binding cleft at the top of the TIM-barrel domain,
are shown in Fig. 1A.

Fig. 1B displays the superimposition of the active site of V.
carchariae chitinase A on that of S. marcescens Chi A E315L
mutant. It can be seen that Trp168, Tyrl71, Trp231, Trp 275,
Tyr435, Trp570, Glu315 and Asp392 of the Vibrio enzyme
completely overlay Trp167, Tyr170, Phe232, Trp275, Trp539,
Glu315 and Asp391, respectively, of the Serratia enzyme with
an R.M.S. value 0f0.032 A. In contrast, Trp397 overlaid Phe396
residue of the Serratia enzyme with the orientation of their
hydrophobic faces lying perpendicular to each other.

Since the positions of the binding cleft residues of V.
carcharia and S. marcescens chitinases were nearly identical,
most of the conformations of the sugar rings bound in the
catalytic cleft of the template’s structure are likely to be adopted
by the modeled structure. Based on this assumption, Tyr171 is
likely to be located at the edge of the binding cleft beyond subsite
—4 (the non-reducing end), whereas Trpl68, Trp570, and
Trp275 should stack against the pyranosyl rings of GIcNAc units
at subsites —3, —1, and +1, respectively. Trp397 should be
located near the GIcNAc unit at subsite +2 (the reducing end).
The presence of Glu315 at the scissile bond between the
GlcNAcs at subsites —1 and +1 seems to explain the catalytic
role of this residue. Asp392 appears to be further away from the
cleavage site, but in close contact with the GIcNAcs at subsites
+1 and +2. This supports our previous finding that this residue
did not play a direct role in catalysis [15].

3.2. Recombinant expression, purification and secondary
structure determination

To investigate the influence of Tyrl71, Trpl68, Trp275,
Trp397, Trp570 on the binding and hydrolytic activities of V.
carchariae chitinase A, these residues were mutated using PCR-
based site-directed mutagenesis. Replacement of Asp392 with
Asn was previously described by Suginta et al. [15]. After
confirming the genetic modification of the target bases by
automatic DNA sequencing, the recombinant proteins were
highly expressed in E. coli M15 host cells. The six histidine
residues tagged at the C-terminus allowed the proteins to be
readily purified using Ni-NTA agarose affinity chromatography.
SDS/PAGE analysis showed that the purified proteins migrated
to ~63 kDa (Fig. 2A). This molecular weight corresponded
well to that of wild-type. The yields obtained from this
expression system were approx. 10—15 mg of highly purified
protein per liter of bacterial culture.

Prior to further investigating the effects of point mutations on
the binding and hydrolytic activities, the folding states of the E.
coli expressed chitinase A were examined by means of CD
spectroscopy. Fig. 2B shows that the spectra of the mutated
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Fig. 1. The Swiss-Model 3D-structure of V. carchariae chitinase A. (A) A ribbon representation of the 3D-structure of V. carchariae chitinase A (in green) was
modeled based on the X-ray structure of S. marcescens Chi A E315L mutant as described in the text. The target aromatic residues (in magenta) that line within the
substrate-binding cleft are shown in space-filling model. (B) A stick model of the putative binding cleft of V. carchariae chitinase A (in magenta) was superimposed
on that of S. marcescens Chi A E315L mutant (in yellow) complexed with G6 (in cyan). N atoms are shown in blue and O atoms are shown in red.

proteins nicely overlaid the spectrum of the wild-type. This
demonstrated the overall similarity of the conformations of
mutated and non-mutated enzymes.

3.3. Effects of the mutations on the chitin binding equilibrium
and the specific hydrolyzing activity of chitinase A

Initial studies of the chitin binding activity of single
mutants were performed using flake chitin prepared from
crab shells. To minimize hydrolysis of the enzyme bound to
the chitin substrate, the assay mixture was maintained at 4 °C
throughout the experiment. For each reaction, a decrease in
the concentration of the unbound enzyme was monitored at

various time points as indicated in Materials and methods.
The results (Fig. 3) showed that the binding behaviors of
wild-type enzyme and mutants W168G, Y171G, W275G,
and W397F were indistinguishable. In general, the binding
process took place quite rapidly, and reached equilibrium
within 15 min. However, a difference was seen with mutant
D392N for which the binding took a much longer time,
about 60 min, to reach equilibrium. Apparently, mutations of
the aromatic side chains did not markedly affect the binding
equilibrium.

