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CHITIN BINDING DOMAIN/CHITINASE INHIBITORS/VIBRIO HARVEYI

CHITINASE A/LOPAC LIBRARY

Vibrio harveyi chitinase A or VhChiA (EC 3.2.1.14) is a member of family-18
glycoside hydrolases. The structure of VhChiA comprises three main domains: i) the
N-terminal chitin binding domain (ChBD); ii) the (o/B)s TIM barrel catalytic domain
(CatD); and iii) the o+ small insertion domain. The ChBD is important for binding to
long-chain  substrates, while the CatD is important for binding to
chitooligosaccharides and participating in enzyme catalysis. In the first part of this
study, four surface-exposed residues (Trp70, Ser33, Trp231, and Tyr245) were
investigated. Mutational analysis suggested that Trp70 located at the end of the ChBD
is crucial for binding and catalytic activities of VhChiA towards chitin polymer. Ser33
located nearby also showed binding effects, but to a lesser extent. The other two
residues, Trp231 and Tyr245, which are located outside the substrate-binding cleft,
are involved in chitin hydrolysis, but do not play a major role in the chitin binding
process.

In the second part of this study, seven inhibitors against VhChiA were
identified from the Library of Pharmacologically Active Compounds (LOPAC) by a
high throughput screening assay, with dequalinium being the most active with the K;

of 70 nM. Six out of the seven inhibitors are novel in their inhibitory effects against



v

family-18 chitinases. Fourteen VhChiA-inhibitor complexes revealed that all the
inhibitor molecules only occupied the upper part of the substrate binding cleft in two
hydrophobic areas (the glycone area around subsites -4 to -2 and the aglycone area
around substies +1 and +2). Such findings are different from the previously-reported
inhibitors that mimicked the reaction intermediate by occupying the bottom of the
chitinase’s active site at subsite -1. The binding of the inhibitors to the wild-type
enzyme at the algycone sites are well defined and tightly associated with the two
important aromatic residues Trp397 and Trp275, whereas interactions at the glycone
sites are connected with two consensus residues, Trp168 and Val205, and are patchy
with an ill-defined inhibitor density, indicating lower affinity of binding at the
glycone subsites. When Trp275 was substituted with glycine (mutant W275G), the
binding affinities towards all the inhibitors dramatically decreased and in most
structures two inhibitor molecules were found to stack against Trp397 at the aglycone
binding site. Isothermal microcalorimetry confirmed that the inhibitors occupied the
active site of VhChiA in three different binding modes, including 1) a single-site-
binding mode 2) a two-independent-site binding mode; and 3) a two-sequential-site
binding mode. From chemical biology point of view, dequalinium, the most potent
inhibitor with the inhibitory effect at low nM level, could serve as an extremely
attractive lead compound for plausible development of therapeutics against human

diseases involving chitinase-mediated pathologies.

School of Biochemistry Student’s Signature

Academic Year 2011 Advisor’s Signature

Co-adviser’s Signature




ACKNOWLEDGEMENTS

| would like to express my gratitude to my supervisor Assoc. Prof. Dr. Wipa

Suginta for giving me the opportunity to work on this project. Her guidance, support

and ideas made this work interesting for me and gave me a lot of inspiration.

Throughout the work, she provided her valuable time for guiding and correcting me,

which made this thesis successful.

Furthermore, | would like to thank my co-supervisors at the Max-Planck

Institute of Molecular Physiology (MPI), Dortmund, Germany:

1)

2)

PD.Dr. Heino Prinz from the Department of Chemical Biology for his
supervision on enzyme Kinetics and enzyme-ligand binding assays. His
great support and effort helped me to perform all the experiments
properly. Also, | am grateful for his kind support throughout my time
in Germany.

Dr. Ingrid Vetter from the Department of Physical Biochemistry for
passing on her great expertise in protein crystallization and structural
determination. Also, her help with the data collection at the Swiss
Light Source at the Paul Scherrer Institute, Switzerland is

acknowledged.

I would like to thank all the lecturers of the School of Biochemistry at

Suranaree University of Technology (SUT) for passing on to me their biochemistry

knowledge and biochemical lab techniques, which were later found to be useful for

my project development.



Vi

| wish to extend my warmest thanks to my colleagues at the Biochemistry-
Electrochemistry Research Unit, SUT for helping me to get through the difficult
times, and for all the emotional support, friendship, entertainment, and caring that
they provided.

I would like to express my gratitude to the Biochemistry-Electrochemistry
Research Unit and the MPI-Dortmund for providing research facilities, including
equipment, consumables and chemicals that were necessary for enzyme kinetics and
structural determination. Most importantly, I would like to thank the Royal Golden
Jubilee Ph.D. Program and the TRF-Master Research Grant for the financial support
throughout my research.

Finally, special thanks to my parents for their support, understanding and love
they provide through all my life. I wish to thank my grandmother for her great

support, her love and care. Without her, 1 would not be what | am today.

Supansa Pantoom



CONTENTS

Page
ABSTRACT IN THAI .o e e e e e |
ABSTRACT IN ENGLISH ...t i
ACKNOWLEDGEMENTS ...ttt Vv
CONT ENT Sttt b e b e b e e aeesnneennee s 1
LIST OF TABLES. ...t XV
LIST OF FIGURES ... .o XVII
CHAPTER

I INTRODUCTION ...t 1
1.1 Chitin and appliCatioNS............cviiiiiieieee s 1
1.2 Classification Of ChITINGSES .......cccviiiiiiiiiiri e 2
1.3 Catalytic mechanism of family-18 chitinases ..........c.ccocevvvineiiiieninieenn 4
1.4 Function of chitin binding Protein..........ccoooviiiiiiiiieiee s 9

1.5 Interactions of chitin substrates in the substrate binding cleft
Of family-18 ChitiNASES........ccveiiiiicce e 12
1.6 Studies of chitinase INNIDITOrS. ..., 14
1.7 Studies of V. harveyi ChitinaSe A........cccccceiiieiiii e 25
1.8 RESEArCh ODJECIVES.....c.veivieii et 27
1 MATERIALS AND METHODS ... 29

2.1 Chemicals and reageNtS........cucvveueiieireieseese e 29



VI

CONTENTS (Continued)

Page
2.1.1 Bacterial strains and plasmids............ccoceviiiiiiieninnnseeee, 29
2.1.2 Site directed mutagenesis and plasmid purification.......................... 29
2.1.3 Protein expression and purification ...........cccceoveneniniennniisienen, 30
2.1.4 ENZYME KINBLICS ...eevvviiiieeciie ittt 30
2.1.4.1 Reagents and bUfers.........ccccevie e 30
2.1.4.2 Substrates for chitinase assays........cccovverieeiieerieesiveesiesineenns 31
2.1.4.3 Chitinase iNNiDITOrS ...........cooveiviiieiceeeee e 31
2.1.5 Protein crystallization ...........cccccoviveveiie i 31
2.1.5.1 Crystallization screening and optimization..............cc.cccceen... 31
2.1.5.2 Buffers and preCipitants ..........cccooevvrineiene e 32
2.2 INSTrUMENTALION ...ttt 32
2.2.1 Instrumentation used at Suranaree University

of Technology (SUT), Thailand............cccceveiiiininiiiiieecees 32

2.2.2 Instrumentation used at the Max-Planck-Institut fur
Molekulare Physiologie (MPI), Dortmund, Germany ...................... 33
2.3 ANAlYLICAl PrOgramS.........veiiiiiec et 34
2.4 PCR PIIMEIS ..ttt ettt ettt e e sneene e te e aeaneenne s 34
2.5 Mutational design and site-directed mutagenesis ............ccovveveivereiiennnn 35
2.6 Structure-based sequence alignment and homology modeling.................. 37
2.7 Expression and purification of chitinase A variants ..........ccccoccveverveiennnnn 38

2.8 High-throughput SCreeNiNg ........cceiveiieeieiiere e 39



CONTENTS (Continued)
Page
2.9 Determination of dOSE-reSPONSE CUIVES ........ccervirierieeieierienie e 40
2.10 Determination of three-dimensional structures
of chitinase-inhibitor COMPIEXES...........cooviiiiiiii e, 41
2.10.1 Protein crystallization of the wild type chitinase and
mutants W275G and W397F ..o 41
2.10.2 Cryocrystallization and crystal Storage.........cccccoeviveiiveiiieiiieeiinens 43
2.10.3 Data collection and ProCessing ........ccccveeeereeiiesieeseereeseesieeseennns 44
2.10.4 Phase determination by the molecular replacement method......... 45
2.10.5 Model rebuilding and structural refinement ............ccocooviieiennnn. 45
2.10.6 Validation of the quality of the model .............cccooiiiiiiiiiinnnn, 48
2.11 Determination of Chitinase aCtiVIty ..........ccceocervrieiininieiese e 48
2.11.1 Chitinase activity assay using the dimethylaminoborane
(DMAB) MEthod.......cciiiiieiiieiees e 48
2.11.2 Chitinase activity assay using the dinitrosalicylic acid
(DNS) Method........c.ooiiiiiiecece s 49
2.11.3 Chitinase activity assay using pNP-glycosides...........cccoovevveennnnnn 49
2.11.4 Chitinase activity assay using 4MU-glycosides .............cccccvennne. 50
2.12 Steady-State KINEICS.........ccoveiiei e 50

2.13 Chitin binding assay and determination of adsorption

DINAING ISOTNEIM ... 51



CONTENTS (Continued)

Page
2.14 Determination of the inhibitor binding modes using
isothermal microcalorimetry (ITC) ....coovveeieiiceee e 52
2.15 Determination of chitinase-inhibitor interactions
using fluorescence SPECIOSCOPY .....vvevvveirieiieiieeiie e 53
RESULT S et 55
PART |ttt b e e sre e nree s 55
3.1 Homology modeling and sequence analysiS.........cccccvevevveresieseenesieennnan 55
3.2 Mutational design and site-directed mutagenesis ...........cccccevvereeeereennn, 59
3.3 Expression and purification of VhChiA and mutants.............ccccceeeveieennenn. 59
3.4 Effects of point mutations on chitin binding activity of VhChiA .............. 60
3.5 Effects of point mutations on hydrolytic activity of VhChiA. .................... 65
3.6 Steady-state kinetics of VhChiA and mutants.............ccooevveveenesieneennnn 67
PART Lot 70
3.7 Expression and purification of wild-type chitinase
and mutants W275G and W397F ... 70
3.8 Screening of potential chitinase inhibitors from a drug library ................. 72
3.9 Crystallization of the wild-type chitinase and
mutants W275G and W39TF ..o 77
3.9.1 Crystallization of the wild-type VAChIA ... 78

3.9.1.1 Initial screening and optimization............cccccevvvevieerieieeseeie e, 78



Xl

CONTENTS (Continued)

Page
3.9.1.2 Crystal soaking and co-crystallization
with the identified iNhibItOrs ..., 86
3.9.1.3 Data collection, processing and structure solution................ 88
3.9.2 Crystallization of VhChiA mutant W275G...........cccoveivieiic e, 92
3.9.2.1 Initial screening and optimization............cccceeveevieiiieevieeenne. 92
3.9.2.2 Crystal soaking and co-crystallization
with the identified iNNIDITOrS ...........coooviiiiiiiic 100
3.9.2.3 Data collection, processing and structure solution.............. 101
3.9.3 Crystallization of VhChiA mutant W397F..........ccccccvieviveinieennnn, 103
3.9.3.1 Initial screening and optimization...........cccccevevererviennne 103
3.10 Structural comparison of the apo form of the wild-type
VHhChiA and mutant W275G .......c..cioiiiiiiinieeeeeee e 107
3.11 The structures of complexes of wild-type VhChiA and
the newly-identified chitinase inhibitors...........cccccceviiiicic i, 113
3.11.1 The structure of the complex of wild-type VhChiA
with dequalinium (DEQ) ......ccoeviiiieiiirec e, 115
3.11.2 The structure of the complex of WT VhChiA
With sanguinaring (SAN) .....ccoveiieie e 117

3.11.3 The structure of the complex of wild-type VhChiA

with chelerythring (CHE) .......ccocoviie i 119



Xl

CONTENTS (Continued)

Page
3.11.4 The structure of the complex of wild-type VhChiA
With 1darubicin (IDA).......cooi i 122
3.11.5 The structure of the complex of wild-type VhChiA with
2-(imidazolin-2-yl)-5-isothiocyanatobenzofuran (IMI).............. 124
3.11.6 The structure of the complex of wild-type VhChiA
with pentoxifylling (PEN).......cccooveiiiiie e 127
3.11.7 The structure of the complex of wild-type VhChiA
with propentofylling (PRO) .......ccovvieiieieiiece e 129
3.12 The structures of the complexes of mutant W275G with
the newly identified iNNIDITOrS ..., 133
3.13 Effects of the inhibitors on hydrolytic activity of the wild-type
VhChiA against soluble and insoluble substrates .............ccccocvveiiennns 141
3.14 Binding study by fluorescence titration SPeCctroSCopY ..........ccoevrvevennes 143
3.15 Isothermal titration microcalorimetry (ITC) experiments ..................... 146
DISCUSSTON. ...ttt 154
4.1 Investigation of the role of surface-exposed residues on substrate
binding and catalytic activities of VAChiA .........c.ccccooiiviiiiieiec e 154

4.2 High throughput screening of the chitinase

inhibitors from the LOPAC Library.........cccccveovvieie i 157



X1

CONTENTS (Continued)

Page

4.3 Crystallization of VhChiA and mutants

W2T75G and W3OTF ...t 159
4.4 Inhibitory effects and binding mechanisms of

the newly identified inhibitors against VAChiA...........cccccoeveiii i, 162
4.5 A structural comparison between the WT-inhibitor

complexes and W275G-inhibitor COmplexes.........ccccovvevieiiieviieiieesinens 168
4.6 A structural comparison between the wild-type

bound with the substrate and with the inhibitors .............cccccoviiiinn 174

4.7 Implications of structural and mechanistic studies of VhChiA-inhibitor

complexes on therapeutics of asthma and inflammation ................c......... 176
Vv CONCLUSION. ...ttt e e naae e e aae e e aaeeenneas 179
REFERENGCES ...ttt sttt e et e et e e e naae e anna e e e nneeeanes 184
APPENDICES ...t e et anneas 207

APPENDIX A PREPARATION OF COMPETENT CELLS AND

PLASMID TRANSFORMATION.......ccociiiiiiiiiiiiiiens 208
APPENDIX B DETERMINATION OF PROTEIN CONCENTRATION...211
APPENDIX C PREPARATION OF SOLUTIONS AND REAGENTS.......213
APPENDIX D STANDARD CURVES ...t 229
APPENDIX E DNA SEQUENCING AND AMINO ACID SEQUENCE

ALIGNMENT ...ooiiiiii s 232



XV

CONTENTS (Continued)

APPENDIX F PUBLICATIONS. ... ..ottt 236

CURRICULUM VITAE ..o 269



Table

LIST OF TABLES

Page

1.1 A comparison of sequence identity and the DxxDxDxE conserved

motifs of family-18 glycoside hydrolases............ccccevvieiincniniiiiicee 8
1.2 Substitutions of allosamidin and its derivatives.............ccocoonininiiiiicinenn. 16
1.3 A summary of inhibitory effects and binding affinities of

family-18 chitinase inhibitors identified to date............ccccoevvveiieiiecnnnnn, 24
2.1 Primers for site-directed MUtageNeSIS..........coveiieerieiiieiie e 35
2.2 The PCR reaction used for site-directed mutagenesis ............ccceevevvvieennenn 36
2.3 The PCR conditions used for site-directed mutagenesis.............c.cccccevene.. 37
3.1 Specific hydrolytic activity of VhChiA and mutants...........ccccoeevevviiennnnn 66
3.2 Kinetic parameters of substrate hydrolysis by chitinase A

Wild-type and MUEANTS ..ot 69
3.3 ICso from the dose response curves using the pNP assay with

PNP-GIcNAC; as substrate for wild-type and mutant W397F and

PNP-GICNAC3 for mutant W275G ........cccooveie e 76
3.4 A summary of positive conditions obtained from crystallization

of the wild-type VhChiA within 8 days of incubation...............cccccceennie. 79

3.5 A grid screening of VhChiA with 1.0 M ammonium sulfate

at various PH VAlUES..........coveiiiic s 80



Table

XVI

LIST OF TABLES (Continued)

Page
3.6 A grid screening of PEG 4000, propanal in 0.1 M sodium citrate
tribasic dihydrate, pH 5.6, for crystallization of wild-type chitinase A.... 82
3.7 A refined screening of the condition containing 20% (w/v) PEG 4000,
and propanol in 0.1 M tribasic sodium citrate dihydrate, pH 5.0 ............. 83
3.8 A grid screening of MPD in 0.2 ammonium phosphate at various
pH values and concentrations of ammonium phosphate at 75% (v/v) MPD
for crystallization of wild-type chitinase A .........ccccooeveieeve e 85
3.9 Data collection statistics for VhChiA wild-type in complex
with seven inhibitors identified from the LOPAC library ............ccccoounee. 91
3.10 A summary of positive conditions obtained from the microbatch
technique for crystallization of W275G within 38 days of incubation... 93
3.11 A grid screening of PEG 4000 in 0.1 M ammonium acetate
with various pH values for crystallization of W275G ............cccccocviinne 95
3.12 A refined screening of the condition containing PEG 4000
in 0.1 M ammonium acetate, pH 5.5, obtained from Table 3.10............. 97
3.13 Data collection statistics for the VhChiA mutant W275G in complex
with six inhibitors identified from the LOPAC library.............ccccen. 102
3.14 A summary of positive conditions obtained from the commercial
screening kits using the microbatch technique for crystallization

of W397F within 30 days incubation at 22°C..........c.ccoceveienencnennnn 104



Table

XVII

LIST OF TABLES (Continued)

Page

3.15 A grid screening of ethylene imine polymer (EIP) in 0.5 M

sodium chloride in 0.1 M sodium citrate tribasic dihydrate, pH 5.6..... 105
3.16 A grid screening of PEG 4000, 0.5 M sodium chloride

in 0.1 M sodium citrate tribasic dihydrate, pH 5.6 .........ccceviviiieinnnn 106
3.17 Numbers of amino acid residues observed

in the VhChiA-inhibitor COmplexes .........ccccovvveviiiiiciie e 111
3.18 A summary of the interactions between the inhibitors and the binding

residues in the substrate-binding cleft of the wild-type VhChiA.......... 132
3.19 A summary of the interactions between the inhibitors and the binding

residues in the substrate-binding cleft of mutant W275G .................... 139
3.20 The inhibition effects of the inhibitors on specific activity

of the wild-type VhChiA against soluble and insoluble

substrates, as determined by the DMAB aSSay .........ccccceoevenenencninnn. 142
3.21 Parameters used for the calculation of theoretical ITC curves153

4.1 1Cs and Kp values obtained from four different assays...........c.cccev.. 167



LIST OF FIGURES

Figure Page
1.1 Ribbon representation of the main fold of the catalytic domain

of the family 18 (PDB code: 1NH6) and family 19

(PDB code: 3CQL) ChItINASES........ceiieiiiieiiieie e 3
1.2 The catalytic cycle of family-18 glycoside hydrolases............c..cccevvvennnne. 6
1.3 A model of crystalline B-chitin hydrolysis by B. circulans ChiA ............. 12

1.4 Positions of the aromatic residues in the catalytic binding cleft of
CatDChiAl from B. circulans complexed with GICNAC7.........cccevvvnnen. 13

1.5 The chemical structures of oxazolinium ion intermediate

aNd AHOSAMIAIN ...t 17
1.6 Argifin and argadin in two-dimensional StruCtures ............ccccevevveiiieennnnn, 18
1.7 Chemical structures of argifin-derived peptides.........ccccovvvevivniviienieeiennn. 20
1.8 The chemical structures of allosamidin and cyclic dipeptides................... 21

1.9 Structures of AMCase inhibitors identified by HTS, FBS, VS, and SSS..23
3.1 Swiss-model 3D-structure of VAChiA .........ccoooiiiiiiiie e 57
3.2 Structure-based alignment of VhChiA with

S. marcescens chitinase A and B. circulans chitinase Al..........ccccooeevnee. 58
3.3 Agarose gel electrophoresis of the PCR products of VhChiA

DNA fragment obtained by site-directed mutagenesis.........ccccceveverveeenne 59

3.4 SDS-PAGE analysis of VhChiA and its mutants...........c.ccoeeveeevieereiiennnnn 60



XIX

LIST OF FIGURES (Continued)

Figure Page
3.5 Time-course of binding of VhChiA variants to colloidal chitin ................ 61
3.6 Binding of VhChiA and mutants to insoluble chitin............cccccooennnin. 63

3.7 Equilibrium adsorption isotherms of the wild-type and
mutated VhChiA to colloidal Chitin ..., 64
3.8 Michaelis-Menten plots of the wild-type and mutated VhChiA to
chitohexaose and colloidal Chitin.............ccooooiiiiiiiii, 68
3.9 Purification of chitinase A mutant W275G using a Ni-NTA agarose,
followed by a HisTrap™ affinity chromatography ............cccccoeeeverennen. 71
3.10 Dose response curves of the wild type chitinase against
the inhibitors newly identified from the LOPAC library.........cc.ccoovevenee, 73
3.11 The chemical structures of the chitinase inhibitors identified from
the LOPAC HIDIAIY ......ooviiiiieiiceeittii i 74
3.12 Optimization of the wild-type crystal grown under the condition A4
from JBSCreen HTSH ....oviiiiiice e 81
3.13 Optimization of wild-type crystal growth from the condition 40
from Crystal Screen HR2-110 .......ccooiiiiiiiiiieccicce e 84
3.14 Optimization of wild-type crystals grown from the condition 43
from Crystal Screen HR2-112 ........ccooveiiiieiieie e 86
3.15 Single crystals obtained from co-crystallization with DEQ
and PRO using the micro-seeding technique...........cccccevvveveeieieeceenee 87

3.16 Diffraction images of the wild-type crystal ..........ccccoocevvvevviieiieiicen, 90



XX

LIST OF FIGURES (Continued)

Figure Page

3.17 Optimization of W275G crystal growth from the condition 9

Of Crystal Screen HR2-112........coiiiiiiiiiiiieeeee e 96
3.18 Plate clusters of W275G obtained from a grid screening of

PEG 4000 in 0.1 M ammonium acetate with various pH values............. 98
3.19 Crystals of W275G obtained from the streak-seeding technique ............ 99
3.20 Single crystals of W275G obtained from pipetting seeding technique..100
3.21 Optimization of W397F crystal growth from the condition 16

of Crystal Screen HR2-112 and the condition 40

Of Crystal Screen HR2-110........cccoiiiiiiiiieiieeieee e 107
3.22 A comparison of the overall structure of wild-type VhChiA

and MUEANT W2T75G ... 109
3.23 Docking of GIcNACcs (E315M+NAGg, PDB code: 3b9a) to

the apo form of the VAChiA StruCture...........cccooveveivieiiececicceece e 112

3.24 Surface representation of the structural complexes of

the wild-type VhChiA with seven different inhibitors................c.......... 114
3.25 The-structure of the complex of wild-type VhChiA with DEQ ............. 116
3.26 The structure of the complex of wild-type VhChiA with SAN ............. 118

3.27 The first structure of the complex of wild-type VhChiA with CHE ......120
3.28 The second structure of the complex of wild-type VhChiA with CHE .121
3.29 The structure of the complex of wild-type VhChiA with IDA .............. 123

3.30 The first structure of the complex of the wild-type VhChiA with IM1..125



XXI

LIST OF FIGURES (Continued)

Page

3.31 The second structure of the complex of the wild-type VhChiA

WIEN TIMI .ot 126
3.32 The structure of the complex of wild-type VhChiA with PEN.............. 128
3.33 The structure of the complex of wild-type VhChiA PRO...................... 130
3.34 The structures of the complexes of mutant W275G

WIth SIX INNIDITOTS ... 135
3.35 The electron density maps of all the inhibitors in active site

OF W2T5G ..ttt bbb 137
3.36 Details of the interactions of PEN and PRO in the active site

OF W2T5G..c ettt ste e snaenne s 140
3.37 A protein-inhibitor binding study by intrinsic

FlUOreSCeNCE SPECLIOSCOPY .....vveveevreiiniirienienieeie st ee et 144
3.38 Binding curves determined for each inhibitor ............cccccoooevviieiienen 145
3.39 Thermographic binding isotherms of wild-type with

DEQ, SAN @Nd PEN .......oiiiiiiiie e s 147
3.40 Thermographic binding isotherms of W275G with

DEQ, SAN @NA PEN .....c.iiiiiiiiiiieiesie et 150
3.41 Thermographic binding isotherms of W397F with

DEQ, SAN @NA PEN ..ottt 152

4.1 A summary of VhChiA-inhibitor interactions as revealed

by crystallographic data............ccccoveveiieiiieiiccceee e 169



XXII

LIST OF FIGURES (Continued)

Figure Page

4.2 Different binding behaviors of the inhibitors in the active site

of the wild-type and mutant W275G, when compare

with the binding Of GICNACE .....ccoovvieiieeiec e 171
4.3 A comparison of the loop containing Val205 in the wild-type

and the MUtaNt W275G ........oooiiiie e 173
4.4 A structural comparison of the WT-inhibitors and the WT-GIcNACcs.....175
4.5 Superposition of structural complexes WT-DEQ with

the ACTIVE SITE OF AMECASE .. .ot e e e e e 177



CHAPTER |

INTRODUCTION

1.1 Chitin and applications

Chitin is a homopolysaccharide chain of N-acetylglucosamine (GICNAC)
combined together with B 1-4 glycosidic linkages. It is the second most abundant
polymer in nature and a common constituent of fungal cell walls, shells of
crustaceans, and exoskeletons of insects (Yuli et al., 2001). Chitin has intra- and
intermolecular hydrogen bonds that make it a water insoluble material, which limits
its use (Je and Kim, 2006). Several strategies have been developed to convert chitin
into small derivatives that can be used in various fields, such as medicine, and the
agriculture, pharmaceutical and food industries (Yuli et al., 2001). For medical
applications, deacetylated chitooligomers are potentially used for fatty acid
absorption, decreasing LDL and increasing HDL cholesterols (Koide et al., 1998),
activating immune response, lowering blood pressure, and enhancing calcium
absorption (Koide, 1998; DeNardis et al., 2006). In the food industry, chitin and
chitosan derivatives are used as food and drink supplements (Qin et al., 2006). In the
pharmaceutical field, chitin degradation products are used as anti-cancer,
anti-bacteria, and anti-aging agents (Kim and Rajapakse, 2005). In agriculture, chitin
derivatives are used to increase quality and quantity of agricultural products and to

protect the products by eliminating pests (Chang et al., 2007). Furthermore,



monomers of chitin degradation, (N-acetylglucosamine and glucosamine), are
effective agents for osteoarthritis treatment as their biocompatible property could
reduce inflammation (John et al., 1995; Breborowicz et al., 2006), as well as stimulate
innate immunity (Nishiyama et al., 2006). Chitin is hydrolyzed into oligomers and
monomers by chemical or enzymatic processes (llankovan et al., 2006). However, the
enzymatic process is preferable since types, quantity and quality of the oligomeric
products can be selectively controlled. In addition, the enzymatic reaction occurs
quickly and completely with less time consumed, lower cost and no pollutants

released to the nearby environment.

1.2 Classification of chitinases

Chitinases are a diverse group of enzymes that catalyze the conversion of
insoluble chitin to soluble oligosaccharides. Chitinases are found in a wide variety of
organisms including bacteria, fungi, insects, plants and animals (Balsubramanium et
al., 2003; Yu et al., 1991; Merzendorfer and Zimoch, 2003; Donnelly and Barnes,
2004). Chitinolytic enzymes include chitinases (endochitinases and exochitinases)
(EC 3.2.1.14) and pS-N-acetylglucosaminidases (GIcNAcases) (EC 3.2.1.52) (Sahai
and Manocha, 1993; Hiroshi et al., 2002). Endochitinases randomly hydrolyze a
chitin chain at internal sites into chitooligomers, yielding GIcNAc; as the major
product.  On the other hand, exochitinases exolytically hydrolyze a chitin chain in a
sequential manner from the non-reducing end to produce GIcNAc; as the final end
product. GIcNAC; is further hydrolyzed by GIcNAcases to GIcNAc. Finally, GIcNAc
is then taken up in to bacterial cells and used as their carbon and nitrogen sources (Wu

et al., 2001).



In the Carbohydrate Active Enzyme database (CAZY) (http://www.cazy.org/),
chitinases are classified into glycoside hydrolases family-18 (GH-18) and family-19
(GH-19) (Henrissat, 1991). Family-18 chitinases are found in a wide range of species,
such as bacteria, viruses, fungi, plants, insects, and mammals whereas family-19
chitinases are found mainly in higher plants and in some Gram-positive bacteria, such
as Streptomyces sp. (Iseli et al., 1996).

Three-dimensional (3D) structures of family-18 and family-19 enzymes reveal
differences in their catalytic domains. The catalytic domain of family-18 chitinases,
such as Serratia marcescens chitinase A (SmChiA), contains a typical (a/B)s TIM
barrel structure consisting of eight a-helices and eight B-strands (Terwisscha van
Scheltinga et al., 1994; Perrakis et al., 1994; Papanikolau et al., 2001; Papanikolau et
al., 2003; Aronson et al., 2003) (Figure 1.1). On the other hand, the catalytic domain
of family-19 chitinases comprises two lobes, each of which is rich in a-helical
structure. From a docking calculation of barley chitinase (a GH-19 chitinase) with
GIcNACs, the substrate binding cleft of this enzyme was predicted to lie between

the two lobes (Figure 1.1) (Davies and Henrissat, 1995; Henrissat and Davies, 2000).

GH-18 GH-19

Figure 1.1 Ribbon representation of the main fold of the catalytic domain of the

family 18 (PDB code: 1NH6) and family-19 (PDB code: 3CQL) chitinases.



For family-18 chitinases, the TIM barrel domain contains two sub-regions,
namely CatDIl and CatDI|, that are flanked by a small a+f insertion domain. A recent
study showed that removal of the small insertion domain from SmChiA led to a
decrease in thermal stability, binding and catalytic activity of the enzyme, in addition
to a shift of the pH optimum to more acidic value (Zees et al., 2009). S. marcescens
ChiA and ChiB, B. circulans chitinase Al, and Aspergillus fumigatus chitinase B1
(PDB code: 1W9P), all are members of family-18 chitinases, have a long deep groove
substrate-binding clefs, containing multiple binding sites referred to subsites (-4), (-3),
(-2), (-1), (+1) and (+2). Subsites (-4) to (-2) are located on the glycone part, whereas
subsites (+1) and (+2) are on the aglycone part. The cleavage site is located between
subsites (-1) and (+1) (van Aalten et al., 2001; Horn et al., 2006; Watanabe et al.,

2003; Sikorski et al., 2006; Songsiriritthigul et al., 2008).

1.3. Catalytic mechanism of family-18 chitinases

The structural (Tew et al.,, 1997) and stereochemical studies of chitin
hydrolysis (Armand et al., 1994; Terwissha van Scheltinga et al., 1995; Brameld et
al., 1998; Honda et al., 2000; Suginta et al., 2005) revealed that family-18 chitinases
catalyze hydrolysis through substrate-assisted catalysis, in which the substrate is
forced to distort to a boat geometry at subsite -1 prior to protonation, leading to
glycosidic bond cleavage and formation of the oxazolinium intermediate. From a
sequence comparison, all family-18 chitinases share a conserved DxxDxDxE motif,
which contains the catalytic residue Glu315 in SmChiA or Glul44 in SmChiB which

acts as proton donor, and donates a proton to oxygen O4 of the +1 subsite sugar unit,



thus cleaving the glycosidic C1(-1)-O4(+1) bond (Kolstad et al., 2004; Kolstad et al.,
2002; Perrakis et al., 1994; Papanikolau et al., 2001).

The substrate-assisted catalysis by family-18 chitinases is essentially achieved
via the catalytic cycle involving three neighboring acidic residues in the DxDxE
motif. The structural complexes of SmChiA and SmChiB with oligo-NAG were
solved (Papanikolau et al., 2001; van Aalten et al., 2001) and the data revealed that in
the resting enzyme, the side chain of the second carboxylate Asp313 in SmChiA
(Aspl42 in SmChiB), which is close to the proton donor Glu315, points towards
Asp311 (Asp140 in SmChiB). Subsequent substrate binding causes distortion of
-1NAG, leading to a conformational change of the stable “C; chair conformation to a
4B boat and a rotation of Asp313 (Asp142 in SmChiB) towards Glu315 (Glu144 in
SmChiB). The rotation of the protonated Asp313 residues is not only for stabilizing
the developing positive charge of the intermediate oxazolinium ion, but also for
donating a proton (Figure 1.2B). The rotation of Asp313 also caused lowering of pKa
of Glu315, which promotes the proton transfer to the oxygen in the scissile glycosidic
bond. At this stage, one water molecule is H-bonded with Tyr390 (Tyr214 in
SmChiB) and the -1 acetamido group. Then, the proton from the water molecule was
taken up by the y-carboxylate of Glu315 and the remaining hydroxide anion was taken
up by the C; carbon of the subsite -1 sugar. (Papanikolua et al., 2001; van Aalten et
al., 2001; Kolstad et al., 2002). The catalytic cycle of family-18 chitinase is

completed in Figure 1.2.
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Figure 1.2 The catalytic cycle of family-18 chitinases.

(A) Substrate-binding. (B) Substrate distortion and protonation of the glycosidic bond.
(C) Formation of the oxazolinium ion intermediate and departure of the leaving group,
while a water molecule approaches the anomeric carbon. (Modified from Papanikolua

et al., 2001; van Aalten et al., 2001).



The catalytic mechanism of other known family-18 chitinases are also
reported to adopt the substrate assisted catalysis. For example, the crystal structure of
Coccidioides immitis chitinase (CiX1) revealed that Glul71 acts as the proton
donating group, and the positive charge built up on the sugar at subsite -1 was
stabilized by interactions with its own N-acetyl group, forming an oxazolinium
intermediate, whereas Asp169 rotated to form an ion pair with the oxazolinium cation
(Bortone et al., 2002). The polysaccharide chain was rotated and bent between sugars
at subsites -1 and +1, thus facilitating distortion of the sugar at subsite -1 towards a
high energy boat conformation. A study of the catalytic domain of hevamine chitinase
suggested that Glul27 acted as the proton donating residue, whereas Aspl125 and
Tyrl8 contributed to catalysis by positioning the carbonyl oxygen of the N-acetyl
group near to the C; atom (Andersen et al., 1997). The X-ray structures of mutant
(E315M) VhChiA complexed with hexaNAG revealed that the catalytic cleft of
VhChiA has a long, deep groove, which contains six chitooligosaccharide binding
subsites (-4)(-3)(-2)(-1)(+1)(+2). VhChiA is presumed to catalyze substrate hydrolysis
following the “slide and bend” mechanism (Songsiriritthigul et al., 2008). First,
subsite +2 binding residues, such as Trp275, Asp392, Trp397, and Tyr435, act in
substrate recognition, then the sugar chain slides forward towards the reducing end.
This action causes distortion of the sugar unit at position -1 and bending of the sugar
chain. Twist of the scissile bond, together with bending of -1NAG, renders the linking
glycosidic oxygen accessible to the catalytic residue Glu315 located at the bottom of
the substrate binding cleft. After cleavage, the GICNAc, moiety at the product

(aglycone) side is released and diffuses away.



The DxxDxDxE motif is well conserved in the catalytic domain of all family-
18 chitinases. However, aside from mammalian chitinases, mammals have other
groups of proteins that contain the TIM barrel domain like family-18 chitinases but
lack chitinase activity due to the replacement of the aspartic acid residues, and
glutamate acid in the conserved motif are replaced by other amino acid residues as
shown in Table 1.1. These proteins are referred to chitinase-like proteins (CLPs),
which include YKL39, YKL40 (also named HCgp39), mouse YM1/2 and stabilin-1
chitinase like protein (SI-CLP) (Fusetti et al., 2003; Houston et al., 2003; Sun et al.,

2001).

Table 1.1 A comparison of sequence identity and the DxxDxDxE conserved motifs of

family-18 glycoside hydrolases.

Enzyme Sequence Amino acid Conserved motif Enzyme PDB
identity (%0) length activity code
hCHT 100 366(22-387) D133XXD136XD138XE 140 Detectable 1GUV
AMCase 53 379(22-400) D133XXD136XD138XE 140 Detectable  3FXY
VhChiA 18 449(139-587) D3geXXD311XD313XE315 Detectable  3B9A
SmChiA 21 424(138-561) D309 XXD311XD313XEj315 Detectable  1CTN
SmChiB 21 496(3-498) D137XXD140XD142XE 144 Detectable 1E15
Hevamine 16 273(1-273) D120XXD123XD125XE 127 Detectable 2HVM
CixX1 22 392(36-427) D164XXD167XD169XE 71 Detectable 1LL7
YKL40 54 362(22-387) D133XXD136XAq38XL140 N/A INWS
YM1 47 373(22-395) D133XXN136XD138X Q140 N/A 1E9L
SI-CLP 13 359(13-371) D16sXXV168XE170V17:XN173 N/A 3BXW

N/A indicates that there is no detectable chitinase activity.



1.4 Function of chitin binding proteins

Family-18 chitinases usually contain one or two chitin binding domains
(ChBDs) which are responsible for binding to chitin polysaccharides. Previous studies
showed that the ChBD helps to increase enzyme concentration at the substrate surface
and guide a chitin chain into the substrate binding cleft (Linder and Teeri, 1997;
Watanabe et al., 2001; Imai et al., 2002; Watanabe et al., 2003).

In CAZy (http://lwww.cazy.org/), the protein domains with chitin binding
properties are classified into several families of the carbohydrate binding modules,
including families 1, 2, 12, 14, 18, 19, and 33 (Kolstad et al., 2005; Cantarel et al.,
2009). Marine bacteria that are attached to chitin, such as V. harveyi,
V. paraheamolyticus and V. alginolyticus (Montgomery and Kirchman, 1993), have
been reported to express chitin binding proteins at their outer membrane. These
proteins are required for attachment of the bacterial surface to chitin that is abundant
in the marine environment (Pruzzo et al., 1996; Keyhani and Roseman, 1999; Tsujibo
et al., 2002). The function of the chitin binding domain was demonstrated in B.
circulans chitinase Al. This enzyme comprises an N-terminal catalytic domain, two
fibronectin-type domains, and a ChBD (namely ChBDgpia1). A polysaccharide binding
assay study suggested that ChBD¢hia1 bound to various forms of chitin, but not to
other polysaccharides, such as chitosan, cellulose, and starch (Hardta and Roger,
2004). Loss of the ChBD deprived the enzyme of its ability to bind and to hydrolyze
insoluble chitin. Mutants of ChBDgpia1, including W687A and E688K/P689A, showed
very low affinity towards chitin substrates (Hardta and Roger, 2004). Aside from
chitinases, the chitin binding protein (CBP21) identified from S. marcescens was

found to adsorb chitin but did not contain chitinase activity (Watanabe et al., 1997).
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CBP21 contains four surface-exposed aromatic amino acids, two of which (Trp69 and
Trp33) were located in the N-terminal domain, while the other two (Trp245 and
Phe232) were located near the TIM barrel domain. Such residues appear to be
essential for binding to polysaccharides via hydrophobic interactions (Poole et al.,
1993; Uchiyama et al., 2001).

Functional significance of the ChBD was also revealed for the ChiA gene
product of V. harveyi (Svitil and Kirchman, 1998). The full length enzyme (ChiAl)
was found to bind and to hydrolyze chitin, whereas the truncated ChiA without the
ChBD (ChiA2) did not bind to chitin and showed poor ability to degrade chitin. In
addition, ChiAl diffused more slowly in agarose containing colloidal chitin than
ChiA2, but the diffusion of the two proteins in agarose without colloidal chitin was
similar. The results indicated that the ChBD helped to determine the movement of
chitinase along N-acetylglucosamine strands (Svitil and Kirchman, 1998).

Additional studies of the ChBD were from B. circulans ChiA (Watanabe et
al., 1994), Clostridium paraputrificum ChiB (Morimoto et al., 1997; Hashimoto et al.,
2000), S. olivaceoviridis exoChiO1 (Blaak and Schrempf, 1995), Alteromonas sp.
strain O-7 ChiC (Tsujibo et al., 1998), S. marcescens ChiC (Suzuki et al., 1999),
Pyrococus kadakaraensis KOD1 ChiA (Tanaka et al., 1999) and Aeromonas
hydrophila JP101 Chi 92 (Wu et al., 2001). Reports showed that the chitinases
lacking the ChBD lose much of their binding and hydrolytic activities towards
insoluble chitins. Site-directed mutagenesis of Tyr56 to Ala (mutant Y56A) and
Trp53 to Ala (mutant W53A) of B. circulans ChiAl demonstrated that the two

residues played a critical role in binding to B-chitin (Watanabe et al., 2003).
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Mutations of Trp59 and Trp60 to alanine in the ChBD of S. griseus chitinase
C also suggested that these two residues were important for binding and hydrolysis of
colloidal chitin, as mutants W59A, W60A and a double mutant W59A/WG60A
abolished the binding activity of chitinase C to colloidal chitin and decreased its
hydrolytic activity towards colloidal chitin and soluble substrates (Itoh et al., 2000).

The mechanisms of crystalline B-chitin hydrolysis has been proposed based on
the structure of S. marcescens, especially from the positions of the aromatic residues.
Binding of SmChiA to the crystalline B-chitin surface is presumably achieved through
interactions among three aromatic residues (Trp69, Trp33, and Trp245) with GIcCNAc
residues in a single chitin chain on the crystalline B-chitin surface. The chitin chain
interacting with the three aromatic residues was introduced into the catalytic cleft
from the reducing end side of the chain through the interaction with Phe232. In the
catalytic cleft, the introduced chitin chain slides through the cleft to the catalytic site,
where the second linkages from the reducing end are progressively cleaved, releasing

GIcNAC; units (Figure 1.3) (Uchiyama et al., 2001).
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Reducing

end end

Figure 1.3 A model of crystalline B-chitin hydrolysis by B. circulans ChiA

(Uchiyama et al., 2001).

1.5 Interactions of chitin substrates in the substrate binding cleft of

family-18 chitinases

Superposition of the positions of aromatic residues in SmChiA and
CatDChiAl from B. circulans complexed with GIcNAc; revealed a number of
conserved aromatic residues that linearly aligned on the surface of the substrate
binding cleft and play an important role as sugar binding residues (Matsumoto et al.,
1999; Uchiyama et al., 2001). In the structure of B. circulans chitinase Al (ChiAl)
complexed with GIcNAc; (Figure 1.4), six aromatic residues, Tyr56, Trp53, Trp433,
Trpl64, Tyr279, and Trp285 were found to interact with the sugar rings from subsites
-5 to +2, respectively (Watanabe et al., 2001). The results of hydrolytic activity
against soluble and insoluble substrates revealed that Tyr56 and Trp53 of B. circulans
ChiAl were required only for crystalline chitin hydrolysis, but not for soluble

substrates. On the other hand, Trpl164, and Trp285 were important for crystalline
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chitin hydrolysis and also participated in hydrolysis of soluble substrates. Trp433 at
subsite -1 was suggested to play a major role in the catalytic reaction by holding the
GIcNAc moiety at subsite -1, in a boat conformation. Another aromatic residue,
Tyr279, is in the position to interact with the N-acetyl group of -1 GIcNAc and has
been assumed to assist the formation of the oxazolinium ion intermediate (Watanabe

et al., 2003; Uchiyama et al., 2001).