When the specific hydrolyzing activity of the different
chitinase variants towards pNP-[GIcNAc], and colloidal
chitin were examined (Table 2), similar results were seen
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Fig. 2. SDS / PAGE analysis and CD spectra of chitinase A variants. (A) Purified
chitinases (2 pug) were electrophoresed using 12% SDS/PAGE gel and then were
stained with Coomassie blue. (B) Chitinase A and its mutants were purified by
Ni-NTA agarose affinity chromatography, and then dialyzed extensively to
remove imidazole. The proteins were solubilized in 20 mM Tris/HCI buffer, pH
8.0 to final concentrations of 0.40 to 1.40 mg/ml. CD spectra of chitinase
variants were obtained with a Jasco J-715 spectropolarimeter. A solution of
20 mM Tris/HCL, pH 8.0 was used for background subtraction. Symbols:
—O—, wild-type; —[—, D392N; —A—, W168G; —@—, Y171G, —l—,
W275G; — A—, W397F; ---O---, W570G; ---[1---, double mutant; ---A---
triple mutant; and ---@---, quadruple mutant.

free protein (%)
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Fig. 3. Time-course studies of binding of chitinase A and mutant enzymes to
colliodal chitin. Chitinases (200 pg/ml in 100 mM sodium acetate buffer, pH
5.0) were incubated with 2.5 mg/ml flake chitin at 4 °C to minimize chitin
hydrolysis. Decreases in free enzyme concentration were monitored at different
time points from 0 to 180 min by measuring A4,g0. Each data value was
calculated from triplicate experiments. Symbols: O, wild-type; [, D392N; A,
W168G; @, Y171G, B, W275G; and A, W397F.

Table 2
Specific hydrolyzing activity of chitinase A and mutants against pNP-
[GlcNAc], and colloidal chitin

Chitinase A variant Specific hydrolyzing activity

(x107% umol (umol reducing
pNP/min/pg)*® sugars/min/pg)®
Wild-type 1.84+0.05 (100)°  1.99+0.018 (100)
D392N 0.61+£0.09 (33.4) n.d. d
W168G 0.24+0.03 (13.0) nd
Y171G 0.36+0.00 (19.5) n.d.
W275G 0.20+0.00 (11.1)  0.10+0.001 (5.0)
W397F 2.61£0.08 (141.8) 2.04+£0.061 (102.5)
W570G 0.11£0.00 (5.6)  n.d.
Double mutant 0.10£0.002 (5.5) n.d.
(W570G/W397F)
Triple mutant 0.01+£0.001 (0.6) n.d.
(W570G/W397F/W275G)

Quadruple mutant
(W570G/W397F/W275G/Y171G)

0.01+0.001 (0.6) n.d.

For colorimetric assay A 100-u1 assay mixture, containing 400 ng chitinase, 500
uM pNP-(GlcNAc),, and 0.1 M sodium acetate buffer, pH 5.0, was incubated at
37 °C for 10 min, and then terminated by the addition of 50 pl of 1.0 M Na,COs.
The amount of pNP released was determined by A4ps. The pmole amount of
PNP was calculated from a calibration curve of pNP (0-30 nmol). With the
reducing sugar assay, the reaction mixture (400 pl), containing 20 mg of
colloidal chitin, 0.1 M sodium acetate buffer, pH 5.0 and 80 pg chitinase A, was
incubated at 37 °C with continuous shaking. After 60 min, the reaction was
boiled at 100 °C for 5 min, and then centrifuged to remove the insoluble chitin.
Release of reducing sugars was determined according to DMAB method as
described in Materials and methods. The pmol amounts of the reducing sugars
were estimated using a standard calibration curve of G2 (0—4.0 umol).

? Chitinase activity was measured using pNP-[GIcNAc],, and release of pNP
was detected by the colorimetric method.

® Chitinase activity was measured using colloidal chitin, and release of
reducing sugars was detected by the DMAB method.

¢ Values in brackets represent relative activity compared to that of wild-type
(set as 100).

4 nd. represents no detectable activity.

with both substrates. Mutations of Trp168, Tyrl71, Trp570,
and D392N completely abolished the hydrolyzing activity
against colloidal chitin, and greatly reduced the hydrolyzing
activity against the pNP substrate. As previously seen with
B. circulans ChiAl, mutations of the equivalent aromatic
residues (Trp53, Tyr56, and Trp433, respectively) to alanine
also resulted in a drastic decrease in the hydrolyzing activity
of B. circulans ChiAl, especially against crystalline B-chitin
or colloidal chitin [27]. As proposed by Watanabe
[23,27,34], Trp53 and Tyr56 (the equivalent residues of
Trp168 and Tyrl71 of the Vibrio chitinase) participate in the
feeding process that brings the incoming chitin chain through
the binding cleft.