Wd433 Y279

Figure 1.4 Positions of the aromatic residues in the catalytic binding cleft of
CatDChiAl from B. circulans complexed with GIcNAc;. The relative positions of
Tyr56, Trp53, Trp433, Trpl64, Trp285, and Tyr279 are shown in grey, with the

bound GIcNAcy in light grey (Watanabe et al., 2001).

The crystal structure of SmChiA mutant E315L complexed with
hexasaccharide showed that the oligosaccharide occupied subsites -4 to +2, which
interacted with Tyr418 and Phe396 at the +2 site and Trp275 at the +1 site. Tyr418
appears to mark the end of the cleft, but it does not interfere with the extension of the

reducing end beyond the +2 site. Mutations of Phe396 and Trp275 to alanine,
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indicated that the substrates GICNAcs and GIcNAcg only occupied subsites -2 to +2
and one (for GIcNACs) or two (for GIcNAcs) GIcNAC residues at the reducing end of
the substrate are not bound during the hydrolysis (Aronson et al., 2003). A study of
binding and hydrolytic activities of mutants W275G and W397F (equivalent with
Trp396 in SmChiA) of VhChiA suggested that these two residues were involved in
defining the binding selectivity of the enzyme to soluble substrates (Suginta et al.,

2007; Suginta et al., 2009).

1.6 Studies of chitinase inhibitors

Chitinase inhibitors have been shown to have activity against several
pathogens, such as Candida albicans (Dickinson et al., 1989), insects (Cohen, 1993;
Sakuda et al., 1987) and the human malaria parasite Plasmodium falciparum
(Bhatnagar et al., 2003). Recently, two human family-18 chitinases (human acidic
chitinase and human macrophage chitinase) have been identified (Zhu et al., 2004;
Fusetti et al., 2002). Both are highly expressed in asthmatic lungs and believed to
contribute to the pathogenic process through recruitment of inflammatory cells
(Mayumi et al., 2007). Therefore chitinases seem to be an interesting target for the
design of effective agents against human diseases, including malaria, asthma and
inflammation.

Allosamidin, a natural product isolated from Streptomyces sp., was the first
identified chitinase inhibitor (Sakuda et al., 1987; Sakuda and Sakurada, 1998). This
compound showed K; values in a range of 0.48 nM to 3.1 mM for different chitinases
(Houston et al., 2002A; Rao et al., 2003). Allosamodin has a unique

pseudotrisaccharide structure consisting of two units of N-acetyl-D-allosamine
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connected with one unit of an aminocyclitol derivative with a cyclopentanoid skeleton
being fused with an aminooxazolinium ring (Figure 1.5A) The first structural complex
of allosamidin with family-18 chitinase was solved for hevamine, a plant family-18
chitinase (Terwisscha van Scheltinga et al., 1995). After that, several structural
complexes of this compound with other family-18 chitinases were further elucidated,
such as chitinase 1 from C. immitis (CiX1) (Bortone et al., 2002), S. marcescens
chitinase B (SmChiB) (van Aalten et al., 2001; Kolstad et al., 2004), S. marcescens
chitinase A (SmChiA) (Papanikolau et al., 2003), A. fumigatus chitinase Bl
(AfChiB1) (Roa et al., 2005A) and human macrophage chitinase (Rao et al., 2003).
All known structural complexes of allosamidin with family-18 chitinases show that
the inhibitor bound from subsites -3 to -1, with the allosamizolinium ring always
occupies subsite -1. Several hydrogen bonds and hydrophobic interactions with
aromatic residues were shown to be responsible for tight binding of the allosamidin to
chitinases (Rao et al., 2003; Rao et al.,, 2005A; Kolstad et al., 2004). Since
allosamidin exhibits high affinity towards all family-18 chitinases, several allosamidin
derivatives were synthesized and their binding affinities evaluated. The crystal
structures of the human macrophage chitinase complexed with allosamidin (ALLO)
and other three derivatives, demethylallosamidin (DEME), methylallosamidin
(METH), and glucoallosamidin B (GLCB) showed that the allosamidin derivatives

mainly occupied the same positions of allosamidin at subsites -3 to -1 (Table 1.2).
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Table 1.2 Substitutions of allosamidin and its derivatives.

R1 R2 R3 R4
Allosamidin (ALLO) CHj3 H OH H
Demethylallosamidin (DEME) H H OH H
Methylallosamidin (METH) CHjs CHs OH H
Glucoallosamidin (GLCB) H CH3 H OH

Demethylallosamidin is a demethylated form of allosamizoline moiety. The
study of inhibitory effects against human macrophage chitinase showed that the
binding affinity of demethylallosamidin was increased about 20-fold compared to that
of allosamidin. On the other hand, modifications of the -2 and -3 N-acetylglucosamine
residues (methylallosamidin and glucoallosamidin B) appeared to bind more strongly
than allosamidin due to the displacement of ordered water molecules, which leading
to increased hydrogen bonding with human macrophage chitinase (Rao et al., 2003).
In addition, structural analyses showed that allosamidin and its derivatives inhibited
chitinase activity by mimicking the oxazolinium ion reaction intermediate (Houston et
al., 2002A). The crystal of chitinase CiX1 complexed with allosamidin suggested that
it interacted with this enzyme at the subsites -3 to -1 and inhibited CiX1 with a K; of
60 nM (Bortone et al., 2002). The moiety bound to the -1 subsite is an allosamizoline,
which resembles the reaction intermediate (Figure 1.5B) (Kolstad et al., 2004). Also,
the structural complex of SmChiA with allosamidin revealed that allosamidin was
located deep in the substrate binding cleft of the enzyme by interacting with three
important residues, Asp313, Glu315, and Tyr390 (Papanikolau et al., 2003).

Investigation of the structural complexes of the human macrophage chitinase with
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allosamidin revealed two allosamidin molecules in the active site. The first molecule
was occupied at subsites -3 to -1, whereas the second molecule bound near subsites

+1 and +2 (Rao et al., 2003).
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Figure 1.5 The chemical structures of oxazolinium ion intermediate and allosamidin.
(A) The proposed positively charged reaction intermediate (oxazolinium ion). (B)

Allosamidin.

Synthesis of allosamidin and its derivatives is difficult and costly due to their
complex chemistry, thus making such compounds as suitable candidates for further
optimization as a chemotherapeutical drug against human chitinase-mediated
pathogens. Further screening for natural products with potent chitinase inhibitory
activity has been reported, including cyclic pentapeptides (Houston et al., 2002B).
Argadin was isolated from Clonostachys sp. (Arai et al., 2000), while argifin was
isolated from Gliocladium sp. (Shiomi et al., 2000). Other natural products that

showed chitinase inhibitory effects, included styloguanidine and derivatives from the
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marine sponge Stylotella aurantium (Kato et al., 1995), cyclo(Arg-Pro) peptidic
compounds from the marine bacterium Pseudomonas sp. (lzumida et al., 1996),
(Kolstad et al., 2004) and psammaplins also from the marine sponge Aplysinella rhax

(Tabudravu et al., 2002).

Recently, the peptidic inhibitors have received much attention as inhibitor-
based drug targets, as they offer improved stability toward peptidolytic breakdown,
but still retain high potency. Argifin and argadin (for their chemical structures see
Figure 1.6) are the most widely-studied peptidic inhibitors (Shiomi et al., 2000).
Structural studies of SmChiB complexed with argifin and argadin revealed that these
two peptides bound the enzyme by occupying subsites -1, +1 and +2. Both, argifin
and argadin were found to interact with the side chains of the essential residues, such

as Aspl42, Glul44, Tyr214, Trp97, and Trp220 at subsites -1, +1 and +2.
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Figure 1.6 Argifin and argadin in two-dimensional structures (Houston et al., 2002B).
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When tested with SmChiB, argifin showed weaker inhibition (Kj= 33 uM) than
allosamidin (K; = 450 nM), whereas argadin showed approximately 20-fold stronger
inhibition (K;= 20 nM) (Houston et al., 2002B). Argadin was conformationally more
restricted than argifin. Therefore, it bound deeper in the active site of SmChiB (van
Aalten et al., 2001). The structural complexes of AfChiB1 chitinase, and human
chitotriosidase (hCHT) with argadin and argifin also showed that both inhibitors
occupied the sugar binding subsites -1, +1 and +2, whereas allosamidin bound to
subsites -3, -2, and -1 (Rao et al., 2005B). The inhibitory effects of argifin revealed
high affinity of binding, with an I1Cs, of 27 nM against AfChiB1 (Dixon et al., 2005),
and 4.5 pM human chitotriosidase (hnCHT), respectively (Rao et al., 2005B).

Although argadin and argifin are peptidic derivatives, they contain several
unusual modifications, such as acetylation and cyclization (Andersen et al., 2008).
When the cyclopentapeptide was progressively dissected down to four linear peptides
(tetra-, tri-, di-, and monopeptides) and dimethylguanylurea (Figure 1.7), the
inhibitory effects against AfChiB1 were in the following orders: tetrapeptide >
tripeptide > dipeptide > monopeptide > dimethylguanylurea (Table 1.3). Noticeably,
the (tiny) dimethylguanylurea fragment was found to harbor all significant
interactions with the protein and bound with high efficiency (Andersen et al., 2008).

Recently, the solid-phase synthesis of the argifin scaffold revealed that the
compounds referred to as MeTyr(Bn) for MePhe, had the highest affinity, with an

ICs0 0f 11 nM towards AfChiB1 (Dixon et al., 2009).
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Figure 1.7 Chemical structures of dissected argifin-derived peptides (Dixon et al.,

2009).

A simple peptide cyclo-(L-Arg-D-Pro) (CI-4) has also been reported as a
natural-product produced by the marine bacterium Pseudomonas sp. 12208 (lzumida
et al., 1996). It has activity against the fungal pathogen C. albicans. In 2002, the
structural complex of SmChiB and Cl-4 was solved (Houston et al., 2002A). Like
other peptidic inhibitors, CI-4 inhibits family 18 chitinases through structural mimicry
of the reaction intermediate (oxazolinium ion). The inhibitor only covered a small
area in the active site of SmChiB (subsites -1 to -2) and lacked key interactions with
the catalytic residue Aspl42, thus explaining its weak binding affinity (ICso 1.2 mM)
compared with allosamidin (K; 0.45 uM) (Houston et al., 2002A; Houston et al.,

2004). The CI-4 structure contains two domains, the cyclo-(Gly-Pro) backbone and
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the Arg side chain. The structural complex of SmChiB and CI-4 showed that only the
cyclo-(Gly-Pro) backbone was sufficient for the binding. In 2004, the structural-based
optimization of CI-4 was studied (Houston et al., 2004) (Figure 1.8) to investigate the
role of the cyclic backbone and the Arg side chain. Three stereoisoforms of Cl-4:
cyclo-(L-Arg-L-Pro), cyclo-(L-His-L-Pro), and cyclo-(L-Tyr-L-Pro) were generated.
However, their inhibitory effects on chitinases were moderate with cyclo-(L-His-L-
Pro) having the ICsp of 1.1 mM, followed by CI-4, cyclo-(L-Tyr-L-Pro), cyclo-(Gly-
L-Pro), and cyclo-(L-Arg-L-Pro) with the ICs values of 1.2 mM, 2.4 mM, 5.0 mM

and 6.3 mM, respectively (Table 1.3) (Houston et al., 2004).
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Figure 1.8 The chemical structures of allosamidin and cyclic dipeptides (Houston et

al., 2004).

In 2005, Rao et al. reported a screening of chitinase inhibitors against AfChiB1
from a commercial drug library (Rao et al., 2005A) based on the methylxanthine
(MET) scaffold. Three identified drugs: theophylline (THE), caffeine (CAF), and

pentoxifylline (PEN) containing the 1,3 dimethylxanthine substructure were
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identified, with PEN being the most potent inhibitor against AfChiB1 with K; of
37 uM.

The structural complex of AfChiB1 with PEN revealed two molecules of PEN
bound in the active site as PEN1 bound at subsites -1 to -2 at the glycone region, with
its xanthine ring making favorable =-7 interactions with Trp385, while PEN2 bound
around subsites +1 and +2 of the aglycone region (Rao et al., 2005A).

Binding of CAF showed three molecules of CAF in the active site of AfChiB1.
CAF1 and CAF2 were found at subsites -3 to -1, while CAF3 bound around subsites
+1 and +2. For theophylline (THE), four molecules were observed. The first two
molecules, THE1 and THE2 occupied subsites -3 and -1 at the glycone region,
whereas the other two molecules, THE3 and THE4, formed stacking structures with
the key residues Trp137 and Trp251 at subsites +1 and +2 at the aglycone region.

Other inhibitors were also reported. A novel aspartic protease inhibitor (API)
isolated from B. licheniform inhibited SmChiA with the I1Csq of 600 nM and K; of 510
nM (Kumar and Rao, 2010). The recently reported chitinase inhibitors are chitobiose
and chitotriose thiazoline analogues (Macdonald et al., 2010). Such compounds were
synthesized as stable mimics of the oxazolinium intermediate. Kinetic analysis
revealed that they inhibited the chitinase activity of Chil8A from S. marcescens with
a Kjrange of 0.15 to 30 uM.

In 2010, novel AMCase inhibitors were screened using a combination of high-
throughput screening (HTS), fragment-based screening (FBS), and virtual screening
techniques (VS) (Derek et al., 2010). The compounds were characterized by enzyme
inhibition using colorimetric assay, NMR and Biacore binding experiments. Four

potent compounds were identified from different screening techniques, including one
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compound identified from the substructure search (SSS). As seen in Figure 1.9,
compound 1 is the most potent showing the I1Csy at 200 nM against AMCase. This
compound was further characterized and shown to be orally active by reducing the

AMCase activity in the BAL fluid of allergen challenged mice.
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Figure 1.9 Structures of the AMCase inhibitors identified by HTS, FBS, VS, and

SSS.
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Table 1.3 A summary of inhibitory effects and binding affinities of family-18

chitinase inhibitors identified to date.

Chitinase enzyme Source Inhibitor Kinetic parameter Reference
. . - 0.075 uM (Ky)/ Koga et al.,
B.mori chitinase Bombyx mori  allosamidin 0.386 M (ICx) 1987
. - Houston et al.,
SmChiB S. marcescens  allosamidin 450 nM (K;) 2002A
. - Houston et al.,
SmChiB S. marcescens  argifin 33 UM (Kj) 20028
. ! Houston et al.,
SmChiB S. marcescens  argadin 20 nM (Kj) 20028
. L 5. Bortone et al.,
CiX1 C. immitis allosamidin 60 nM (Kj)
2002
SmChiB S. marcescens  psammaplin A 148 pM (K;) Tabudravu et
al., 2002
. Cl-4 [cyclo-(L-His- Houston et al.,
SmChiB S. marcescens L-Pro] 1.1 mM (ICs) 2004
. Cl-4 [cyclo-(L-Arg- Houston et al.,
SmChiB S. marcescens D-pro)] 1.2 mM (ICx) 2004
. Cl-4 [cyclo-(L-Tyr- Houston et al.,
SmChiB S. marcescens L-Pro)] 2.4 mM (ICs) 2004
. Cl-4 [cyclo-(Gly-L- Houston et al.,
SmChiB S. marcescens Pro)] 5.0 mM (1Cx) 2004
. Cl-4 [cyclo-(L-Arg- Houston et al.,
SmChiB S. marcescens L-Pro)] 6.3 mM (ICsp) 2004
SmcChiB S. marcescens  HM508 45 uM (Kj) Kolstad et al,
2004
. . | Rao et al.,
AfChiB1 A. fumigates theophylline 1500 pM (1Csp) 2005A
. . . Rao et al.,
AfChiB1 A. fumigates caffeine 469 pM (I1Cs) 2005A
. . A 37 UM (K;)/126 pM  Rao et al.,
AfChiB1 A. fumigates pentoxifylline (ICx) 2005A
AfChiB1 A. fumigates  argifin 27 nM (ICs) Dixon etal.
2005
human
chitotriosidase Sall::;::er argifin 4.5 uM (ICsp) 5;85(: al.,
(hCHT) P
. . . Rao et al.,
AfChiB1 A. fumigates argadin 0.5 UM (I1Cs) 20058
human recombinant Gaucher Rao et al
chitotriosidase spleen argadin 0.013uM (ICsp) 20058

(hCHT)
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Table 1.3 A summary of inhibitory effects and binding affinities of family-18

chitinase inhibitors identified to date (Continued).

Kinetic

Chitinase enzyme Source Inhibitor parameters Reference
AfChiB1 A. fumigates tetrapeptide 4.3 uM (ICsp) Ande;s(;aonset al.
AfChiB1 A. fumigates tripeptide 5.1 uM (ICs) Ande;s(()egSet al.
AfChiB1 A. fumigates dipeptide 12 uM (ICs) Ande;s;gBet al.
AfChiB1 A. fumigates monopeptide 81 UM (ICs) Ande;soegset al.
AfChiB1 A.fumigates  dimethylguanylurea 500 pM (ICsp) Ande;sggset al.

. . . 510 nM (K;)/600  Kumar and Rao,
SmChiA B. licheniform API M (ICs0) 2010
Chil8A S. marcescens  chitobiose thiazoline 25 UM (Kj) Macdonald et

al., 2010
. chitobiose thiazoline Macdonald et
Chil8A S. marcescens thioamide 30 UM (Kj) al.. 2010
. . N W Macdonald et
Chi18A S. marcescens  chitotriose thiazoline 0.25 uM (Kj) al.. 2010
. chitotriose thiazoline Macdonald et
Chil8A S. marcescens dithioamide 0.15 uM (Kj) al.. 2010

1.7 Studies of V. harveyi chitinase A

Chitinase A isolated from marine bacteria such as, V. harveyi and V.

alginolyticus 283 were found to be highly expressed upon induction with chitin

(Suginta et al., 2000; Suginta, 2007). V. harveyi chitinase A (or VhChiA) was active

as a monomer of M, 63,000 (Suginta et al., 2000). Analysis of chitin hydrolysis using

the viscosity assay and HPLC-ESI MS suggested that this enzyme acted as an

endochitinase (Suginta et al., 2004) and had a broad range of substrate specificity

with various chitin oligomers (Suginta et al., 2005). The X-ray structure of wild-type

VhChiA revealed that the overall structure of VhChiA consists of three domains, the

N-terminal chitin-binding domain (ChBD), the catalytic (o/B)s TIM-barrel domain
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(CatD), and the small (o+p) insertion domain. The structure of VhChiA mutant
E315M complexed with GIcNAcs revealed that the active site of this enzyme
contained six substrate binding sites, designated subsites -4, -3, -2, -1, +1 and +2
(Songsiriritthigul et al., 2008), where subsites -4 to -2 are the glycone sites, subsites
+1 and +2 are the aglycone sites. The cleavage site is located between subsites -1 and
+1. Mutation of Glu315 to GIn and Met (mutants E315Q and E315M) led to a
complete loss of chitinase activity which suggested that Glu315 is an essential residue
in enzyme catalysis. Mutation of Asp392 to Asn retained significant chitinase activity
on the gel activity assay, suggesting that the Asp392 mutant did not directly
participate in the catalysis (Suginta et al., 2005).

Effects of point mutation of the aromatic residues located within the substrate
binding cleft of VhChiA were studied. These residues included Trpl68, Tyrl71,
Trp275, Trp397, and Trp570. Substitutions of Trpl68, Tyrl71, and Trp570 to Gly
abolished the hydrolyzing activity against colloidal chitin almost completely and
greatly reduced the hydrolyzing activity against the pNP-GIcNAc,. Mutant W570G
showed the most severe effects on the hydrolyzing activity, having no activity against
colloidal chitin. In the modeled 3D structure of inactive mutant E315M in complex
with GIcNAcs, Trp570 was closest to the sugar ring at subsite -1, which suggested
that it is likely to be responsible for holding the GIcNACc ring at this position in place
so that cleavage of the glycosidic bond between subsites -1 and +1 can occur
(Songsiriritthigul et al., 2008). A time course study of GICNAcs hydrolysis using thin-
layer chromatography assay exhibited distinct hydrolytic patterns between wild-type
and mutants W275G and W397F, but no difference in colloidal chitin hydrolysis. This

modification of the cleavage patterns of chitooligomers suggested that residues
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Trp275 and Trp397 play the critical role in the substrate binding at the subsites -1, +1,
and +2 (Suginta et al., 2007). A more recent report suggested that both Trp275 and
Trp397 are also involved in the anomer selectivity of soluble substrates and involved
in the feeding process, which facilitates a degradation of chitin polymer in progressive

manner (Suginta et al., 2009).

1.8 Research objectives

Since the structural data suggest that bacterial family-18 chitinases contained
several surface-exposed residues located near or within the ChDB which may
contribute to chitin binding, the first part of this study focused on site-directed
mutagenesis and functional characterization to demonstrate the influence of such
residues on the enzymatic properties of VhChiA.

The second part of the study attempted to identify new inhibitor molecules
which are effective against family-18 chitinases. In this study, seven VhChiA
inhibitors were identified from the Library of Pharmacological Active Compounds
(LOPAC) via a high throughput screening technique. These compounds showed ICs
values as submicromolar concentrations, and included chelerythrine, dequalinium,
Idarubicin, 2-(imidazolin-2-yl)-5-isothiocyanatobenzofuran, pentoxifylline,
propentofylline, and sanguinarine. The effects of the inhibitors on VhChiA activity
were investigated by means of enzyme activity assays, dose respond curves, intrinsic
fluorescence spectroscopy, isothermal titration calorimetric assay and 3D structures of
the enzyme-inhibitor complexes. The objectives of this study include:

1. To mutate the surfaced-exposed residues located near the ChBD or

outside the CatD which are important for chitin binding and hydrolysis
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by the site-directed mutagenesis technique.

2. To highly express, and purify the mutated proteins in E. coli M15.

3. To investigate the effects of the mutations on binding and hydrolytic
activities of VhChiA using appropriate biochemical techniques.

4. To identify the newly VhChiA inhibitors and determine the crystal
structures of VhChiA wild-type and mutant W275G in complex with
inhibitors.

5. To investigate the protein-ligand interactions with intrinsic fluorescence

spectroscopy and isothermal titration.



CHAPTER 11l

MATERIALS AND METHODS

2.1 Chemicals and reagents

2.1.1 Bacterial strains and plasmids

Escherichia coli strain DH5a was used as a routine host for amplification of
recombinant plasmids. XL1-Blue supercompetent cells were used as a host for
transformation of the recombinant plasmid harboring the mutated DNAs. E. coli type
strain M15(pREP4) cells carrying the pREP4 repressor plasmid was used for
overexpression of the lac repressor protein (QIAGEN GmbH., Hilden, Germany).
The pQE-60 expression vector harboring the V. harveyi chitinase A gene fragment

was used for high-level expression of recombinant chitinases.

2.1.2 Site-directed mutagenesis and plasmid purification

PfuTurbo® DNA polymerase, 10x Pfu DNA polymerase reaction buffer and
Dpn | restriction enzyme were purchased from Stratagene (Stratagene Corp., CA,
USA); dATP, dCTP, dGTP, dTTP, and QIlAprep® Spin Miniprep kit were purchased
from QIAGEN (QIAGEN GmbH., Hilden, Germany). Ethidium bromide, agarose,
and HyperLadder™ 1 DNA marker were products of Bioline (Bioline USA Inc.,

Tacerton MA, USA).
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2.1.3 Protein expression and purification

Consumables and chemicals used for protein expression and purification were
obtained from the following sources: disposable columns for Ni-NTA agarose
chromatography (1.0 x 10 cm) from Biorad, (Bio-Rad Laboratories, Inc., CA, USA),
Ni-NTA agarose resin from QIAGEN and ultrafiltration membrane concentrators
(M, 10,000 cut-off) from Vivascience (Vivascience, Hanover, Germany), HisTrap™
HP column (5.0 x 1.0 ml) was from GE Healthcare (GE Healthcare, WI, USA);
dialysis cassette (0.5 x 3.0 ml; M, 30,000 cut-off) from Thermo Fisher Scientific
(Thermo Fisher Scientific Inc., MA, USA), ampicillin, kanamycin, bovine serum
albumin (BSA), isopropyl-s-D-thiogaltopyranoside (IPTG), hen egg white lysozyme,
phenylmethylsulfonyl fluoride (PMSF), bacto tryptone and bacto yeast extract from
USB (Affymetrix, Inc., OH, USA), calcium chloride, potassium chloride, sodium
chloride, disodium ethylene diamine tetraacetate (EDTA), glycerol, glycine,
imidazole, tris base, SDS, acrylamide, N,N’-methylene bisacrylamide, TEMED,
ammonium persulfate, coommassie brilliant blue R-250, 2-mercaptoethanol, glacial
acetic acid, bromophenol blue and methanol from Sigma-Aldrich (Sigma-Aldrich

Inc., MO, USA).

2.1.4 Enzyme kinetics
2.1.4.1 Reagents and buffers
p-Dimethylaminobenzaldehyde (DMAB), dinitrosalicylic acid (DNS)
sodium tetraborate, sodium acetate, sodium hydroxide, ammonium acetate, sodium

citrate, citric acid, monobasic sodium phosphate, and dibasic sodium phosphate were
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purchased from Carlo Erba (Carlo Erba Réactifs-SDS, Peypin, France). Triton X-100

was a product of USB.

2.1.4.2 Substrates for chitinase assays

N-acetyl-chitooligosaccharides (di-N-acetyl-chitobiose, tri-N-acetyl-
chitotriose, tetra-N-acetyl-chitotetraose, penta-N-acetyl-chitopentaose, hexa-N-acetyl-
chitohexaose), and p-nitrophenyl-di-N-acetyl-chitobioside (pNP-GIcNAc;) were
products of Seikagaku (Seikagaku Corp., Tokyo, Japan). 4-Methylumbelliferyl
S-N,N'-diacetylchitobioside  (4MU-GIcNAc;), 4-Methylumbelliferyl  p-N,N’,N"-
triacetylchitiotrioside ~ (4MU-GIcNAc3z),  p-nitrophenyl-tri-N-acetyl-chitotrioside

(pPNP-GIcNACs3), and chitin flakes were purchased from Sigma-Aldrich.

2.1.4.3 Chitinase inhibitors

Chelerythrine  (CHE), dequalinium (DEQ), idarubicin (IDA),
2-(imidazolin-2-yl)-5-isothiocyanatobenzofuran ~ (IMI),  pentoxifyllin ~ (PEN),
propentofylline (PRO), sanguinarine (SAN), methysergide maleate (MET), and
2-bromo-a-ergocryptine methanesulfonate (BRO) were purchased from Sigma-

Aldrich.

2.1.5 Protein crystallization
2.1.5.1 Crystallization screening and optimization
20 mm siliconized glass cover, 20 micron CryoLoops™, CrystalCap
Magnetic™ with vial, Glass Dewar, CryoCane, CryoSleeve, Magnetic Crystal

Wand™, vial Curved Clamp™, Long CryoTongs™, CrystalWand™, microbatch
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crystallization oils and Dow Corning® vacuum grease were products of Hampton
Research (Hampton Research Corp., CA, USA). MicroWell™ MiniTrays (60-well
microwell plates) were from Nunc™ (Thermo Fisher Scientific Inc., MA, USA).
Linbro Plates (24-well tissue culture plates) with cover were from Linbro® (Linbro
Division, Flow laboratories Inc., CA, USA). Crystal Screen HR2-110 and Crystal
Screen HR2-112 were products of Hampton Research and JBScreen HTS Il was a

product of Jena Bioscience (Jena Bioscience GmbH., Jena, Germany).

2.1.5.2 Buffers and precipitants

Sodium citrate tribasic dihydrate, sodium acetate hydrate and
2-propanol were obtained from Carlo Erba. Ammonium phosphate monobasic,
ammonium sulfate, ammonium acetate, calcium acetate hydrate, sodium cacodylate
trihydrate, MES (2-(N-morpholino) ethanesulfonic acid), MOPS (3-(N-morpholino)
ethanesulfonic acid), PIPES (piperazine-1,4-bis(2-ethanesulfonic acid), HEPES
(N-(2-hydroxyethyl) piperazine-N-(2-ethanesulfonic acid)), triton X-100, PEG 400,
PEG 1500, PEG 4000 and PEG 20000 were purchased from USB. (+/-)-2-Methyl-2,4-

pentanediol (MPD) was purchased from Hampton Research.

2.2 Instrumentation

2.2.1 Instrumentation used at Suranaree University of Technology (SUT),

Thailand

All instruments required for molecular cloning, recombinant protein
expression, protein purification, protein characterization and preliminary

crystallization are located at the Center for Scientific and Technology Equipment at
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Suranaree University of Technology, Nakhon Ratchasima, Thailand. These
instruments include a Sonopuls Ultrasonic homogenizer with a 6-mm diameter probe,
microtiter plate reader (Applied Biosystems, CA, USA), Mastercycler® personal PCR
thermocycler (Eppendorf AG., Hamburg, Germany), DNA gel apparatus (Pharmacia
Biotech, SF, USA), Gemini EM microplate fluorometer (Sunnyvale, CA, USA),
Jenway UV-VIS spectrophotometer (Bibby Scientific Ltd., Staffordshire, UK),
Olympus CX40 stereomicroscope (Olympus Optical Co., Ltd., Tokyo, Japan),
Gel-Doc 2000 Gel document system (Bio-Rad Laboratories, CA, USA), and an LS-50
fluorescence spectrometer (PerkinElmer Ltd., Instruments & Life Sciences, Bangkok,

Thailand).

2.2.2 Instrumentation used at the Max-Planck-Institut fir Molekulare

Physiologie (MPI), Dortmund, Germany

The instruments required for protein expression and purification and protein
characterization included HC-2000 microfluidizer (Microfluidics, Lampertheim,
Germany), AKTA purifier system (GE Healthcare), Tecan GENios Pros microplate
reader (Tecan Group Ltd., Mannedorf, Switzerland), Thermomixer Comfort
(Eppendorf AG., Hamburg, Germany), ITC-200 system (MicroCal, Inc., MA, USA),
a Zeiss stemi 200-C stereo microscope (Carl Zeiss Microlmaging GmbH., Go6ttogen,
Germany), mounted with a color video camera (Sony Corp., Tokyo, Japan). Protein
crystallography instruments required for initial data collection are located at the MPI,
Dortmund, Germany. These include a Rigaku Micromax HF-007 rotating anode
generator and two MAR Research image plate detectors on a Nonius FR-591

generator (Rigaku Corp., Berlin, Germany). Data collections were performed at the
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beamline PX-1I of the Swiss Light Source located in Villigen, Switzerland using a
MAR Research CCD detector. Some data sets were collected on a Bruker Microstar
rotating anode generator (Bruker ASX Inc., WI, USA) equipped with Xenocs Fox
mirrors (Xenocs SA., Sassenage, France) and a MAR Research DTB image plate

detector.

2.3 Analytical programs

The crystallographic programs used for data scaling, processing, model
rebuilding and structural refinement included XDS program (Kabsch, 1993),
MOLREP (CCP4, 1994), REFMAC (CCP4, 1994), COOT (Emsley and Cowtan,
2004), Maestro (www.schrddinger.com), PRODRG servers (Schittelkopf, 2004),
PROCHECK (Laskowski, 1993), WHAT IF (Vriend, 1990), PYMOL
(www.pymol.org) and LIGPLOT (Wallace, 1995). All of these programs were

operated under the Linux operating system.

2.4 PCR primers

The oligonucleotide primers used for generation of recombinant chitinase A
mutations of Ser33—Ala (S33A), Ser33—Trp (S33W), Trp70—Ala (W70A),
Trp231—Ala (W231A), Trp231—>Phe (W231F), Tyr245-Ala (Y245A), and
Tyr245—->Trp (Y245W) are shown in Table 2.1. Such oligonucleotides were
synthesized by BioService Unit (BSU), the National Science and Technology

Development Agency (NSTDA), Thailand.


http://www.pymol.org/
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Table 2.1 Primers for site-directed mutagenesis.

Mutation Primers

Ser33— Ala  Forward 5’-CGATATGTACGGTGCG’AATAACCTTCAATTTTC-3’
(S33A) Reverse 5°- GAAAATTGAAGGTTATTCGCACCGTACATATCG-3’
Trp70—»Ala  Forward 5’-GAAATTTAACCAGGCGAGTGGCACATCTG-3’
(WT70A) Reverse 5’-CAGATGTGCCACTCGCCTGGTTAAATTTC-3°
Trp231—Ala  Forward 5'-GTTATCCATGAT’CCGGCGGCAGCTTATC-3’
(W231A) Reverse 5’-GATAAGCTGCCGCCGGATCATGGATAAC-3’
Tyr245—Ala  Forward 5’-GTCATGAAGCGAGCACGCCAATCAAG-3’
(Y245A) Reverse 5’-CTTGATTGGCGTGCTCGCTTCATGAC -3’
Ser33—»Trp  Forward 5’-CGATATGTACGGTTGGAATAACCTGCAATTTTC-3’
(S33w) Reverse 5’-GAAAATTGCAGGTTATTCCAACCGTACATATCG -3’
Trp231—Phe  Forward 5’-GGTTATCCATGACCCGTTTGCAGCTTATCAG-3’
(W231F) Reverse 5’-CTGATAAGCTGCAAACGGGTCATGGATAACC-3’
Tyr245—Trp  Forward 5’-CAGGTCATGAATGGAGCACGCCAATCAAG-3’
(Y245W) Reverse 5’-CTTGATTGGCGTGCTCCATTCATGACCTG-3’

“Sequences underlined indicate the mutated codons. "Sequences in bold represent the
codon being modified to achieve the T, value as required for Quick-Change

Site-Directed Mutagenesis.

2.5 Mutational design and site-directed mutagenesis

A comparison of the putative amino acid sequence of VhChiA with other
bacterial sequences displayed several surface-exposed residues located near the ChBD
and could potentially act as chitin binding residues. Such residues included Ser33,
Trp70, Trp231, and Tyr245. To demonstrate the effects of these residues on the chitin
binding and enzymatic properties of VhChiA, they were mutated using the Quick-
Change Site-Directed Mutagenesis kit (Stratagene). The PCR reaction mix and PCR
conditions used in the mutagenic reactions are shown in Table 2.2 and Table 2.3,

respectively. The pQEG60 plasmid harboring the chitinase A DNA lacking the residues
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598-850 C-terminal fragment was used as DNA template. Mutations of the desired
nucleotides were carried out using the PCR-based strategy, employing the mutagenic
primers presented in Table 2.1. The PCR amplification product was verified by
agarose gel electrophoresis. The PCR products were digested with Dpn | restriction
enzyme for 1 hour at 37°C to remove the non-mutated DNAs. The Dpn I-treated
DNAs were transformed to XL1-Blue super competent cells. Afterwards, the
transformed cells were spread on LB-agar containing 100 ug/ml ampicillin. Plasmids
obtained from positive colonies were extracted with QIAGEN Plasmid Miniprep.
After the mutated DNAs were confirmed by automatic DNA sequencing, the plasmids
harboring the mutated DNAs were transformed to E. coli M15 cells for high level of

recombinant protein expression.

Table 2.2 The PCR reaction used for site-directed mutagenesis.

Reagent Volume Final concentration
PfuTurbo DNA polymerase (2.5 U/ul) 0.5ul 0.05 U/ul
10 x reaction buffer 2.5ul 1X
Oligonucleotide forward primer 0.625 pul 0.25 uM
Oligonucleotide reward primer 0.625 ul 0.25 uM
DNA template 2.0l Variable
dNTP mix 0.5 ul 0.2 mM

Total volume 25 ul
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Table 2.3 The PCR conditions used for site-directed mutagenesis.

PCR step Cycle Temperature Time
Hot start 1 97°C 5 seconds
Denaturation start 1 97°C 30 seconds
Denaturation 97°C 30 seconds
Annealing 1-18 55°C 1 minute
Extension 68°C 5.3 minutes

2.6 Structure-based sequence alignment and homology modeling

Amino acid sequence alignment was constructed by the program MegAlign
using the CLUSTAL method algorithm in the DNASTAR package (Biocompare, Inc.,
CA, USA) and displayed in Genedoc (www.psc.edu/biomed/genedoc). The amino
acid sequence of the VhChiA was aligned with five selected bacterial chitinase
sequences available in the Swiss-Prot or TrEMBL database. The secondary structure
elements of VhChiA were obtained by the PHD method available in PredictProtein
(www.predictprotein.org). The modeled tertiary structure of the VhChiA was built by
Swiss-Model using the X-ray crystal structure of SmChiA E315L mutant complex
with hexaNAG (PDB code: 1NH6) as structure template. The co-ordinates of
GIcNAcs were modeled into the active site of the Vibrio enzyme and the target
residues were located by superimposing the C, atoms of 459 residues of VhChiA with
the equivalent residues of SmChiA E315L complex, using the program Superpose
available in the CCP4 suit. The predicted structure was viewed with Pymol

(www.pymol.org).
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2.7 Expression and purification of chitinase A variants

For preparation of the recombinant enzymes, single colonies of E. coli M15
(pREP4) cells were picked and grown at 37°C in 1 ml of Luria—Bertani (LB) medium,
containing 100 pg/mlampicillin and 25 pg/ml kanamycin (LB/Amp/Kana). After 5-6
hours of incubation, cell culture (20 ul) was transferred to 20 ml LB/Amp/Kana
medium, then further incubated overnight at 37°C for 16-18 hours. In the next step, 10
ml of the overnight cell culture was transferred to 1 liter of LB/Amp/Kana, then
incubated at 37°C until the ODgg reached 0.6. Then, isopropyl thio-B-D-galactoside
(IPTG) was added to the cell culture to a final concentration of 0.5 mM for induction
of the recombinant chitinase. Incubation was continued at 25°C overnight with
shaking. The cells were then harvested by centrifugation at 6000 rpm for 15-20 min at
4°C and then disrupted in lysis buffer: (20 mM Tris-HCI buffer, pH 8.0, 150 mM
NaCl) with a HC-2000 Microfluidizer. Unbroken cells and cell debris were removed
by centrifugation, while the soluble chitinase was purified from the supernatant by
affinity chromatography. The crude supernatant containing 20 mM imidazole was
applied under gravity onto a Ni-NTA agarose column (5.0 x 1.0 ml; QIAGEN).
To remove unspecific proteins, the column was washed with 10 CV of equilibration
buffer (20 mM Tris-HCI buffer, pH 8.0, 150 mM NaCl), followed by 20 mM
imidazole in the equilibration buffer. The column was eluted with 250 mM imidazole
in the equilibration buffer, and then applied onto a Vivaspin-20 ultrafiltration
membrane concentrator (M, 10,000 cut-off, Vivascience AG.) to obtain a small
volume of the enzyme and for removal of imidazole. For protein crystallization
experiments, the concentrated enzyme obtained from the first Ni-NTA agarose

column was further purified by a HisTrap™ HP column (5.0 x 1.0 ml; GE Healthcare,
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Munich, Germany) connected to an AKTA purifier system (GE Healthcare). The
running buffer was 20 mM Tris-HCI, pH 8.0, containing 150 mM NacCl. A flow rate
of 1.0 ml/min was maintained. The protein was eluted with a linear gradient from 0 to
300 mM imidazole in the running buffer. Fractions of 1.0 ml were collected and
fractions containing chitinase were pooled, exchanged into 10 mM Tris-HCI buffer,
pH 8.0, and concentrated in a Vivaspin-20 ultrafiltration membrane concentrator
(M, 10,000 cut-off). Purity of the enzyme was verified by SDS-PAGE, following the
method of Laemmli (Laemmli, 1970). The final concentration of the protein was

determined by Bradford’s method (Bradford, 1976) with a calibration curve of BSA

(0-25 pg).

2.8 High-throughput screening

Potential chitinase inhibitors were screened from the “Library Of
Pharmacologically Active Compounds” or “LOPAC” (Sigma-Aldrich). The general
set-up of the primary screen was described by Prinz and Schénichen, 2008. Briefly,
5 ul of 1 mM substrate (pNP-GICNAC;) were added to 5 pl of the purified chitinase
and 200 uM of the respective inhibitor. The reaction buffer consisted of 50 mM
Tris-HCI, pH 7.5, 50 mM NaCl, 1 mM dithiothreitol (DTT), and 0.025% (v/v) nonyl
phenoxylpolyethoxylethanol (NP-40). Formation of p-nitrophenylate (pNP) as a result
of pNP-GIcNAc; hydrolysis by VhChiA was monitored continuously for 30 min by
absorbance measurement at 405 nm (A4gs). The reaction rate without enzyme was
taken as 0% activity and without inhibitor as 100% activity. Dose-response curves of

the inhibitors obtained from the initial screen were generated either from the pNP
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assay (Tabatabai and Bremner, 1969; Sinsabaugh and Linkins, 1990) or from the

DMAB assay (Boller and Mauch, 1988).

2.9 Determination of dose-response curves

Dose-response curves were carried out using chitohexaose with the reaction
containing 0-500 uM substrate and VhChiA (50 pg of wild-type, 250 ug of W275G or
0.4 pg of W397F) in 100 mM sodium acetate buffer, pH 5.5. The reaction mixture
was titrated with a two-fold dilution series to obtain a concentration range of 1 nM to
1 mM of each inhibitor. Residual chitinase activity was assessed by the DMAB assay.
Similar dose-activity curves were measured independently by hydrolysis of
PNP-GIcNAC,. A two-fold dilution series of inhibitor was incubated with 0.25 uM
chitinase in 20 mM Tris-HCI buffer, pH 7.5, containing 100 mM ammonium acetate
and 0.025% (v/v) Triton X-100, for 10 min before the substrate was added to a final
concentration of 125 puM. The progress of the reaction (Asps) was monitored
continuously at 28°C for 16 min in the Tecan GENios Pros microplate reader. The
slope obtained from a linear portion of the reaction curve was taken as the initial
velocity using the standard calibration curve of pNP (0.4-25 nmol). For mutant
W275G, 2 uM of the enzyme and 250 uM of pNP-GIcNAc; were used. The ICs
value for each inhibitor was estimated from the dose response curves (Figure 3.10)

using the 4-parameter logistic (4PL) fit. The mathematical equation used of 4PL fit is

Ymin—Ymax

HillSlope ;
1 +( 1] ) }

where y is the fractional activity of the enzyme in the

ICsq

y:ymax+[

presence of inhibitor at the concentration [I], V4, iS the maximum value of y that is

observed at zero inhibitor concentration, y,,;, IS the minimum value of y that is
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observed at very high inhibitor concentration, and HillSlope describes the steepness of
the curve. This variable is called the Hill slope, the slope factor, or the Hill

coefficient.

2.10 Determination of three-dimensional structures of

chitinase-Inhibitor complexes

2.10.1 Protein crystallization of the wild type chitinase and mutants

W275G and W397F

Crystallization screening experiments were carried out by the microbatch
method using the screening kits: Crystal Screen HR2-110 and Crystal Screen HR2-
112 (Hampton Research).

The microbatch screening was carried out manually. Each well of 60-well
microwell plates (NUNC™) was filled with 10 pl paraffin oil (Hampton Research).
One microliter of the precipitate solution was transferred to each well, then 1 ul of the
chitinase solution (10 mg/ml freshly-prepared in 10 mM Tris-HCI buffer, pH 8.0) was
added to each well without mixing. The protein samples were protected from
evaporation, contamination and physical shock by covering with the paraffin oil.
To prevent dust and debris contamination, the crystallization plate was covered with a
cover slide and placed on a moist sponge in a plastic box to minimize the evaporation
rate of the water through the oil. The plate was incubated at 22°C. Protein drops were
immediately examined after the screen setting under the stereomicroscope mounted
with a video camera. Crystal growth was examined under the microscope daily for

one week, and continued once a week afterwards.
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After positive conditions were obtained, the hanging drop technique was used
for further optimization. Optimization experiments were setup using a Linbro® Tissue
culture multi-well plate with cover. The positive conditions obtained from the
microbatch under oil were optimized by varying pH of buffer, concentrations of salt
and precipitant, protein concentrations and temperatures. A crystallization droplet of 2
pl was prepared by pipetting 1 pl of the chitinase solution on a 20 mm glass cover
slide, and then mixing with 1 pl of the required buffer and the precipitant. The droplet
was subsequently inverted and placed over a 1000 pl reservoir containing high
concentrations of the same buffer and the precipitant to allow the system to be
equilibrated properly. The protein droplet prepared on a covered slide sealed with
high-vacuum grease was incubated at 22°C and examined regularly until small
crystals, plates, rods, needle clusters or single crystals were observed.

To obtain X-ray quality single crystals, further optimization was carried out by
microseeding using either a manual pipetting or streak seeding technique.
For microseeding, the seed crystals obtained from the positive conditions from the
hanging drop method were crushed in a few microliters of the mother liquor, then the
seed solution was pipetted to a 1/2 or 1/10 dilution series in a proper precipitating
solution. For streak seeding, a whisker glued to a small rod was dragged into the seed
solution to pick up a small amount of the liquid containing microcrystals. The whisker
was then dipped into the pre-equilibrated drops containing different concentrations of
the chitinase. Crystals were allowed to grow in the drops with sufficiently high
precipitant concentration at 4°C.

Alternatively, macroseeding was used for optimization. A single seed was

washed with the mother liquor in a plastic petri dish, then placed in a pre-equilibrated
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drop of the mother liquor and the protein solution. The petri dish was gently swirled
to dissolve microcrystals.

After seeding, growth of crystals was observed in the crystallization plates
until the X-ray quality single crystals were obtained. The crystals were then mounted
in a nylon loop of the proper size for soaking experiment and for further data

collection.

2.10.2 Cryocrystallization and crystal storage

A cryotechnique was employed to prevent crystal damage from ice formation
and to stabilize the crystals during flash cooling and protect them from X-ray
radiation damage. The crycroprotection solution was prepared by addition of 10%
(w/v) glycerol while keeping the concentration of the crystallization precipitant
unchanged. For the crystallization condition containing the precipitant, which already
served as the crycroprotectant, such as 2-propanol, MPD ((+/-)-2-methyl-2,4-
pentanediol) and DMSQO, the concentration of the precipitant was then increased
slightly to enhance its crycroprotectant property. To perform shock-cooling, the
crystal was carefully picked by a suitable size of a cryoloop, then the crystal was

immediately immerse into liquid nitrogen before X-ray diffraction was performed.
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2.10.3 Data collection and processing

Preliminarily data were collected on a home source. The crystals that provided
high-quality datasets were then further analyzed at the synchrotron light source. For
in-house X-ray diffraction, the diffraction data were collected either on a MAR
desktop beamline image plate detectors, operating on a Rigaku Micromax HF-007
rotating anode generator or on a MAR research image plate detector on a Nonius
FR-591 generator. All the detector systems were equipped with Oxford Cryostream
devices. One of the MAR systems was equipped with an automatic sample changer
was located at the Max-Planck Institute for Molecular Physiology, Dortmund,
Germany. To perform data collection, the flash-frozen crystal was mounted on the
goniometer head, which was adjusted to the beam center with one side of the crystal
being perpendicular to the X-ray beam. The distances between crystal and the detector
were varied from 100 to 150 mm. The exposure times were varied between 1 to 15
min to ensure that the diffraction spots were still visible at high background. Once a
satisfactory image was visualized, it was further analyzed by DENZO software
(Otwinowski and Minor, 1997) to obtain preliminary data about the crystal quality,
the unit-cell dimensions, the space group, the lattice type, the unit cell parameters, the
crystal orientation and the completeness. The data were collected using the rotation
method to obtain a complete data set.

For crystals complexed with the inhibitors, the best diffracted crystals, in
which the electron density of the inhibitor was observed in the active site, were
collected on beamline PX-Il of the Swiss Light Source, as mentioned earlier. Some
data sets were collected on a Bruker Microstar rotating anode generator equipped with

Xenocs Fox mirrors and a MAR Research DTB image plate detector with



45

1° oscillations. The data sets were integrated and processed using program XDS
(Kabsch, 1993). The maximum resolution to which a crystal diffracted was
determined by analyzing the ratio of the measured intensity to its standard deviation,
I/o(1). All the data sets were scaled using the maximum resolution range of 2.45 to
1.16 A. Other criteria to assess the quality of the measured data were the

completeness, the redundancy, and the merging R-factor (Rmerge) (Rhodes, 2000).

2.10.4 Phase determination by the molecular replacement method

In this study, the molecular replacement method was employed to obtain phase
information using the program MOLREP (Vagin and Teplyakov, 1997; CCP4, 1994).
The first data set of the apo form of native VhChiA was solved using the crystal
structure of VhChiA inactive mutant E315M complexed with chitohexaose
(E315M+GIcNAcg) (PDB ID 3B9A, Songsiriritthigul et al., 2008) as a search model.
For the structures of the WT-inhibitor complexes and the W275G-inhibitor
complexes, the final model of native VhChiA was employed to obtain the phases of

all the data sets of the VhChiA-inhibitor complexes.

2.10.5 Model rebuilding and structural refinement

The COOT program (Emsley, 2004) was used to manually rebuild the model
structure. The search model E315M, complexed with chitohexaose (E315M+
GIcNAcs) (PDB ID 3B9A), was placed into a new unit cell, then an electron density
map was calculated using model phases and the observed structure factor amplitudes

(Rhodes, 2000). The Fourier difference maps (F-F.and 2F -F, maps) were generated

from the observed structure-factor amplitudes (|F,,.|) and the calculated amplitudes

obs
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(IF..)), where each |F | is derived from the measured reflection intensity and each

calc| obs

|Feol is the amplitude of the corresponding structure factor calculated from the

current model. Model rebuilding was carried out based on those two maps which were
re-calculated for each cycle of rebuilding and refinement with the program
REFMACS (Murshudov et al., 1997) available in the CCP4 suit. The atomic positions
and the B-factors of all atoms were refined to fit the observed diffraction data.

The agreement was measured by Rsactor Which is defined as;

2

IF_[-IF,]|

obs calc

Z |Fobs|

The crystallographic model of the apo form of the native VhChiA obtained by
the molecular replacement method using the search model (PDB ID 3B9A) as further
refined using REFMACS to the resolution of 2.7 A. The final model which had an
Rvaiue OF 21.5% and Rfee Of 31.5%, was then used as the template to solve the other
structural complexes with rigid body refinement. For rigid body refinement, these
models were divided into three domains. Domain 1 covers the residues 22 to 40;
domain 2 covers the residues 61 to 134; and domain 3 covers the residues 135 to 588.
These domains were moved as rigid units. The electron density maps were calculated
from the observed structure factor amplitudes of the structural model, then the models
were refined further to give the best fit to the density, while maintaining good
geometry with restrained refinement.

Molecular topologies of the inhibitors were created using Maestro
(www.schrodinger.com) and the PRODRG server (Schuttelkopf and van Aalten,

2004). The inhibitors were modeled into the corresponding 2F,-F. and F,-F; maps.
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During refinement, water molecules positioned within hydrogen bonding distance of
the model were identified from the electron density peaks in the F,-F. map and
included in the subsequent refinement steps.

Progress of the refinement was measured by Rgcor and Rgee Vvalues.
The crystallographic Rracior measures the agreement between the structure factors
calculated for the existing model and for the observed structure factors. A more
demanding and revealing criterion of model quality and of improvements during
refinement is the Rsee. TO cOmpute the Ryee, the data were divided into a work set and
a test set. The test set comprised a random selection of 5% of the observed reflections.
Only the work set was used to refine the model. The Rsee Was computed from the test
set, which was not included in the refinement process using the same equation. If the
structure was improved during refinement, both Rfcior and Rgee Should decrease.
The Rractor Usually ranges between 0.6 (a random set of reflections with given model)
and 0.2 (a well-refined model at a resolution of 2 A). The Rge should be
approximately the resolution in Angstroms divided by 10. Thus, a data set with 2 A
resolution should yield a final Rsree Of roughly 0.2.

From this study, the final refinement of all the structures were completed with
Rfactor OF 14.3% to 19.8% and R Of 17.7% to 25.9%, (Table 3.9 and 3.13), which

indicated that all the modeled structures were well refined.
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2.10.6 Validation of the quality of the model

To build the correct atomic model into the electron density, initial validation
was done in COOT (Emsley, 2004). The Ramachandran plot (Ramachandran et al.,
1963), which validates the torsional angles of a protein chain from a plot of the
dihedral angles v against @ of amino acid residues in protein structure was evaluated.
Water molecules that did not fit the electron density were deleted. The un-modeled
blobs of the electron density which were not accounted for by existing atoms were
also removed. Rotamers, were checked for unusual side-chain conformations. Finally,
the geometry of the structure was analyzed using the program PROCHECK
(Laskowski et al., 1993), and the hydrogen bond analysis was carried out with

WHAT _ IF (Vriend, 1990).

2.11 Determination of chitinase activity

2.11.1 Chitinase activity assay using the dimethylaminoborane (DMAB)

method

Chitinase activity was measured by the DMAB method using chitohexaose,
colloidal chitin and crystalline o chitin as substrates. The reaction mixture (500 pl),
containing 100 uM GIcNAcs or 1% (w/v) colloidal chitin, or crystalline o chitin, 50
ug of native enzyme or 200 pg of W275G or 0.4 ug of W397F, and 0.1 M sodium
acetate, pH 5.5, were incubated at 37°C in a Thermomixer Comfort. After 15 min of
incubation, the reaction was terminated by heating at 100°C for 5 min. A 200 pl
aliquot was then subjected to the DMAB assay. Release of the amino sugars was
detected spectrophotometrically at 585 nm and was converted to molar concentrations

using a standard calibration curve of GIcNAc; (0-8.75 mM) (Pantoom et al., 2008).


http://en.wikipedia.org/wiki/Ramachandran_plot
http://en.wikipedia.org/wiki/Torsion_angle
http://en.wikipedia.org/wiki/Dihedral_angle
http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Protein_structure
http://en.wikipedia.org/wiki/Rotamer
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2.11.2 Chitinase activity assay using the dinitrosalicylic acid (DNS)

method

Kinetic measurements were determined in a microtiter plate using GICNACs,
GIcNACcs, and colloidal chitin as substrates. A reaction mixture (100 pl), containing
0-500 uM substrate and chitinase (50 pg of wild type, 250 pug of W275G or 0.4 ug of
W397F) in 0.1 M sodium acetate buffer, pH 5.5, was incubated at 37°C for 15 min.
After boiling to 100°C for 3 min, the entire reaction mixture was subjected to the
reducing sugar assay using dinitrosalicylic acid (DNS) reagent, as described by Miller
(Miller, 1959). For colloidal chitin, the reaction was carried out the same way as the
other substrates, but concentrations of colloidal chitin were varied from 0 to 5% (w/v)
and 150 pg of wild type, 700 pug of W275G, or 200 pg of W397F chitinase was used.
The amounts of the reaction products were determined from a standard curve of
GIcNAc; (0-500 nmol). The Kinetic values were evaluated from the experiments
carried out in triplicate using the non linear regression function available in GraphPad

Prism version 5.0 (GraphPad Software Inc., SDG, USA).

2.11.3 Chitinase activity assay using pNP-glycosides

The pNP assay was carried out in 0.1 M acetate buffer, pH 5.5 using pNP-
GIcNAC, or pNP-GIcNACc; as substrates. A reaction mixture contained 25 ul of 500
MM substrate, 65 ul of 0.1 M sodium acetate buffer, pH 5.5, and 10 ul of the purified
enzyme. The reaction mixture was incubated at 37°C for 10 min, then 50 pl of 1.0 M
Na,CO3; was added to stop the reaction. Absorbance at 405 nm (A4gs) was measured
and molar concentrations of pNP were calculated using the pNP standard curve. One

unit of enzyme is defined as the amount releasing 1 nmol of pNP in 1 min at 37°C.
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2.11.4 Chitinase activity assay using 4MU-glycosides

A reaction mixture (50 ul) was prepared in a 96 well plate compatible with a
Gemini EM microplate fluorometer. The reaction contained 0.1 M sodium
citrate/citric acid, 0.2 M phosphate buffer, pH 5.5, 0.025% (v/v) Triton X-100 and the
fluorogenic substrate 4MU-GIcNAc, or 4MU-GIcNAc; at a concentration of 0.125
uM. The pre-mixed reaction without enzyme was pre-incubated at 28°C for 10 min
and then 25 nM of the wild type or 650 nM of W275G was added, then the reaction
was measured immediately at the excitation wavelength of 360 nm and the emission
wavelength of 450 nm. The progress was monitored for 30 min and the data were
analyzed using SoftMax Pro version 5.3 (SOFTmax PRO, Molecular Devices,
Sunnyvale, CA, USA). The amount of released 4-methylumbelliferone (4MU) was
converted to a molar quantity using the standard curve of 4MU (0.625-10 nM). The
kinetic values (Kca, Km, and kea/Km) were evaluated using a nonlinear regression

function available in GraphPad Prism version 5.0.

2.12 Steady-state kinetics

Kinetic parameters of the chitinase variants were determined using
chitohexaose or colloidal chitin as substrates. For chitohexaose, a reaction mixture
(200 pl), containing 0-500 uM GIcNAcg, and 50 pug of enzyme in 0.1 M sodium
acetate buffer, pH 5.5, was incubated at 37°C for 10 min. After boiling at 100°C for
3 min, the entire reaction mixture was subjected to the DMAB assay. For colloidal
chitin, the reaction was carried out the same way as the DNS assay, but concentrations
of colloidal chitin were varied from 0 to 5.0% (w/v). The amounts of the reaction

products produced from both substrates were determined from a standard curve of
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GIcNAc; (0-1.75 umol). The kinetic values were evaluated from the experiments
carried out in triplicate using the nonlinear regression function obtained from the

GraphPad Prism software.

2.13 Chitin binding assay and determination of adsorption binding

iIsotherm

The chitin binding assay was assayed at 0°C to minimize hydrolysis. For the
time course study, a reaction mixture (500 pl), containing 1.0 umol enzyme, and
1.0 mg of chitin in 20 mM Tris-HCI buffer, pH 8.0, was incubated for 1.25, 2.5, 5,
10, 15, 20, 25, and 30 min, and then the supernatant was collected by centrifugation at
12000 x g at 4°C for 10 min. The concentration of the remaining enzyme (Es) in the
supernatant was determined by Bradford's method, while the concentration of the
bound enzyme (E,) was calculated from the difference between the initial protein
concentration (E;) and the free protein concentration (Ef) after binding. The chitin
binding assay was also carried out with crystalline a chitin and colloidal chitin.
A reaction (set as above) was incubated for 60 min at 0°C, then the chitin-bound
enzyme was removed by centrifugation, and the concentration of the free enzyme was
determined. For adsorption isotherm experiments, the reaction assay (also prepared as
described above) containing varied concentrations of the chitinase from 0 to 7.0 uM
was incubated for 60 min at 0°C. After centrifugation, the concentration of free
enzyme in the supernatant was determined. A plot of [Ep] vs [Ef] was subsequently
constructed and the binding dissociation constants (Kp) of wild-type and mutants were

estimated using a nonlinear regression function in the GraphPad Prism software.
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2.14 Determination of the inhibitor binding modes using isothermal

microcalorimetry (ITC)

ITC experiments were performed with the ITC-200 system. Measurements
were carried out at 25°C with a stirring speed at 1000 rpm. After the baseline was set
with distilled water, 4 ul of 250 uM DEQ or 500 uM SAN or PEN was injected into
the 300 pl calorimeter cell containing 20 mM sodium acetate, pH 5.5, and 25 uM
enzyme. The injections were repeated 20 times over 90 sec intervals. The background
was measured by injecting the inhibitor into the cell containing only buffer. The ITC
experiments of the mutated VhChiA were performed as described for the wild-type
experiments with higher concentrations of the reaction components 100 puM of the
W275G enzyme with ImM DEQ or 2 mM SAN or PEN and 50 nM of W397F with
500 uM DEQ or 100 uM SAN and PEN were used. All the measurements of mutant
W275G were conducted at 18°C in 20 mM sodium acetate buffer, pH 5.5, as the
similar condition as the measurement of W397F with DEQ and SAN. The only
exception was the measurement of W397F with PEN, which was done in 20 mM Tris-
HCI buffer, pH 8.0. After subtracting the background, titration curves were fitted
using the most appropriate algorithms supplied with the instrument.

The ITC data were evaluated using MicroCal Origin vs 7.0 software. All the
data were corrected by subtracting heat released from titration of inhibitor in buffer
without enzyme. The data were fitted to a theoretical titration curve using the most
appropriate model by Origin version 8.0. The measured heat changes as a function of
ligand concentrations, provided information on the binding enthalpy (AH) in kcal

mol®, and the binding affinity by means of the equilibrium association constant (Ka)
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from the maximal slope of the sigmoidal part and the number of binding sites (n)
from the positions of the inflection point relative to protein concentrations. The
equilibrium dissociation constant (Kp) was calculated from 1/Ka The Gibbs free
energy was obtained from the equation: AG = AH-TAS = RTIn(Kp) Where, AG, AH,
and AS are the changes in the Gibbs’ free energy, enthalpy, and entropy of binding,
respectively. R represents the gas constant (1.98 cal K'mol™) and T the absolute
temperature in kelvin (K).

The quantity ¢ = Ka M¢(0), where M(0) is the initial macromolecule
concentration of importance in titration microcalorimetry. All experiments were

performed with the ¢ values set between 1 < ¢ < 500.

2.15 Determination of chitinase-inhibitor interactions using

fluorescence spectroscopy

The purified wild-type chitinase (0.25 puM) was titrated with different
concentrations of the inhibitors (0.005-100 uM) in 20 mM Tris-HCI, pH 8.0, at 25°C.
Changes in intrinsic tryptophan fluorescence were monitored directly on a LS-50
fluorescence spectrometer. The excitation wavelength of 295 nm and emission
intensities were collected over 310-450 nm with the excitation and emission slit
widths being kept at 5 nm. Each protein spectrum was corrected for the buffer
spectrum. The fluorescence intensity data were analyzed by a nonlinear regression

function available in Prism version 5.0 using the following single-site binding model:



54

F _ | F _
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Where F and F refer to the fluorescence intensity in the presence and absence
of ligand, respectively, [Lo] is the initial ligand concentration, Kp is the equilibrium
dissociation constant and NS is the non specific binding that does that dissociated

(plateau).



CHAPTER 111

RESULTS

PART I

FUNCTIONAL ROLE OF THE SURFACE-EXPOSED RESIDUES
ON THE BINDING AND HYDROLYTIC ACTIVITIES OF

CHITINASE A FROM VIBRIO HARVEYI

3.1 Homology modeling and sequence analysis

Studies of the substrate binding residues revealed a number of conserved
aromatic residues which are located in the active site of VhChiA. These residues
include Trpl68, Tyrl71, Trp275, Trp397, and Trp570. These residues were found to
be important in binding to chitooligosaccharide substrates (Suginta et al., 2007;
Songsiriritthigul et al., 2008). There are also the surface-exposed residues positioned
outside the substrate binding cleft and extending towards the N-terminal ChBD that
are conserved and their function may be relevant to binding and hydrolysis of
crystalline chitin (Watanabe et al., 2001; Uchiyama et al., 2001). Figure 3.1
represents the modeled 3D-structure of VhChiA that was built based on the crystal

structure of SmChiA mutant E315L complexed with GIcNAcs. In the modeled
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structure, four surface-exposed residues (Trp70, Ser33, and Trp231, and Tyr245) are
found to align linearly with each other. Trp70 and Ser33 are positioned at the end of
the N-terminal ChBD, whilst Trp231 and Tyr245 are found outside the substrate
binding cleft where they are part of the TIM barrel catalytic domain. A structure-
based alignment (Figure 3.2A) of the N-terminal ChBD of Vibrio and Serratia
chitinases with the C-terminal fragment that covers the ChBD of Bacillus WL-12
chitinase Al (ChBDChiAl), showed that the residues Trp656 and Trp687 of the
ChBDChiA1 are well aligned with Ser33 and Trp70 of V. harveyi chitinase A. With
respect to the alignment of the catalytic domain (Figure 3.2B), Trp231 of the Vibrio
chitinase is equivalent to Trpl22 and to Phe232 of the Bacillus and Serratia
chitinases. For Tyr245, this residue is replaced by Trpl34 and Trp245 in the
B. circulans and S. marcescens sequences, respectively. The residues Trp245 and
Tyr231 are found as part of the catalytic (a/B)s TIM barrel. In this study, the
functional roles of the four amino acid residues (Ser33, Trp70, Trp231, and Tyr245)

located on the surface of V. harveyi chitinase A were investigated.
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Trp70 Ser33 Tyr245

\j \ \

Ala Ala/Trp Trp

Figure 3.1 Swiss-model 3D-structure of VhChiA.

A ribbon representation of the 3D-structure of VhChiA chitinase A was constructed
based on the X-ray structure of SmChiA E315L mutant as described in the text. The
N-terminal ChBD is presented in cyan, the TIM barrel domain in yellow and the small
insertion domain in green. The coordinates of GICNACs that are modeled in the active
site of the Vibrio enzyme are shown as a stick model with N atoms in blue and O
atoms in red. The mutated residues (Ser33, Trp70, Trp231, and Tyr245) and other

substrate binding residues are also presented in stick model (magenta).
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Figure 3.2 Structure-based alignment of VhChiA with S. marcescens chitinase A and

"\
J

B. circulans chitinase Al.

(A) The N-terminal ChBDs of VhChiA (residues 22-138) and SmChiA (residues
24-137) are aligned with the C-terminal fragment (residues 648-699), covering the
ChBD of B. circulans WL-12 chitinase Al. (B) An alignment of the catalytic domain
of the three bacterial chitinases with residues 160 to 289 of VhChiA are displayed.
Conserved residues are shaded in blue, whereas the residues that are aligned with
Ser33, Trp70, Trp231, and Tyr245 of VhChiA are shaded in red. ChiA_Vibca:
VhChiA (Q9AMP1), ChiA_Serma: SmChiA (P07254), and ChiAl_Bacc: B. circulans
chitinase Al (P20533). B-strand is represented by an arrow, a-helix by a cylinder and

loop by a straight line.
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3.2 Mutational design and site-directed mutagenesis

To investigate the functional roles of Ser33, Trp70, Trp231, and Tyr245 on
binding and hydrolytic activities of VhChiA, they were mutated by sited-directed
mutagenesis using the QuickChange Site-Directed Mutagenesis kit (Stratagene). The
pQE6O plasmid harboring the ChiA DNA lacking the residues 598-850 C-terminal
fragment, was used as DNA template. The PCR products of the mutated DNAs had
the expected size of 5.2 kb, which is the sum of the sizes of the pQE60 plus the wild-
type DNA together (Figure 3.3). The mutated DNAs were sequenced by automated

DNA sequencing (BSU, Bangkok, Thailand) to verify the correct mutations.
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Figure 3.3 Agarose gel electrophoresis of the PCR products of VhChiA DNA
fragment obtained by site-directed mutagenesis. Lane 1, 1-kb DNA markers; lane 2,
wild-type chitinase A; lane 3, S33A; lane 4, S33W; lane 5, W231A,; lane 6, W231F;

lane 7, W70A; lane 8, Y245A, and lane 9, Y245W.

3.3 Expression and purification of VhChiA and mutants

The chitinase A wild-type and all the mutants (Ser33A, S33W, Trp70A,

Trp231A, Trp231W, and Try245W) were expressed as the C-terminally (His)s tagged
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fusion protein. After a single-step purification by Ni-NTA agarose affinity
chromatography, the yields of the purified proteins were estimated to be approx. 20 to
25 mg/ml per liter of bacterial culture. All the mutated proteins displayed a single
band of molecular weight of 63 kDa as shown in Figure 3.4 which is identical to the

molecular weight of the wild-type enzyme.

kba 1 2 3 4 5 6 7 8
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Figure 3.4 SDS-PAGE analysis of VhChiA and its mutants.

The mutated enzymes were purified by Ni-NTA agarose affinity column
chromatography, as described in Section 2.7. Protein purity was confirmed on a 12%
SDS-PAGE gel, and stained with Coomassie brilliant blue R-250. Lane 1, low MW
protein markers (Invitrogen); lane 2, wild-type chitinase A; lane 3, S33A; lane 4,

S33W; lane 5, W70A; lane 6, W231A: lane 7, W231F, and lane 8, Y245W.

3.4 Effects of point mutations on chitin binding activity of VhChiA
Chitin binding activity of chitinase variants was measured as a in function of
time using colloidal chitin as substrate. To minimize hydrolysis, all the binding

experiments were carried out on ice. The unbound enzymes was measured at different
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time points from 0 to 30 min. The results in Figure 3.5 shows a rapid decrease in
concentrations of the unbound enzyme remained in the supernatant of the reaction
mixture after centrifugation, and the equilibrium was reached within 5 min. Relative
binding activity of each mutant to colloidal chitin follows the order: W231A > S33W

> WT = W231F > S33A > Y245W > W70A.

% [Free protein]

Incubation time (min)

Figure 3.5 Time-course of binding of VhChiA variants to colloidal chitin. Chitinases
(2 wmol in 100 mM sodium acetate buffer, pH 5.5) was incubated with 1.0 mg
colloidal chitin at 0°C. Decreases in the free enzyme concentrations were determined
at different time points from 0-30 min by Bradford's method. Each data value was
calculated from the binding experiments carried out in triplicate. Symbols: wild-type
(black square); S33A (black upward-pointing triangle); S33W (black downward-
pointing triangle); W70A (black diamond); W231A (black circle); W231F (open

square); and Y245W (open triangle).
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Binding activity of the individual mutants was further examined in relation to
that of the wild-type enzyme with colloidal chitin and crystalline a-chitin at a single
time point of 60 min (Figure 3.6). In general, the wild-type and mutated chitinases
displayed greater binding activity towards colloidal chitin than crystalline a-chitin.
For both polysaccharides, W70A and Y245W displayed lower binding activity than
the wild-type enzyme. Mutants S33A and W231F showed the modest increase in
binding to crystalline a-chitin and a decreased level of binding to colloidal chitin.
On the other hand, mutants S33W and W231A displayed higher effectiveness in
binding to both substrates. Of all, mutant W231A displayed the highest binding
activity, while mutant W70A exhibited the lowest activity. Especially, no detectable
binding to crystalline a-chitin was observed with mutant W70A. To determine the
equilibrium dissociation binding constant (Kp), adsorption isotherm experiments of

the chitinase variants were carried out towards colloidal chitin substrate.
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Figure 3.6 Binding of VhChiA and mutants to insoluble chitin.

The binding assay was carried out with crystalline a-chitin or colloidal chitin at a
single time point of 60 min. % binding = [E:_;E‘;]; where E; is the initial enzyme
t

concentration and Es is the free enzyme concentration after binding. Closed and open
bars represent the percents of binding to colloidal chitin and crystalline a-chitin,
respectively. The presented data are mean values obtained from the experiments done

in triplicate.

A nonlinear plot of the adsorption isotherms obtained at a fixed concentration
of colloidal chitin and varied concentrations of the enzyme is shown in Figure 3.7. In
comparison to the wild-type enzyme, mutants S33W and W231A exhibited
significantly higher binding activity, whereas mutants W70A, S33A, W231F, and
Y245W had notably decreased binding activity. The Kp value of wild-type (0.95 +
0.11 puM) estimated from the nonlinear regression function, was slightly larger than

the Kp of S33W (0.84 + 0.09 uM) and W231F (0.88 £ 0.09 uM), but remarkably
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greater than the value of W231A (0.26 + 0.03 puM). In contrast, significantly higher
Kp values than the wild-type value were observed with S33A (1.50 £ 0.11 uM),
W70A (2.30 £ 0.25 uM), and Y245W (1.60 + 0.16 uM). These estimated Kp values
gave a notation of the enzyme's binding strength in the following order: W231A >
S33W > W231F > wild-type > S33A > Y245W > W70A. Such results are in
accordance with the binding activities determined by the chitin binding assay and the

kinetic data as shown in Table 3.2.

N W R N

Bound enzyme (umol/g)

Free enzyme (uM)

Figure 3.7 Equilibrium adsorption isotherms of the wild-type and mutated VhChiA to
colloidal chitin.

The reaction assay (500 pl) contained 1.0 mg chitin and varied concentrations of
enzyme from 0 to 7.0 uM. After 60 min of incubation at 0°C, the reaction mixture
was centrifuged and concentrations of Ey, and Er were determined as described in the
text. Symbols: wild-type (black square); S33A (black upward-pointing triangle);
S33W (black downward-pointing triangle); W70A (black diamond); W231A (black

circle); W231F (open square); and Y245W (open triangle).
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3.5 Effects of point mutations on hydrolytic activity of VhChiA

To investigate the effects of mutations on hydrolytic activity of the enzyme,
specific activities towards three different substrates (pNP-GICNAc,, colloidal chitin
and crystalline a-chitin) were evaluated. From all the mutants, only W231A displayed
a slightly reduced specific activity against the pNP substrate with 90% of the specific
activity of the wild-type enzyme as shown in Table 3.1. In contrast with the
pNP-glycoside, strong effects on hydrolytic activity were observed with the insoluble
substrates. Specific activity against crystalline a-chitin was completely abolished in
case of mutants S33A, W70A, and W231A/F, but improved for mutants S33W and
Y245W at levels of 166% and 250% of the wild-type activity, respectively. A similar
trend was also seen when colloidal chitin was used as substrate. Specific activity of
S33A, W70A, and W231A/F were markedly decreased, while S33W and Y245W
displayed higher activity than wild-type enzyme. The most severe loss of specific

activity towards colloidal chitin was detected for mutant W70A.
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Table 3.1 Specific hydrolytic activity of VhChiA and mutants.

The reducing sugar assay was carried out against crystalline and colloidal chitin.
Release of the hydrolytic products was calculated from a standard curve of GICNAC.
On the other hand, specific hydrolyzing activity against pNP-GIcNAc, was

determined from a standard curve of pNP.

Specific hydrolyzing activity (U/umol protein)®

Chitinase

variant Crystalline a. chitin Colloidal chitin PNP-GIcNAC;
Wild-type 0.6 +0.02(100)>  12.9+0.2 (100) 50.5 £ 1.1 (100)
S33A n.d.c 8.5+ 0.5 (66) 58.0 £ 1.1 (115)
S33W 1.00 £ 0.1 (166) 15.3 £0.3 (119) 54.0 + 2.6 (107)
WT70A n.d. 43+0.2(33) 52.8 + 2.1 (105)
W231A n.d. 1.0+0.3 (51) 45.2 +2.0 (90)
W231F n.d. 9.2+0.5(71) 54.3 £2.9 (108)
Y245W 1.5+ 0.1 (250) 19.6 £ 0.5 (152) 53.6 +1.6 (106)

& One unit of chitinase is defined as the amount of enzyme that releases 1 umol of
GIcNACc; or 1 nmol of pNP per min at 37°C.
® Values in parentheses represent relative specific hydrolyzing activities (%).

° Non-detectable activity.
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3.6 Steady-state kinetics of VhChiA and mutants

Steady-state kinetics of VhChiA and mutants were determined with
chitohexaose and colloidal chitin as substrates. All kinetic parameters were
determined from the Michaelis-Menten curves as shown in Figures 3.8A and 3.8B.
The kinetic parameters presented in Table 3.2 indicate concomitant decreases in both
Km and ke against hexachitooligomer. For all the mutants, the overall catalytic
efficiency (Kca/Km) was not much different to the value observed for the wild-type
enzyme. In contrast, the kinetic properties of the enzyme against colloidal chitin were
significantly modified by the mutations. K, values of S33A (20.7 mg ml™), W70A
(22.6 mg ml™), and Y245W (18.2 mg ml™) were higher than the wild-type K,
(17.4 mg ml™), whereas S33W (15.8 mg ml™) and W231A (10.1 mg ml™) had
considerably lower K, values compared to the reference value. Mutants that displayed
decreases in ke, were S33A, W70A, and W231A, and W231F, whereas mutants
S33W and Y245W displayed elevated ke values instead. The overall catalytic
efficiency (kca/Km) that was calculated for the hydrolysis of colloidal chitin was to
more or less extent either reduced (for S33A, W70A, W231A, and W231F) or

increased (for S33W and Y245W).
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Figure 3.8 Michaelis-Menten plots of the wild-type and mutated VhChiA to chitohexaose (A) and colloidal chitin (B).

The reaction assay (200 ul) containing 0-500 uM (GIcNACc)s or 0 to 5% (w/v) colloidal chitin, and 50 pg enzyme in 100 mM sodium
acetate buffer, pH 5.5, was incubated at 37°C for 10 min. Chitinase activity was determined by the DMAB method. Symbols: wild-type
(black square); S33A (black upward-pointing triangle); S33W (black downward-pointing triangle); W70A (black diamond); W231A

(black circle); W231F (open square); and Y245W (open triangle).
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Table 3.2 Kinetic parameters of chitin hydrolysis by chitinase A wild-type and mutants.
A Kinetic study was carried out using 0-5% (w/v) colloidal chitin or 0-500 uM GIcNACs as substrates. After 10 minutes of incubation at

37°C, the amounts of the reaction products were determined from a standard curve of GICNAC.

GlcNACcg Colloidal chitin
Chitinase A variant Km (M) Keat Keat /Km Km Kcat Keat/Km
s (s*MH (mg/ml) s (105 mg/mi™

Wild-type 218 +22.0 29+0.12  13X10°(100)° 174401  1.2+002 0.7 (100)°

S33A 1714205  26+012  1.5X10°(115) 207+02  09+003 0.4 (57)
S33W 210+154  28+010 13X10°(100) 158+0.2 14+007 09 (129)
W70A 185+220  25+008 1.3X10°(100) 22.6+04 04+003  02(29)
W231A 189+132  26+005  1.4X10°(108) 10.1+0.2  0.6+0.04  0.6(86)
W231F 163+103  24+020 15X10°(115)  17.0£0.2 09+003  06(71)
Y245W 201+13.1  26+0.07  1.3X10%(99) 182+02 1.7+007 0.9 (129)

% Relative catalytic efficiencies (%) are shown in parentheses.
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PART Il

THREE DIMENSIONAL STRUCTURES OF CHITINASE A
FROM VIBRIO HARVEYI IN COMPLEX WITH THE NEWLY

IDENTIFIED INHIBITORS AND BINDING MECHANISMS

Novel inhibitors of VhChiA were screened from the Library of
Pharmacological Active compounds (LOPAC). Previous studies revealed that the
residues Trp275 and Trp397 acted as the key binding residues at subsites +1 and +2
(the aglycone subsites) and were also important for the anomeric selectivity of soluble
substrates (Suginta et al., 2007; Suginta et al., 2009). Thus, the study of mutational
effects of Trp275 and Trp397 could help to gain more information on protein-ligand

interactions around the aglycone subsites.

3.7 Expression and purification of wild-type chitinase and mutants

W275G and W397F

The wild-type VhChiA and its two mutants W275G and W397F were highly
expressed as the C-terminal (His)s tagged polypeptides, which could be purified by
affinity chromatography. Protein purification began with a gravity flow Ni-NTA
agarose column, followed by HisTrap™ HP column connected with an AKTA
Purifier system. Figure 3.9 shows SDS-PAGE analysis of mutant W275G
purification. It is seen that the protein was mainly purified by the first Ni-NTA
affinity column (lane 6). Contaminated proteins could be subsequently removed after

a second affinity column. Eluted fractions (lanes 7-12) obtained from the HisTrap™
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affinity column operated on an FPLC system showed a single protein band of 63-kDa,
which was corresponded to the size of VhChiA as observed previously (Suginta et al.,
2004). Purification of the other two chitinase variants (wild-type and mutant W397F)

also gave similar results.

kDa Std 1 2 3 4 5 6 7 8 9 10 11 12

97.4
66.2
45.0 .

31.0 “—
21.5
14.0

Figure 3.9 Purification of chitinase A mutant W275G using a Ni-NTA agarose,
followed by a HisTrap™ affinity chromatography.

Lanes: Std, low molecular weight protein markers; 1, E. coli cells harboring the
recombinant plasmid after 0.5 mM IPTG induction; 2, crude supernatant; 3, flow
through; 4, 20 mM imidazole washed fraction; 5, the first fraction eluted with
250 mM imidazole; 6, the second fraction eluted with 250 mM imidazole; and 7-12
fractions eluted with a linear gradient of 0-250 mM imidazole from a HisTrap™ HP

column connected to an AKTA purifier system.

The final yields of the purified chitinases after purification were about
20-40 mg per one liter culture. The freshly prepared enzymes obtained from the two
affinity steps were immediately subjected to functional studies or crystallization

experiments.
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3.8 Screening of potential chitinase inhibitors from a drug library

Potential chitinase inhibitors were screened from the Library of
Pharmacological Active Compounds (LOPAC) using pNP-GIcNACc; as substrate. In
the pNP assay, formation of p-nitrophenolate (pNP) released as an action of
PNP-GIcNACc, hydrolysis by the wild-type VhChiA was monitored at absorption
wavelength of 405 nm (Ayos). Since the phenolate ion is only formed at detectable
concentrations at neutral or basic pH values, the enzymatic hydrolysis was performed
at pH 7.5 (although the pH optimum of VhChiA was determined to be between
5.5 and 6.0). Screening of 1,280 compounds in the commercial LOPAC library
initially identified nine hits, including chelerythrine (CHE), dequalinium (DEQ),
idarubicin (IDA), 2-(imidazolin-2-yl)-5-isothiocyanatobenzofuran (IMl), pentoxifyllin
(PEN), propentofylline (PRO), sanguinarine (SAN), 2-bromo-a-ergocryptine
methanesulfonate (BRO) and methysergide maleat (MET).

These nine compounds were subjected to further screening for obtaining their
ICso values. Dose response curves were obtained from a reaction mixture containing
the wild-tpe VhChiA with 100 pM GIcNACcs in 0.1 M sodium acetate, pH 5.5, and
1 nM-1 mM of inhibitor. The remaining activity was assessed by the DMAB method.
ICso values for each inhibitor were estimated from the dose response curves (Figure
3.10) derived from the 4-parameter logistic (4PL) fit.

From the secondary screening results, DEQ was the most potent inhibitor
against the wild-type chitinase A with an 1Csp of 3.91 + 1.1 uM, followed by IDA,
SAN, CHE, IMI, PEN and PRO with the ICsq values of 6.4 + 1.1 uM, 7.6 + 1.3 M,

10.47 £ 1.1 pM, 21.0 £ 1.5 pM, 59.2 + 1.2 uM, and 83.0 £ 1.0 puM, respectively.

Of the nine, MET showed poorest inhibition with an 1Csq of 2,995 + 2.8 uM and BRO
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showed no inhibitory effect up to 1 mM of the inhibitor used. Thus, only seven
compounds, which displayed 1Cs; values less than 100 uM, were selected as potential

chitinase inhibitors for further studies.

-
o
o

Relative activity

Log [Inhibitor] (M)

Figure 3.10 Dose response curves of the wild type chitinase against the inhibitors
newly identified from the LOPAC library.

Dose-response curves were determined by the DMAB assay using chitohexaose as the
substrate. Plots are made between relative activity (%) versus log concentrations of
the inhibitor in M units. Symbols: DEQ (black square), IDA (black upward-pointing
triangle), SAN (black downward-pointing triangle), CHE (black diamond), IMI (back
circle), PEN (open square), PRO (open upward-pointing triangle), and MET (open

downward-pointing triangle).
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The chemical structures of the seven potential inhibitors are shown in Figure
3.11. It is worth mentioning that propentofylline (PRO) and pentoxifyllin (PEN) are
xanthine derivatives, and only PEN was reported previously to inhibit enzymatic
activity of the fungal chitinase Aspergillus fumigatus chitinase B1 (AfChiB1) with an

ICs0 Of 126 uM (Rao et al., 2005).

Dequalinium (DEQ) . | Idarubicin (IDA)
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Figure 3.11 The chemical structures of the chitinase inhibitors identified from the
LOPAC library.

Abbreviations: chelerythrine (CHE), dequalinium (DEQ), idarubicin (IDA),
2-(imidazolin-2-yl)-5-isothiocyanatobenzofuran ~ (IMI),  pentoxifyllin  (PEN),

propentofylline (PRO), and sanguinarine (SAN).
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Effects of the seven inhibitors against the mutants W275G and W397F were
studied in comparison with wild-type enzyme using the pNP assay. For wild-type and
W397F, pNP-GIcNAc, was used as substrate, while pNP-GIcNAc; was used as
substrate for W275G. After the enzyme was titrated with 0.06-125 puM of each
inhibitor, release of the pNP was measured at absorbance 405 nm (A4gs) every 30 sec
for 30 min at 25°C. Dose response curves were obtained from the plots between
relative activity (%) versus log concentrations of the inhibitor. The curves were fitted
using the 4-Paremeter-Logistic (4PL) nonlinear model and the 1Csy values were

estimated from the plots are presented in Table 3.3.



Table 3.3 ICs, from the dose response curves using the pNP assay with pNP-GICNAc; as substrate for wild-type and mutant W397F and

pNP-GIcNAc; for mutant W275G. Each data value was calculated from the experiments carried out in triplicate.