At this point, it is difficult to draw a conclusion why
mutations of Trp168 and Tyr171 also affected the hydrolyzing
activity against the pNP substrate, as the [GlcNAc], moieties
could only bind to subsites —2 and —1 to allow the pNP
aglycone to bind at subsite +1 for further cleavage.

Of all single mutants, W570G showed most severe effects
on the hydrolyzing activity, having no activity against
colloidal chitin and least activity (5% remaining activity)
against pNP-[GIcNAc],. In the modeled 3D structure (see
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Table 3

Kinetic parameters of wild-type and mutants of chitinase A

Chitinase A variants  K,* (WM)  Viax keat  keadKm
(mmol/min/ug (s (s 'MY)
chitinase)

Wild-type 288+26.0  1.94+0.09 215 7.16x10% (100)®

D392N 71+5.5 0.29+0.01 031  4.34x10% (61)

W168G 278+28.2  0.10+0.01 0.11  3.82x10' (5)

Y171G 115£10.2  0.20+0.001 021  1.85x10%(26)

W275G 62+10.8  0.11+0.001 0.12  1.89x10% (26)

W397F 315+£26.7 2.44+0.11 259 8.23x10% (114)

The hydrolysis of pNP-[GIcNAc], at varying concentrations of 0—500 uM was
carried out with 400 ng native chitnase A in 100 mM sodium acetate buffer, pH
5.0 for 10 min at 30 °C, and then the reaction was terminated with 50 pl of 1 M
Na,COs. Release of pNP, monitored at A4gs, was converted to molar quantities
using a calibration curve of pNP (0-30 nmol). The kinetic values (K, Vinaxs
and k) were determined by nonlinear regression using GraphPad Prism
software (GraphPad Software Inc., San Diego, CA).

? Kinetic assays were preformed with pNP-[GIcNAc], as described in
Materials and methods. Results are average of three independent experiments.

® Numbers in brackets reveal relative k.,/K,, values of the generated mutants
by comparing with the wild-type value (set to 100).

Fig. 1B), Trp570 was closest to the sugar ring at subsite-1.
Like Trp539 in the Serratia structure [22], this residue is
likely to be responsible for holding the GIcNAc ring at this
position in place so that cleavage of the glycosidic bond
between subsites —1 and +1 can occur.

Trp397 was an exception. Its mutation to Phe, instead,
enhanced hydrolyzing activity towards the pNP substrate to
142% but increased the activity towards colloidal chitin only
slightly to 102.5%. Although the elevated activity against
PNP-[GIcNAc], cannot be explained at this stage, the lack of
change in the hydrolyzing activity towards the chitin polymer
implied that Trp397 did not participate directly in the hydrolytic
process.

In addition, the triple and quadruple mutants yielded non-
detectable activity against colloidal chitin and less than 1%
remaining activity against pNP-[GIcNAc],. This may be seen as
the cumulative effects of multiple point mutations on the
hydrolyzing activity of Vibrio chitinase A.

A B

std11 234567 1234567

3.4. Steady-state kinetics of chitinase A variants against
PNP-[GIcNAc],

The kinetic parameters of the hydrolytic activity of wild-type
and its single mutants (except for W570G) were further explored
with pNP-[GIcNAc],. As shown in Table 3, the active-site
modifications resulted in impairment of both K, and k., of the
enzyme. Mutants D392N, Y171G and W275G particularly
reduced the K, values to 0.24, 0.4 and 0.2 times, respectively, of
the wild-type’s value, while mutant W168G did not significantly
change the K,,, value against the pNP substrate. It is visible that
the same mutants also greatly reduced the k., values to 5—14%
of'that of the wild-type. Overall, the mutations varied the kc./K,
values of the enzyme. W168G displayed the least value (5%),
followed by Y171G and W275G (approx. 26%), and D392N
(61%), compared to the value obtained for wild-type.

On the other hand, mutant W397F gave no significant
changes in the kinetic parameters of the enzyme with pNP-
[GIcNA],. Its Ky, and k., values were found to be 1.1 and 1.2
fold of that of the wild-type. These data suggested that Trp397
did not take part in the hydrolysis of this substrate.

3.5. TLC analysis of the hydrolytic activity of chitinase variants

The effects of the mutations on the hydrolytic activities
against chitooligomers (G2—G6) and colloidal chitin were
further studied by thin layer chromatography (TLC). The
cleavage patterns of each mutant were initially observed at a
single point in time (60 min). As expected, none of the mutants
hydrolyzed G2 substrate, as it only acts as the end product of the
enzyme action [15]. With G3 substrate (Fig. 4A), W397F was
the only mutant that degraded G3 to G1 and G2, while the wild-
type and other mutants did not utilize G3 at all. Our recent study
showed high K, value (10.54 mM) of the native enzyme
towards G3, indicating that G3 was a poor substrate for V.
carchariae chitinase [15].