Wild-type W397F W275G
Inhibitor ICs0 (LM) ICs0 (LM) ICs0 (LM)
DEQ 04+£0.1 91 68 £+ 28
IDA 0.9+£0.2 15+4 270 £ 33
SAN 23x0.3 302 71+ 26
CHE 2.2+0.01 48 £ 4 95+ 34
PRO 3.7x0.9 56 + 3 360 = 42
PEN 35205 32+2 260 = 21
IMI 15+£3.2 66 =5 160 + 78

9/
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Based on the 1Csg values presented in Table 3.3, the most effective inhibitor
against wild-type and the two mutants was DEQ with 1Cs, values of 0.4 uM, 8.8 uM
and 68 uM for wild-type, W397F and W275G, respectively. The 1Csy of the seven
inhibitors are in following order: DEQ < IDA < SAN < CHE < PEN < PRO < IMI.
It is noticeable that IDA, which acts as the second most potent inhibitor for wild-type
and W397F (ICs values of 0.9 uM and 14.6 uM, respectively) showed weak
inhibition against W275G with 1Cso of 270 uM (see Table 3.3). The I1Cs, values of
mutants W397F and W275G obtained from the pNP assay were about 10 and 100

time weaker than that of wild-type, respectively.

3.9 Crystallization of the wild-type chitinase and mutants W275G

and W397F

To investigate how the identified inhibitors interact structurally with the
VhChiA, crystals of the wild-type VhChiA were grown and then soaked or co-
crystallized with the inhibitors. Our recent structural data (Songsiriritthigul et al.,
2008) already suggested that Trp275 and Trp397 were important for maintaining the
molecular interactions with the substrate around subsites (+1/+2). Site-directed
mutagenesis data revealed that both residues were crucial for the binding selectivity
toward short-chain substrates, such as tetra-, penta-, and hexa-chitooligosaccharides
(Suginta et al., 2007). Therefore, crystallization trials of both W275G and W397F
were also made. However, only mutant W275G could be crystallized. The availability
of the crystal complexes of W275G-inhibitors helps to evaluate how Trp275

contributes to the binding affinity of the enzyme towards the identified inhibitors.
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3.9.1 Crystallization of the wild-type VhChiA

3.9.1.1 Initial screening and optimization

Initial crystallization of wild-type VhChiA was screened using Crystal
Screen HR2-110, Crystal Screen HR2-112 (Hampton Research) and JBScreen HTS I
using the hanging drop technique. A protein concentration of 20 mg/ml was freshly
prepared in 10 mM Tris-HCI, pH 8.0. Positive conditions are shown in Table 3.4.
Needle clusters were obtained within 8 days of incubation at 22°C in the condition A4
from JBScreen HTS I1 (1.0 M ammonium sulfate in 0.1 M Tris-HCI, pH 8.5), and the
condition 40 from HR2-110 (20% (v/v) 2-Propanol, 20% (w/v) PEG 4000 in 0.1 M
sodium citrate tribasic dihydrate, pH 5.6), whereas thin plates were obtained from the
condition 43 of Crystal Screen (HR2-112) (50% (v/v) (+/-)-2-methyl-2,4-pentanediol,

0.2 M ammonium phosphate monobasic in 0.1 M Tris-HCI, pH 8.5).



Table 3.4 A summary of positive conditions obtained from crystallization of the wild-type VhChiA within 8 days of incubation.

Screen kit Precipitant Precipitant composition Temperature (°C) Crystal

condition morphology

Crystal Screen HR2- _ .

110 (Hampton 40 20% (v/v) 2-propanol, 20% (w/v) PEG 4000 in 18 Needle clusters

Research) 0.1 M sodium citrate tribasic dihydrate, pH 5.6

Crystal Screen HR2- 50% (V/v) (+/-)-2-methyl-2,4-pentanediol, 0.2

112 (Hampton 43 M ammonium phosphate monobasic in 0.1 M 18 Plates®

Research) Tris-HCI, pH 8.5

Crystal Screen A4 1.0 M ammonium sulfate in 0.1 M Tris-HClI, 18 Needle clusters?

(JBScreen HTS 1) pH 8.0

# The conditions used for further optimization.

6.
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The condition A4 from Table 3.4 was further optimized by the
hanging-drop vapor-diffusion method. A protein drop of 1 pl chitinase A solution (10
mg/ml in 20 mM Tris-HCI buffer, pH 8.0) mixed with 1 pl of various concentrations
of precipitants (ammonium sulfate concentrations of 0.9, 1.0, 1.1, 1.2, 1.3, and 1.4 M
in 0.1 M Tris-HCI buffer, pH 7.5, 8.0, and 8.5, and 0.1 M MOPS, pH 8.5) was

equilibrated over 1.0 ml of the same precipitant.

Table 3.5 A grid screening of VhChiA with 1.0 M ammonium sulfate at various pH

values.

Buffer Concentration of ammonium sulfate (M)

Tris-HCI, pH 7.5 0.9M 1.0M 1.1M* 12M* 13M?® 14M°

Tris-HCI, pH 8.0 0.9M 1.0M 1.1M?* 12M* 13M?* 14M*
Tris-HCI, pH 8.5 0.9M 1.0M 11M*® 12M?* 13M?* 14M°

Tris-HCI, pH 7.5 0.9M 1.0M 1.1 M 1.2 M 1.3 M 1.4 M

#The condition that produced crystals.

® The condition used for further optimization.

As presented in Table 3.5, rod and needle clusters obtained from the
positive conditions, appeared after 7 days of incubation at 22°C. To produce single
crystals, the condition containing 1.1 M ammonium sulfate, 0.1 M Tris-HCI buffer,
pH 8.5, were used for streak seeding or pipetting technique. At protein concentrations
of 2.5 and 5 mg/ml and under 1/10 and 1/100 dilutions of the seed solution, single

crystals appeared after 2 days of incubation (Figure 3.12B).
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0.1 mm

Figure 3.12 Optimization of the wild-type crystals grown under the condition A4
from JBScreen HTSII. (A) Rod clusters obtained from the condition: 1.1 M
ammonium sulfate in 0.1 M Tris-HCI buffer, pH 8.5, after grid screening (see Table
3.5); (B) Single crystals obtained from the same condition as (A) after 2 days of
incubation at 22°C using a pipetting seeding technique with a protein concentration of

2.5 mg/ml and 1/100 dilution of the seed solution.

The condition 40 obtained from Crystal Screen HR2-110 was also
optimized by varying the percentages of PEG 4000 from 5 to 30% (w/v) and
percentages of propanol from 5 to 25 % (v/v) using the hanging drop technique (Table

3.6).
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Table 3.6 A grid screening of PEG 4000, propanol in 0.1 M sodium citrate tribasic

dihydrate, pH 5.6, for crystallization of the wild-type chitinase A.

% (wiv) PEG 4000

% (VIv)

Propanol 5% 10% 15% 20% 25% 30%
5% 01M 01M 01M 01M 01IM 01M
15% 01M 01M 01M 01M 01M 01M
20% 01M 01M 01M 01M 01M 01M
25% 01M 01M 01M 01M 01M* 01M

8 The conditions that produced crystals.

® The condition used for the refined screening.

From Table 3.6, only the condition containing 25% (v/v) 2-propanol
and 25% (w/v) PEG 4000 in 0.1 M sodium citrate tribasic dihydrate, pH 5.6, yielded
rod cluster crystals. To optimize further, percentages of 2-propanol and PEG 4000

were varied as shown in Table 3.7.
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Table 3.7 A refined screening of the condition containing 20% (w/v) PEG 4000, and

propanol in 0.1 M tribasic sodium citrate dihydrate, pH 5.0.

% (w/v) PEG 4000
% (vIV)

Propanol 40, 18% 20%  22%  24%  26%

21% 0.1M*®  01M®* 01M* 01M* 01IM 01 M

23% 0.1 M® 01M*  01M* 01M* 01M* 01M
25% 0.1 m? 0.1mM*  01M* O01M* 01M 0.1M

28% 0.1 M® 0.1M*  01M* 01M 0.1M 0.1M

8The conditions that produced crystals.

®The condition used for further micro-seeding optimization.

From all the conditions presented in Table 3.7, needles and plate
clusters were seen in the condition Al (16% (w/v) PEG 4000, 21% (v/v) propanol in
0.1 M sodium citrate tribasic dihydrate, pH 5.6) within 7 days of incubation at 22°C.
This condition was used for further optimization using the streak seeding technique,
single crystals appeared after 2 days of incubation at 22°C at protein concentrations of
5.0 mg/ml and 7.5 mg/ml under 1/10 and 1/100 dilutions of the seed solution (Figure

3.13).
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Figure 3.13 Optimization of the wild-type crystals grown under the condition 40 from
Crystal Screen HR2-110.

(A) Rod clusters of wild-type obtained from the condition Al: (16% (w/v) PEG 4000,
21% (v/v) propanol in 0.1 M sodium citrate tribasic dihydrate, pH 5.6) after refined
screening (see Table 3.7) by the hanging drop technique; (B) needle-like crystals
obtained after optimization of the condition Al were observed after 2 days of
incubation at 22°C using the steak seeding technique; (C) and (D) single crystals
obtained after optimization of the condition Al were observed after 2 days of

incubation using the pipetting seeding technique.
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The condition 43 from Crystal Screen HR2-112 containing (50% (v/v)
(+/-)-2-methyl-2,4-pentanediol, 0.2 M ammonium phosphate monobasic in 0.1 M
Tris-HCI, pH 8.5) (Table 3.4) was further optimized by varying concentrations of (+/-
)-2-methyl-2,4-pentanediol (MPD) from 5% (v/v) to 75% (v/v) and Tris-HCI, pH 7.0
to 9.5 in the hanging drop technique. In addition, ammonium phosphate monobasic
was also varied from 0.05 to 0.3 M at 30% (w/v) PEG 4000 (as shown in Table 3.8).
Figure 3.14A shows plate crystals obtaining after 30 days under the condition C4
(50% (v/v) MPD in 0.1 M Tris-HCI, pH 8.0). Figure 3.14B shows single crystals
obtained under the same condition after 7 days of incubation with protein
concentrations of 1.25, 2.5, 5.0, and 10 mg/ml and 1/10 and 1/100 dilutions of the

seed solution.

Table 3.8 A grid screening of MPD in 0.2 ammonium phosphate at various pH values
and concentrations of ammonium phosphate at 75% (v/v) MPD for crystallization of

wild-type chitinase A.

Ammonium
% (v/v) MPD phosphate
Buffer (M)

5% 15% 30% 50% 75% 75%
Tris-HCI, pH 7.0 0.2M 02 M 02M 02M 0.2M 0.05 M
Tris-HCI, pH 7.5 02M 0.2 M 02M 02M 0.2 M? 0.1M
Tris-HCI, pH 8.0 02M 0.2M 0.2M 0.2 M*  02Mm? 02M
Tris-HCI, pH 9.5 0.2 M 0.2M 0.2M 02M*  02M 0.3 M

8 The condition that produced crystals.

® The condition used for further micro-seeding optimization.
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Figure 3.14 Optimization of the wild-type crystals grown under the condition 43
from Crystal Screen HR2-112.

(A) Plate crystals of wild-type obtained from the condition containing 50% (v/v)
(+/-)-2-methyl-2,4-pentanediol, 0.2 M ammonium phosphate monobasic in 0.1 M
Tris-HCI, pH 8.0 after optimization by the hanging drop technique; (B) single crystals

appeared after 7 days of incubation at 22°C using the streak seeding technique.

3.9.1.2 Crystal soaking and co-crystallization with the identified

inhibitors

The wild-type crystals obtained from the precipitant containing 1.1 M
ammonium sulfate in 0.1 M Tris-HCI, pH 8.5, and the precipitant containing 16%
(w/v) PEG 4000, 21% (v/v) propanol in 0.1 M sodium citrate tribasic dihydrate, pH
5.6, were soaked overnight at 22°C with 5-15 mM of IDA, SAN, CHE, IMlI, and
PEN. The crystals survived without cracking after soaking overnight in the presence
of 10% (v/v) tert-butyl alcohol for the condition containing 1.1 M ammonium sulfate
in 0.1 M Tris-HCI, pH 8.5, and in addition 2% concentration of PEG 4000 for the
condition containing 16% (w/v) PEG 4000, 21% (v/v) propanol in 0.1 M sodium

citrate tribasic dihydrate, pH 5.6. The soaked crystals obtained from these two
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conditions were transferred to the cryo-solution containing the soaking solution with
additional 10% (v/v) glycerol. Then, the soaked crystals were transferred to the cryo-
solution for a few seconds and immediately frozen in liquid nitrogen and then stored
in the cryo-condition for data collection. However, co-crystallization technique was
used with DEQ and PRO, as the complexes with the two inhibitors were not
successfully obtained by soaking. For DEQ, the solubility of this inhibitor was poor
with the maximum solubility limited to 4 mM. For PRO, the inhibitor exhibited weak
binding affinity against the wild-type enzyme with 1Csq 0f 3.7 uM (Table 3.3).

For co-crystallization, the wild-type protein was crystallized in both

conditions containing 400 uM of the inhibitors, DEQ and PRO. After microseeding,

single crystals appeared after 2 days of incubation in 22°C (Figure 3.15).

i
0.1 mm

0.1 mm

Figure 3.15 Single crystals obtained from co-crystallization with DEQ and PRO
using the micro-seeding technique.

(A) Co-crystallization of wild-type chitinase A with DEQ under the condition 16%
(w/v) PEG 4000, 21% (v/v) propanol in 0.1 M sodium citrate tribasic dihydrate, pH
5.6; (B) Co-crystallization of the chitinase with PRO under the condition 16% (w/v)
PEG 4000, 21% (v/v) propanol in 0.1 M sodium citrate tribasic dihydrate, pH 5.6. The

concentration of the inhibitors used was 400 puM.
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3.9.1.3 Data collection, processing and structure solution

Diffraction quality of the crystals was initially evaluated using an in-
house X-ray generator located at the MPI-Dortmund, Germany. Following initial
refinement, electron density of each inhibitor in the active site of the enzyme was
evaluated. Once the density of the inhibitor was observed, the diffraction data were
further collected at the Synchrotron Swiss Light Source located in Villigen,
Switzerland. Some data sets were collected on a Bruker Microstar rotating anode
generator equipped with Xenocs Fox mirrors and a MAR Research DTB image plate
detector with 1° oscillations. Initial diffraction data of the wild-type crystals revealed
weak diffraction at the resolution of more than 2.5 A. The diffraction spots were
smeared and ice rings were observed (Figure 3.16A).

To improve the quality of the diffraction data, the crystal was annealed
by blocking with a cryo-stream for 5 to 20 seconds. After annealing, clear and strong
intensity of the diffraction data was observed at the resolution of less than 2.5 A
without appearance of the ice ring (Figure 3.16B). The highest resolution of 1.16 A
was obtained from the crystal of wild-type complexed with PRO (Figure 3.16C). The
structures complexes of DEQ, IDA, SAN, CHE, PEN, PRO and IMI were obtained
from crystal soaking and co-crystallization (for DEQ and PRO) from condition
containing 16% (w/v) PEG 4000, 21% (v/v) propanol in 0.1 M sodium citrate tribasic
dihydrate, pH 5.6. The other two structural complexes: WT-PEN and the second
structure complex of WT-IMI were obtained from crystal soaking under the condition
containing 1.1 M ammonium sulfate in 0.1 M Tris-HCI, pH 8.5.

All the crystal complexes of the wild-type with DEQ, IDA, SAN,

CHE, PRO, PEN, and IMI belonged to the primitive monoclinic space group P2;.
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The crystal complexes of the wild-type with PEN and IMI obtained from the
condition: 1.1 M ammonium sulfate in 0.1 M Tris-HCI, pH 8.5, contained different
unit cell dimensions (a=60.0 A,b=853 A, c=63.0A, 3 =112.9 A) when
compared to crystal complexes of wild-type and DEQ, SAN, CHE and PRO obtained
from the condition: 16% (w/v) PEG 4000, 21% (v/v) propanol in 0.1 M sodium citrate
tribasic dihydrate, pH 5.6, that gave the unit cell dimensions: a=65.1 A, b =50.9 A,
c=932A, B=99.5 A (see Table 3.9). The volumes of the asymmetric unit of all the
crystals were compatible with only one monomer with a molecular weight of 63 000
Da, with the solvent contents of 50% (3 = 99.5°) and 48% (3 = 112.9°) (Matthews,

1968). The data collection statistics are summarized in Table 3.9.
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O 5 L

Figure 3.16 Diffraction images of the wild-type crystal.
(A) A diffraction image of the wild-type crystal before annealing; (B) A diffraction

image of the wild-type crystal after annealing; (C) A diffraction image of wild-type

complexed with PRO at 1.16 A resolution.



91

Table 3.9 Data collection statistics for VhChiA wild-type in complex with seven

inhibitors identified from the LOPAC library.

Crystal WT-APO WT-DEQ WT-IDA WT-SAN WT-CHE WT-PEN WT-IMI WT-PRO
P24 P24 P24 P24 P24 P24 P24 P24
a=65.1 a=65.1 a=65.1 a=65.1 a=65.1 a=60.0 a=60.0 a=65.1
Space group b=50.9 b=50.9 b=150.9 b=150.9 b=50.9 b=85.3 b=85.3 b=50.9
c=93.2 c=932 =932 =932 c=93.2 c=63.0 c=63.0 =932
=995 =995 =995 B=99.5 =995 B=1129 B=1129 =995

Resolution 19.82-222 1996155  19.90-15  38.04-150  39.81-1.50 1995165  19.94-182  40.66-1.16
range (A) (228-222)  (1.59-155)  (154-15)  (1.54-150)  (1.54-150)  (1.69-165)  (1.87-1.82)  (1.19-1.16)

No of observed
] 68816 291154 698077 344568 268054 211087 158556 786080
reflections
No of unique
) 28030 82238 95004 95064 90870 66052 49568 199166
reflections
Redundancy 246 3.54 7.3 3.62 2.95 320 3.20 3.78
/s (1) 15.91(6.34)  19.14(3.50) 23.76(7.19)  16.79(8.33)  14.86(4.04)  12.80(4.21)  13.72(4.16)  12.88(3.76)
Completeness 934 98.3 98.0 94.0 93.8 94.2 95.8
94.7(85.8) 79.1
(%) (77.0) (95.1) (918) (74.8) (88.0) (89.5) (79.1)
Rimerge (%) 5.7(15.3) 4.2(28.5) 7.1(47.5) 6.3(15.0) 5.1(27.0) 6.9(42.0) 6.0(40.8) 5.9(27.6)
Reryst, Riree 14.3,21.6 14.6,18.7 14.5,18.4 14.417.7 15.3,19.0 14.3,18.8 14.8,19.1 16.0,18.5
Rmsd from
ideal geometry 0.021 0.029 0.029 0.029 0.029 0.029 0.027 0.034
Bonds (A) 1.828 2.391 2.335 2437 2427 2.368 2.109 2.602
Angles (°)
B factor (A2)
14.1 16.8 15.0 15.2 17.7 19.2 25.1 174
Bonded,
11.6 12.9 10.8 10.6 124 14.4 20.8 11.9
mainchain
12.4 14.1 12.2 12.1 14.1 16.5 233 13.3
<B> proteina
- 17.8 220 46.6 29.7 358 79.9 26.4
<B> ligands®
25.5 30.7 29.7 294 344 354 38.9 339
<B> watera

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

® Rmerge = thl Zi | ||(hk| ) —<| (hkl )>|/thl Zi li (hkl) where |; is the intensity for the ith measurement of an

equivalent reflection with indices hkl.

Z |Fobs| - |Fcalc|
°Reactor = Z |F | where F and F_ are the observed and calculated structure-factors.
obs
Z |Fobs| - |Fcalc|

IRpree = Z |F | calculated from 5% of the reflections selected randomly and omitted from the refinement process.
obs
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3.9.2 Crystallization of VhChiA mutant W275G
3.9.2.1 Initial screening and optimization
Crystallization of mutant W275G was screened from Crystal Screen
HR2-110 and Crystal Screen HR2-112 (Hampton Research) using the microbatch
under oil technique. W275G was freshly prepared to a concentration of 20 mg/ml in
10 mM Tris-HCI, pH 8.0. Several positive conditions, which yielded microcrystals,

were obtained as summarized in Table 3.10.



Table 3.10 A summary of positive conditions obtained from the microbatch technique for crystallization of W275G within 38 days of

incubation.
Screening kit Precipitant Precipitant composition Temperature (°C) Crystal
number morphology
Crystal Screen HR2-110 9 30% (w/v) PEG 4000, 0.2 M ammonium acetate in 0.1 18 Plates®
(Hampton Research) M sodium citrate tribasic dihydrate, pH 5.6.
Crystal Screen HR2-110 46 18% (w/v) PEG 8000, 0.2 M calcium acetate hydrate in 18 Plate clusters
(Hampton Research) 0.1 M sodium cacodylate trihydrate, pH 6.5
Crystal Screen HR2-112 2 0.01 M hexadecyltrimethyl ammonium bromide, 0.5 M 18 Needle clusters
(Hampton Research) sodium chloride and 0.01 M magnesium chloride
hexahydrate
Crystal Screen HR2-112 16 2% (v/v) ethylene imine polymer, 0.5 M sodium 18 Plate clusters
(Hampton Research) chloride in 0.1 M sodium citrate tribasic dihydrate, pH
5.6.
Crystal Screen HR2-112 18 10% (v/v) jeffamine M-600 ®, 0.01 M iron (111) 18 Plate clusters
(Hampton Research) chloride hexahydrate in 0.1 M sodium citrate tribasic
dihydrate, pH 5.6
Crystal Screen HR2-112 22 12% (wi/v) PEG 20000 in 0.1 M MES monohydrate, pH 18 Plate clusters

(Hampton Research)

6.5

% The condition that was used for further optimization.

€6
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From Table 3.10, only the condition 9 from Crystal Screen HR2-110
(Hampton Research) gave plate crystals, and thus it was used for further screening by
the hanging drop technique. Concentrations of the precipitants, the additives and pH
of the buffer solutions were varied. Concentrations of PEG 4000 were varied from
15% to 30% (w/v) with pH varied from 5.0 to 6.0. In addition, concentrations of
ammonium acetate were varied from 0.05 to 0.3 M at 30% (w/v) PEG 4000 (Table
3.11). Within 30 days of the incubation at 22°C, plate crystals were obtained in the
condition containing 25% (w/v), 30% (w/v), and 35% (w/v) PEG 4000, 0.1 M
ammonium acetate in 0.1 M sodium citrate tribasic dihydrate, pH 5.6 (Figure 3.17).
These three conditions were further refined (Table 3.12), by varying PEG 4000 from
22% (w/v) to 34% (w/v) in 0.1 M sodium acetate tribasic dihydrate, pH 5.0, 5.6, 6.0,
and 0.1 M MES, pH 6.5. From all the optimized conditions, larger plate crystals
appeared within 2 weeks (Figure 3.18) in the conditions: 26% (w/v) PEG 4000 in 0.1
M sodium citrate tribasic dihydrate, pH 5.6, 28% (w/v) PEG 4000 in 0.1 M sodium
acetate tribasic dihydrate, pH 5.0 and pH 6.0, 30% (w/v) PEG 4000 in 0.1 M sodium
acetate tribasic dihydrate, pH 5.0 and pH 5.6, and 32% (w/v) PEG 4000 in 0.1 M
sodium acetate tribasic dihydrate, pH 5.6 and pH 6.0. To obtain single crystals, the
condition 26% (w/v) and 28% (w/v) of PEG 4000 in 0.1 M sodium acetate tribasic
dihydrate, pH 5.6 and 6.0, were further screened either by pipetting and streak
seeding. Single crystals were obtained from both techniques after 2 days of incubation
at 22°C with protein concentrations of 2.5 and 5.0 mg/ml and 1/10 and 1/100 times

seed dilutions (Figures 3.19 and 3.20).
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Table 3.11 A grid screening of PEG 4000 in 0.1 M ammonium acetate with various

pH values for crystallization of W275G.

Ammonium
Buffer % (W/V) PEG 4000 acetate

M)

Sodium 15% 20% 25% 30% 35% 30%
citrate, pH

5.0 0.1M 0.1M 0.1 M 0.1M 01M 0.05

Sodium 15% 20% 25% 30% 35% 30%
citrate, pH

5.6 0.1M 0.1 M 01M 0.1M 0.1M 0.1

Sodium 15% 20% 25% 30% 35% 30%
citrate, pH

6.0 0.1M 0.1M 0.1M 0.1M 0.1M 0.2

Sodium 15% 20% 2506%P 30%*° 350 30%
acetate, pH

9.5 0.1 M 0.1 M 0.1 M 0.1 M 0.1 M 0.3

The conditions that produced crystals.

®The conditions that was used for refined screening.



96

Figure 3.17 Optimization of W275G crystal grown under the condition 9 from
Crystal Screen HR2-112. Plate clusters were observed from the precipitant containing
25% (w/v) PEG 4000, 0.1 M sodium acetate, pH 5.6, with a protein concentration of
(A) 10 mg/ml; (B) 20 mg/ml; (C) Plate clusters appeared under the condition 30%
(w/v) PEG 4000, 0.1 M sodium acetate, pH 5.6, and 20 mg/ml of the enzyme within
23 days of incubation at 22°C; and (D) Plates clusters appeared under the condition of
35% (w/v) PEG 4000, 0.1 M sodium acetate, pH 5.6, in 0.1 M ammonium acetate and

protein concentration of 20 mg/ml at 30 days of incubation at 22°C.



Table 3.12 A refined screening of the condition containing PEG 4000 in 0.1 M

ammonium acetate, pH 5.5, obtained from Table 3.10.

Buffer %(w/V)PEG 4000
Sodium 22% 24% 26% 28%° 30%° 34%
acetate, pH
5.0 0.1M 0.1M 01M 0AM 01M 01M
Sodium 22% 24% 26%°2P 28% 30%° 34%?
acetate, pH
5.6 0.1M 0.1 M 0.1M 01M 01M 0.1M
Sodium 22% 24% 26% 28%*°  30% 34%?
acetate, pH
6.0 0.1M 0.1M 0.1M 01M 01M 0.1M
MES, pH 22% 24% 26% 28% 30% 34%
6.5
0.1 M 01M 0.1M 01M 01M 0.1M

8 The conditions that produced crystals.

® The conditions that used for further optimization.
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Figure 3.18 Plate clusters of W275G obtained from a grid screening of PEG 4000 in
0.1 M ammonium acetate with various pH values.

(A) Condition A4: 28% (w/v) PEG 4000, pH 5.0; (B) condition A5: 30% (w/v) PEG
4000, pH 5.0; (C) condition B3: 26% (w/v) PEG 4000, pH 5.6; (D) condition B5:
30% (w/v) PEG 4000, pH 5.6; (E) condition B6: 32% (w/v) PEG 4000, pH 5.6; and
(F) condition C4: 28% (w/v) PEG 4000, pH 6.0. All crystals were appeared after 2

weeks of incubation at 22°C.
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Figure 3.19 Crystals of W275G obtained from the streak-seeding technique. The
condition used for crystal growth was 28% (w/v) PEG 4000 in 0.1 M sodium acetate
tribasic dihydrate, pH 6.0. (A) A pre-equilibrated drop containing a protein
concentration of 2.5 mg/ml was streaked using a 1/100 dilution of the seed solution;
(B) protein concentration of 5.0 mg/ml and a 1/10 dilution of the seed solution; (C)
protein concentration of 7.5 mg/ml and a 1/10 dilution of the seed solution; and (D)
protein concentration of 7.5 mg/ml and the seed stock. Single crystals were obtained

within 2 days of the incubation at 22°C.
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Figure 3.20 Single crystals of W275G obtained from the pipetting seeding technique.
The condition for crystal growth was 26% (w/v) PEG 4000 in 0.2 M sodium acetate

tribasic dihydrate, pH 5.6. The crystals appeared after 2 days of incubation at 22°C.

3.9.2.2 Crystal soaking and co-crystallization with the identified

inhibitors

Single crystals of W275G obtained from the condition 26% (w/v) PEG
4000, 0.2 M ammonium acetate in 0.1 M sodium acetate, pH 5.6, were soaked
overnight in the soaking solution containing 5-15 mM inhibitor and 2% (w/v) PEG
4000 from 26% (w/v) to 28% (w/v) at 22°C. The crystals survived in the soaking
solution overnight without cracking or shrinking. The crystals soaked with the
inhibitors were then immersed in a cryo-protectant containing 10% (v/v) glycerol in
the identical buffer used for crystal growth. For with DEQ and IDA, co-crystallizaton
was performed, since the electron densities of DEQ and IDA were not seen by the

soaking experiment.
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3.9.2.3 Data collection, processing and structure solution

X-ray diffraction data were collected at the in house X-ray source,
located at the MPI-Dortmund, Germany. Similar to the wild-type diffraction data, the
first shot of the W275G crystal showed an extremely poor diffraction pattern. After
the annealing step, the diffraction quality was greatly improved. The crystals, for
which the inhibitor density could be identified within the active site of W275G, were
sent for data collection on the beamline PX-II of the Swiss Light Source located in
Villigen, Switzerland. The crystals of W275G diffracted at the resolutions between
2.4 to 1.8 A. All the data were processed by XDS (Kabsch, 1993). The best data set
was obtained from the crystal complex of W275G with PEN. After the data
processing, all the crystal-inhibitor complexes belonged to the orthorhombic space
group P2;2;2; with the volumes of the asymmetric unit compatible with only one
subunit. All the crystals have the same unit cell dimensions of a = 66.6, b = 83.9, and
¢ = 102.4. The crystal volumes per protein weight (Vi) were estimated as 2.29 A® Da’
! with a solvent content of 46.3% (Matthews, 1968). Phase determination was carried
out using the molecular replacement method and the VhChiA mutant
E315M-GIcNAcs complex (PDB code: 3B9A) was used as the structural model. The
refinement began with the rigid body refinement and then restrained refinement was
used to modify the atomic model together with the model building performed in
COOQOT program. (Emsley and Cowtan, 2004). The refinement statistics are shown in

Table 3.13.
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Table 3.13 Data collection statistics for the VhChiA mutant W275G in complex with

six inhibitors identified from the LOPAC library.

W275G- W275G- W275G -
Crystal W275G-DEQ W275G-CHE ~ W275G-PRO  W275G-IMI
APO SAN PEN
Space group P21212 P2124124 P21212 P212124 P212124 P212124 P212124
Resolution range 19.78-2.45 19.9-2.23 33.43-2.0 19.96-2.0 36.49-1.80 46.58-2.4 40.62-1.90
(A) (2.51-2.45) (2.29-2.23) (2.05-2.0) (2.05-2.0) (1.85-1.80) (2.5-2.4) (1.95-1.90)
No of observed
67399 119424 311975 268938 210243 90927 343052
reflections
No of unique
) 19696 27041 38365 39084 51578 22493 45190
reflections
Redundancy 342 416 8.13 6.88 4.08 4.04 7.59
I00) 14.47(4.08) 18.45(6.09) 19.21(6.45) 13.27(5.43) 16.78(4.38) 13.54(6.54) 18.32(8.14)
91.0 94.1 97.4 96.9 96.1 97.1 98.3
Completeness (%)
(67.5) (67.4) (94.1) (93.5) (89.5) (93.7) (95.8)
Rimerge (%) 8.2(30.3) 7.8(29.6) 8.3(38.2) 13.2(48.5) 6.1(35.1) 11.2(44.7) 11.9(34.9)
Reryst, Riree 19.8,25.9 16.2,22.9 14.5,19.7 15.3,20.5 15.0,19.6 15.4,23.0 14.4,19.6
Rmsd from ideal
geometry 0.006 0.021 0.024 0.025 0.025 0.019 0.024
Bonds (A) 0.865 1.765 1.903 1.862 2.019 1.748 1.981
Angles (°)
B factor (A?) 19.6 16.7 216 19.7 18.8 229 15.3
Bonded, mainchain 19.6 14.5 18.9 16.5 15.1 20.9 11.6
<B> proteina 19.6 14.9 20.2 17.8 16.6 222 13.0
<B> ligands? - 61.6 51.6 76.3 524 75.8 39.6
<B> watera 20.7 23.6 322 30.7 30.2 26.4 28.2

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

® Rierge = thl Zi | ||(hk| ) —<| (hkl )>|/thl Zi li (hk') where | is the intensity for the ith measurement of an

equivalent reflection with indices hkl.

> |
*Reactor =
Z | Fubs |

2

IF,|-IF

calc

where Fobs and FCaIC are the observed and calculated structure-factors.

F, |-IF

calc |
Z | Fobs |

IRpree = calculated from 5% of the reflections selected randomly and omitted from the refinement process.
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3.9.3 Crystallization of chitinase A mutant W397F

3.9.3.1 Initial screening and optimization

Like W275G, crystallization trials of W397F mutant were carried out
using Crystal Screen HR2-110 and Crystal Screen HR2-112 (Hampton Research) by
the microbatch technique. A protein concentration of 20 mg/ml was freshly prepared
in 10 mM Tris-HCI, pH 8.0. Positive conditions, which produced small crystals, were
obtained in many conditions as summarized in Table 3.14. From all the conditions
tested, only the condition 16 from Crystal Screen HR2-112 and the condition 40 from

HR2-110 produced clusters crystals as indicated in Tables 3.15 and 3.16, respectively.



Table 3.14 A summary of positive conditions obtained from the commercial screening kits using the microbatch technique for

crystallization of W397F within 30 days incubation at 22°C.

Commercial screening Precipitant Precipitant composition Temperature (°C) Crystal
kit number morphology
Crystal Screen HR2 110 3 18 Needle
(Hampton Research) 0.4 M ammonium phosphate monobasic

Crystal Screen HR2 110
(Hampton Research) 23 30% (v/v) PEG 400, 0.2 M magnesium chloride hexahydrate in

0.1 M HEPES sodium, pH 7.5 18 Needle
Crystal Screen HR2 110 20% (v/v) 2 I, 20% (w/v) PEG 4000 in 0.1 M sodi
(Hampton Research) 40 0% (v \_/) -_propano , 20% (w/v) in 0. sodium 18 Needle
citrate tribasic dihydrate, pH 5.6
Crystal Screen HR2 110 43 18
(Hampton Research) 30% (w/v) PEG 1500 Needle
Crystal Screen HR2 112 2 0.01 M hexadecyltrimethylammonium bromide, 0.5 M sodium 18 Needle
(Hampton Research) chloride and 0.01 M magnesium chloride hexahydrate
Crystal Screen HR2 112 16 2% (v/v) ethylene imine polymer, 0.5 M sodium chloride in 0.1 18 Needle
(Hampton Research M sodium citrate tribasic dihydrate, pH 5.6

0T
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Table 3.15 A grid screening of ethylene imine polymer (EIP) in 0.5 M sodium

chloride and 0.1 M sodium citrate tribasic dihydrate, pH 5.6.

Buffer % (VIV) EIP

0.5% 1.0% 15% 2.0% 25% 4.0 %

Sodium acetate, 0.1 M 0.1 M 0.1 M 0.1 M 0.1 M 0.1 M?°
pH 5.0

Sodium acetate, 0.1 M 0.1M 0.1M 0.1M 0.1 M? 0.1 M?
pH 5.6

MES, pH 6.0 0.1 M 0.1 M 0.1 M 0.1 M 0.1 Mm? 0.1 Mm?

MES, pH 5.5 0.1 M 0.1 M 0.1 M 0.1 M 0.1 M 0.1 M?

The conditions that produced crystals.

® The conditions used for further optimization.

Needle clusters obtained from the condition 4% (v/v) ethylene imine polymer,

0.5 M sodium chloride in 0.1 M sodium acetate tribasic dehydrate, pH 5.0 appeared

after 30 days of incubation (Figure 3.21A). Therefore, this condition was used for

further screening by the hanging drop vapor diffusion technique.



106

The condition 40 from Crystal Screen HR2 110: 20% (v/v) 2-propanol, 20% (w/v)
PEG 4000 in 0.1 M sodium citrate tribasic dihydrate, pH 5.6, was further optimized.
As seen in Table 3.15, only 20% (v/v) 2-propanol, 20% (w/v) PEG 4,000 in 0.1 M
sodium citrate tribasic dihydrate, pH 5.6, generated plate crystals (Figure 3.21B).
However, after several rounds of optimization, single crystals of W397F were not
obtained. Therefore, no further attempt had been made to try to obtain single crystals

of this mutant.

Table 3.16 A grid screening of PEG 4000, 0.5 M sodium chloride in 0.1 M sodium

citrate tribasic dihydrate, pH 5.6.

%(vIv)
Propanol % (w/v) PEG 4000
5% 10 % 15 % 20 %
5% 0.1M 0.1M 0.1M 0.1M
10 % 0.1M 0.1M 0.1 M 0.1M
15 % 0.1M 0.1M 0.1M 0.1M
20 % 0.1M 0.1M 0.1M 0.1 M?

#The conditions that produced crystals.
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Figure 3.21 Optimization of W397F crystal growth from the condition 16 of Crystal
Screen HR2-112 and the condition 40 of Crystal Screen HR2-110.

(A) Needle clusters of W397F obtained by the hanging drop after 30 days of
incubation from the condition 4% (v/v) ethylene imine polymer, 0.5 M sodium
chloride in 0.1 M sodium acetate tribasic dihydrate, pH 5.0. (B) Plate clusters of
W397F obtained by the hanging drop after 30 days of incubation from the condition
20% (v/v) 2-propanol, 20% (w/v) PEG 4000 in 0.1 M sodium citrate tribasic

dehydrate, pH 5.6.

3.10 Structural comparison of the apo form of the wild-type VhChiA

and mutant W275G

After final refinement, the overall structure of the wild-type and mutant
W275G in the absence of ligand were evaluated and found to be almost identical. As
already described by Songsiriritthigul et al., 2008, VhChiA comprises three distinct
domains (Figure 3.22A). The N-terminal chitin binding domain (ChBD, blue)
contains mostly p-strands and covers residues 22-139. The catalytic domain (green)

has a (0/)s-TIM barrel fold consisting of eight B-strands (B1-B8) tethered to eight a-
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helices (A1-A8) by loops and is made up of two parts, referred to as CatD | (residues
160-460) and CatD I (residues 548-588). The catalytic residue (Glu315) is positioned
in the loop of strand B4, which is part of a DxxDxDXE conserved motif. Two
important binding residues Trp275 and Trp397 are located in the loop of strands B3
and B6, respectively (Figure 3.22B). The ChBD domain is connected to the CatD
domain by a hinge which comprises 21 amino acid residues (residues 140 to 159).
The third domain has an o/p fold which inserts between Catl and Catll and is made up
of six anti-parallel B-strands flanked by short a helices (resides 461-547). Although
the overall structures of wild-type and the W275G were almost identical with the least
R.M.S. value of 0.262 A, minor conformational changes in the Val205-loop of the
CatD domain are observed. In the wild-type, the loop containing Val205 forms one
“wall” of the glycone binding sites, whereas Trp168 is the counterpart on the other
side. In the mutant, the cleft formed between those two residues is more open
compared to the wild-type. Another visible variation in the wild-type and the W275G
structures is the tilt between the ChBD of WT and of W275G. This tilt had been
observed previously (Songsiriritthigul et al., 2008) and it was an indication of the
flexible movement of the chitin binding domain compared to the catalytic domain

(Figure 3.22A).



Hinge region

Figure 3.22 A comparison of the overall structure of wild-type VhChiA and mutant W275G.
(A) A ribbon representation of wild-type VhChiA superimposed with W275G. The ChBD of wild-type is colored in blue, the CatD
domain is colored in green and the small insertion domain is in pink. The structure of W275G is colored in yellow; (B) a topology

diagram of the CatD domain of VhChiA, indicating three important residues Trp275, Glu315, and Trp397 located at loop B3, B4, and B6,

respectively.

60T
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In the final models of the WT-inhibitor complexes obtained from the
condition: 1.1 M ammonium sulfate in 0.1 M Tris-HCI, pH 8.5, and all of the
W275G-inhibitor complexes, the C-terminal residues starting from Gly588 and the
C-terminal hexahistidine tag were not observed. In contrast, the wild-type crystals
grown under 16% (w/v) PEG 4000, 21% (v/v) propanol in 0.1 M sodium citrate
tribasic dihydrate, pH 5.6, showed clear electron density up to residues 595 or 596.
Noticeably, the apo form of native VhChiA crystals grown from the condition: 16%
(w/v) PEG 4000, 21% (v/v) propanol in 0.1 M sodium citrate tribasic dihydrate, pH
5.6, showed the electron density up to 601, including three histidine residues of the

hexahistidine tag (599-601) (Table 3.17).
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Table 3.17 Numbers of amino acid residues observed in the VhChiA-inhibitor

complexes.
Engyme ~ Condition for crystal - Number of -y jpiorg
Wild-type PEG 4000% 579 (22-601) Native
" PEG 4000° 574 (22-596) DEQ
" PEG 4000° 574 (22-596) IDA
" PEG 4000° 574 (22-596) SAN
" PEG 4000° 574 (22-596) CHE
" PEG 4000° 573 (22-595) CHE
" Ammonium sulfate” 566 (22-588) PEN
" PEG 4000° 574 (22-596) IMI
" Ammonium sulfate” 566 (22-588) IMI
" PEG 4000° 573 (22-595) PRO
W275G PEG 4000° 566 (22-588) Native
" PEG 4000° 566 (22-588) DEQ
" PEG 4000° 566 (22-588) SAN
" PEG 4000° 566 (22-588) CHE
" PEG 4000° 566 (22-588) PEN
" PEG 4000° 566 (22-588) IMI
" PEG 4000° 566 (22-588) PRO

# The crystallization condition was 16% (w/v) PEG 4000, 21% (v/v) propanol in 0.1
M sodium citrate tribasic dihydrate, pH 5.6.

® The crystallization condition was 1.1 M ammonium sulfate in 0.1 M Tris-HCI, pH
8.5.

¢ The crystallization condition was 26% (w/v) PEG 4000, 0.2 M ammonium acetate in
0.1 M sodium citrate tribasic dihydrate, pH 5.6.

The final structure of the apo form of the native VhChiA, showing the
C-terminal end attached with the three histidine residues of the Hisg tag (starting from
Gly588), which made up a elongating loop at the opposite side of the catalytic domain
and extended towards the N-terminal ChBD domain (Figure 3.23A). This observation
is in contrast with the VhChiA structure determined previously by Songsiriritthigul et
al. (2008) that reported the hexaHis residues were-embedded in the active site of the
wild-type enzyme and interacted with many important residues for binding to

GIcNACcs and GIcNACs.



His600

His599

Figure 3.23 Docking of GIcNAcs (E315M+NAGg, PDB code: 3B9A) to the apo form of the VhChiA structure.

(A) A cartoon representation of GIcNAcg docked into the active site of the wild-type enzyme. GIcNACcs and the residues 589-602 in the
apo form of VhChiA are indicated as the stick model with carbon atoms labeled as cyan and orange, respectively; (B) The electron
density map of the C-terminal end of the wild-type structure including residues 589-601 connected with three histidine residues from the

Hisg tag. A 2F,-F; map was calculated from the refined model and contoured at 1.0 c.

cT1
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3.11 The structures of complexes of the wild-type VhChiA and the

newly-identified chitinase inhibitors

Thorough crystallographic analysis demonstrated that the inhibitors bound to
the wild-type chitinase mainly at two locations, one is between Trp275 and Trp397 at
the aglycone binding sites (subsites +1/+2), and the other one is near Trpl68 and
Val205 at the glycone binding sites (subsites -3/-4). Figure 3.24 shows that two
molecules of SAN, IMI, PEN, and PRO were bound to the active site of the wild-type
enzyme. One was located at subsites +1 and +2 with well-defined electron density,
while the electron density of the second molecule at subsites (-4) and (-3) are always
much less well-defined, with relatively higher temperature factors.
The crystallo-graphic data gave an implication of weak affinity of binding at the
glycone binding sites. The backbone of two molecules of SAN, IMI, PEN, and PRO
were oriented in the active site of wild-type with torsional angles of 51 to 74 degree
from each other. For IDA and CHE, no interpretable density was found at the glycone
sites, thus only one molecule of IDA and CHE was found at the aglycone sites. For
PRO and PEN, either superimposition of multiple binding stances or less well-defined
aliphatic substituents were observed. In contrast to the other inhibitors, only one
molecule of DEQ was found in the active site of the wild type enzyme, and it
occupied subsites -3 to +2 with the two head groups acting like two separated

molecules bound at two different locations.



Figure 3.24 Surface representation of the structural complexes of the wild-type
VhChiA with seven different inhibitors (DEQ, SAN, CHE, IDA, PEN, PRO,
and IMI). Protein surface is colored in green with hydrophobic patches shown in

yellow. The inhibitor molecules are shown in magenta.

Y11l
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3.11.1 The structure of the complex of wild-type VhChiA with

dequalinium (DEQ)

As mentioned above, only one molecule of DEQ was found in the active site
of the wild-type enzyme (Figure 3.24). The electron density map of the refined
structure of WT-DEQ complex clearly showed that DEQ occupied subsites -3 to +2
(Figure 3.25A). DEQ contains two symmetrical 4-amino-2-methylquinolinium head
groups connected with each other by a long flexible Cyo-linker. The structural
complex of WT-DEQ revealed that the two head groups are oriented with torsional
angle of 62 degree. DEQ interacts with the active site residues by three hydrophobic
interactions, which are maintained mainly by tryptophan residues and a few other
hydrophobic residues as shown in Ligplot (Figure 3.25B). One head group of DEQ at
the subsites +1/+2 is sandwiched between Trp275 and Trp397, as well as Asp392,
while the other head group interacts at subsites -2/-3 with Trpl68 and other
surrounding residues, including Trp570, Thr276, and Leu277 at subsite -2 and Val

205 and His228 at subsite -3.
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Figure 3.25 The structure of the complex of wild-type VhChiA with DEQ.

(A) The electron density map of DEQ in the structure of WT-DEQ complex.
The 2F,-F. map was calculated from the refined model and contoured at 1.0 .
The inhibitor molecule was shown in sticks with carbon atoms labeled in magenta.

(B) Protein-ligand interactions was calculated by LIGPLOT.
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3.11.2 The structure of the complex of WT VhChiA with sanguinarine

(SAN)

The structural complex of WT-SAN showed two molecules of SAN in the
active site of the enzyme (Figure 3.26A). SAN1 located at subsites -1 to +2 had a
well-defined electron density, whereas SAN2 located at subsites -4 to -2 had less
defined density. For SAN1, the benzodioxole ring orients to the direction of the
glycone sites, while the dioxolane part orients towards the aglycone sites. For SAN2,
its benzodioxole ring also points towards the direction of glycone sites, but its
dioxolane ring points downward into the binding pocket without interacting with the
three residues essential for catalysis (Asp311, Asp313, and Glu315) as found for
allosamidin and its derivatives (Roa et al., 2003; Roa et al., 2005; Vaaje-Kolstad et
al., 2004; Houston et al., 2002). SAN1 and SANZ2 are aligned with each other with a
74 degree torsional angle. SAN1 was sandwiched between with Trp275 and Trp397
via m-rt interaction, while SAN2 formed hydrophobic interactions with Trp168 and
other surrounding residues including Tyrl71, Phe192, VVal205, and Leu277 at subsites
-2/-3. Thus, the main interactions of the two molecules of SAN are hydrophobic
interactions as shown in Figure 3.26B. Only one hydrogen bond was observed. This
bond links between O™ of the side chain of Tyr276 and the O?* of the benzodioxole

group of SAN2 at the glycone sites.
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A
-4 -3 -2 -1 +1 +2
SAN2 SAN1
glycone sites aglycone sites
B

Thr 276(A)

Figure 3.26 The structure of the complex of wild-type VhChiA with SAN.

(A) The electron density map of two molecules of SAN in the structure of WT-SAN1-
SAN2 complex. The 2F,-F. map was calculated from the refined model and
contoured at 1.0 c. The two molecules of SAN are shown in sticks with carbon atoms

labeled in magenta; (B) Protein-ligand interactions was calculated by LIGPLOT.
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3.11.3 The structure of the complex of wild-type VhChiA with

chelerythrine (CHE)

Only one molecule of CHE showed a well-defined electron density at the
aglycone sites, while the electron density of the second CHE molecule at the glycone
sites was too weak to be modeled with confidence. The structure of CHE is similar to
SAN (see Figure 3.11 for the chemical structure) with the dioxolane ring of CHE
being open at the position C*°. The refined structure of the WT-CHE complex showed
that the orientation of CHE was similar to SAN1. However, there are different relative
orientations between WT-SAN1 and WT-CHE, by which the benzodioxole part of
CHE points towards to the glycone sites, whereas this part of SAN1 points towards
the aglycone sites. Moreover, a structure of WT-CHE was also solved, and it showed
that the orientation of CHE was different from the first complex as the benzodioxole
part of CHE in the second complex points toward the aglycone sites as shown in
Figures 3.28A. Hydrophobic interactions which are similar the WT-CHE are also
major interactions, which is similar to WT-SAN. However, the number of residues

that interact with CHE are smaller than SAN (Figure 3.27B).
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Figure 3.27 The first structure of the complex of wild-type VhChiA with CHE.

(A) The electron density map of CHE in the structure of WT-CHE complex.
The 2F,-F;. map was calculated from the refined model and contoured at 1.0 o.
The inhibitor molecule is shown in sticks with carbon atoms labeled in magenta.

(B) Protein—ligand interactions was calculated by LIGPLOT.
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CHE

glycone sites aglycone sites

Figure 3.28 The second structure of the complex of wild-type VhChiA with CHE.

(A) Superposition of two structural complexes. The inhibitor molecules are shown in
stick model and carbon atoms of CHE in first complex are labeled in magenta, while
carbon atoms of CHE in the second complex are labeled in green. (B) The 2F,-F. map
of CHE in the second complex was calculated from the refined model and contoured

at 1.0 o.
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3.11.4 The structure of the complex of wild-type VhChiA with idarubicin

(IDA)

Similar to the WT-CHE complex, only one molecule of IDA showed a
well-defined electron density at the aglycone binding sites, while the electron density
around the glycone binding sites was very weak and could only be seen in the 2F,-F.
map with a o value set to lower than 0.5 (Figure 3.29A). IDA comprises an aromatic
backbone, which combines demethoxydaunorubicin and cytosine arabinoside. The
demethoxydaunorubicin part of IDA stacked against Trp275 and Trp397 via n-n
interaction and formed hydrophobic interactions with Tyr435 at the aglycone sites,
whereas its arabinoside portion stuck out of the active site beyond subsites +1/+2 and
forms a hydrogen bond between N* atom with the oxygen atom of the carbonyl group

of Gly321(Figure 3.29B).


http://en.wikipedia.org/wiki/Cytosine_arabinoside
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Tyr 435<A>E

Figure 3.29 The structure of the complex of wild-type VhChiA with IDA.

(A) The electron density map of IDA in the structure of WT-IDA complex.
The 2F,-F. map was calculated from the refined model and contoured at 1.0 o.
The inhibitor molecule is shown in sticks and carbon atoms are labeled in magenta;

(B) Protein—ligand interactions was calculated by LIGPLOT.
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3.11.5 The structure of the complex of wild-type VhChiA with 2-

(imidazolin-2-yl)-5-isothiocyanatobenzofuran (IMI)

Two structures of complexes with WT-IMI were obtained from two different
crystallization conditions. The first complex was obtained from the condition 26%
(w/v) PEG 4000, 0.2 M ammonium acetate in 0.1 M sodium citrate tribasic dihydrate,
pH 5.0, while the second complex was obtained from the condition 1.1 M ammonium
sulfate in 0.1 M Tris-HCI, pH 8.5. Both complexes showed two molecules of IMI in
the active site of VhChiA. IMI1 was located at the aglycone sites and IMI2 at the
glycone sites. The electron densities of both molecules of IMI were well-defined as
seen in Figures 3.30A and 3.31B. The orientations of IMI from both complexes were
slightly different as shown in Figure 3.31A. In addition, there are some different
orientations between IMI2 of the first complex and IMI2 of the second complex as the
imidazole head group of the first structure points toward the glycone sites, whereas
this head group of IMI2 of the second complex points towards the aglycone sites. No
hydrogen bond was observed in both complexes. The main interactions of both
complexes are again hydrophobic interactions (see LIGPLOT, Figure 3.30B). The
benzofuran ring of IMI1 at the aglycones sites was sandwiched only by Trp275 and
Trp397, while the benzofuran ring of IMI2 at the glycone sites formed hydrophobic

interactions with Trp168, Val205, and Tyrl71.
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Figure 3.30 The first structure of the complex of the wild-type VhChiA with IMI.
(A) The electron density map of IMI in the first complex of WT-IMI1+IMI2.
The 2F,-Fc map was calculated from the refined model and contoured at 1.0 c. The
inhibitor molecules are shown in sticks and carbon atoms are labeled in magenta.

(B) Protein—ligand interactions was calculated by LIGPLOT.
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Figure 3.31 The second structure of the complex of the wild-type VhChiA with IMI.

(A) Superposition of the two complexes of WT-IMI1-IMI2. The carbon backbone in
magenta indicates the two molecules of IMI obtained from the condition: 26% (w/v)
PEG 4000, 0.2 M ammonium acetate in 0.1 M sodium citrate tribasic dihydrate, pH
5.0, while the carbon backbone of IMI obtained from the condition: 1.1 M ammonium
sulfate, 0.1 M Tris-HCI, pH 8.5, is presented in green. (B) The 2F,-F electron density
map of IMI2 and IMI1 obtained from the condition 1.1 M ammonium sulfate, 0.1 M

Tris-HCI, pH 8.5, and contoured at 1.0 c.
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3.11.6 The structure of the complex of wild-type VhChiA with

pentoxifylline (PEN)

Two molecules of PEN at different locations (one on the glycone sites and
other one on the aglycone sites) were refined, both showed well-defined electron
densities as shown in Figure 3.32A. PEN has a xanthine backbone, which stacks
against the aromatic side chains of the binding residues in the enzyme’s active site. In
the refined model of the WT-PEN1-PEN2 complex, PEN1 was sandwiched by
Trp275 and Trp397 via =-r interaction, while PEN2 made its main interaction with
Trpl68. Moreover, hydrophobic interactions of the surrounding residues with PEN1
were observed at the aglycone sites, including Phe393 and Tyr435. At the glycone
sites, additional residues, including Val205, His228, and Leu227, made hydrophobic
interactions with PEN2. Two hydrogen bonds were observed at glycone sites: one
between the oxygen atom of the oxohexyl tail of PEN2 and the N" side chain of Lys
370 and another one between the nitrogen backbone of Gly367 and the oxygen atom

of the oxohexyl tail of PEN2 (Figure 3.32B).
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Figure 3.32 The structure of the complex of wild-type VhChiA with PEN.

(A) The electron density map of IMI in the structural complex of WT-PEN1-PEN2.
The 2F,-F. map was calculated from the refined model and contoured at 1.0 o.
The inhibitor molecules are shown in sticks and carbon atoms are labeled in magenta;

(B) Protein-ligand interactions was calculated by LIGPLOT.
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3.11.7 The structure of the complex of wild-type VhChiA with

propentofylline (PRO)

Two molecules of PRO were also found in the active site of the wild-type
enzyme, with the electron density of PRO2 at the glycone sites being less
well-defined (Figure 3.33A). The chemical structure of PRO (Figure 3.10) is similar
to PEN, which also contains a xanthine backbone. The difference is PRO comprises a
bulky substitute (N° linked 7-propyl moiety), while PEN contains a small N’ linked
methyl group. Like other inhibitors described earlier, the main interactions of both
molecules of PRO are hydrophobic interactions. PRO1 was stacked by Trp275 and
Trp397, while PRO2 made hydrophobic contact with Trp168. Moreover, PEN1 also
made hydrophobic interactions with the surrounding residues, including Lys370 and
Arg463 at subsites +1/+2, and Tyr276 at subsite -2, while Val205, His228, Ser209,
Tyrl71, and Argl73 interacted with PEN2 at subsites -2 to -4. No hydrogen bond was

observed in the structural complex of WT-PRO (see Ligplot, Figure 3.33B).
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Figure 3.33 The structure of the complex of wild-type VhChiA PRO.

(A) The electron density map of IMI in complex with WT-PRO1-PRO2. The 2F,-F.
map was calculated from the refined model and contoured at 1.0 . The inhibitor
molecules are shown in sticks and carbon atoms are labeled in magenta;

(B) Protein—ligand interactions was calculated by LIGPLOT.
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All the interactions found in the WT-inhibitor complexes are summarized in
Table 3.18, which shows that all the inhibitors are maintained in the active site of the
wild-type chitinase mainly by hydrophobic residues and a few other surrounding
interactions with a very few hydrogen bonds involved in the interactions. In addition,
the inhibitors were found to occupy the surface of the substrate binding cleft of
VhChiA covering subsites -4 to +2, but no interaction found at subsite -1. These
findings are different from other inhibitors reported previously (Roa et al., 2003; Roa

et al., 2005; Vaaje-Kolstad et al., 2004; Roa et al., 2005; Houston et al., 2002).



Table 3.18 A summary of the interactions between the inhibitors and the binding residues in the substrate-binding cleft of the wild-type

VhChiA.
Bindin
g WT-DEQ WT-IDA WT-SAN WT-CHE WT-PEN WT-PRO WT-IMI
subsite
+2 1 1 1 1H Trp275',Gly3671H,
I:"g;;’“pm’ l:"g;;?"r’ﬁ; © Trp275 Trp3eT! Trp275'Trp397'  Lys370'HTrp307",  Trp275'Trp3d7'  Trp275' Trp3oT"
P oIty Phe393",Tyr435"
1 1
¥ Trp275t,Asp392! Trp275" Trp275! Trp275' Trp275! ;:Zig;'-ysm’ Trp275"
-1 Arg463!
2 ThraeiLeu22m, Phe1922 Leu227?, . )
Troer e Leu227, Thr276
3 Trpl68aVal208, N Trp1682Arg1732
His2282 Trp1682,Val2052 Trp1682Val2032, Val2052 His2282,  Trp1682Val2052
His2282
Ser2092
-4 Tyr1712 Tyr1712, Arg1732 Tyr1712

The residues interacted with the first inhibitor at the aglycone sites.

*The residues interacted with the second inhibitor at the glycone sites.

"The residues that hydrogen bonded with the inhibitors.

49
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3.12 The structures of the complexes of mutant W275G with the

newly identified inhibitors

The refined structures of the complexes of W275G with the inhibitors also
revealed, if not all, two molecules of inhibitors but their binding behaviors are
different from that of the wild-type enzyme. With the exception of DEQ, the
complexes of W275G with the inhibitors SAN, CHE, PEN, and IMI showed two
inhibitor molecules in only the aglycone location. The first molecule of the inhibitors
formed hydrophobic interactions with Trp397 as in the wild-type complex, while the
second molecule stacked against the first molecule, in exactly the place of where the
indole ring of Trp275 was missing (Figure 3.34). Moreover, the backbone of the loop
containing Gly321 interacts with the second inhibitor molecule via hydrophobic
interactions and/or hydrogen bonds (see Ligplot, Figure 3.34 for DEQ and for IMI).
Both inhibitor molecules that stack against one another at the aglycone sites were
likely to orient in the same direction with similar well defined electron densities
(Figure 3.35).

However, binding of DEQ to the mutant W275G (Figure 3.34DEQ) is
different from binding of DEQ to the wild-type enzyme and to the other inhibitors to
the mutant W275G for three reasons: (1) inspection of the 2F,-F; and Fy-F. maps
revealed two DEQ molecules in the W275G’s active site instead of one molecule as
observed in wild-type (Figure 3.24, DEQ): (2) the two DEQ molecules are located at
the opposite sides of the substrate binding cleft: one is at the aglycone subsites, while
the other one reaches outside the glycone subsites: and (3) both molecules adopt
completely different conformations. At the aglycone subsites, the DEQ molecule

(DEQ1) apparently folds onto itself, allowing one of the quinolinium head groups to
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stack against the other head group, which concomitantly substitutes for the eliminated
side-chain of Trp275 in a structure reminiscent of the double stack described for two
separate inhibitor molecules. The electron density of the first molecule at the aglycone
position was very weak for the head groups and even weaker for the linker. In
contrast, the second molecule of DEQ is in an open conformation and stretches along
the enzyme's surface starting from the glycone position, where one aromatic moiety
interacts with Trp168 and Val205 like the other inhibitors, while the other moiety is
extended towards the N-terminal ChBD and located close to Trp231 and Tyrl71. In
contrast with the other inhibitors, the electron density at the glycone sites is more

clearly defined than at the aglycone sites.
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Figure 3.34 The structure of mutant W275G with six inhibitors identified inhibitors
from LOPAC library. Right panels: Surface representation of the complexes of mutant
W275G with the inhibitors (DEQ, SAN, CHE, PEN, PRO, and IMI). The protein
surface is colored in green with hydrophobic patches and stick models of
corresponding aromatic residues shown as yellow. The inhibitor molecules are shown
in magenta. Left panel: Ligplot schematic diagrams showing protein-ligand

interactions of the W275G-inhibitor complexes.
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Figure 3.34 The structure of mutant W275G with six inhibitors identified inhibitors
from LOPAC library. Right panels: Surface representation of the complexes of mutant
W275G with the inhibitors (DEQ, SAN, CHE, PEN, PRO, and IMI). The protein
surface is colored in green with hydrophobic patches and stick models of
corresponding aromatic residues shown as yellow. The inhibitor molecules are shown
in magenta. Left panel: Ligplot schematic diagrams showing protein-ligand

interactions of the W275G-inhibitor complexes (Continued).
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Figure 3.35 The electron density maps of the six inhibitors in active site of W275G.

The substrate binding cleft of the enzyme is indicated as subsites -4, -3, -2, -2, +1, and

+2. The 2F,-F; maps were calculated from the refined model and contoured at 1.0 .
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Although both PEN and PRO have a xanthine backbone (Figure 3.11), their
binding behaviors to the mutant W275G are different as two molecules of PEN
formed a double sandwich with Trp397 at the aglycone position, with well-defined
density just like the other inhibitors. On the other hand, only one molecule of PRO
was found to stack against Trp397. This is most likely due to a steric clash of the
7-propyl moiety of PRO that protrudes towards the site of the mutation W275G, thus
preventing stacking (Figure 3.36).

There is also a sign of the third molecule of PEN in the active site of mutant
W?275G at the glycone sites in a similar area as PEN2 bound to the wild-type enzyme
(Figure 3.24). However, its electron density was relatively weak. Similar evidence of
the second molecule of IMI was observed at the glycone sites of W275G’s active site.

The main interactions of W275G-inhibitors are hydrophobic interactions with
a few hydrogen bonds involved as shown in Ligplot (Figure 3.34, left panel). A
summary of the interactions between the binding residues in the active site of W275G

and the inhibitors is presented in Table 3.19.



Table 3.19 A summary of the interactions between the inhibitors and the binding residues in the substrate-binding cleft of mutant

W275G.
Binding
subsites WG-DEQ WG-SAN WG-CHE WG-PEN WG-PRO WG-IMI
+2 Gly231'H Gly275',Ala322'  Gly2752,Gly3204,Gly3212H,  Gly2752Gly3202,Gly3212H,  Gly2752,Gly3212,Gly367"H, Trp397',Lys370"H Tryd35', Trp2752Ala3222Trp397",
Ala3222 Ala3242, Asp392! Ala3222 Phe393',Lys370"H,Trp397' Phe393' Asp392!
,Trp397! ,Ala3242 Trp397" ,Try435'
+1 Trp275',Phe316"2Asp392! Gly 2752,Phe316"2 Phe316',Asp392' Gly2752
-1
Arg4632
2 Thr2762
3 Trp1682,His2282 Val2052,His2282
4 Ser2092,Ala2122
,Tyr1712
-5
Asp2292, Tyr1712
-6
Trp2312

The residues interacted with the first inhibitor at the aglycone sites.

*The residues interacted with the second inhibitor at the glycone sites.

HThe residues that hydrogen bonded with the inhibitors.

6ET
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Figure 3.36 Details of the interactions of PEN and PRO in the active site of W275G.
The structures of mutant W275G in complex with (A) PEN; (B) PRO.

PEN is shown in cyan and PRO in yellow. Hydrogen bonds are presented as dashed
lines, water molecules as blue spheres; and (C) Superposition of the two complexes
showing the potential clash of the 7-propyl moiety of PRO that most likely prevents

binding of a second PRO molecule at the aglycone subsites.



141

3.13 Effects of the inhibitors on hydrolytic activity of the wild-type

VhChiA against soluble and insoluble substrates

The effects of the inhibitors on chitinase activity were evaluated by assaying
the specific activity values towards soluble (GIcNAcg) or insoluble (colloidal chitin
and crystalline a chitin) substrates using the DMAB assay (Table 3.20). The results
showed that at a fixed concentration of the inhibitor of 3.9 uM, the wild-type activity
against chitohexaose was inhibited by DEQ by 50%. This concentration was in an
agreement with the 1Cso of DEQ determined by the dose-response curve presented
earlier (see Table 3.3). All other inhibitors were found to inhibit the wild-type activity
less efficiently than DEQ. Especially, PEN, PRO and MET showed no inhibition on
the wild-type activity against chitohexaose. All the inhibitors showed similar effects
on enzyme activity against colloidal chitin and crystalline a chitin. The orders of the

inhibition are DEQ > IDA > SAN > CHE > IMI > PRO > PEN.
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Table 3.20 The inhibition effects of the inhibitors on specific activity of the wild-type

VhChiA against soluble and insoluble substrates as determined by the DMAB assay.

Specific hydrolyzing activity (U/nmol protein)®

Crystalline chitin Colloidal chitin Chitohexaose

inh'i\'b‘:tor 1.6 + 0.1 (100)° 19 + 0.3(100) 47 +0.5 (100)
DEQ 0.5+0.1 (31) 10 + 0.9 (53) 24 +0.3 (51)
IDA 0.6 £0.1(38) 12 £ 0.6 (53) 28 +£2.9 (59)
SAN 0.6 + 0.02 (38) 13+ 0.7 (68) 30 + 1.0 (64)
CHE 0.7 +0.1 (44) 13 + 0.7 (68) 32+ 1.5 (68)
IMI 0.8 + 0.1 (50) 16 + 0.4 (84) 43+1.0 (91)
PEN 0.8 +0.02 (50) 15+0.2 (79) 46 + 1.6 (98)
PRO 0.8 + 0.1 (50) 15 + 0.5 (79) 46 + 0.3 (98)
MET 0.8 +0.1 (50) 15 + 0.3 (79) 46 + 0.5 (98)

®One unit of chitinase is defined as the amount of enzyme that releases 1 pmol of

GIcNAC; or 1 nmol of pNP per min at 37°C.

®Values in parentheses represent relative specific hydrolyzing activities (%).
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3.14 Binding study by fluorescence titration spectroscopy

Intrinsic fluorescence titration spectroscopy was used to assess the binding
affinity of all the inhibitors towards the wild-type VhChiA. Changes in the intrinsic
protein fluorescence intensity after adding different concentrations of the inhibitors
were measured at the excitation wavelength of 295 nm and at the emission
wavelength between 310-450 nm. Decreases in the fluorescence intensity were found
to correspond to increases in the concentrations of the inhibitors (Figure 3.37). A plot
of relative fluorescence (F/F,) as a function of inhibitor concentrations yielded a well-
defined exponential decay curve, allowing the equilibrium dissociation constant (Kp)
of each corresponding inhibitors to be estimated using a single site binding model
(Figure 3.38).

The corresponding binding curves were fitted with a single binding site model;

F, B,
Fle =( D,/FD —Ns)e Bl 4 Ns

o

where F and F, refer to the fluorescence intensity in the presence and absence of
ligand respectively, Lo is the initial ligand concentration, Kp is the equilibrium
dissociation constant and NS is the non specific binding that does that dissociated
(plateau).

In agreement with the data obtained from the dose-response curves, DEQ acts
as the most potent inhibitor with the Kp of 0.2 uM, followed by IDA (Kp of 0.4 uM),
SAN (Kp of 0.6 uM), CHE (Kp of 0.7 uM), IMI (Kp of 1.0 uM), PEN (Kp of 4.0
HM), and PRO (Kp of 4.7 uM), respectively. The Kp of MET at 33.4 uM indicated

that this inhibitor was the weakest inhibitor compared to the other inhibitors.



400 400

350 4 3501
>
> 2 |
= 300 @ 300
c
5 [
- + 2501
.§ 250 £
[ 17
8 200 © 2001 7/
5 5
3 150 o 1501
)
s S 100
g 100 S
= z ]
L 5 50
0 T T T T T T T T T T T 0 T T T T T T T T T T
310 320 330 340 350 360 370 380 390 400 410 420 430 310 320 330 340 350 360 370 380 390 400 410 420 430
Emission wavelength (nm) Emission wavelength (nm)
C 400 D 400
350 = 350
2 2
5 300 @
S [
2 250 4 t
c £
‘© @
@
© 200 g
S (1]
] o
& 150 ]
g 5
g 100 3
e [
50
0 T T T T T T T T v ¥ T T T T
310 320 330 340 350 360 370 380 390 400 410 420 430 310 320 330 340 350 360 370 380 390 400 410 420 430

Emission wavelength (nm) Emission wavelength (nm)

Figure 3.37 A protein-inhibitor binding study by intrinsic fluorescence spectroscopy. Increased concentrations of (A) DEQ; (B) IDA; (C)
SAN from 0-3 uM; and (D) PEN from 0-10 uM were added to 0.25 uM of the purified wild-type VhChiA in 20 mM Tris-HCI, pH 8.0.

The emission spectra were collected from 310-450 nm upon excitation at 295 nm. Dash line indicates O uM of the inhibitors.
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Figure 3.38 Binding curves determined for each inhibitor. The binding curves of (A) DEQ, IDA, SAN, CHE, and IMI; and (B) PEN,
PRO and MET. Symbols: DEQ (black square), IDA (black upward-pointing triangle), SAN (black downward-pointing triangle), CHE

(black diamond), IMI (back circle), PEN (open square), PRO (open upward-pointing triangle), and MET (open downward-pointing

triangle).
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3.15 Isothermal titration microcalorimetry (ITC) experiments

ITC experiments of wild-type, mutants W275G and W397F against three
inhibitors (DEQ, PEN and SAN) were carry out. The reason for selecting these three
inhibitors for ITC experiments was because they exhibited different binding
behaviors, which represent three different binding modes as proposed based on the
ITC and structural data.

The ITC experiments were carried out at two different pH values (pH 5.5 and
pH 8.0). The results showed that the three inhibitors bound with the enzymes at pH
5.5, while the heat changes, indicating ligand binding upon addition of DEQ and
SAN, could not be observed for the wild-type and the mutated enzymes at pH 8.0.

Together with the structural data of wild-type and W275G complexed with the
inhibitors, fitting the ITC data implicated that the inhibitors occupied the enzyme’s
active site in three different binding modes. The first binding mode is applicable for
binding of DEQ to the wild-type chitinase as seen the structural complex of WT-DEQ
(Figure 3.24, DEQ) and the ITC thermogram of the wild-type and DEQ showing the
heat release as calories/mole of injectant, and plotted as a function of molar ratio of
DEQ:VhChiA (Figure 3.39Al). The binding parameters were analyzed from the
binding isothermal curve, as indicated as a solid black line in Figure 3.39A2 and
revealed the number of binding site N = 1 (see Table 3.21). Fitting the curve using a
single-site binding model yielded AH as -8.7 kcal mol™, AS as 3.5 cal mol™, and Kp

of 70 nM.
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Figure 3.39 Thermographic binding isotherms (A1-C1) with theoretical fits (A2-C2)
obtained from ITC experiments and the dose-response curves (A3-C3) obtained from
colorimetric assays.

Thermograms and theoretical data fittings corresponding to binding of DEQ, SAN
and PEN to the wild-type chitinase are shown in Al-A3, B1-B3, and C1-C3
respectively. In A2, the fitted binding curve assumes a single binding site; while
theoretical curve fitts assuming two-independent inhibitor binding sites are shown in

B2 and C2 in red.
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The second binding mode is described by two molecules of the inhibitors
binding in two different locations (locations: aglycone and glycone). To understand
the binding mechanism, the ITC experiments were performed with PEN and SAN
against the wild-type enzyme. Although the isothermal curves of both inhibitors could
be fitted with a one-site binding model, the fit displayed the number of binding sites
to be larger than one (N > 1) (Table 3.21). This is shown in Figure 3.39B2, where a 3-
parameter fit for one binding site (black solid line) gave N = 1.3, AH = -7.2 kcal mol
', AS = 3.3 cal mol™ and Kp = 800 nM for SAN, and N = 1.2, AH = -13 kcal mol™,
AS = -18 cal mol™ and Kp = 2 uM for PEN. In addition, the one-site-binding model
did not correspond to the structural findings, which revealed two inhibitor molecules
bound to two sites (Figures 3.24 SAN and 3.24 PEN). Therefore, the data were then
fitted with a two-independent-site model (red line, Figure 3.39B) with the number of
the binding sites set to N1 = N2 = 1. Based on the two-independent-site fitting, two
dissociation constants were obtained. For SAN, Kpl is 40 fold larger than Kp2 (Kpl =
0.2 uM and Kp2 = 8.0 uM). For PEN, Kpl is 5 fold lager than Kp2 (Kpl =2.0
uM and Kp2 = 10 uM). The inhibitor molecule bound to the glycone sites likely has
the weaker binding affinity binding than the one that bound to the aglycone sites as its

electron density was less well-defined and refined with higher B-factors.
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The two-independent site binding mode seems to also explain binding of DEQ
to mutant W275G (Figure 3.40A1 and Figure 3.40A2), since the crystal structure of
the W275G-DEQ showed two molecules of DEQ bound at two different sites (Figure
3.34 DEQ).

The third binding mode is applicable for binding of two molecules of
inhibitors to W275G at the same location (location “aglycone”). As seen in Figure
3.34 SAN, CHE, PEN, and IMI. The ITC curve of SAN to W275G was a
representative of this binding mode, where the first SAN molecule formed a double
stack against the residue Trp397 and the second SAN molecule.

Again, the binding curve was first fitted with the one-site binding model as
indicated with black line (Figure 3.40B2), and gave a number of binding sites of
N = 3.9. The number of binding sites (N) larger than one indicates that more than one
sites of the inhibitor were bound. Based on the structural data (Figure 3.34 SAN), the
binding curve was re-fitted with the two-sequential-site binding model. The red line in
Figure 3.40 B2 was calculated with the sequential binding model with the assumption
of two molecules of the inhibitor bound to the active site of W275G. The curve fit
with N1 = N2 = 1 gave Kpl of 264 uM with AHI and AS1 at -8.0 kcal mol™ and
-8.6 cal mol™, and Kp2 of 66 uM with AH2 and AS2 at -8.6 kcal mol™ and -12.0 cal
mol™. Similar results were seen with PEN binding to W275G, where its ITC binding
curve was fitted by the two sequential binding model giving two different Ky values

with Kpl of 93 uM and Kp2 of 609 uM.
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Figure 3.40 Thermographic binding isotherms (A1-C1) with theoretical fits (A2-C2)
obtained from ITC experiments and the dose-response curves (A3-C3) obtained from
the colorimetric assays.

Bindings of DEQ, SAN, and PEN to W275G are shown in Al-A3, B1-B3, and
C1-C3, respectively. The theoretical fit to two-independent site binding of DEQ to
W275G is indicated as red line in A2. The theoretical fits to two- sequential-site
binding of SAN and PEN to W275G are indicated as red line in B2 and C2. The black

line indicated one-site binding.
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The ITC experiments of W397F were carried out even though the structural
complexes of this mutant with the inhibitors were not successfully obtained.
However, its binding mechanism was explained base on the structural elucidation of
the wild-type and the mutant W275G with the inhibitors (Figures 3.24 and 3.34).

The isothermal binding curves were fitted as the same binding models as for
the wild-type enzyme. The isothermal binding curve of DEQ to W397F gave the fit
with the one site binding model (black line, Figure 3.33A1) with Kp of 3.8 uM,
AH = -1.3 kcal mol™ and AS = -20 cal mol™. However, the number of binding sites is
shown to be smaller than one (N = 0.7) (Table 3.21). For SAN and PEN, their
isothermal binding curves could also be fitted to the data with a one site binding
model, but the number of binding sites was not equal to one. The obtained N values
indicated more than one site of the inhibitors could be bound. Thus, the binding
curves were fit with the assumption of the two independent binding sites (set at
N1 = N2 = 1) (red line, Figures 3.41B2 and 3.41C2). The results gave two

dissociation constants with Kpl is 12.5 uM for SAN and 17 uM for PEN, and Kp2 is

10 uM for SAN and 29 uM for PEN.
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Figure 3.41 Thermographic binding isotherms (A1-C1) with theoretical fits (A2-C2)

obtained from ITC experiments and the dose-response curves (A3-C3) obtained from

colorimetric assays.

Binding of DEQ, SAN, and PEN to W397F chitinase are shown in A1-A3, B1-B3,

and C1-C3 respectively. The theoretical fit to two independent inhibitor binding sites

is indicated as red in B2 and C2, and the black line indicated a single site binding.



Table 3.21 Parameters used for the calculation of theoretical ITC curves. Equilibrium dissociation constants Kp (M), enthalpy changes

AH (kcal mol™), entropy changes AS (cal mol™), 1Csq values (uM), and Hill coefficients ny, which have been used for the calculation of

the theoretical curves, are shown for three molecules of the inhibitors and wild-type (WT) or mutants W275G and W397F. All the ITC

experiments were first fitted to the single-site binding model 1, yielding values of N, Kp and AH observed upon binding. Hill coefficients

ny and 1Cso values were obtained from the four-parameter logistic fits. For two independent-site binding and two sequential-site binding

mechanisms, the N values (N1 and N2) were set to 1.

Binding to one site

Binding to two independent or sequential sites

4 parameter

(black lines) fit

N Kb AH AS N Kpl Kp2 AH1 AS AH2 AS I1Cs Ny
DEQ WT 1.1 0.07 -8.7 35 - - - - - 04 14
SAN WT 1.3 08 72 33 1 02 8 -8.3 2.6 -1.6 18 2.3 0.9
PEN WT 12 2 -13 -18 1 2 10 -16 -25 -1 195 35 1
DEQW275G 1.3 24 27 118 1 11 500 -2.5 14.1 -32 40 68 0.7
SAN W275G 3.9 50 44 44 1 214 66 -8.0 -8.6 -8.6 -12 71 14
PENW275G 1.8 200 30 68 1 93 690 -2.6 9.2 -41 026 260 19
DEQ:W397F 0.7 3.8 -1.3 20 - - - - - - - 8.8 0.9
SAN W397F 1.4 14 -1 187 1 125 10 1.6 28 -3.0 13 30 0.9
PEN W397F 08 87 -3 135 1 17 29 -9.3 -9.3 8 48 32 1.2

€a1



CHAPTER IV

DISCUSSION

4.1 Investigation of the role of surface-exposed residues on substrate

binding and catalytic activities of VhChiA

Four surface-exposed residues (Trp70, Ser33, Trp231, and Tyr245) positioned
outside the substrate binding cleft and extended towards the N-terminal ChBD of
VhChiA were investigated. Trp70 and Ser33 are located at the end of the N-terminal
ChBD, whilst Trp231 and Tyr245 are found outside the substrate binding cleft, where
they are part of the TIM barrel catalytic domain (Figure 3.1). Previous studies showed
that these residues play an important role in the binding and hydrolysis of crystalline
chitin (Watanabe et al., 2001; Uchiyama et al., 2001)

In this study, point mutations of Ser33, Trp70, Trp231, and Tyr245 were
carried out by site-directed mutagenesis and effects of the mutations on chitin binding
and catalytic activities were investigated with various chitin derivatives. The results
obtained from the chitin binding assays displayed a decrease in the binding activity of
the mutants S33A, W70A, and Y245W to various extents. However, the most severe
effect was observed with W70A. A time course study showed that both binding and
hydrolytic activities of W70A towards colloidal chitin were completely abolished,
while the activities were retained in other mutants. A remarkable loss of the specific

activity as well as the rate of enzyme turnover (ki) of the mutant W70A could be
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explained by a loss of the binding affinity due to a substitution of Trp to Ala and an
associated change in hydrophobic interactions of this residue. The results strongly
suggested that Trp70 was the major determinant for insoluble chitin binding. Similar
results were seen for residue Ser33, but to a lesser extent. Mutation of Ser33 to Ala
also showed decreased binding activity, while its mutation to Trp improved the
binding activity. This finding provided additional evidence that binding of a chitin
chain to ChBD cooperatively takes place via hydrophobic interactions and is
influenced by the molecular setting in this region. The most striking observations
were made with Trp231. As demonstrated by the modeled 3D-structure (Figure 3.1),
Trp231 is found at the edge of the catalytic surface, thereby lying close to the glycone
part of the substrate binding cleft. The observed improvement in the binding
efficiency of mutant W231A could be explained as a removal of the side-chain
blockage. Hence, reduced specific activity of mutant W231A was unlikely influenced
by changes in binding activity as a result of the alanine substitution of Trp231.
Apparently, the same phenomenon was previously recognized in S. marcescens
chitinase A (Uchiyama et al., 2001), with which a mutation of Phe232 to Ala
seriously diminished the hydrolytic activity but left the binding activity to both
colloidal chitin and B-chitin microfibrils unchanged. When the next residue in line
(Tyr245) was mutated to a bulkier side-chain (Trp), inverse effects (reduced binding
but improved hydrolysis) were observed. This complimented the idea of the binding
barrier around the entrance hall of the catalytic domain by Trp231 and Tyr245.
Similar findings were also recognized with a cellulose degrading enzyme,

Thermobifida fusca endoglucanase (Cel9A) (Li et al., 2007).
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The study reported that mutations of the surface-exposed cellulose binding
residues Arg557 and Glu559 to Ala (mutant R557A/E559A) caused a severe loss in
hydrolytic activity against crystalline cellulose, but a change in the binding activity
was not at all observed. Residues Arg557 and Glu559 are found on the surface of the
cellulose binding module (CBM), closest to the catalytic binding cleft of Cel9A.
Therefore, the effects of Arg557 and GIlu559 could be explained in analogy to those
of Trp231 and Tyr245 in V. harveyi chitinase A. In marked contrast, observations
made with the Vibrio Trp231 mutation were different to the studies of Li et al. on A.
caviae Chi 1 (Li et al., 2005) and of Watanabe et al. on B. circulans Chi Al
(Watanabe et al., 2001). Mutations of Trp232 and Trp245 (in A. caviae Chil) or
Trpl122 and Trpl34 (in B. circulans) to alanine resulted in a marked loss in both
binding and hydrolyzing activities, especially against crystalline B-chitin. Therefore,
the reduced hydrolytic activities were likely associated with the weaker binding of the
two corresponding residues. Based on their mutational data, the residues seem to
participate directly in binding to crystalline chitin, and subsequently cooperatively
assisting the chitin chain to penetrate through the catalytic cleft of A. caviae or B.
circulans chitinase. The above-mentioned event that took place in the A. carviae and
B. circulans chitinases did not seem to be the case for the V. harveyi chitinase A due
to different behaviors of Trp231 and Tyr245 found for the Vibrio enzyme. Here, the
data suggested that a possible action of V. harveryi chitinase A on insoluble chitin
could proceed as follows: 1) Initial binding of a chitin chain to the ChBD. This
process is mostly influenced by hydrophobic interactions set between the incoming
sugar and the residue Trp70, which is located at the doorway of the ChBD: 2) Further

binding of GIcNAc units. However, binding through Ser33 remains inconclusive,
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since the mutational results revealed that Ser33 did not act as a powerful binding
residue. Alternatively, this binding step might be made through a different surface-
exposed aromatic residue located nearby and 3) Sliding of the bound sugar units of
the chitin chain into the substrate binding cleft. Based on the “slide and bend”
mechanism proposed by Watanabe and others (Watanabe et al., 2001; Imai et al.,
2002 and Watanabe et al., 2003), the sliding process is achieved by cooperative
interactions with other surface-exposed aromatic residues located close to the entrance
of the substrate binding cleft. However, our data strongly suggest that the chitin chain
movement most likely takes place via interactions with different surface-exposed
aromatic residues other than Tyr245 and Trp231. When pNP-GIcNAc; was used as a
substrate, hydrolyzing activities of the mutated enzymes and the wild-type enzyme
were almost indistinguishable. This observation and the essentially unchanged
catalytic efficiency (kca/Km) of all mutants compared to the wild-type enzyme clearly
pointed out that Ser33, Trp70, Trp231, and Tyr245 do not play a major role in the

process of hydrolysis of soluble chitooligosaccharides.

4.2 High throughput screening of the chitinase inhibitors from the

LOPAC library

Potential chitinase inhibitors were initially screened from the Library of
Pharmacologically Active Compounds (LOPAC) using the pNP assay, which
pPNP-GIcNACc, was used as substrate. Such compounds were commercially available
from Sigma-Aldrich Ltd. Initial screening identified nine hits out of 1,280 namely
chelerythrine (CHE), dequalinium (DEQ), idarubicin (IDA), 2-(imidazolin-2-yl)-5-

isothiocyanatobenzofuran (IMI), pentoxifylline (PEN), propentofylline (PRO),
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sanguinarine  (SAN), 2-bromo-a-ergocryptine methanesulfonate (BRO) and
methysergide maleat (MET).

All of these compounds are drugs readily used for treatment of various forms
of human diseases. For an example, dequalinium has antiseptic effect against a wide
range of bacteria, yeast, fungi and viruses (Kaufman, 1981; D'Auria et al., 1989).
Dequalinium is the active ingredient of several medications. Its commercial form,
such as Dequadin®, is used for treatment of mouth and throat infections, while
Fluomizin® is used for relieving vaginal bacterial conditions (Della et al., 2002). This
compound has been later investigated as a safe and effective agent for treatment of
malaria (Rodrigues and Gamboa, 2007; Rodrigues and Gamboa, 2008). Other
compounds, such as idarubicin is an antileukemic drug (Fukushima et al., 1994),
pentoxifylline is used for treatment of vascular diseases since 1984 (Huh et al., 1985),
and sanguinarine and chelerythrine are found to induce apoptotic cell death and are
administrated as anti-cancer agents (Malikova et al., 2006).