Distinct patterns of product formation became visible with
longer-chain oligomers (G4—G6). With G4 substrate (Fig. 4B),
the formation of G2 was seen at higher levels with mutants
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Fig. 4. TLC analysis of chitooligosaccharide hydrolysis of chitinase A and mutants. A reaction mixture, containing 400 ng chitinase and 2.5 mM substrate (G2—G6) in
100 mM sodium acetate buffer, pH 5.0, was incubated for 60 min at 30 °C. After boiling, the reaction solution (5 pul) was analyzed on TLC and sugar products detected
with aniline-diphenylamine reagent. (A) Hydrolysis of G3 substrate, (B) Hydrolysis of G4 substrate, (C) Hydrolysis of G5 substrate, and (D) Hydrolysis of G6
substrate. Lanes: std, standard mix of G1-G6; 1, wild-type; 2, D392N; 3, W168G; 4, Y171G, 5, W275G; 6, W397F; and 7, substrate control.
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Fig. 5. Time-course of G6 hydrolysis by wild-type and mutants W275G and W397F. A reaction mixture (80 pl), containing 800 ng wild-type (A), W275G (B), or
W397F (C) and 2.5 mM G6 in 0.1 M sodium acetate buffer, pH 5.0, was incubated at various times at 30 °C, and then analyzed by TLC. Sugar products were detected
with aniline-diphenylamine reagent. Lanes: std, a standard mix of G1-G6; 1-7, incubation at 2, 5,10, 15, 30, 60 min and 18 h, respectively; and 8, substrate control.

Y171G, W275G, and W397F (with W275G having the most
prominent signal). In G4 hydrolysis, an extra band correspond-
ing toGS5 was detected in the reaction with W168G, most likely
due to be some tranglycosylation occurring concurrently with
hydrolysis. Enhanced glycosylation was also recently found by
Aronson et al. [35] in point mutation of the non-reducing end
residue (Trp167 to Ala) for S. marcescens chitinase A.

With G5 and G6 substrates (Fig. 4C and D), the aromatic
side chain mutants in general created more hydrolytic products
than the wild-type enzyme. The breakdown of these substrates
to G2 and G3 was best achieved by W275G, whereas the release
of G1-G4 intermediates was preferred by W397F. On the other
hand, W168G and Y171G seemed to behave similarly to the
wild-type homologue, by releasing a small amount of G4 and
greater amounts of G3 and G2 in the reactions with G5
substrate, while releasing comparable amounts of G4 and G2 in
the reactions with G6 substrate.

The discrimination in substrate hydrolysis between wild-
type and its mutants W275G and W397 was confirmed by time
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course experiments. Fig. SA—C show the products formed by
hydrolysis of G6 with the three variants at different times of
reaction. Noticeably, both W275G and W397F hydrolyzed G6
much more efficiently than wild-type chitinase A. The
reactions of W275G and W397F with G6 were already
complete at 5 and 10 min, while substantial amounts of G6
were still present at these time points in the reaction mixture
containing wild-type.

A further observation was that the three enzymes clearly
adopted different modes of action on G6 substrate. This claim is
supported by the fact that wild-type initially hydrolyzed G6 to
G4 and G2. At the end of the reaction, G2 was produced as the
major product (Fig. SA). In contrast, W275G generated reaction
intermediates of various lengths from G2 to G5 at initial times.
Later, almost equal amounts of G2 and G3 were formed and this
remained stable in course of reaction (Fig. 5B). On the other
hand, W397F gave most distinct results by releasing a full range
of G1-G5 products at early reaction times, eventually yielding
Gl and G2 at the end (Fig. 5C).
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Fig. 6. Time-course of colloidal chitin hydrolysis by wild-type and mutants W275G and W397F. A reaction mixture (400 pul), containing 80 pug wild-type (A), W275G
(B), or W397F (C) and 20 mg colloidal chitin in 0.1 M sodium acetate buffer, pH 5.0, was incubated at various times at 30 °C, and then analyzed by TLC using the
same conditions as described for chitooligosaccharide hydrolysis. Lanes: std, standard mix of G1-G6; 1-7, incubation at 2, 5,10, 15, 30, 60 min and 18 h, respectively;

and 8, substrate control.