After the first round of screening, the nine compounds as mentioned above
were subjected for further screening to confirm their binding affinities by the DMAB
assay using GIcNAcg as substrate. The second screening displayed 1Csp of seven
compounds (DEQ, IDA, CHE, PEN, PRO, SANG, and IMI) less than 100 uM,
whereas MET showed very weak inhibition and BRO showed no inhibition effected
(Table 3.3). Note that from the seven compounds, PEN was the only compound
reported previously to possess the inhibitory effect against the activity of a fungal

chitinase (AfChiB1) (Rao et al., 2005A).


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fukushima%20T%22%5BAuthor%5D
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4.3 Crystallization of VhChiA and mutants W275G and W397F

Structural determination of VhChiA in complex with the newly identified
inhibitors was performed. Previous structural data revealed that Trp275 and Trp397
were located near subsites +1 and +2 in the substrate binding cleft and their
hydrophobic faces stacked against the heterocyclic rings of the corresponding sugar
units (Sonsiririttigul et al., 2008).

In 2009, Suginta et al., proposed that Trp275 and Trp397 were important for
the feeding process of chitin polymer pulling the chitin chain towards subsites +1 and
+2, thereby permitting the next progressive hydrolysis to occur. In addition, the
kinetic studies using quantitative HPLC ESI MS/MS with two soluble substrates
(GIcNAcs and GIcNACcg) revealed that substitution of Trp275 to Gly and Trp397 to
Phe significantly shifted the anomeric selectivity of VhChiA by increasing the
apparent rate of the # anomer consumption. Steady-state kinetics of the hydrolytic
activity of the wild-type chitinase A and mutants W275G and W397F revealed that
W275G reduced the catalytic rate (kca) and the substrate specificity (Kca/Km) towards
all the substrates by five to tenfold. In contrast, mutant W397F weakened the binding
strength at subsite (+2), thereby speeding up the rate of the enzymatic cleavage
towards soluble substrates but slowing down the rate of the progressive degradation
towards insoluble chitin (Suginta et al., 2007; Suginta et al., 2009). Therefore, the two
mutants seem to be good candidates for studying the protein-ligand binding behaviors
around the aglycone binding sites in parallel with wild-type enzyme.

Conditions for VhChiA crystallization were initially screened using the
microbatch under oil technique and further optimized by the hanging drop vapor

diffusion method. In the later steps of crystal optimization, microseeding (either
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streak seeding or pipetting technique) was employed to obtain high quality single
crystals. After several rounds of optimization, single crystals of the wild-type enzyme
were obtained from two conditions: 1) 16% (w/v) PEG 4000, 21% (v/v) propanol,
0.1 M sodium citrate tribasic dihydrate, pH 5.6, and 2) 1.1 M ammonium sulfate, 0.1
M Tris-HCI, pH 8.5. The second condition was similar with the condition used for
crystallization of the wild-type VhChiA as described previously (1.2 M ammonium
sulphate in 0.1 M Tris-HCI, pH 8.0) (Songsiriritthigul et al., 2008). The crystals
grown under these two conditions were soaked with the inhibitors without cracking.
However, soaking the crystals with DEQ and PRO did not yield visible electron
density of the two compounds, due to a poor solubility property of DEQ and a weak
binding affinity of PRO. Therefore, their structural complexes were obtained by
co-crystallization technique instead.

The crystals of wild-type enzyme grown under the above mentioned
conditions had well-defined morphology and diffracted well after the annealing were
performed. The wild-type crystals diffracted to the resolutions between 1.16 to
2.22 A. The highest resolution of 1.16 A was obtained from the crystal of the wild-
type complexed with PRO.

Eight complexes of the wild-type with the inhibitors were successfully solved.
Of all, six structural complexes of the wild-type and IDA, SAN, CHE, and IMI were
obtained from crystal soaking, whereas the crystal complexes of WT-DEQ and
WT-PRO were obtained from co-crystallization from condition containing 16% (w/v)
PEG 4000, 21% (v/v) propanol in 0.1 M sodium citrate tribasic dihydrate, pH 5.6. The

other two structural complexes: WT-PEN and the second structure complex of
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WT-IMI were obtained from crystal soaking under the condition 1.1 M ammonium
sulfate in 0.1 M Tris-HCI, pH 8.5.

All the crystal complexes of the wild-type with inhibitors belonged to the
primitive monoclinic space group P23, which were a different form from the wild-type
crystal reported in a previous study by Songsiririttigul et al., 2008, which belonged to
the triclinic Py space group with unit cell of a=60.72 A, b=64.24 A, ¢ =83.52 A,
0=91.74 A, p=91.18, and y = 112.91 A,

In addition, the crystal complexes of wild-type with PEN and IMI obtained
from the condition 1.1 M ammonium sulfate in 0.1 M Tris-HCI, pH 8.5 contained
different unit cell dimensions (a=60.0 A, b=85.3 A, c=63.0 A, p=112.9 A) when
compared to crystal complexes of wild-type with DEQ, SAN, CHE, and PRO
obtained from the condition 16% (w/v) PEG 4000, 21% (v/v) propanol in 0.1 M
sodium citrate tribasic dihydrate, pH 5.6 that gave the unit cell dimension: a = 65.1
A b=509A ¢c=932A, B=99.5 A (Table 3.9). This could be explained by the
effect of crystal packing from different crystal growth conditions.

After optimization, single crystals of W275G were obtained from the
condition: 26% (w/v) PEG 4000 in 0.1 M sodium citrate tribasic dihydrate, pH 5.5.
The crystals of W275G also diffracted well after an annealing step with the
resolutions from 2.45 to 1.80 A. The highest resolution of 1.80 A was obtained from
the crystal of the W275G complexed with PRO. After data processing, all the W275G
crystals belonged to the orthorhombic space group P2;2:2; with the volumes of the
asymmetric unit compatible with only one monomer. Six structural complexes of
W275G with the inhibitors DEQ, SAN, CHE, PEN, PRO, and IMI were successfully

obtained. W275G-IDA was the only complex missing from this study, as both soaking
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and co-crystallization methods failed to give the electron density for this compound.
This coincides with the W275G mutant having relatively low affinity for IDA with an
ICso of 270 puM, as shown in Table 3.3. The final refinement of the fourteen
complexes of wild-type and mutant W275G were completed with Racior Values of
14.3% to 19.8% and Rgree Values of 17.7% to 25.9%, (Tables 3.9 and 3.13), indicating

that all the modeled structures were well refined.

4.4 Inhibitory effects and binding mechanisms of the newly identified

inhibitors against VhChiA

The equilibrium dissociation constants (Kp) and the half maximal inhibitory
concentrations (ICsp), representing the inhibitory effects of the identified inhibitors
against the wild-type VhChiA were determined using the fluorescence quenching
assay and the DMAB assay. The Kp values obtained from the fluorescence quenching
assay indicated that DEQ is the most active inhibitor with a Kp of 0.2 uM, followed
by IDA, SAN, CHE, IMI, PEN, and PRO. Similar results were obtained with the same
order of the binding affinities when the ICs, values were determined by the DMAB
assay.

The I1Csq values of the mutants W397F and W275G obtained from the pNP
assay are about 10 and 100 times weaker than that of wild-type, respectively. For
W275G, it can be explained by the elimination of hydrophobic interactions by the
substitution of Trp275 to Gly, thus causing a dramatic decrease in the binding affinity.
Mutation of Trp397 to Phe (mutant W397F) also showed a decrease in binding
affinity, but its effects were less than mutant W275G (Table 4.1). The structures of

the complexes of WT with inhibitors suggested that the main contact between the



163

inhibitors and the enzyme around the aglycone binding sites was made by
hydrophobic interactions with the indole ring of Trp275 (Figure 3.24). Both ITC and
structural data support the idea that the binding site for the second inhibitor molecule
was generated at the site of the missing indole ring of Trp275 at subsites +1/+2 after
the first inhibitor molecule formed a stack against Trp397 (Figure 3.34). The data
indicat that the binding affinity of the first inhibitor is likely to be stronger than the
binding affinity of the presumed second site.

The effects of the inhibitor bindings on specific hydrolyzing activity are
shown in Table 3.20. The results suggest that the inhibitors were more effective on the
enzyme against insoluble substrates than soluble substrates as the inhibitory effects
decreased following the order of the substrates used as pNP-GICNAc, > GIcNACcs >
colloidal chitin, respectively. This might reflect the accessibility of the enzyme’s
active site by the inhibitor molecules in a more random fashion (just like that of small
chitooligosacharides), rather than by a feeding process as observed for a chitin
polymer.

When the ITC data were related to the data obtained from the dose-response
curves and the structural data of the enzyme-inhibitor complexes, the binding
behaviors of the inhibitors to the enzyme were classified in three different binding
models. The first binding model presents a one-site-binding mechanism (model A).
This model describes binding of one DEQ molecule to the wild-type enzyme (Figure
3.24DEQ). Analysis of the ITC data of DEQ bound to the wild-type confirmed a
stoichiometry of N = 1 for one DEQ molecule bound to one enzyme molecule with a

Kp of 70 nM.
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E+1 - El Model A

The second binding mode (model B) is described by a two-independent-site
binding mode which indicates two inhibitor molecules bind at two locations (aglycone
and glycone). With this model, the first inhibitor molecule can bind either to site 1
(aglycone) as El or to site 2 (glycone) to form the complex IE. A second inhibitor
molecule binding to another non-occupied site will subsequently give the fully
saturated complex IEI. This model corresponds to the structural complexes of the
wild-type and the inhibitors SAN, PEN, PRO, and IMI. Since, no interpretable density
of IDA and CHE was found at the glycone sites, model B was not verified for binding

of IDA and CHE to the wild-type enzyme.

El+1
1 /"/ QA 2
E+21 IEI Model B
NG 4
IE+1

From model B, two inhibitor molecules bind with different binding affinities with
Kbl # Kp2 (Table 3.21). The structural data showed that the inhibitor bound to the
aglycone sites is characterized by a well-defined electron density compared to the

electron density of the other molecule at the glycone sites. Therefore, the aglycone
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sites more likely act as stronger binding sites. Also, the inhibitor molecules tended to
bind to the glycone subsites in different orientations such as two different orientations
of IMI at the glycone sites were observed in the active site of wild-type enzyme
(Figure 3.31A), indicating high flexibility of binding around the glycone sites. The
model B also explains binding of two molecules of DEQ in the active site of W275G.
For the W275G-DEQ complex, the first molecule occupied the position outside the
glycone sites towards the ChBD, while the second molecule at the aglycone sites with
its two head groups folded onto itself and behaved like two molecules as found for the
other inhibitors bound to the aglycone sites of W275G.

The crystal structures of W275G with the inhibitors other than DEQ implied a
completely different binding mode, in which the two binding sites are not
independent. When the first inhibitor molecule has bound, a second molecule may
form a stack with the first one. As such, a new binding site is created. The two
dependent sites can be described using a two-sequential-site model as depicted in

model C.

2
E+2I <«  EI+4 - ElL Model C

The ITC data representing binding of SAN and PEN to W275G were fitted
successfully to model C. Although the same experimental finding could also be fitted
to scheme B of a two-independent-sites model, the structural data showing a double
sandwich of two inhibitor molecules and Trp397 at aglycone sites suggest that model

C is the more likely mechanism.
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Observation of only one PRO molecule being stacked against Trp397 at the
aglycone sites in the complex of W275G-PRO, indicates higher affinity of the binding
at the site close to Trp397. In the structures of the complexes of W275G with
inhibitors other than PRO, the second molecule subsequently occupied the presumed
“low affinity” site, providing an indication of the cooperative binding behavior at the

aglycone location.



Table 4.1 1Csp and Kp values obtained from four different assays.

ICso values (LM) were derived from competition studies with 100 uM chitohexaose in the DMAB assay (column 2), the pNP assay with
PNP-GIcNAC; (column 5 and 9), and the pNP assay with pNP-GIcNAc; (column 7). Equilibrium dissociation constants (Kp, UM) derived
from fluorescence quenching (Figure 3.38) are shown in column 3. The Kp values for wild-type chitinase and the mutants W275G and
W397F in columns 4, 6 and 8 were derived from 3-parameter fits of the corresponding ITC experiments assuming one set of sites (model

A). Values represent means + SD from at least three independent sets of the experiments.

2 3 4 5 Wg75 7 8 9

1 WT WT WT WT G W275G  W397F  W397F

Inhibitor ICso Ko Ko ICso Ko ICso Ko ICso

DMAB Fluorescence ITC pNP ITC pNP ITC pNP

DEQ 39+1.1 0.2+0.02 0.07 04+0.1 37 70 + 28 3.8 9+1
IDA 6.4+1.1 0.4+0.02 n.d.? 09+0.2 n.d. 270+ 33 n.d. 15+4
SAN 76+1.3 0.6 £0.02 2.3 23103 28 71+ 26 14 302
CHE 11+1.1 0.7+0.03 n.d. 2.2+0.01 n.d. 95+ 34 n.d 48 £ 4
IMI 21+15 1.0+£0.1 n.d. 15+3.2 n.d. 160 + 78 n.d 56+ 3
PEN 50+1.2 40+0.6 4.0 35+05 600 260 + 21 8.7 32+2
PRO 83+1.0 47+05 n.d. 3.7+0.9 n.d. 360 +42 n.d 66 5

n.d. = not determined.

L9T
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4.5 A structural comparison between the WT-inhibitor complexes

and W275G-inhibitor complexes

A summary of inhibitor bindings to wild-type and W275G is shown in Figure
4.1. The WT-inhibitor complexes revealed that most inhibitors bound at two
hydrophobic areas in the active site of the wild-type enzyme. The first molecule
bound at the aglycone sites was sandwiched by Trp397 and Trp275, while the second
molecule at the glycone sites interacted mainly with Trpl68 and Val205 via
hydrophobic interactions. These binding behaviors were observed with the inhibitors
SAN, PEN, PRO, and IMI in more or less similar places. In contrast, only one
molecule of DEQ was bound in the active site of the wild-type enzyme, but its two 4-
amino-2-methylquinolinium head group behaves like two inhibitor molecules, one of
the aromatic head group occupied the aglycone sites and the other head group

occupied the glycone sites (Figures 4.2A and 4.2B).
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Figure 4.1 A summary of VhChiA-inhibitor interactions as revealed by
crystallographic data.

W275G-IDA is the only missing structural complex. Only a single molecule of PRO
was found in the aglycone sites of mutant W275G instead of two due to a possible
steric clash as described in the text. Numbers -4, -3, -2, -1, +1, and +2 represent six
substrate binding subsites of VhChiA, where subsite -4 is located at the glycone side
and subsite +2 at the aglycone side. The inhibitor DEQ is indicated in magenta, IDA
in red, SAN in yellow, CHE in pink, PEN in cyan, PRO in brown, and IMI in purple.

The inhibitor molecules with very weak electron density are indicated as dashed lines.
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The eliminated indole ring of Trp275 was found to significantly change the
binding behavior of the enzyme. This was verified by the two inhibitor molecules
forming a double stack with Trp397, one of which replaced the missing indole ring of
Trp275 (Figure 4.2A). In the case of a W275G-PRO complex, only one molecule of
PRO was found to stack against Trp397. This could be explained as a possible steric
clash of the 7-propyl moiety that protrudes towards the site of the mutation of Trp275
to Gly. In case of binding of DEQ to W275G, its binding characteristic is notable for
three reasons: 1) two DEQ molecules were bound to W275G, whereas only one
molecule was bound in the active site of the wild-type enzyme (Figure 4.2B): 2) the
first molecule of DEQ at aglycone sites of W275G behaved like two inhibitor
molecules as its two 4-amino-2-methylquinolinium head groups folded onto itself:
and 3) the second molecule of DEQ extended outside the active site towards the
ChBD. Thorough inspection of the electron density map indicates that a third DEQ
molecule may also bind, at the rear of the active site but its electron density is very

weak.
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Figure 4.2 Different binding behaviors of the inhibitors in the active site of the wild-
type and mutant W275G, comparing with the binding of GIcCNACs.

Superposition of E315M- GIcNAcs, with (A) WT or W275G with SAN; (B) WT or
W275G with DEQ. The substrate binding residues, including catalytic residue
(Glu315) are colored in green. Chitohexaose (GICNAcg) is colored in gray. The
inhibitors bound with the wild type are shown in magenta, while the inhibitors bound

with W275G are shown in orange.
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The lack of occupancy around the glycone binding subsites as observed in the
W?275G is likely explained by backbone changes relative to the wild-type due to
crystal packing. In wild-type, a loop containing Val205 forms one “wall” of the
glycone side, and Trpl68 acts as the counterpart on the other side. In the case of
mutant W275G, the substrate binding cleft formed between those two residues is
more open compared to the wild-type structures, thereby weakening the interactions

of the potentially bound inhibitor molecules (Figure 4.3).
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Figure 4.3 A comparison of the loop containing Val205 in the wild-type and the
mutant W275G: Opening of the loop containing Val205 in the mutant due to changes
in the backbone conformation leads to loss of potential interactions, thus empty the

binding sites in the mutant structures.
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4.6 A structural comparison between the wild-type bound with the

substrate and with the the inhibitors.

The interactions of the enzyme to the identified inhibitors with VhChiA are
entirely different from the interactions of the enzyme to the substrate GICNACs.
Bindings of the inhibitors are maintained exclusively at subsites -4, -3, -2, +1, and +2
by hydrophobic interactions with very few hydrogen bonds contributing to the
binding affinity. Interactions of GIcNAcg within the substrate binding groove were
made up by a number of hydrogen bonds and hydrophobic interactions with variable
side-chains that surround the multiple binding sites. In addition, the transient sugar (-
1GIcNAC) of the GIcNAcs chain embedded deeply at the bottom, where the cleavage
site (between subsites -1 and +1) is located, while the inhibitor molecules were found
to completely block the surface area of the active site.

In general, binding of all the inhibitors to the wild-type enzyme are associated
tightly with two hydrophobic areas (the glycone area around subsites -4 to -2 and the
aglycone area around subsites +1 and +2) (Figure 4.4A). The first inhibitor molecule
at the aglycone sites was sandwiched by Trp397 and Trp275. The second inhibitor
molecule at the glycone location interacted with the residues, Trpl168 and Val205.
Fluorescence titration of the intrinsic tryptophan with different concentrations of the
inhibitors yielded significantly changes in the fluorescence intensity at emission
wavelength between 330 - 350 nm, confirming that the tryptophan residues
surrounding the active site play an important role in the inhibitor binding. A detailed
comparison of interactions of the enzyme to the inhibitors and to the substrate

GIcNAGs is clearly demonstrated as LIGPLOT (Figure 4.4B).



Nag 701

Trp 570 -

Nag 705

Figure 4.4 A structural comparison of the WT-inhibitors and the WT-GIcNACs.
(A) Superimposition of all the wild-type complexes with the inhibitors and the chitohexaose (shown in grey with the subsites
labeled from (-4) to (+2) (B) The inhibitors are shown in magenta (DEQ), orange (SAN), cyan (PEN), yellow (PRO), red

(CHE), green (IMI) and blue (IDA). The protein-ligand interaction of DEQ and chitohexaose was calculated by LIGPLOT.

QLT
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4.7 Implications of structural and mechanistic studies of VhChiA-

inhibitor complexes on therapeutics of asthma and inflammation

Recently, human acidic mammalian chitinase (AMCase), a family-18 chitinase
homolog, was described in the serum of patients with asthma and allergic diseases
(Donnelly et al., 2004; Kawada et al., 2007). This enzyme has been shown to contribute
to the pathogenic process of such diseases through the recruitment of the inflammatory
cells and a stimulation of the Th2 mediated immune responses (Mayumi et al., 2007). For
this reason, discovery of potent inhibitors against AMCase could offer an alternative for
development of therapeutics against various forms of human inflammatory diseases.

Sequence analysis shows that AMCase (PDB code: 3FXY) has 22% sequence
identity to the CatD domain of VhChiA. Superposition of the CatD domain of VhChiA
with the entire molecule of AMCase gave the R.M.S. deviation of 1.7 A in the C,
positions of 449 residues. Superposition of the 3D structure of AMcase with that of
VhChiA showed that their active sites are relatively similar. The exception is that the loop
containing Val205 in VhChiA is not present in AMCase. The aromatic resides (Tyrl71,
Trpl68, Trp275, Trp397, and Trp570) that were identified to be the substrate binding
residues of VhChiA are also found (Tyr34, Trp3l1, Trp99, Trp218, and Trp358,
respectively) in AMCase. The catalytic residue Glu315 of VhChiA is seen as Glul140 in
AMCase (Figure 4.5A). Fitting the electron density map of DEQ (the most effective
inhibitor identified in this study) into the active site of AMCase (PDB code 3FXY) could

indeed accurately reproduce the binding mode found in VhChiA (Figure 4.5B). From a
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chemical point of view, DEQ seems to be a good candidate for further development of a

inhibitor-based drug against human allergic and other inflammatory diseases.

Trp375

Glu315

Figure 4.5 Superposition of structural complexes of WT-DEQ with the active site of
AMCase.

(A) The stick model representation of active site superposition between AMCase and
WE-DEQ. Carbon atoms of DEQ are shown in magenta. The binding resides of VhChiA
and AMCase are shown in green and yellow, respectively. (B) Surface representation of

the active site of AMCase superposed with WT-DEQ complex.
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However, a comparison of the active site of VhChiA with that of the fungal
chitinases (AfChiB1) (PDB code 2A3A for theophylline and 2A3C for PEN) and bacterial
chitinases (SmChiA) PDB code 2WLY) gave less conserved binding residues in their
active sites than the active site of human chitinase. Previous reports suggested that
allosamidin derivatives (Rao et al., 2003; Vaaje-Kolstad et al., 2004), as well as
theophylline, caffeine, and pentoxifylline (Rao et al., 2005A) occupied active site of
chitinase enzyme from subsites -3 to -1. Cyclopentapeptides, argifin and argadin
occupied the subsites +1, -1, and -2 (Houston et al., 2002B). While all the previously
reported inhibitors mimick the reaction transition state (oxazolinium ion) by binding
close to the critical subsite -1, all the inhibitors discovered in this study were found to
occupy only the surface of the binding cleft of VhChiA.

Such findings suggest a novel concept for the synthesis of more potent chitinase
inhibitors: i.e. two hydrophobic moieties like the quinolinium headgroups of dequalinium
could be separated by a flexible linker with an allosamizoline analog at the perfect
position to bind close to subsite -1. Such compounds should bind more tightly than either
dequalinium or allosamidin alone. The inhibitors with high affinity and bifunctional,
should be easy to compensate for small differences in the binding site by varying the
lengths of the linker between the two hydrophobic moieties. An additional advantage is
that this type of lead compound is not restricted to only one position in the active site,

which offers more options for optimization.



CHAPTER IV

CONCLUSION

This research describes the enzyme-ligand interactions and the determination
of the three dimensional structures of Vibrio harveyi chitinase A in complex with
inhibitors newly identified from a commercially-available drug library. The studies
are divided into two parts. The first part is focused on the investigation of the
important roles of four conserved surface exposed residues located within or near the
N-terminal ChBD. Site directed mutagenesis of such residues, including Ser33, Trp70,
Trp231, and Tyr245, were carried out and then changes in binding and hydrolytic
activities of VhChiA were assessed upon point mutations. Substitution of Trp70 to
Ala caused a remarkable loss of binding and hydrolytic activities against soluble
chitin, suggesting that Trp70, which is located at the N-terminal end of ChBD, is a
crucial residue for insoluble chitin binding and hydrolysis. Ser33 located next to
Trp70 also showed the effects in chitin binding and hydrolysis but to a lesser extent.
The residues Trp231 and Tyr245, both located at the glycone binding subsites, were
also involved in chitin hydrolysis as the substitution of Trp231 to Ala improved
hydrolysis activity, whereas the mutation of Tyr245 to Trp showed inverse effects.
Thus the aromatic side chains of Trp231 and Tyr245 cause a binding barrier around
the entrance hall of the catalytic domain, instead of facilitating a chitin chain to get

through the enzyme’s active site.



180

The second part of this study involved identification of potential inhibitors for
family-18 chitinases and determination of the enzyme-inhibitor binding mechanisms
employing biochemical and protein crystallography approaches. Seven potent
VhChiA inhibitors were identified from the LOPAC library using high throughput
screening technique. Such compounds, including chelerythrine (CHE), dequalinium
(DEQ), idarubicin (IDA), 2-(imidazolin-2-yl)-5-isothiocyanatobenzofuran
methysergide (IMI), pentoxifylline (PEN), propentofylline (PRO), and sanguinarine
(SAN), showed ICs, values as submicromolar concentrations, with dequalinium being
the most potent inhibitor (K; of 70 nM).

Crystallization experiments of VhChiA and mutants W275G and W397F were
carried out by a microbatch method using commercially available screening Kits.
However, only crystallization of the wild-type enzyme and mutant W275G was
successful. After optimization, single crystals of the wild-type enzyme were obtained
from two conditions. The first condition was 16% (w/v) PEG 4000, 21% (v/v)
propanol in 0.1 M sodium citrate tribasic dihydrate, pH 5.6, and the second condition
was 1.1 M ammonium sulfate in 0.1 M Tris-HCI, pH 8.5. For the crystallization of
W275G, single crystals were obtained from the condition containing 26% (w/v) PEG
4000 in 0.1 M sodium citrate tribasic dihydrate, pH 5.5. To obtain the structures of the
complexes, the X-ray quality crystals of both wild-type and W275G were initially
soaked with the seven potent inhibitors. Co-crystallization technique was also used if
the electron density of inhibitors was not successfully obtained by the soaking
experiment.

After collection of X-ray diffraction data collection and processing, the initial

statistics revealed that the wild-type crystals belonged to the primitive monoclinic
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space group P2; whereas the W275G crystals belonged to the orthorhombic space
group P2;2,2; Both of the wild-type and W275G crystals contained the volumes of
the asymmetric unit compatible with only one subunit.

The refined models of all the structures gave good fit with their electron
density maps with average B-factor values of protein atoms between 12.1 A? and 23.3
AZ?. The refinement of all structures were completed with R-factor values of 14.3% to
19.8% and free R-factor values of 17.7% to 25.9%. These values indicate that all the
structures were well refined. The geometry of the refined models was well verified
and indicated most of the residues in the polypeptide chain are in the most favored
regions. No residues lay in the disallowed Ramachandran regions.

These studies yielded two structures of the wild-type and W275G in apoform
and fourteen structural complexes of wild-type and W275G with the newly identified
inhibitors. Even though soaking and co-crystallization were tried, both methods failed
to obtain the electron density of IDA. Therefore, W275G-IDA is the only missing
complex in this study.

All VhChiA-inhibitor complexes revealed that the inhibitor molecules only
occupied the upper part of the substrate binding cleft in two hydrophobic areas
(glycone area around subsites -4 to -2 and the aglycone area around substies +1 and
+2). In the wild-type enzyme, the interactions of the first inhibitors at the aglycone
sites showed a clearly defined inhibitor density, and that the inhibitor was sandwiched
by two important residues, Trp397 and Trp275. At the glycone sites, the second
inhibitor molecule was found to interact with two consensus residues, Trpl68 and
Val205, with an ill-defined density and high B factor values, indicating lower affinity

of binding at the glycone location.
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For the structures of the complexes of W275G-inhibitors binding at the
glycone sites, the electron density was even weaker than in the wild type. In the
mutant complexes, the second molecule of the inhibitors (SAN, CHE, and IMI) was
not observed at the glycone sites, but found to form a double sandwich with Trp397
and the first molecule of the inhibitors instead. Mutation of Trp to Gly significantly
decreases the binding affinities and increases the 1Cso values up to 300 times of the
wild-type’s values. The weakened affinities of the mutant W275G is likely due to the
missing hydrophobic side chain of Trp275.

In good agreement with the structural data, the ITC data suggest that three
different binding models for the occupation of the inhibitors in the active site of
VhChiA. A single-site binding mode corresponds to the binding of one molecule of
DEQ to the wild-type. A two-independent-site binding mode corresponds to binding
of two molecules of the inhibitors to two locations (one at the glycone location and
the other one at the aglycone location) of the wild-type enzyme. This binding mode is
applicable for binding of two molecules of DEQ to the active site of W275G. For a
two-sequential-site binding model, it corresponds to the structural complexes of the
W275G-inhibitors displayed by two molecules of the inhibitors that formed a double
sandwich between Trp397-inhibitorl-inhibitor2.

From previous reports, bindings of the known inhibitors to family-18
chitinases mimicked the reaction intermediate by part of the inhibitor molecules
occupying deeply at the bottom of the substrate binding groove, mostly only one
molecule being found to bind around subsites -3 to -1 or -2 to +1. In contrast, the
newly identified inhibitors were shown to occupy on the upper part of the substrate

binding cleft in two hydrophobic areas. This finding suggests a novel concept for the
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synthesis of more potent chitinase inhibitors that includes two hydrophobic moieties
separated by a flexible linker with an allosamizoline analog at the perfect position to
bind close to subsite -1.

Superimposition of a human acidic mammalian chitinase (AMCase; a family-
18 chitinase homolog) to VhChiA-inhibitor complexes showed that the active site of
AMCase is very similar to VhChiA and that all the inhibitors were fitted reasonably
well in the active site of the AMcase. Such data imply a potential development of the
inhibitors identified in this study, as a therapeutic candidate for treatment of several

forms of inflammatory diseases.
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APPENDIX A
PREPARATION OF COMPETENT CELLS AND

PLASMID TRANSFORMATION

1. Preparation of competent cells

1.1 Preparation of competent cells for CaCl, transformation

E. coli DHSa and E. coli M15(pREP4) are the bacterial strains used for
competent cell preparation. A single colony was picked from LB agar plate, then
subjected to 2 ml of LB broth and incubated at 37°C for 5-6 hours with agitation of
200 rpm. Then, 10 ul of the cell culture was transferred to 20 ml of LB broth and
further incubated overnight at 37°C with shaking at 200 rpm. An overnight culture of
5 ml was transferred to 100 ml of LB broth (a ratio of the cell culture to the LB
medium of 1:100) and incubated at 37°C until ODggo reached 0.4-0.5. The cell culture
was transferred to a polypropylene tube, which was pre-chilled on ice for 10 min, and
the cell pellet was collected by centrifugation at 4,500 rpm at 4°C for 10 min. The cell
pellet was gently re-suspended on ice in 10 ml of pre-chilled CaCl; solution (100 mM
CaCl; and 15% (v/v) glycerol), then centrifuged at 4,500 rpm at 4°C for 10 min. The
cell pellet was gently re-suspended again in 10 ml of pre-chilled CaCl; solution. The
cell pellet collected by centrifugation was re-suspended in 4 ml of pre-chilled CaCl,
and kept on ice for 10 min. Aliquots 80 pl of the cell suspension were made in 1.5 ml

microtubes.
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The competent cells were snapped frozen in liquid nitrogen and stored at

-80°C until used.

1.2 Preparation of competent cells for electroporation transformation

A single colony of E. coli DH5a or E. coli M15(pREP4) cells picked from an
LB agar plate was transferred to 2 ml of LB broth and incubated at 37°C for 5-6 hours
with agitation of 200 rpm. The cells were grown as described in Section 1 to ODsgg
about 0.4-0.5, then collected by centrifugation at 4,500 rpm at 4°C. The harvested
cells were kept on ice and re-suspended in 600 ml of 5% (v/v) sterilized glycerol, and
then centrifuged at 4,500 rpm at 4°C for 15 min. The centrifugation step was repeated
4 times with the volume of the glycerol reduced to 400, 200, 50, and 1 ml
respectively. In the final step, aliquots of 80 pl of cell suspension were transferred to
1.5 ml microtubes. After snap-freezing in liquid nitrogen, the competent cells were

stored at -80°C until used.

2. Plasmid transformation

2.1 Heat shock method

The frozen competent cells (100 ul) were gently thawed and left on ice for
30 min, prior to being added with 10-100 ng of plasmid DNA. The mixture was
immediately incubated at 42°C for 42 sec, and then rapidly placed on ice for 10 min.
To allow the competent cell recover, 900 ul of pre-warmed LB broth was added into
the transformed cells, and incubated at 37°C for 60 min. The cell were centrifuged at

4,500 rpm for 5 min, and then 900 ul of supernatant were removed. One hundred
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microliters of the remaining transformed cells were then spread on an LB/Amp agar

plate and then incubated at 37°C for 16 hour.

2.2 Electroporation method

Pre-chill the electroporation cuvette on ice. Then, 20 ng of the recombinant
plasmid of pQE60-VhChiA was added into 70 pl of the competent cells and gently
mixed to avoid air bubbles. The sample mixture was transferred into the pre-chilled
cuvette and placed into the cuvette holder equipped with the electroporator power
source (Bio-rad Bio-Rad Laboratories, CA, USA). Transformation was done under
the condition of 25 puFD, 800 Q, and 1.5 kV. The electroporation time was set at
1.6 msec. After electroporation, the transformed cells were immediately transferred
into 1 ml of LB broth on ice and incubated at 37°C for 1 hour. The cells were diluted
into 1:10, 1:100, and 1:1000 with LB medium and then spread on LB agar plate
containing 100 ug/ml ampicillin and 25 pg/ml kanamycin then incubated at 37°C for

16 hours.



APPENDIX B

DETERMINATION OF PROTEIN CONCENTRATION

1. Determination of protein concentration

1.1 Bradford assay

A series of protein standards were prepared using BSA diluted with
appropriate buffer to final concentrations of 0, 200, 400, 600, 800, and 1000 pg
BSA/ml. The serial dilutions of the protein sample were also prepared to be measured.
One hundred microliters of each of the above was added to a separate tube, and then
added 900 ul of Braford reagent to each tube and mixed by inversion and waited for
10 min. Then, the solution mixtures were measured at the wavelength of 595 nm, and
the mixed solution contained the BSA concentration of 0 mg/ml was used as the
blank. The protein concentrations were determined from BSA standard curve. The
standard curve was plotted by the absorbance each BSA concentration against their

concentration.

1.2 Intrinsic fluorescence emission assay

Dilutions of the protein samples with buffer were prepared. Then protein
solutions were directly measured at a wavelength of 280 nm quartz cuvette. The
solution containing only buffer was used as blank. The protein concentrations were

estimated from its measured absorbance using the following equation.
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Azgo = €280X1Xc
A,g1s the absorbance at 280 nm, [ is the path length, which the most
spectrometers is 1 cm, c is a concentration in the unit of mg/ml and ¢,4, is absorbance
coefficient at 280 nm.
Since the amino acid composition of VhChiA has been known, the £,5, was
predicted from the following equation (Pace et al., 1995).

&80 = (no.of Trp)(5500)+ (no.of Tyr)(1490) + (no.of cystine)(125)



APPENDIX C

PREPARATION OF SOLUTIONS AND REAGENTS

1. Reagents for bacterial culture and competent cell transformation

1.1 Luria-Bertani (LB) broth containing 100 ug/ml of ampicillin
Dissolve 10 g Bacto tryptone, 5 g Bacto yeast extract and 5 g NaCl in 950 ml
distilled water. Stir until the solute is dissolved. Adjust the volume of the solution to
1 liter with distilled water. The solution is then sterilized by autoclaving at 121°C for
15 min. The medium is allowed to cool down to 50°C before ampicillin is added to a
final concentration of 100 ug/ml. The LB/Amp medium is freshly used or stored at

4°C until used.

1.2 LB agar medium containing 100 pg/ml of ampicillin

Dissolve 10 g Bacto tryptone, 5 g Bacto yeast extract, 5 g NaCl and 15 g
Bacto agar in 950 ml distilled water. Stir until the solutes have been dissolved. Adjust
the volume of the solution to 1 litre with distilled water. Sterilize by autoclaving the
solution at 121°C for 15 min. Allow the medium to cool to 50°C before adding
ampicillin to a final concentration 100 pg/ml. Pour the medium into petri-dishes.

Allow the agar to harden, and keep at 4°C.
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1.3 LB agar medium containing 25 pg/ml kanamycin

Dissolve 10 g Bacto tryptone, 5 g Bacto yeast extract, 5 g NaCl and 15 g
Bacto agar in 950 ml distilled water. Stir until the solute is dissolved. Adjust the
volume of the solution to 1 liter with distilled water. Sterilize the solution by
autoclaving at 121°C for 15 min. The LB agar medium is allowed to cool to 50°C
before kanamycin is added to a final concentration of 25 pg/ml. Pour the medium

into petri-dishes. Allow the agar to harden, and keep at 4°C.

1.4 Antibiotic stock solutions
Ampicillin stock solution (100 mg/ml)
Dissolve 1 g of ampicillin in 10 ml sterile distilled water.
Kanamycin stock solution (50 mg/ml)
Dissolve 50 g of kanamycin in 10 ml sterile distilled water.
Both antibiotic solutions are filtered sterilized with a 0.2 pum filtration

disc, and then stored at -30°C until used.

1.5 Isopropyl thio-g-D-galactoside (IPTG) stock solution (1 M)
Dissolve 2.38 g of IPTG in distilled water and make up a final volume to 10
ml. The stock solution is filtered sterilized, the aliquot to small volumes, and then

stored at -30°C.
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2. Reagents for competent E. coli cell preparation
2.1 CaCl; solution (100 mM CaCl, and 15% (v/v) glycerol)
To prepare 100 ml of CaCl, working solution, mix the stock solution as
follows:
- 10 ml of 1 M CaCl; (14.7 g/100 ml, filtered sterilization)
- 15 ml of 100% (v/v) sterilized glycerol (autoclaved at 121°C, 15 min)

Add sterile distilled water to bring a volume to 100 ml. Store the solution at 4°C.

2.2 SOC media

Dissolve 20 g Bacto tryptone, 5 g Bacto yeast extract and 10 ml of NaCl
(5.85 g/100 ml), 2.5 ml of 1M KCI (7.44 g/100 ml) in distilled water and make up a
volume to 950 ml. Sterilize the solution by autoclaving at 121°C for 15 min. Allow
the medium to cool down to room temperature, then add the sterilized medium with of
5 ml of 1M MgCl, 6H,0 (20.33 g/100 ml), 5 ml of 1 M MgSO, 7H20 (12.30 g/100

ml) and 10 ml of glucose (36 g /100 ml). Store SOC medium at 4°C.

3. Reagents for plasmid purification

3.1 Plasmid extraction by QIAGEN Plasmid Mini Kit
3.1.1 Buffer P1 (cell suspension buffer)
50 mM Tris-HCI, pH 8.0
10 MM EDTA

50 pg/ml of RNase A
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3.1.2 Buffer P2 (lysis buffer)

0.2 M NaOH and 1% (w/v) SDS

3.1.3 Buffer N3 (neutralization and binding buffer)
4 M guanidine hydrochloride (GuHCI)

0.5 M potassium acetate, pH 4.2

3.1.4 Buffer PB (wash buffer)
5 M guanidine hydrochloride (GuHCI)
20 mM Tris-HCI, pH 6.6

38% (v/v) ethanol

3.1.5 Buffer PE (wash buffer)
20 mM NaCl
2 mM Tris-HCI, pH 7.5

80% (v/v) ethanol

3.20.5MEDTA, pH 8.0

Dissolve 18.6 g of EDTA (disodium ethylene diamine tetraacetate. 2H,0) in
70 ml distilled water. Adjust pH to 8.0 with 6M NaOH and make up a volume to
100 ml with distilled water. Sterilize by autoclaving the solution at 121°C for 15 min.

Store the EDTA solution at room temperature.
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4. Reagents for agarose gel electrophoresis

4.1 50 x TAE buffer for agarose gel electrophoresis

Mix 242 g Tris base, 57.1 ml glacial acetic acid, and 100 ml of 0.5 M EDTA,
pH 8.0. Adjust the final volume to 1 liter with distilled water. Store the solution at

room temperature.

4.2 6 x DNA loading solution (10 ml)
Mix 0.025 g Bromophenol blue and/or 0.025 g xylene cyanol and 3 ml of
100% (v/v) of glycerol. Adjust the final volume to 10 ml with distilled water and store

at 4°C.

5. Solutions for protein expression and purification

5.120 mM Tris-HCI, pH 8.0 (1 L)

Dissolve 2.42 g of Tris Base in 800 ml distilled water. Adjust pH to 8.0 with
6 M HCI and bring the final volume to 1 liter with distilled water. Store the buffer at

4°C.

5.2 Equlibraiton buffer containing 20 mM Tris-HCI, pH 8.0 and 150 mM
NaCl
Dissolve 8.77 g of NaCl in 20 mM Tris-HCI, pH 8.0. Adjust the final volume

to 1 liter. Store the equilibration buffer at 4°C.



218

5.3 Wash buffer | containing 20 mM Tris-HCI, pH 8.0, 150 mM NaCl and
5 mM imidazole
Dissolve 0.34 g of imidazole in the equilibration buffer. Adjust the final

volume to 1 liter. Store the wash buffer | at 4°C.

5.4 Wash buffer Il containing 20 mM Tris-HCI, pH 8.0, 150 mM NaCl
and 20 mM imidazole

Dissolve 1.36 g of imidazole in the equilibration buffer. Adjust the final

volume to 1 liter. Store the wash buffer Il at 4°C.

5.5 Elution buffer containing 20 mM Tris-HCI, pH 8.0 containing 150 mM
NaCl and 250 mM imidazole
Dissolve 1.70 g of imidazole in the equilibration buffer. Adjust the final

volume to 100 ml. Store the elution buffer at 4°C.

5.6 SDS-gel loading buffer (3xstock) containing 0.15 M Tris-HCI, pH 6.8,
6% (w/v) SDS, 0.1% (w/v) bromophenol blue and 30% (v/v) glycerol

Dissolve 6 g of SDS, 0.1 g bromophenol blue, 30 ml of glycerol and add
0.15 M Tris-HCI, pH 6.8 to bring a final volume to 100 ml. Store the SDS-gel loading
buffer at -30°C. Before use add 20 ul of 2-mercapthoethanol to 40 ul of the buffer

solution.
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5.71.5M Tris—HCI, pH 8.8
Dissolve 18.17 g of Tris base in 80 ml distilled water. Adjust pH to 8.8 with

6 M HCI and bring the final volume to 100 ml with distilled water. Store at 4°C.

5.81.0 M Tris—HCI, pH 6.8
Dissolve 12.10 g of Tris base in 80 ml distilled water. Adjust pH to 6.8 with

6 M HCI and bring the final volume to 100 ml with distilled water. Store at 4°C.

5.9 30% (w/v) Acrylamide solution

Dissolve 29 g acrylamide and 1 g N, N’-methylene-bis-acrylamide in distilled
water to a volume of 100 ml. Mix the solution by stirring for 1 h until the solution is
homogeneous, and then filter through a Whatman membrane No. 1. Store the

acrylamide solution in the dark bottle at 4°C.

5.10 Tris-glycine electrode buffer (5xstock solution)
Dissolve 30.29 g of Tris base, 144 g of glycone, 5 g of SDS in distilled water.
Adjust pH to 8.3 with 6M HCI and bring the final volume to 1 liter with distilled

water.

5.11 Protein staining solution with coomassie brillant blue R-250.
Mix 1 g of Coomassie brilliant blue R-250, 400 ml methanol, 500 ml distilled

water and 100 ml glacial acetic acid and filter through a Whatman filter paper No. 1.
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5.12 Destaining solution for the coomassie stain
Mix 400 ml methanol, 100 ml glacial acetic acid, and then add distilled water

to a final volume of 1 liter.

5.13 10% (w/v) Ammonium persulfate
Dissolve 100 mg of ammonium persulfate in 1 ml distilled water. Store the

solution at -30°C.

5.14 12% (w/v) Separating SDS-PAGE gel

Mix the solution as follows:

1.5 M Tris-HCI, pH 8.8 2.5 ml
Distilled water 3.3ml
10% (w/v) SDS 0.1ml
30% (w/v) acrylamide solution 4.0 ml
10% (w/v) ammonium persulfate 0.1ml
TEMED 0.004 ml

Adjust the volume with distilled water to 10 ml

5.15 5% (w/v) Stacking SDS-PAGE gel

Mix the solution as follow:

0.5 M Tris-HCI, pH 6.8 0.63 mi
Distilled water 3.4 ml
10% (w/v) SDS 0.05 mi

30% (w/v) acrylamide solution 0.83 ml
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10% (w/v) ammonium persulfate 0.05 ml

TEMED 0.005 ml

5.16 Bradford’s reagent
Dissolve 0.01 g of Coomassie blue in 10 ml of 85% (v/v) phosphoric acid and
5 ml of ethanol and add distilled water to a final volume of 100 ml. Mix well and

filter through a Whatman filter paper No. 1. Store the solution at 4°C.

6. Buffers and reagents for enzymatic studies

6.1 10 mM p-Nitrophenol
Dissolve 13.91 mg of p-nitrophenol in distilled water and make a final volume

to 10 ml with distilled water.

6.2 100 mM Sodium acetate, pH 5.0 buffer
Dissolve 0.81 g of sodium acetate in 80 ml distilled water, and adjust pH to

5.0 with glacial acetic acid. Bring the final volume to 100 ml with distilled water.

6.31 M N&zCOg
Dissolve 5.30 g of Na,COs3 in distilled water, and adjust the final volume to

50 ml with distilled water.

6.4 10 mM 4-Methylumbelliferone
Dissolve 17.61 mg of 4-methylumbelliferone in distilled water, and adjust the

final volume to 10 ml with distilled water.
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6.5 0.4 M Citric acid
Dissolve 76.84 g of citric acid in distilled water, and adjust the final volume to

1 liter with distilled water.

6.6 0.4 M Sodium citrate tribasic dihydrate
Dissolve 117.76 g sodium citrate tribasic dihydrate in distilled water, and

adjust the final volume to 1 liter with distilled water.

6.7 0.8 M Sodium dihydrogen phosphate monohydrate (NaH,PO,4.H,0)
Dissolve 110.39 g of sodium dihydrogen phosphate monohydrate in distilled

water, and adjust the final volume to 1 liter with distilled water.

6.8 0.8 M Disodium hydrogen phosphate dihydrate (Na,HPO,.2H,0)
Dissolve 142.39 g of disodium hydrogen phosphate dihydrate in distilled

water, and adjust the final volume to 1 liter with distilled water.

6.9 Dinitrosalicylic acid (DNS) reagent
Dissolve 5 g of DNS in 100 ml of 2 M NaOH, then add 250 ml of 60% (w/v)

sodium potassium tartrate and distilled water to a final volume of 500 ml.

6.10 p-Dimethylaminobenzaldehyde (DMAB) (10x stock solution)
Dissolve 1.5 g of DMAB in glacial acetic acid and mix with 1.25 ml of 100 %
(v/v) HCI and make up a final volume to 100 ml with distilled water. The solution is

kept in a dark bottle at 4°C.
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6.11 Stock solutions of chitinase substrates

The stock solutions of the substrates: N-acetyl-chitooligosaccharides (di-N-
acetyl-chitobiose, tri-N-acetyl-chitotriose, tetra-N-acetyl-chitotetraose,
penta-N-acetyl-chitopentaose,  hexa-N-acetyl-chitohexaose),  p-nitrophenyl-di-N-
acetyl-chitobioside (pNP-GIcNAc;), p-nitrophenyl-tri-N-acetyl-chitotrioside pNP-
GIcNAcs3, 4-methylumbelliferyl S-N,N’-diacetylchitobioside (4MU-GIcNAc;), and
4-methylumbelliferyl g -N,N’,N”-triacetylchitiotrioside (4MU-GIcNAc3) were
prepared as follows:

Dissolve 0.2212 mg of N-acetyl-glucosamine in 10 ml of distilled water,
giving a final concentration of 100 mM N-acetyl-glucosamine.

Dissolve 50 mg of di-N-acetyl-chitobiose in 1,180 pl of distilled water, giving
a final concentration of 100 mM di-N-acetyl-chitobiose.

Dissolve 50 mg of tri-N-acetyl-chitotriose in 1,590 pl of distilled water, giving
a final concentration of 50 mM tri-N-acetyl-chitotriose.

Dissolve 50 mg of tetra-N-acetyl-chitotetraose in 1,200 ul of distilled water,
giving a final concentration of 50 mM tetra-N-acetyl-chitotetraose.

Dissolve 50 mg of penta-N-acetyl-chitopentaose in 1,930 pl of distilled water,
giving a final concentration of 25 mM penta-N-acetyl-chitopentaose.

Dissolve 50 mg of hexa-N-acetyl-chitohexaose in 2,000 ul of distilled water,
giving a final concentration of 20 mM hexa-N-acetyl-chitohexaose.

Dissolve 50 mg of p-nitrophenyl-di-N-acetyl-chitobioside in 2,000 pl of
distilled water, giving a final concentration of 20 mM p-nitrophenyl-di-N-acetyl-

chitobioside.



224

Dissolve 25 mg of 4-methylumbelliferyl p-N,N’-diacetylchitobioside in 2,146
pl of distilled water, giving a final concentration of 20 mM 4-methylumbelliferyl
S-N,N’-diacetylchitobioside.

Dissolve 5 mg of 4-methylumbelliferyl g -N,N’,N"-triacetylchitiotrioside in
636 I of distilled water, giving a final concentration of 10 mM 4-methylumbelliferyl
£ -N,N',N”-triacetylchitiotrioside.

All stock solutions were aliquoted and stored at -30°C.

6.12 Stock solutions of the chitinase inhibitors

Chelerythrine (CHE), dequalinium (DEQ), idarubicin (IDA), 2-(imidazolin-2-
yl)-5-isothiocyanatobenzofuran (IMI), pentoxifyllin (PEN), propentofylline (PRO),
and sanguinarine  (SAN), methysergide (MET), 2-bromo-a-ergocryptine
methanesulfonate (BRO) were purchased from Sigma-Aldrich, and prepared as
follows:

Dissolve 1 mg of CHE in 0.13 ml of distilled water, giving a final
concentration of 20 mM CHE.

Dissolve 21.1 mg of DEQ in 10 ml of DMSO, giving a final concentration of
4 mM DEQ.

Dissolve 10 mg of IDA in 0.94 ml of DMSO, giving a final concentration of
20 mM IDA.

Dissolve 5 mg of IMI in 0.51 ml of DMSO, giving a final concentration of
40 mM IMI.

Dissolve 27.8 mg of PEN in 1 ml of DMSO, giving a final concentration of

100 mM PEN.



225

Dissolve 25 mg of PRO in 2 ml of DMSO, giving a final concentration of
40 mM PRO.

Dissolve 5 mg of SAN in 0.68 ml of DMSO, giving a final concentration of
20 mM SAN.

Dissolve 2 mg of MET in 0.43 ml of DMSO, giving a final concentration of
10 mM MET.

Dissolve 25 mg of BRO in 1.67 ml of DMSO, giving a final concentration of
20 mM BRO.

All stock solutions were aliquoted and stored at room temperature.

7. Preparation of colloidal chitin

Colloidal chitin is prepared according to the modified method of Shimahara
and Takiguchi (1988). Chitin flakes (10 g) are added into 200 ml of concentrated
hydrochloric acid on ice. The suspension is vigorously stirred for 2 h on ice and kept
overnight at 4°C. The suspension is filtered through cheesecloth and the filtrate is
poured into 600 ml of 50% (v/v) ethanol on ice with stirring. After 1 h, the suspension
is filtered with suction through a Whatman filter paper No. 1. The residual is washed
thoroughly with distilled water through filtration until pH of the filtrate becomes
neutral. The chitin is dried in oven and then weighed to obtain the estimated dry

weight of the acid-treated chitin. The chitin suspension is stored at 4°C.
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8. Preparation of buffers and reagents for protein crystallization

8.1 Crystallization precipitants

The stock solutions of polyethylene glycol (PEG), including PEG 1500, PEG
4000, PEG 8000 and PEG 20000, were prepared at the final concentration of 50%
(w/v) by dissolving 50 g of PEG in 50 ml of ultra-pure water. The suspension was
then heated at 60°C until the solutes were completely dissolved, and the final volume
was brought to 100 ml with distilled water. For PEG 400, 50 ml of PEG 400 were
diluted in ultra-pure water and were finally made to a final volume of 100 ml leading
to final concentration of 50% (v/v). 50% (v/v) of ethylene imine polymer was
prepared by adding 50 ml of ethylene imine polymer in ultra-pure water and made up

a final volume of 100 ml.

8.2 Salts and buffers

For initial screening and optimization, the stock solution of various salts was
prepared in ultra-pure water at desired concentrations. Buffers were adjusted to
various pH using 6 M HCI or 5 M NaOH to obtain the desired pH, ranging from 4.7 to

9.0.

All of these solutions were filtered using a 0.45 um MF-Millipore membrane
filter connected with a vacuum pump. All of the stock solutions for protein

crystallization were summarized below.
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A summary of the stock solutions used for crystallization experiments.

Crystallization agent Stock concentration
Precipitants
PEG 400 40% (v/v)
PEG 1500 30% (v/v)
PEG 4000 40% (w/v)
PEG 8000 40% (w/v)
PEG 20000 40% (w/v)
2-methyl-2,4-pentanediol 100% (v/v)
Tert-butanol 100% (v/v)
Jeffamine M-600® 100% (v/v)
Ethylene imine polymer 50% (v/v)
Salts
Ammonium phosphate monobasic 2 M
Ammonium acetate 2 M
Ammonium sulfate 2M
Calcium acetate hydrate 2 M
Hexadecyltrimethylammonium bromide 1M
Iron (111) chloride hexahydrate 0.1M
Magnesium chloride hexahydrate 2 M
Sodium citrate tribasic dihydrate 5M
Sodium cacodylate trihydrate 1M

Sodium chloride 5M
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A summary of the stock solutions used for crystallization experiments (Continued).

Crystallization agent Stock concentration
Buffers
Sodium acetate, pH 4.7, 5.0, 5.5 and 6.0 1M
Sodium citrate, pH 5.0, 5.6 and 6.0 1.M
Sodium cacodylate, pH 6.0, 6.5 and 7.0 1M
MES, pH 5.5, 6.0 and 6.5 1M
MOPS, pH 7.0 and 7.5 1M
HEPES, pH 7.5 1M
Tris-HCI, pH 7.0, 7.5,8.0, 8.5 and 9.0 1M
PIPES, pH 7.0
Inhibitors 20 mM
BRO 20 mM
CHE 4 mM
DEQ 20 mM
IDA 40 mM
IMI 10 mM
MET 100 mM
PEN 40 mM
PRO 20 mM

SAN
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APPENDIX D

STANDARD CURVES

Stand curve of BSA by Bradford’s method
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3. Standard curve of GIcNAc; for DNS assay
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5. Standard curve of 4-methylumbelliferone
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APPENDIX E
DNA SEQUENCING AND

AMINO ACID SEQUENCE ALIGNMENT

1. DNA sequencing profile of the single point multinational.

1.1 S33A

Model 2100 22-8-49_HO3_ChIAS33A_mchia.saiNColN_15.ab1 Signal G110 A:85 T:66 C:53 Page 10f 3

A versons7 DT3100POPA{BOV2}v1.mab wWed, Aug 23, 2006 .06 AM
ABI Basecaller-3100APOP4_ChiAS33A_mchia sqiNColf) BSU_ Tue. Aug 22, 2006 5:41 PM
PRISM &cis00 Cap 15 Points 1200 to 15000 Pk 1 Loc: 1200 Spacing: 15.75(15.75}

o [,

S33A

A\ '. .“. .

oy
..“u“., A

\ f
,-,w || l f. | I {
& \ 1L In-,‘l

f b e ) .,, ..‘l.lll I|,‘ B T he i ...,, a il
J ‘,.I | il || WA i) I|w|l
v‘,!I\I'IEII ‘JII‘I“,'\II !l | \-I \ | i "l ||

LW :”-'1 ~u""’ "f"'-".‘lu"h'}'"!lJ‘”!'H”"' '."‘P--' ""“”"ﬁ '”'

i w o
\ml‘||| s L s 'All'"‘
i \”,I i |~.|ﬂ| A L A AT '|'|w‘.
KNI Jn |'I"|IM h AT
“ Il ‘..d! VIV L IRy

M""""”\,".III"
L\

f Wl b
I\- il MI | halin,nf Al
1 'Hlll I.|| I""II |4|HI|\I|‘|\|\|U »..,.m‘,,|||.|“”||“!| I| “I‘HHII“U‘II‘,; .“f”\l“’ﬂll

o

i
\ f. n )
ﬂ H {
Lot |u||| [ e i | n “
fin |"'| YN ”' Vi l." II‘I u"lllll “_",'I‘“‘“'l'\h IIIlﬂllll\l‘lll"'h"ll"hl “ ||. IM.-
G i ! UM T AR H (1Y
Model 3100 21-8-49(A)_H12_ChiAS33W_mchia sq(NColf)_16 ab1 Signal G:53 A:41 T:31 C25

wersion 3.7

ABI Basecaller-3100APOP4_ChiAS33W_mchia.sqiNGolf)
PRISM sci500 Cap 1

Fage 1 of 3
Tue, Aug 22, 2006 8:46 AM
Mon. Aug 21, 2006 9:49 PM

Spacing: 16.25{16 25}

DT2100POP4{BDV3}vi.mob
BSU_3100
Points 1100 to 16000 Pk 1 Loc: 1100

X CHY NI NI N

S33wW

T TGG RRTH

(-
o
v .n.n."' i

|“| il .'

1 i '|‘|
I‘UI ) N I Bt

ﬂ f |I|
1N I“Hw ‘n”l |
AN J'f WYY "'l-".ilﬂ

l f [
Iw"u‘ln‘\! V '|.I|,'|m"u"u~'.l‘i|n"--JH‘“'! JI I!"“”u"u" I].".“. "\5‘ m|lhll.".ll”u"”'“'l" H|""HI‘|‘|\|‘,--.I{"J|ﬂ.|J"\|I\|'~" ﬂn“u“n‘”"ﬂ!“u”\‘r'wl"uu|I'"-

||“|| \II
Wil VY

m ‘.e”

Vi '|I

,\ﬂ Ilﬂ

f
‘.|,1|I|| |

Ak, Moeniin i I | WA
nal Aitha i finnfind m 1
W' i ‘u\‘ﬁml W ﬂ.|||||l .".,v i l“t' HH\ ‘l‘"\||ﬁ||I|-|||I||n|‘|||‘-H!"“l"lu‘,“| “']H. |I'||| .A‘ I

ol
i

[
\W\nnl"”ﬂ\‘\ II| A I f

U\I ‘ﬁ
rn-nlnm f | \”Jl' Al I""u'

I ‘ |
I " i i, o I I
! ] Einanh ant fla I i \/ I i
l |\"' ‘u"|".‘ |"' il it MI. '||II'I'H'\|I\Iuu|.'.‘hh.”‘,"| |I|I"|,\‘|"I"‘H' ","I""H.” I"',N "I*|‘|,ﬂ|lﬁ||||'|‘| 1|.‘,,“Il ‘|I|'||"n'ru'.“f.,.llll N ||.'|||n
LIV E 1) Y o 1 SR




233

1.3 W70A

Frte: 061602-01_022_1F70A-new-1-mechi-Neo_I-fabl Run Evded: 2006/10:2 23:24:31 Stgnal G674 4:683 C.521 T.664
Sample: W704-new-1_mechi-Neo_I.f" Lane: 81 Base spacmg: 13.84 852 bases tn 16222 seans Page 1ar2
10 20 a e au 0 m o0 ) 10, L 120 130
MMM g @ GFAC G G TECS T NS CTh TC TRGOEC TH0A A0FCAG C TOOMACOR CACCAAG TATCH ATATE TACAG T TR0 A TAACC T TCAA T TTTE Tans ATTG AsTT TG@ AAACCACA TS T

WT70A .
BB g N0 bl P A “ﬂm“f‘” uh "ﬁ!\ | \”"“‘f" ‘M W\ﬂ ﬁnu’\' J ‘JFM' )

MFMI\ M \l‘]\f Jﬂfw. AJV il MM‘&‘ MM” Mwﬁ “J\Mﬂﬂf ﬂﬂf\/\ «(\

160 o 130

FOC TACAACTACATAG TCARATACCA TG ARE TO AT TAAGATCAAAD TG ARATT TAA
|
o

e e 290 =0

o ﬁ ,
M‘ﬁ \Iﬂ ﬂﬁfl\N JI‘U\A MI "“(‘ ﬁ ﬂ ' WW"JA\HN\ eW\‘ i \ IJ J'\ Af‘ f“ﬁﬂ"\f :\N"WWM o ,[\J'\JI‘V‘J!“I{\'
!\;’\AMW AR “‘[\ ANW A e ﬁ"\ Al WA A N B A W S A

AN L AN Y™ N N X Pl 06 00 N N Hed el oot 0

1.4 W231A

Model 3100 23-8-4904)_AD1_ChIAW2314A_ChiAlfsq2)_01.ab1 Signal G:68 A:50 T:a1 C:31

Fage 1 of 3
A vesion37 DT3100FPOR4{BOVI)v 1 mob Thu, Aug 24, 2008 8:01 AM
1 Basecaller-2100APOPA_CRIAW231A_ChiATsa2) B5U_3100 Wed, Aug 23, 2006 327 PM
PRISM  &c 1500 Cap 1 Fainis 1200 to 15000 Pk 1 Loc: 1200 Spacing 16.25{16 25}

CATIG CGAATE GMACGSE C TC CACT TS AGCCTCTG ACG ATG AATG T TG ATCCGC CTTACARG AG OT ACARCACCG AT CCAAG TATCG TG |
g ER) £ an 50 &0 70 ()

W231A

A GGG TACT TATITTG TTGAATEGSGCATCTACS S TCG TS ATTACAS T6 T 08 ACAACATGS CAG TT6 AT AACE TAAC T CACATCC TTT ACGECTTTATCCCART TTE TG TCCAAACGAAT|
160 180

ot A o i

[ASTARAATCAGT TG GTGG TAACAG O TTAATGCAC TG AR CGGCATG (GG G0 TG TG AATGAT TACGAAGTGGT TATCEATG ATCCGGEEG CAGC T TATC AGRRGAGSCT ICCC TCARGEAGGTC)

ool ol ot i b

ATGAATACAGCACEECAA TCARGG GTAAC TACGCAATGCTARTEEE

T TGARACAACGTARCCG GGATC TARARRI TATCCCAL G TATCG GTG G IT6 GACAC T IC TGACCCAT [ETACGACT [EGTT




234

1.5 W231F

Model 3100 22-8-49_A06_ChiAW231F_ChiA(fsg2)_02.ab1 Signal G104 A:79 T:65 C:49 Page 1 of 2
Version 2.7 DT3100POP4{BDV3}v1.mob Wed, Aug 23, 2006 B:08 AM
ABI Basecaller-2100APOPA_ChiAW231F_ChiA(fsq2) BSU_3100 Tue, Aug 22, 2006 9:29 PM
PRISM  gc 1500 Cap 2 Points 1250 fo 15000 Pk 1 Loc: 1250 Spacing: 16.78{16.73}

CATTGCGAITGWE ICG ATNGC TATCE TG ATEGETACT
10 =0 1

W231F

I i I
ey i Il Iir il \ |w|l*| \||ﬂ ‘"I
3'.\|'5|;”M|J|“.‘||”|.\I\“Iﬂ I\" .n,lu‘nl ".u"."u"! V'u""l“l”l"',"ﬂ il lIIM #'..wj‘"" |l|,. “.,u..!al .1II|M 5I|||| fIill”I\”l‘llllll‘}”l‘jlllljll ||,I“\ '”'H“‘"u“u"u"ll"”‘i‘”'” "'«"."u‘."n'@f“m.".'"wynﬂ.n‘"ﬂglmm WY
IGATTACGAAGTGEIT
255
i ﬂ r [
‘ I | f\.” M i 'l I |I‘H|'f' l ||n ll‘ ‘I | |I""| h \ﬂl ﬁ ""
|||..|H\|||"ﬂu\,‘ﬂl,‘,".,',.l'“,ﬁ“.‘”ll“ ”-\IIII'-‘MIM u..'nm, | r.M" 'l"‘n.'uﬂ w‘”u.h' '||I"|m|‘n‘\"n|||n|” ||| f i

i
nnaliianan ‘.,
I‘l'""u"u

ihlia \
i UI|‘I“I HI‘

""EIFINH‘\H"U“'I"l.““'\""""'ﬁ |III

" A
Ilul'“&'I‘HJIl”'“'” I1||III\IIl|"‘|

’
oy
TS alafiag
apalialiil i tanfl WY
VLA || | M |
‘,|'||I'|",| ”ﬂ‘“l'" U|HN‘||'||I \I |‘|I

W A nI
4“,. u,\|. n,“,,‘, '\,""\I‘mh, ‘||| '\|" | II\ i |,|~|
al 1 !

1.6 Y254W

Model 3100 23-8-49(4)_ADZ_ChIAY245W_ChiA(fsq2)_02 ab1 Signal G732 AS6 T:a7 C34 Page 1 of 2
wersion 3.7 DT2100PCP4{BDV3}vi.mob Thu, Aug 24, 2006 8:01 AM
Basecaller-3100APOP4_ChiAY245W_ChiAlfsa2) BSU_3100 “ed, Aug 23. 2006 3:37 PM
PRISM  5c 1500 Cap 2 Points 1200 to 15000 Pk 1 Loc: 1200 Spacing 16.52{16 52}

CAT N CQIATCAGRECGE CIC CAC TTC IE CC TCTS
I zo 30

Y245W

,4-||r nn "”.l”.ﬂ;w \
/

i
| T |||I

" h
' W ]
\ Tk I ".\ |ﬁn Wi N .,| . ik
0 "'I‘ll‘j‘llllll‘jl,g‘.«iilll‘lllfll \ I‘fll‘ |“r|‘"”'|“ ‘n,"'mlh'lhlll |“,\ ‘HJ [.W il Uj:"‘ !H il Ill‘."nl'yﬂ LN fH'.'* 5”\' '!." 'U”'IIIIIIMIItlllllllfllnl‘|I||I|"I”EH|£”}|I|‘ "I“Hh \'”‘JII‘ Hm l..'u',l'..'i'l'l' ‘L

i
I|I|\‘|"||Lﬂllul‘\l\fl

|
H I |i||I

ih
i .'i‘ ||.~||I||U.I|“| Iw""

I
I r. MH i
e / i
\ I\"“AII‘II”';“uIFIVI"I‘I”” il ‘I'II|\‘|‘||II ., ‘\" | iff \I||

| A
oM .Iﬂ|" f-|||ﬂl.|ll'|||

4 |I|.M \
T
AN i M 'I|.|

f' L i
u.M, Il N | hy i IIf| nad I.rqln,l i i T
U||" Y ‘ll ‘Iﬁllll'u'nlll H"\I ” “""I \ I""f '-'II|"'\III|"‘““|H|“ﬁI|| !I (VY

[
\

MI

|
\ el
‘F.h“l||"n|l|\\1w” |||'I4|||II|‘|‘

i
\“Inl f".‘\"

r-,l‘|"h‘m

mmn nnn Mn. ‘luumﬂ‘l"ﬂ,lw|'||"‘;
L W




235

2 Amino acid sequence alignment

A.
Wild-type 73
33w 47
833A 64
W0A 59
g0 * 100 * 120 * 140
Wild-type 146
333W 120
338 137
W70A 132
Wild-type 218
833W 193
333A 210
W70A 205
*
Wild-type FYDEVDKENR : 290
33w FYDFVDKENRE : 264
533A FYDEFWDKENR : 281
WT0A I : 269
B.

Wild-type

WZ231a

WZ231F

Y2450

Wild-type

WZ231a

WZ31F

Y2450

Wild-type T 335

WZ31a i 178

WZ31F i 178

TZ45W T 178

I PSIGGWTLSDPFYDE'VDKKNRDTFVASVKKFLKTWKFYDGVDI LCWEF PGGGGAAADKGDPVNDGPA

Amino acid sequence alignment of each a point mutation of with wild-type VhChiA
(A) Sequence alignment of a point mutation of S33A, S33W, W70A, and wild-type
VhChiA. (B) Sequence alignment of a point mutation of W231A, W231F, Y245A,

and wild-type VhChiA. Completely conserved regions are shaded in back.
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Abstract

Background: Vibrio carcharige chitinase A (EC3.2.1.14) is a family-18 glycosyl hydrolase and
comprises three distinct structural domains: i) the amino terminal chitin binding domain (ChBD);
ii) the (o/B)g TIM barrel catalytic domain (CatD); and i} the o + B insertion domain. The predicted
tertiary structure of V. carchariae chitinase A has located the residues Ser33 & Trp70 at the end of
ChBD and Trp231 & Tyr245 at the exterior of the catalytic cleft. These residues are surface-
exposed and presumably play an important role in chitin hydrolysis.

Results: Point mutations of the target residues of V. carcharige chitinase A were generated by site-
directed mutagenesis. With respect to their binding activity towards crystalline a-chitin and
colloidal chitin, chitin binding assays demonstrated a considerable decrease for mutants W70A and
Y245W, and a notable increase for S33W and W23 1A. When the specific hydrolyzing activity was
determined, mutant W231A displayed reduced hydrolytic activity, whilst Y245W showed
enhanced activity. This suggested that an alteration in the hydrolytic activity was not correlated
with a change in the ability of the enzyme to bind to chitin polymer. A mutation of Trp70 to Ala
caused the most severe loss in both the binding and hydrolytic activities, which suggested that it is
essential for crystalline chitin binding and hydrolysis. Mutations varied neither the specific
hydrolyzing activity against pNP-[GlcNAc],, nor the catalytic efficiency against chitohexaose,
implying that the mutated residues are not important in oligosaccharide hydrolysis.

Conclusion: Our data provide direct evidence that the binding as well as hydrolytic activities of
V. carchariae chitinase A to insoluble chitin are greatly influenced by Trp70 and less influenced by
Ser33. Though Trp231 and Tyr245 are involved in chitin hydrolysis, they do not play a major role
in the binding process of crystalline chitin and the guidance of the chitin chain into the substrate
binding cleft of the enzyme.

Background cell walls and exoskeletons of crustaceans

and insects.

Chitin is a homopolysaccharide chain of N-acetylglu-  However, the S#GlcNAc units that generally form intra-
cosamine (GlcNAc or G1) units combined together with  and intermolecular H-bonds make chitin completely
F-1,4 glycosidic linkages. Chitin is one of the most abun-  insoluble in water and its use is thus limited. Several strat-
dant biopolymers found in nature as constituent of fungal  egies have been developed for converting chitin into small
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soluble derivatives, which are more useful for applications
in the fields of medicine, agriculture and industry. Enzy-
matic degradation of chitin using biocatalysts seems to be
the method of choice since the type, quantity and quality
of oligomeric products can be well controlled and the
reaction occurs quickly and completely under mild condi-
tions without generation of environmental pollutants.

Chitinases (EC3.2.1.14) are a diverse group of enzymes
that catalyze the conversion of insoluble chitin to soluble
oligosaccharides. They are found in a wide variety of
organisms including virus, bacteria, fungi, insects, plants
and animals [1-8]. In the carbohydrate active enzymes
(CAZy) database http://www.cazy.org/, carbohydrate
enzymes are first classified as glycosyl hydrolases (GH),
glycosyl transferases (GT), polysaccharide lyases (PL), car-
bohydrate esterases (CE), and carbohydrate binding mod-
ules (CBM), and then further divided into numbered
families with structurally-related catalytic and carbohy-
drate-binding modules. Following this classification, chi-
tinases are commonly listed as family GH-18 and family
GH-19 enzymes. Family-18 chitinases have the catalytic
crevice located at top of the (a/f)s-TIM barrel domain
[9.10], whereas the catalytic domain of family-19 chiti-
nases comprises two lobes, each of which is rich in ¢-hel-
ical structure [11]. Bacteria such as Serratia marcescens,
Bacillus circulans, Alteromonas sp. and marine Vibrios pro-
duce chitinases to synergistically degrade chitin and use it
as a sole source of energy [1,12-16]. The mechanism of
chitin degradation by bacterial chitinases was mainly
derived from the outcome of structural studies or site-
directed mutagenesis [17-20]. Unlike chitooligosaccha-
rides, chitin polymer has been presumed to unidirection-
ally enter the substrate binding cleft of chitinases under
the guidance of a few surface-exposed residues at the exte-
rior of the substrate binding cleft [21,22]. Those residues
were identified as Trp33, Trp69, Phe232, and Trp245in S.
marcescens Chi A [18], Ser33, Trp70, Trp232, and Trp245
in Aeromonas caviae Chil [23], and Trp122 and Trp134 in
B. circulans Chi A1 [17]. Structurally, the latter two resi-
dues are located in the equivalent locations of Tyr245 and
Trp231, respectively of V. carchariae chitinase A (Tig. 1 and
ref [17]). We previously isolated chitinase A from a
marine bacterium, Vibrio carchariae [24]. The enzyme was
found to be highly expressed upon induction with chitin
and was active as a monomer of 63 kDa. The DNA frag-
ment encoding the functional chitinase A was subse-
quently cloned into the pQE60 expression vector that was
compatible to be highly expressed in E. coli type strain
M15 [25]. Mutational studies confirmed that the con-
served Glu315 acts as the catalytic residue in the substrate-
assisted mechanism [26,27], whereas the aromatic resi-
dues including Trp168, Tyr171, Trp275, Trp397 and
Trp570 participated in direct interactions with chitooli-
gosaccharides [28]. In this study, site-directed mutagene-

http:/fwww.biomedcentral.com/1471-2091/9/2

sis was employed in combination with following chitin
binding assays and kinetic analysis to investigate the sig-
nificance of the putative surface-exposed residues Ser33,
Trp70, Trp231 and Tyr245 for the binding and hydrolytic
activities of the Vibrio chitinase A.

Results

Homology modeling and sequence analysis

We previously reported gene isolation and sequence anal-
ysis of V. carchariae chitinase A precursor [25]. Site-
directed mutation of the active site residues showed that
Glu315 plays an essential role in catalysis [26]. On the
other hand, the conserved aromatic residues (Trp168,
Tyrl71, Trp275, Trp397 and Trp570) located within the
substrate binding cleft of the enzyme were found to be
important in binding to chitooligosaccharides [28]. Here,
we have investigated the functional roles of four amino
acid residues (Ser33, Trp70, Trp231 and Tyr245) at the
surface of V. carchariae chitinase A. All of these residues
have been proposed as functionally relevant to binding
and hydrolysis of crystalline chitin [17,18]. Fig. 1 repre-
sents the modeled 3D-structure of V. carchariae chitinase
A that was built based upon the crystal structure of §.
marcescens chitinase A mutant E315L complexed with a
chitohexamer [see Methods]. It can clearly be seen that the
four residues linearly align with each other. Trp70 and
Ser33 are positioned at the end of the N-terminal chitin
binding domain (ChBD), whilst Trp231 and Tyr245 are
found outside the substrate binding cleft where they are
part of the TIM barrel catalytic domain.

When the amino acid sequences of several bacterial chiti-
nases were compared, the V. carchariae chitinase A
(Q9AMP1) exhibited highest sequence identity with chiti-
nase A from V. harveyi HY01 (AGAUUG6) (93%), moderate
identity with chitinase A from S. marcescens (P07254) and
Enteromonas sp. (Q4PZF3) (47%), and low identity with
chitinase Al from B. circulans (22%). Surprisingly,
extremely low sequence identity was observed when V.
carchariae chitinase A was compared with chitinase A from
V. splendidus (A3UMCG) (13%) and V. cholerae (AGACYG)
(11%).

A structure-based alignment of three chitinases, including
V. carchariae chitinase A, S. marcescens chitinase A, and B.
circulans WL-12 chitinase A1 was constructed and is dis-
played in Fig. 2A &2B. Fig. 2A represents an alignment of
the N-terminal ChBDs of the Vibrio and Serratia chitinases
with the C-terminal fragment that covers the ChBD of the
Bacillus chitinase A1 (ChBD_y;,,). The ChBD ., consists
of the residues 655 to 699 and deletion of this domain led
to a severe loss in the binding activity to chitin as well as
in the colloidal chitin-hydrolyzing activity, suggesting
that this domain is essential for binding to insoluble chi-
tin of this enzyme [29]. As shown in Fig. 2A, the residues
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Trp70 Ser33

\{

Ala

Tyr245

\

Ala/Trp  Trp

Figure |

http://www biomedcentral.com/1471-2091/9/2

The Swiss-Model 3D-structure of V. carchariae chitinase A. A ribbon representation of the 3D-structure of V. carchar-
ige chitinase A was constructed based on the x-ray structure of S. marcescens Chi A E315L mutant as described in the text. The
N-terminal chitin binding domain is presented in cyan, the TIM barrel domain in yellow and the small insertion domain in green.
The coordinates of [GIcNAc], that are modeled in the active site of the Vibrio enzyme are shown as a stick model with N

atoms in blue and O atoms in red. The mutated residues (Ser33, Trp70, Trp231| and Tyr245) and other substrate binding resi-

dues are also presented in stick model (magenta).

Trp656 and Trp687 of the ChBD,;,, are well aligned with
Ser33 and Trp70 of V. carchariae chitinase A. However, the
determination of the solution structure of the ChBD;,,
by Ikegami et al. [30] identified only Trp687 as a putative
chitin binding residue, in addition to His681, Thr682,
Pro689, and Pro693.

With respect to the alignment of the catalytic domain (Fig.
2B), Trp231 of the Vibrio chitinase is equivalent to Trp122
and to Phe232 of the Bacillus and Serratia chitinases. For
Tyr245, this residue is replaced by Trp134 and Trp245 in
the B. circulans and S. marcescens sequences, respectively.
The sequence alignment additionally demonstrates the
residues Ser33 and Trp70 within the flexible loops that
join two strands in the chitin binding region. The residues
Trp245 and Tyr231 are found as part of the catalytic (o/
B)s TIM barrel, where Tyr245 is exposed on the loop that

joins helices 2(3) and 2(4) together and Trp231 is the
only residue being found in an a-helix (helix 2(3)).

Expression and purification of chitinase A and mutants

To investigate the binding and hydrolytic activities of V.
carchariae chitinase A, target residues as named above
were mutated by sited-directed mutagenesis. According to
the employed system, the recombinant chitinases were
expressed as the C-terminally (His), tagged fusion protein
(see Methods). After single-step purification using Ni-
NTA agarose affinity chromatography, the yields of the
purified proteins was estimated to be approx. 20 to 25
mg/ml per litre of bacterial culture. As analyzed by SDS-
PAGE, all the mutated proteins displayed a single band of
molecular weight of 63 kDa (data not shown), which is
identical to the molecular weight of the wild-type enzyme.
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Figure 2

A structure-based alignment of V. carchairae chitinase A with S. marcescens chitinase A and B. circulans chiti-

nase Al. A) The N-terminal ChBDs of V. carchariae chitinase A (residues 22—-138) and S. marcescens chitinase A (residues 24—
137) were aligned with the C-terminal fragment (residues 648-699), covering the ChBD of B. circulans WL-12 chitinase Al. B)
An alignment of the catalytic domain of the three bacterial chitinases with residues 160 to 289 of V. carchariae chitinase A being
displayed. The chitinase sequences were retrieved from the Swiss-Prot/ TreEMBL protein databases, aligned using "MegAlign" in
the DNASTAR package, and displayed in Genedoc. The secondary structure of V. carchariae chitinase A was predicted from the
PHD method in PredictProtein using 5. marcescens as template [see texts]. Conserved residues are shaded in blue, whereas the
residues that are aligned with Ser33, Trp70, Trp231, and Tyr245 of V. carchariae chitinase A are shaded in red. ChiA_Vibca: V.
carchariae chitinase A (Q9AMP), ChiA_Serma: S. marcescens chitinase A (P07254), and ChiA|_Bacc: B. ciraulans chitinase Al

(P20533). B-strand is represented by an arrow, a-helix by a cylinder and loop by a straight line.

Effects of mutations on the chitin binding activities of
chitinase A

To minimize hydrolysis, all the binding experiments were
carried out on ice. Bindings of the wild-type chitinase and
mutants to colloidal chitin were initially investigated as a
function of time. After a removal of the enzyme bound to
chitin, decreases in concentration of the unbound enzyme
remaining in the supernatant was monitored discretely at
different time points of 0 to 120 min. Fig. 3 demonstrates
that the binding process took place rapidly and reached
equilibrium within 5 min. The relative binding activity of
each mutant to colloidal chitin is following the order
W231A > 533W > WT=W231F > 533A > Y245W > W70A.

The binding activity of the individual mutants relative to
the one of the wild-type enzyme was further examined
with colloidal chitin and a-chitin polysaccharides at a sin-
gle time point of 60 minutes. In general, the wild-type and
mutant chitinases expressed greater binding activity
towards colloidal chitin. A comparison of the level of
binding of the engineered enzymes to the two substrates
revealed a similar pattern (Fig. 4). For both polysaccha-
rides, W70A and Y245W displayed lower binding activity
than the wild-type enzyme. $33A and W231F showed a
modest increase in binding to crystalline a-chitin and
decreased level of binding to colloidal chitin. Mutants
$33W and W231A, on the other hand, displayed higher
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Figure 3

Time-course of binding of chitinase A and mutant
enzymes to colloidal chitin. Chitinases (| pmol in 100
mM sodium acetate buffer, pH 5.5) were incubated with 1.0
mg colloidal chitin at 0°C. Decreases in free enzyme concen-
tration were determined at different time points from 0-30
min by Bradford's method. Each data value was calculated
from triplicate experiments. Symbeols: wild-type (black
square); S33A (black upward-pointing triangle); S33W (black
downward-pointing triangle); W70A (black diamond);

W23 A (black circle); W23IF (open square); and Y245W
(open triangle).

effectiveness in the binding to both substrates. Of all,
mutant W231A displayed highest binding activity and
W70A exhibited lowest activity. Especially, no detectable
binding to crystalline a-chitin was observed with mutant
W70A

Adsorption isotherms of chitinase mutants to colloidal
chitin were carried out relative to that of the wild-type
enzyme. Fig. 5 represents a non linear plot of the adsorp-
tion isotherms obtained at a fixed concentration of colloi-
dal chitin but varied concentrations of the enzyme (See
Methods). In comparison to the wild-type enzyme,
mutants $33W and W23 1A exhibited significantly higher
binding activity, whereas mutants W70A, S33A, W231F
and Y245W had a notably decreased binding activity.
When the dissociation binding constants (K;) were esti-
mated from the non-linear regression function, it was
found that the K, value of wild-type (0.95 + 0.11 pM) was
slightly larger than the Kjvalues of S33W (0.84 + 0.09
pM) and W23 1F (0.88 + 0.09 pM), but remarkably greater
than the value of W231A (0.26 = 0.03 uM). In contrast,

hittp//www biomedcentral.com/1471-2091/9/2

significantly higher K values than the wild-type value
were observed with $33A (1.50 £ 0.11 uM), W70A (2.30
+ 0.25 puM), and Y245W (1.60 + 0.16 uM). These esti-
mated K, values gave a notation of the enzyme's binding
strength in the following order W231A = 533W = W231F
> wild-type > 833A » Y245W > W70A, which is in absolute
accordance with the binding activities determined by the
chitin binding assay (see Fig. 4) and the kinetic data as
described below.

Effects of mutations on the hydrolytic activities of
chitinase A

The effects of mutations on the hydrolytic activity of V.
carchariae chitinase A were further studied by exposing the
wild-type and modified enzymes to pNP-[GlcNAc],, col-
loidal chitin and crystalline a-chitin. The specific hydro-
lyzing activity for the three different substrates was
subsequently determined. From all the mutants, only
W23 1A displayed a slightly reduced specific hydrolyzing
activity against the pNP substrate (Table 1).

Unlike the pNP-glycoside, strong effects on the hydrolytic
activities were observed with the insoluble polymeric sub-
strates. The hydrolyzing activity against crystalline a-chi-
tin was completely abolished in case of mutants 5334,
W70A and W23 1A/F but improved for mutants S$33W and
Y245W at levels of 166% and 250% of the wild-type activ-
ity, respectively. A similar trend was also seen with colloi-

100
80
60
40

9% Binding

20

WT S33A S33W W70A W231A W231F Y245W
Chitinase A mutants

Figure 4

Binding of chitinase A and mutants te insoluble chi-
tin. The binding assay set as described in the text was incu-
bated with crystalline a~chitin or colloidal chitin for 60 min.

The % binding = [Iﬁi}x 100; where E, is initial enzyme
“t

concentration and E;is the free enzyme concentration after
binding. Closed and open bars represent % binding to colloi-
dal chitin and crystalline a-chitin, respectively. The presented
data are mean values obtained from three independent sets
of the experiment.
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Figure 5

Equilibrium adsorption isotherms of wild-type and
mutant chitinases A to colloidal chitin. The reaction
assay (500 wl) contained 1.0 mg chitin and varied concentra-
tions of enzyme from 0 to 7.0 uM. After 60 min of incubation
at 0°C, the reaction mixture was centrifuged and concentra-
tions of E, and E;were determined as described in the text.
Symbols: wild-type (black square); S33A (black upward-point-
ing triangle); S33W (black downward-pointing triangle);
WT70A (black diamond); W231A (black circle); W23IF (open
square); and Y245W (open triangle).

dal chitin. However, for this substrate S33A, W70A and
W231A/F not completely abolished but markedly
decreased hydrolyzing activity, while $33W (119%) and
Y245W (152%) again where the ones that displayed
higher activity than wild-type enzyme. The most severe
loss of the specific hydrolyzing activity towards colloidal
chitin was detected for mutant W70A, which had a substi-
tution of Trp70 to Ala.

hitpZ/fwww biomedcentral com/1471-2091/9/2

Steady-state kinetics of chitinase A and mutants

The kinetic parameters of the hydrolytic activity of chiti-
nase A and mutants were finally determined with chito-
hexaose and colloidal chitin as substrates. As presented in
Table 2, mutations of the chosen residues led for the
response of enzyme values towards the hexachitooli-
gomer to concomitant decreases in both the K and k,
values. For all the mutants, however, the overall catalytic
efficiency (k_,/K_) was not much different to the value
observed for the wild-type enzyme. In contrast, the kinetic
properties of the enzyme against colloidal chitin were sig-
nificantly modified by the mutations. The K, values of
$33A (2.07 10! mg ml1), W70A (2.26 10! mg ml1), and
Y245W (1.82 10! mg ml-1) were higher than the wild-type
K., (1.74 10" mg ml'') whereas 533W (1.58 10! mg ml')
and W231A (1.01 10! mg ml!) had considerably lower
K,, compared to the reference value. Mutations that
caused a large decrease in the enzyme's catalytic activity,
k. were Ser33 to Ala, Trp70 to Ala and Trp231 to Ala/
Phe, whereas mutations of Ser33 to Trp and Tyt245 to Trp
elevated k_,, values instead. The overall catalytic efficiency
(k_./ K, ) that was calculated for the hydrolysis of colloidal
chitin was to more or less extent either reduced (for 533A,
W70A, W231A and W231F) or increased (for 533W and
Y245W).

Discussion

This study describes the possible role of Ser33, Trp70,
Trp231, and Tyr245 in chitin binding and hydrolysis.
Point mutations of these residues were introduced by site-
directed mutagenesis and changes in the binding and
hydrolytic activities of the enzyme as a result of the amino
acid substitution were subsequently investigated for vari-
ous substrates. Chitin binding assays (Fig. 3 &4) demon-
strate a decrease in the binding activity of mutants 5334,
W70A and Y245W to various extents. However, the most
severe effect was observed with W70A. A time course study
displayed no binding activity of W70A but retained activ-

Table I: Specific hydrolyzing activity of chitinase A and mutants. The reducing sugar assay was carried out against crystalline and
colloidal chitin. The release of the hydrolytic products was calculated from a standard curve of [GlcNAc];. On the other hand, the
specific hydrolyzing activity against pNP-[GlcNAc], was determined by the colorimetric assay. The release of pNP was estimated from

a standard curve of pNP

Protein Specific hydrolyzing activity (U/umol protein)a

Crystalline chitin Colloidal chitin PpMNP-[GlcNACc],

Wild-type 0.59 £ 0.02(100)> 12.9 £0.22 (100) 505+ 113 (100)
S33A nds 8.5 £0.50 (66) 58.0 + 1.0B (115)
533w 1.00 £ 0.08 (166) 153 £032(119) 54.0 £ 2.55 (107)
WT0A n.d. 43 £0.17 (33) 528 +2.14 (105)
W23lA n.d. 6.6 +0.26 (51) 45.2 + 2.00 (90)
W23IF n.d. 9.2£0.49 (71) 543 +2.85(108)
Y245W |.4% + 0.0% (250) 19.6 £0.53 (152) 53.6 + Lal (106)

2 One unit of chitinase is defined as the amount of enzyme that releases | pmol of [GleNAc]; or | nmol of pNP per min at 37°C.

bValues in parentheses represent relative specific hydrolyzing activities (%).

= Non-detectable activity.
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Table 2: Kinetic parameters of substrate hydrolysis by chitinase A wild-type and mutants. A kinetic study was carried out using 0-5%
(wiv) colloidal chitin and 0=500 pM chitohexaose as substrates. After 10 minutes of incubation at 37°C, the amounts of the reaction

products were determined from a standard curve of [GleNAc];

Chitinase A Chitohexaose Colloidal chitin
variant
Kon(uM) Keae (51 k JK(s"MT) K (10" mg ml') ke (s™) ke J (10 s
mg ml')
Wild-type 218+ 220 9 1.3 = 107 (100) 1.74+0.1 1.2 0.7 (100}
S33A 171 £205 16 1.5 = 103(115) 207+02 09 04 (57)
S3IIW 210+ 154 28 1.3 = 103 {100) 15802 1.4 0.9(129)
WT0A 185 +22.0 15 1.3 = 10°(100) 226+ 04 04 02(29)
W23lA 189+ 13.2 16 1.4 10 (108) 101 £02 0.6 0.6 (86)
W23IF 163 £ 103 14 1.5 = 103 (115) 170£02 0.9 0571
Y2450 201 £13.1 16 1.3 = 10°(100) 182+02 1.7 0.9(129)

* Relative catalytic efficiencies (%) are shown in parentheses.

ity of other mutants to colloidal chitin (Fig. 3). This
strongly suggested that Trp70 is the major determinant for
insoluble chitin binding. Sugivama and colleagues previ-
ously employed the reducing-end labeling technique and
the tilt micro-diffraction method [21,22] to illustrate the
molecular directionality of crystalline #chitin hydrolysis
by S. marescens chitinase A and B. chitinase chitinase A1. 1f
the chitin polymer enters the substrate binding cleft of V.
carchariae chitinase A from the reducing end as described
for the Serratia and Bacillus enzymes, Trp70 will likely
serve as a platform for the arrival of a chitin molecule. This
idea is well complimented by the location of the residue
at the end of ChBD. A remarkable loss of the specific
hydrolyzing activity as well as the decrease in the rate of
enzyme turnover (k_,) that was observed for mutant
W70A is hence explainable by the loss of the binding
strength due to a substitution of Trp to Ala and an associ-
ated change in the hydrophobic interactions. A similar
performance was seen for residue Ser33. Although to a
lesser extent, a mutation of Ser33 to Ala also led to
decreased binding activity, while its mutation to Trp
improved binding activity. This finding provides addi-
tional evidence that binding of the chitin chain to the
ChBD is cooperatively taken place via hydrophobic inter-
actions and influenced by the molecular setting in this
region.

The most striking observations were made with the resi-
due Trp231. As demonstrated by the modeled 3D-struc-
ture (see Fig. 1), the residue Trp231 is placed at the
outermost of the catalytic surface, thereby lying closest to
the non-reducing end of the substrate binding cleft. The
observed drastic improvement (rather than reduction) in
the binding efficiency of mutant W231A could only be
explained as a removal of the side-chain blockage. Hence,
the reduced hydrolyzing activity of mutant W231A was
unlikely influenced by changes in the binding acitivity as

a result of the alanine substitution of Trp231. Apparently,
the same phenomenon was previously recognized in S.
marcescens chitinase A [18], with which a mutation of
Phe232 to Ala seriously diminished the hydroyzing aci-
tivty but left the binding activities to both colloidal chitin
and Fchitin microfibrils unchanged.

When the next residue in line (Tyr245) (see Fig. 1) was
mutated to a bulkier side-chain (Trp), inverse effects
(reduced binding but improved hydrolysis) were
observed. This complimented the idea of the binding bar-
rier around the entrance hall of the catalytic domain by

Trp231 and Tyr245. Similar findings were also recognized

with a cellulose degrading enzyme, Thermobifida fusca
endoglucanase (Cel9A) [31]. With this enzyme, it was
observed that mutations of the surface-exposed cellulose
binding residues Arg557 and Glu559 to Ala (mutant
R557A/E559A) led to a severe loss in the hydrolytic activ-
ity against crystalline cellulose, but a change in the bind-
ing activity was not at all observed. Structurally, the
residues Arg557 and Glu559 are found on the surface of
the cellulose binding module (CBM), closest to the cata-
Iytic binding cleft of Cel9A. Therefore, the effects of
Arg557 and Glu559 would be explained in analogy to
those of Trp231 and Tyr245 in V. carchariae chitinase A.

In marked contrast, observations made with the Vibrio

Trp231 mutation were different to the studies of Li et al.

on A. caviae Chi 1 [23] and of Watanabe et al. on B. circu-
lans Chi Al [17]. Mutations of Trp232 and Trp245 (in A.
caviae Chi 1) or Trp122 and Trp 134 (in B. circulans) to
alanine resulted in a marked loss in both binding and
hydrolyzing acitivities, especially againts crystalline g-chi-
tin. Therefore, the reduced hydrolytic activities were
assumed to be associated with the weaker binding of the
two corresponding residues. Based on their mutational
data, the residues seemed to participate directly in binding
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to crystalline chitin, and subsequently cooperatively
assisting the chitin chain to penetrate through the catalytic
cleft of A. caviae or B. circulans chitinase.

Indeed, the above-mentioned event that took place in the
A. carviae and B. circulans chitinases did not seem to be the
case for the V. carchariae chitinase A due to different
behaviors of Trp231 and Tyr245 found for the Vibrio
enzyme. Our data suggested that a possible action of V.
carchariae chitinase A on insoluble chitin could proceed as
follows: 1) Initial binding of a chitin chain to the ChBD.
This process is most influenced by the hydrophobic inter-
action set between the incoming sugar and residue Trp70,
which is located at the doorway of the ChBD; ii) Further
binding of GlcNAc units. However, binding through
Ser33 remains inconclusive, since the mutational results
revealed that Ser33 did not act as a powerful binding res-
idue. Alternatively, this binding step might be made
through a different surface-exposed aromatic residue
located nearby; and iii) Sliding of bound sugar units of the
chitin chain into the substrate binding cleft. Based on the
'slide and bend’ mechanism proposed by Watanabe and
others [17,21,32], the sliding process is achieved by coop-
erative interactions with other surface-exposed aromatic
residues located close to the entrance of the substrate
binding cleft. However, our data strongly suggested that
the chitin chain movement most likely takes place via an
interaction with different surface-exposed aromatic resi-
dues other than Tyr245 and Trp231.

When pNP-|GlcNAc], was used as a substrate, hydrolyzing
activities of the mutated enzymes and the wild-type
enzyme were almost indistinguishable. This observation
and the essentially unchanged catalytic efficiency (k_,/
K_,) of all mutants compared to wild-type enzyme clearly
pointed out that Ser33, Trp70, Trp231 and Tyr245 do not
play a major role in the process of hydrolysis of soluble
chitooligosaccharides.

Conclusion

Point mutations of four surface-exposed residues of V. car-
chariae chitinase A and subsequent experiments on chitin
binding and hydrolysis were performed. Trp70, which is
located at the N-terminal end of the chitin binding
domain, was identified as the most crucial residue in col-
loidal and crystalline chitin binding and consequently
their hydrolysis. The residues Trp231 and Tyr245, both
located nearer to the substrate-binding cleft, influenced
chitin hydrolysis but not really insoluble chitin binding.

Methods

Bacterial strains and expression plasmid

Escherichia coli type strain DH5a was used for routine
cloning, subcloning and plasmid preparation. Supercom-
petent E. coli XL1Blue (Stratagene, La Jolla, CA, USA) was

hitp/iwww biomedcentral com/147 1-2091/9/2

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 frag-
ments were used for a high-level expression of recom-
binant chitinases.

A structural based seq e alig and h logy
modeling

The amino acid sequence alignment was constructed by
the program MegAlign using CLUSTAL method algorithm
in the DNASTAR package (Biocompare, Inc., CA, USA)
and displayed in Genedoc [33]. The amino acd sequence
of the V. carchariae chitinase was aligned with five selected
bacterial chitinase sequences available in the Swiss-Protor
TrEMBL database (see Results). The secondary structure
elements of V. carchariae chitinase A were obtained by the
PHD method available in PredicProtein [34]. The mod-
eled tertiary structure of the Vibrie chitnase was built by
Swiss-Model and displayed by Swiss-Pdb Viewer [35]
using the x-ray structure of S. marcescens chitinase A E315L
mutant complex with hexaNAG (PDB code: 1NHG) as
structure template. The co-ordinates of [GlcNAc], were
modeled into the active site of the Vibrie enzyme and the
target residues were located by superimposing the C,
atoms of 459 residues of V. carchariae chitinase A with the
equivalent residues of 8. marcescens E315L complex, using
the program Superpose available in the CCP4 suit [36].
The predicted structure was viewed with Pymol [37].

Mutation design and site-directed mutagenesis
Site-directed mutagenesis was carried out by PCR using
QuickChange site-directed mutagenesis kit (Stratagene).
The pQEGD plasmid harbouring chitinase A DNA lacking
the residues 598-850 C-terminal fragment was used as
DMNA template [25]. The primers (Bio Service Unit, Thai-
land) used for the mutagenesis are summarized in Table
3. The success of newly-generated mutations was con-
firmed by automated DNA sequencing (BSU, Thailand).
The programs used for nucleotide sequence analyses were
obtained from the DNASTAR package (DNASTAR, Inc.,
Madison, USA).

Expression and purification of recombinant wild-type and
mutant chitinases

The pQEGD expression vector harboring the DNA frag-
ment that encodes wild-type chitinase A were highly
expressed in E. coli M15 cells and the recombinant pro-
teins purified as described elsewhere [ 28]. Briefly, the cells
were grown at 37°C in Luria Bertani (LB) medium con-
taining 100 pg/ml ampicillin until OD g reached 0.6, and
then 0.5 mM of isopropyl thio-gD-galactoside (IPTG)
was added to the cell culture for chitinase production.
After 18 h of induction at 25°C, the cell pellet was col-
lected by centrifugation, re-suspended in 15 ml of lysis
buffer (20 mM Tris-HCl buffer, pH 8.0, containing 150
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Table 3: Primers used for mutagenesis

hitpzfiwww biomedcentral com/1471-2091/9/2

Point mutation

Oligonucleotide sequence

Ser3i—Ala
Serdd—=Trp
Trp70—Ala
Trp231—Ah
Trp23| —+Phe

Tyr245—Trp

Forward 5-CGATATGTACGGTGCGAATAACCTTCAATTTTC-3
Reverse 5-GAAAATTGAAGGTTATTCGCACCGTACATATCG-3'
Forward 5'-CGATATGTACGGTIGGAATAACCTGECAATTTTC 3
Reverse 5-GAAAATTGCAGGTTATTCCAACCGTACATATCG-3
Forward 5-GAAATTTAACCAGGCGAGTGGCACATCTG-3'
Reverse 5-CAGATGTGCCACTCGCCTGGTTAAATTTC-3
Forward 5-GTTATCCATGATCCGGCGgeagettatc-3'

Reverse 5-GATAAGCTGCCGCCGGATCATGGATAACY
Forward 5-GGTTATCCATGACCCGITTGCAGCTTATCAG-3'
Reverse 5'-CTGATAAGCTGCAAACGGGTCATGGATAACC Y
Forward 5'-CAGGTCATGAATGGAGCACGCCAATCAAG-Y
Reverse 5-CTTGATTGGCGTGCTCCATTCATGACCTG-3

2 Sequences underlined indicate the mutated codons.

b Sequences in bold represent the codon being modified to achieve the T value as required for QuickChange site-directed mutagenesis.

mM NaCl, 1 mM phenylmethylsulphonyl fluoride
(PMSF), and 1.0 mg/ml lysozyme), and then lysed on ice
using an Ultrasonic homogenizer. The supernatant
obtained after centrifugation at 12,000 g for 1 h was
instantly subjected to Ni-NTA agarose affinity chromatog-
raphy following the Qiagen's protocol. After SDS-PAGE
analysis [38], the chitinase containing fractions were
pooled and then applied to Vivaspin-20 membrane filtra-
tion (Mr 10 000 cut-off, Vivascience AG, Hannover, Ger-
many) to concentrate the protein and to remove
imidazole. A final concentration of the protein was deter-
mined by Bradford's method [39] using a standard cali-
bration curve constructed from BSA (0-25 pg).

Chitinase activity assays

The colorimetric assay was carried out in a 96-well micro-
titer plate using pNP-| GleNAc], (Bioactive Co., Ltd., Bang-
kok, Thailand) as substrate. A 100-ul assay mixture,
comprising protein sample (10 pl), 500 pM pNP-(Glc-
MNAc),, and 100 mM sodium acetate buffer, pH 5.5, was
incubated at 37 °C for 10 min with shaking. After the reac-
tion was terminated by the addition of 1.0 M Na,CO, (50
ul), the amount of p-nitrophenol (pNP) released was
determined by A, in a microtiter plate reader (Applied
Biosystems, Foster City, CA, USA). Molar concentrations
of the pNP product were estimated from a calibration
curve of pNP (0-30 nmol). Alternatively, chitinase activity
was measured by a reducing-sugar assay. The reaction
mixture (500 pl), containing 1% (w/v) colleidal chitin
(prepared based on Hsu & Lockwood [40]), 100 mM
sodium acetate buffer, pH 5.5, and 100 pg chitinase A,
was incubated at 37°C in a Thermomixer comfort
(Eppendorf AG, Hamburg, Germany). After 15 min of
incubation, the reaction was terminated by boiling at
100°C for 5 min, and then centrifuged at 5,000 g for 10
min to precipitate the remaining chitin. A 200-ul superna-

tant was then subjected to DMARB assay following Bruce et
al. [41]. The release of the reducing sugars as detected by
Aggo was converted to molar quantity using a standard cal-
ibration curve of [GleNAc]; (0-1.75 umol). For crystalline
a-chitin, chitinase activity assay was carried out as
described for colloidal chitin with 400 ug of chitinase A
included in the assayed mixture.

Chitin binding assays

Chitin binding assays were carried out at 0°C to minimize
hydrolysis. For time course studies, a reaction mixture
(500 pl), containing 1.0 pmol enzyme, and 1.0 mg of chi-
tin in 20 mM Tris-HCI buffer, pH 8.0, was incubated to a
required time of 0, 1.25, 2.5, 5, 10, 15, 20, 25, and 30
min, and then the supernatant was collected by centrifug-
ing at 12000 g at 4°C for 10 min. Concentration of the
remaining enzyme was determined by Bradford's method,
while concentration of the bound enzyme (£, ) was calcu-
lated from the difference between the initial protein con-
centration (E,) and the free protein concentration (Ej)
after binding.

The chitin binding assay was also carried out with crystal-
line chitin and colloidal chitin (Sigma-Aldrich Pte Ltd.,
The Capricorn, Singapore Science Park 11, Singapore) as
tested polysaccharides. A reaction (set as above) was incu-
bated for 60 min at 0°C, then the chitin-bound enzyme
was removed by centrifugation, and the concentration of
the free enzyme was determined. For adsorption isotherm
experiments, the reaction assay (also prepared as
described above) containing varied concentrations of pro-
tein from 0 to 7.0 uM was incubated for 60 min. After cen-
trifugation, concentration of free enzyme in the
supernatant was determined. A plot of [E,] vs [E] was sub-
sequently constructed and the dissociation binding con-
stants (K;) of wild-type and mutants were estimated using
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a non-linear regression function in the GraphPad Prism
software (GraphPad Software Inc, San Diego, CA).

Steady-state kinetics

Kinetic parameters of the chitinase variants were deter-
mined using chitohexaose or colloidal chitin as substrate.
For chitohexaose, the reaction mixture (200 pl), contain-
ing 0-500 pM (GlcNAc),, and 50 pg enzyme in 100 mM
sodium acetate buffer, pH 5.5, was incubated at 37°C for
10 min. After boiling to 100°C for 3 min, the entire reac-
tion mixture was subjected to DMAB assay as described
earlier. For colloidal chitin, the reaction was carried out
the same way as the reducing-sugar assay, but concentra-
tions of colloidal chitin were varied from 0 to 5.0% (w/v).
The amounts of the reaction products produced from
both substrates were determined from a standard curve of
|GleMNAc], (0-1.75 pmol). The kinetic values were evalu-
ated from three independent sets of data using the nonlin-
ear regression function obtained from the GraphPad
Prism software.

Abbreviations
GleNAc,: #1-4 linked oligomers of N-acetylglucosamine
residues where n = 1-6; DMAB: p-dimethylaminobenzal-

dehyde; IPTG: Isopropyl thio-#D-galactoside; PMSF: Phe-
nylmethylsulphonylfluoride.
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This research describes four X-ray structures of Vibrio harveyi chitinase A and its catalytically inactive
mutant (E315M) in the presence and absence of substrates. The overall structure of chitinase A is that
of a typical family-18 glycosyl hydrolase comprising three distinct domains: (i) the amino-terminal chi-
tin-binding domain; (ii) the main catalytic («/p)s TIM-barrel domain; and (iii) the small (x + j8) insertion
domain. The catalytic cleft of chitinase A has a long, deep groove, which contains six chitooligosaccharide
ring-binding subsites (—4) —3)(—2)(—1)(+1)(+2). The binding cleft of the ligand-free E315M is partially
blocked by the C-terminal (His)s-tag. Structures of E315M-chitooligosaccharide complexes display a lin-
ear conformation of pentaNAG, but a bent conformation of hexaNAG. Analysis of the final 2F, — F, omit
map of E315M-NAG6 reveals the existence of the linear conformation of the hexaNAG at a lower occu-
pancy with respect to the bent conformation. These crystallographic data provide evidence that the inter-

Vibrio harveyi

acting sugars undergo conformational changes prior to hydrolysis by the wild-type enzyme.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Chitin, a highly stable homopolysaccharide of p (1 — 4)-linked
N-acetyl-n-glucosamine (GIcNAc or NAG)' is widely distributed in
the shells of crustaceans; the cuticles of insects; the shells and skel-
etons of molluscs; and the cell walls of fungi. Chitin degradation is of
considerable interest because the products have potential applica-
tions in the fields of biomedicine, agriculture, nutrition, and biotech-
nology. Chitinases (EC 3.2.1.14) are major enzymes that hydrolyse
chitin into oligosaccharide fragments. These enzymes are found in
organisms that possess chitin as a constituent or that use it as a
nutrient source. Bacteria produce chitinases in order to utilise chitin
as a source of carbon and nitrogen (Bhattacharya et al., 2007; Keyh-
ani and Roseman, 1999). Fungal chitinases play a similar nutritional
role but are additionally involved in fungal development and mor-
phogenesis (Kuranda and Robbins, 1991; Sahai and Manocha,
1993). Plants produce chitinases as a defence mechanism against
pathogenic fungi (Leah et al., 1991). Animal chitinases are involved

* Corresponding author. Fax: +66 44 224185.
E-mail address: wipa@sut.ac.th (W. Suginta).

1 Abbreviations used: GIcNAc or NAGn, p-1-4 linked oligomers of N-acetylglucos-
amine residues where n = 1-6; pNP-|GIcNAc|, p-nitrophynyl--o-N.N'-diacetylchito-
bioside; IPTG, isopropyl thio-f-n-galactoside; PMSF, phenylmethylsulphonylfluoride;
ChBD, the amino-terminal chitin-binding domain.

1047-8477($ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j,jsb.2008.03.008

in dietary uptake processes (Jeuniaux, 1961). Human chitinases are
responsible for hyperresponsiveness and inflammation of the air-
ways of allergic asthma patients (Donnelly and Barnes, 2004; Kaw-
ada et al., 2007).

The carbohydrate active enzyme (CAZy) database (http:f/
www.cazy.org/) classifies carbohydrate enzymes into functional
families (glycosyl hydrolases, glycosyl transferases, polysaccharide
Iyases, carbohydrate esterases, and carbohydrate-binding
modules), which are further subdivided into structurally related
families designated by number. Following this classification,
chitinases are listed as GH family-18 and GH family-19. These
two families show no homology in both structure and mechanism.
The catalytic domain of family-18 chitinases consists of an
(/B)g-barrel with a deep substrate-binding cleft formed by loops
following the C-termini of the eight parallel B-strands (Fukamizo,
2000; Hollis et al., 2000; Perrakis et al., 1994; Terwisscha van
Scheltinga et al., 1996). In contrast, the catalytic domain of
family-19 chitinases comprises two lobes, each of which is rich
in a-helical structure (Hart et al,, 1995). Family-18 chitinases are
known to catalyse the hydrolytic reaction through the ‘substrate-
assisted’ or'retaining mechanism’ (Brameld and Goddard, 1998a;
Terwisscha van Scheltinga et al., 1995; Tews et al., 1997), whereas
family 19 chitinases employ the ‘single displacement’ or "inversion
mechanism’ (Brameld and Goddard, 1998b). The catalytic mecha-
nism of family-18 chitinases involves protonation of the leaving

Biol. (2008), doi:10.1016/j.jsb.2008.03.008
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group by an absolutely conserved glutamic acid (equivalent to
Glu315 of Serratia marcescens chitinase A), followed by substrate
distortion into a ‘boat’ conformation at subsite —1 and the
stabilisation of an oxazolinium intermediate by the sugar N-acet-
amido group. The resultant bond cleavage yields the retention
of anomeric configuration in the products (Armand et al,
1994; Fukamizo et al., 2001; Honda et al., 2004; Sasaki et al.,
2002).

Chitinases from both families are further divided into exo- and
endochitinases. Exochitinase activity represents a progressive ac-
tion that starts at the non-reducing end of a chitin chain and suc-
cessively releases diacetylchitobiose (NAG2) units, where as,
endochitinase activity involves random cleavage at internal points
‘within a chitin chain (Robbins et al., 1988). The active sites of fam-
ily-18 endochitinases, such as S. marcescens chitinase A and Hevea
brasiliensis chitinase (hevamine), are groove-like structures with
openings above and at both ends (Brameld and Goddard, 1998a;
Hart et al., 1995). In contrast, the active sites of exochitinases, such
as S. marcescens ChiB, have tunnel-like morphologies (Van Aalten
et al,, 2001).

We previously isolated the Chi A gene encoding the 95-kDa chi-
tinase precursor (GenBank Accession No: Q9AMP1) from the gen-
ome of Vibrio carchariae type strain LMG7890. Based on
genotypical and phenotypical features analysed by Pedersen
et al. (1998), V. carchariae has been re-classified as a heterotypic
synonym of Vibrio harveyi. To follow the new systematic taxonomy,
V. carchariae will be referred to as V. harveyi in this and later stud-
ies. V. harveyi (formerly V. carchariae) is a marine bacterium that
secretes high levels of a 63-kDa endochitinase A (Suginta et al.,
2000). This family-18 glycosyl hydrolase shows greatest affinity to-
wards chitohexamer, which suggests the substrate-binding cleft of
this enzyme that comprises an array of six GlcNAc-binding sites
(Suginta et al., 2005), comparable to that of S. marcescens Chi A
and hevamine (Papanikolau et al.,, 2001; Perrakis et al., 1994; Ter-
wisscha van Scheltinga et al., 1996). The gene that encodes chiti-
nase A without the 253-aa C-terminal proprotein fragment was
subsequently cloned and functionally expressed in Escherichia coli
(Suginta et al., 2004). Substitution of Glu315 to Met/GIn com-
pletely abolished the hydrolysing activity against soluble and
insoluble substrates, confirming that this residue is essential for
catalysis (Suginta et al.,, 2005).

In this study, we describe the crystal structures of V. harveyi
chitinase A and its catalytically inactive E315M mutant, as well
as the E315M mutant soaked with NAG5 and NAG6. The overall
structures of E315M with and without substrates are almost
identical to the wild-type structure. However, the relative
conformations of NAG5 and NAG6 bound to E315M are very differ-
ent. These static structures provide hints to the conformational
changes in chitooligosaccharide conformation during binding and
hydrolysis, allowing for a catalytic mechanism of the enzyme to
be proposed.

2. Experimental procedures
2.1. Cloning, recombinant expression, and purification

Wild-type chitinase A (amino-acid residues 22-597) and mu-
tant E315M were cloned into the C-terminal (His)s; tag pQEGO
expression vector, and were highly expressed in E. coli type strain
M15 (Suginta et al., 2004). For protein purification, IPTG-induced
bacterial cells obtained from 1-L culture were collected by
centrifugation and then resuspended in 20 ml of 20 mM Tris-HCI
(pH 8.0) containing 150 mM NaCl, 1 mgml~' lysozyme, and 1
tablet of c@mplete EDTA-free, Protease Inhibitor Cocktail (Roche
Diagnostics GmbH, Roche Applied Science, Germany). The cells
were lysed on ice using a Misonix Sonicator 3000 (New Highway

Farmingdale, NY, USA) with a 20-mm-diameter probe. After the
removal of cell debris by centrifugation, the supernatant was fil-
tered through a SFCA membrane (0.2um pore size, Nalgene,
Rochester, NY, USA) prior to application to two HisTrap HP 1-ml
columns connected in series using an AKTAxpress purification
system (Amersham Biosciences, Piscataway, NJ, USA.) and a flow
rate of 2.8 ml min—'. The columns were washed with 5 mM, fol-
lowed by 20 mM, imidazole before being eluted with 250 mM
imidazole in 20 mM Tris-HCl (pH 8.0), containing 150 mM NaCl.
The protein-containing fractions were collected, concentrated
using Vivaspin-20 membrane concentrator (Mr 10,000 cut-off,
Vivascience AG, Hannover, Germany), and then further purified
by an AKTAxpress system using a HiLoad 16/60 Superdex 200 prep
grade (Amersham Biosciences) with a flow rate of 1.2 ml min—'.
Chitinase-containing fractions were combined, exchanged into
10 mM Tris-HCl (pH 8.0), and concentrated to 10-20 mg ml~!
using the Vivaspin membrane concentrator. All purification steps
were carried out at 277 K. Protein concentrations were determined
by the Coomassie Plus Kit (Pierce, Rockford, IL, USA) using a
standard calibration curve constructed from BSA (0-20 pg).
The purity of chitinase A was verified by SDS-PAGE (Laemmli,
1970). Chitinase activity was determined by colorimetric assay
using pNP-[GIcNAc], as substrate (Suginta et al., 2007) or by the
reducing sugar assay using colloidal chitin as substrate (Bruce
et al,, 1995).

2.2. Protein crystallisation

Initial crystallisation trials of the wild-type chitinase A were set
up using a Screenmaker 96+8™ Robot (Innovadyne Technologies,
Inc., Santa Rosa, CA, USA) with sitting drop CrystalQuick™ plates
(Greiner bio-one, Frickenhausen, Germany). For each crystallisa-
tion drop, 20nl of freshly prepared enzyme (20mgml ') in
10 mM Tris—HCI (pH 8.0), was added to 20 nl of each precipitating
agent obtained commercially (Crystal Screen HT & SaltRx HT from
Hampton Research, Aliso Viejo, CA, USA, and JBScreen HTS [ & 11
from Jena Bioscience GmbH, Jena, Germany). Crystal growth opti-
misation with macro seeding was carried out under several
JBScreen HTS II precipitant conditions. Diffraction quality crystals,
dimensions 230 x 100 x 15 ym?, were produced within two days
at 288 K when a protein drop (5mgml~') was equilibrated in
1.2M ammonium sulphate and 0.1 M Tris-HCl (pH 8.0). The
E315M crystals were obtained from 20% (w/v) PEG 4000, 0.1 M
ammonium sulphate and 0.1 M Tris-HCl (pH 7.5) and reached final
dimensions of 100 x 30 x 50 ym® after 1 week equilibration at
288 K. Prior to soaking experiments, single crystals of E315M
grown under 16% (w/v) PEG 4000, 0.1 M MgCl, in 0.1 M HEPES
(pH 7.0.) were transferred to a cryoprotectant solution containing
mother liquor with 20% (w/v) PEG 4000, and 10% (v/v) glycerol
and 10 mM NAG5 or NAG6. The crystals were then soaked over-
night at 288 K before being mounted directly into a nitrogen cryo-
stream for data collection.

2.3. Data collection, processing, and structure determination

All the X-ray diffraction data were collected by a Rikagu/MSC
FR-E Super Bright equipped with an R-AXIS IV++ imaging plate
detector. Data processing was conducted with the program
MOSFLM (Leslie, 1991) and molecular replacement was employed
to obtain phase information using the program AmoRe from the
CCP4 suite (Navaza, 1994). The E315M data set was solved using
the crystal structure of S. marcescens chitinase A (PDB code
1CTN; 47% identical to V. harveyi chitinase A) as a search model.
Alternate sessions of model rebuilding in O (Jones et al., 1991)
and restrained refinement in REFMAC from the CCP4 suite (Collab-
orative Computational Project Number 4, 1994; Murshudov et al.,
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1997) were continued until the values of the free R-factor
converged. Crystallographic data and refinement statistics of the
chitinase structures are summarised in Table 1.

The final model of E315M was employed as the model for the
subsequent three data sets of E315M+NAG5, E315M+NAG6, and
the wild-type enzyme. Sugar coordinates taken from the protein
databank (PDB code 1NH6E) were modelled into the 2F, — F. and
Fo— F: maps, and further refined. During the model rebuilding pro-
cess, the non-reducing end unit of NAG5 (—4NAG) showed poor
electron density. Examination of the refined structure of
E315M+NAG6 exhibited ambiguity in the electron density of the
+1 NAG and —1NAG in the 2F, — F. omit map showing partial den-
sity for the NAG5 conformation. The final free R-factors from mod-
elling NAG6, NAGS5, or no ligand into the E315M+NAG6 data are
21.0%, 21.4%, and 21.7%, respectively.

Tight non-crystallographic symmetry restraints were initially
employed in refining the wild-type structure but later released as
judged by the free R-factor. The geometry of each final model
was verified by PROCHECK (Laskowski et al., 1993). No residues
lie in the disallowed regions of the Ramachandran plots. Three res-
idues (590, 591, and 592) could not be modelled into the E315M
structures due to their poor electron density. The C-terminal hexa-
histidine tag was clear in the electron density of the ligand-free
E315M but absent from the other structures. The refined structures
of the four enzyme forms were compared within the program
Superpose and direct contacts determined in the program Contact
(CCP4 suite). The structures and electron density maps were cre-
ated and displayed by Pymol (www.pymol.org).

2.4. Fluorescence studies of chitooligosaccharide binding

The interactions of NAG5 and NAG6 with E315M/Q were stud-
ied by fluorescence spectroscopy. The purified proteins (0.25 uM)
were titrated with ligand (0.01-20 uM) in 20 mM Tris-HCl (pH
8.0) and changes in the intrinsic tryptophan fluorescence (Srivast-
ava et al., 2006) were directly monitored on an LS-50 fluorescence
spectrometer (Perkin-Elmer Limited (Instruments & Life Sciences),
Bangkok, Thailand). The measurements were conducted at 25°C
with an excitation wavelength of 295 nm and emission intensities
collected over 300-450nm. The excitation and emission slit
widths were kept at 5 nm. Each protein spectrum was corrected
for the buffer spectrum. The fluorescence intensity data were
analysed by non-linear regression function available in GraphPad
Prism version 3.0 (GraphPad Software, California, USA) using
the following single-site-binding equation: where F—F, =
W}? and F, refer to the fluorescence intensity in the presence
and absence of ligand, respectively; F refers to the maximum
fluorescence signal of the protein-ligand complex; L, is the initial
ligand concentration and Ky is the equilibrium dissociation
constant.

3. Results and discussion

3.1. The overall structures of V. harveyi chitinase A

The overall structures of the native chitinase A, mutant E315M
with and without substrates are essentially identical and closely

Table 1

Statistics of data and structural refinement

Crystal Wild-type E315M E315M+NAGs E315M+NAGg

Data collection statistics

PDB code 3B8S 3B9E 3B9D 3B9A

Space group P1 P2,2,2, P2,2,2, P2,2.2,

Unit-cell parameters a=6027 A a=6396A a=6351A a=6370A
b=6428 A b=83.11 A b=83324A
c=8352A c=10698 A C=106.57 A
2=91.74° 2= fi=y=90° x=fi=y=90°
f=91.18°
y=11291°

Resolution range (A) 24.68-1.79 (1.70) 24.54-181(1.72) 30-1.90 (1.80)

24.62-2.11 (2.00)
469

Solvent content (%) 44.85 43.70 4455
Unique reflections 73693 (10404) 61563 (7880) 59561(8247) 53131 (7564)
Observed reflections 292719 (41321) 607216 (59894) 406849 (45783 ) 452556 (63380)
Multiplicity 4.0(4.0) 9.9(7.6) 68 (56) 8.5 (84)
Completeness (%) 946 (91.9) 97.2 (87.2) 99.2 (95.6) 99.7 (99.0)
(I/sigmal) 195 (5.5) 269 (4.5) 263 (9.9) 263 (6.1)
Rinerge™" (%) 6.6(22.8) 7.1 (36.1) 7.1 (12.3) 7.0(312)
Refinement statistics
Ruacrar(%) 168 189 18.7 181
Rirec(%) 205 219 215 210
No. of amino acid residues 1134 581 567 567
No. of protein atoms 8708 4474 4353 4353
No. of carbohydrate atoms - - 57 85
No. of ordered waters 1091 740 664 690
R.M.S. deviations
Bond length 0.007 0.006 0.006 0.006
Bond angle 0.968 0932 0962 0.990
Mean atomic
B values Protein atoms 14.45 15.10 1424 13.74
Substrate = = 19.82 21.79
Waters 24.46 2569 2492 2542
Overall 16.19 16.60 15.70 15.45

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

Rinerge = 3 pu i li(hkd) — (I(RkD}| /353 ;li(hkl) where [ is the intensity for the ith measurement of an equivalent reflection with indices hki.
€ Reactor 72%wherefms and F, are the observed and calculated structure-factors.
@ Riree —Z%# calculated from 5% of the reflections selected randomly and omitted from the refinement process.
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Fig. 1. The overall structure of V. harveyi chitinase A (a) The structure of catalytically inactive mutant E315M complexed with NAGg. The N-terminal ChBD domain is in blue,
the catalytic TIM-barrel domain in magenta, and the small insertion domain in green. (b) Surface representation of E315M showing the positions of the regularly spaced,
surface-exposed hydrophobic residues. Y435 marks the reducing end of NAG6 and Y171 marks the non-reducing end. The linear track of hydrophobic residues extending
away from the non-reducing end of NAG6 suggests the binding path for longer chain chitins. (c) A i ition of wild-type chitil A with E315M+NAGS6. The backbone
structure of the wild-type is depicted in cyan and of E315M+NAGgin magenta. The residues Trp70 and Tyr31 located at the end of the ChBD and other aromatic residues
located at the exterior of the TIM barrel domain (Y245, Trp231, Tyr171) and Tyr435 that marks the reducing end of the catalytic cleft are shown in blue for wild-type and red
for E315M+NAGs. Sugar units are shown as 2F, — F. map and sticks (yellow).




C. Songsiriritthigul et al./journal of Structural Biology xxx (2008) xxx-xxx 5

resemble those of chitinase A from S. marcescens and chitinase-1
from the pathogenic fungus Coccidioides immitis with minor dis-
similarities in loop and helical regions (Perrakis et al., 1994; Hollis
et al., 2000). Fig. 1a represents the structure of the chitinase A
E315M mutant, which comprises three distinct domains, bound
to hexaNAG. The amino-terminal chitin-binding domain (ChBD,
blue) has a B-strand-rich fold formed by residues 22-138. This do-
main is connected to the core domain by a 21 amino-acid linker
peptide (residues 139-159). The catalytic domain (magenta) has
a (2/B)s-TIM barrel fold consisting of eight p-strands (B1-B8) teth-
ered to eight «-helices (A1-A8) by loops and is made up of two
parts, referred to as Cat I (residues 160-460) and Cat 1I (residues
548-588). The catalytic residue (Glu315) is positioned in the loop
of strand B4, which is part of a DxxDxDxXE conserved motif. The
o + p-fold insertion domain (green) connects strand B7 of Cat 1
and helix A7 of Cat Il and is made up of five anti-parallel p-strands
flanked by short «-helices (residues 461-547). This small domain
provides a signature for subfamily A chitinases (Suzuki et al.,
1999), although its function remains to be identified. As observed
in this study, a few residues from this domain contribute to bind-
ing both NAG5 and NAG6 (Fig. 2).

The four structures exhibit three notable common structural
features: (i) Tyr171 is detected in a generously allowed region in
the Ramachandran plot and lines in the substrate-binding pocket;
(ii) three cis peptide bonds are formed between the residues
Gly191-Phe192, Glu315-Phe316, and Trp570-Glu571, all located
at the exterior of the catalytic cleft; and (iii) three internal disulfide
bonds are observed, one of which (Cys116-Cys121) is found at the
end of the ChBD, and two others (Cys196-Cys217 & Cys409-
Cys418) are present on the surface of the substrate-binding cleft.
The existence of the conserved non-proline cis peptide bonds in
the structures of S. marcescens chitinase A, C. immitis chitinase-1
and hevamine has been proposed to achieve essential conforma-
tional constraints (Hollis et al., 2000; Perrakis et al., 1994; Terwiss-
cha van Scheltinga et al., 1996). The three non-proline cis peptide
bonds, the two Cys196-Cys217 and Cys409-Cys418 disulfide
bonds and residue Tyr171 define a general outline of the active site
of the Vibrio chitinase (data not shown).

Asinotherfamily-18 chitinase 3D-structures (Fusetti et al.,2002;
Hollis et al., 2000; Matsumoto et al., 1999; Perrakis et al., 1994;
Terwisscha van Scheltinga et al., 1994; Van Aalten et al., 2000), the
catalytic domain of V. harveyi chitinase A is an (x/B)s-TIM barrel
fold. The structure of E315M+NAG6E complex reveals the substrate-
binding cleft as a long, deep groove with estimated dimensions of
33 A(long) < 14 A (deep) = 13 A(wide), which contains six-binding
subsites (—4)—3)(—2)(—1)(+1)(+2), Fig. 1b and 2c. This subsite
topology defines subsite —4 at the non-reducing end (NRE), subsite
+2 at the reducing end (RE) and the cleavage site between —1 and
+1 sites. Similar subsites have been identified for S. marcescens chiti-
nase A (Aronson et al,, 2003; Papanikolau et al., 2001). In contrast,
NAGS5 occupies only four subsites (—3) —2)(+1)(+2) of the binding
cleft of E315M (Fig. 2a).

Four aromatic residues (Tyr31 & Trp70 from ChBD and Trp231 &
Tyr245 at the edge of the non-reducing end of the substrate-bind-
ing sites) appear to line up in positions suitable for binding to long-
er chain chitins (Fig. 1b). Point mutations of these surface-exposed
residues to Gly or Ala resulted in a notable decrease in the binding
activity of S. marcescens Chi A, B. circulans Chi A1, and Aeromnas
caviae Chil towards crystalline chitin (Li et al., 2005; Watanabe
et al., 2001; Uchiyama et al., 2001). Our recent report further con-
firmed that Trp70 acts as the most crucial-binding residue for
insoluble chitin, but had no effect on soluble chitooligosaccharides
(Pantoom et al., 2008).

Superimposition of the four structures gives R.M.S. deviations
in C* positions of 0.63-0.77 A for the 567 residues. Variation in
the wild-type and the E315M+NAG6 structures is apparent as a

& R463

b
R173

Fig. 2. Specific interactions within the substrate-binding cleft of E315M Interac-
tions of (a) NAGs and (b) NAGs. Hydrogen bonds are shown as dashed lines (.. ..).
The binding residues are depicted as ball-and-stick with the sugar residues in a
stick model. Carbon atoms of the binding residues in the catalytic domain are co-
loured orange for NAGs and magenta in NAGg. Green represents carbon in the small
insertion domain and orange-yellow for sulphur. Sugar is coloured yellow for car-
bon; blue for nitrogen; and red for axygen (c) The 2F, — F. OMIT electron density in
the substrate-binding cleft of E315M, contoured at 1.0 ¢. NAGS5 (green) and NAGE
(yellow) are modelled into the density. NAG6 fits well into the density, however,
residual unexplained density suggests a partial occupancy of the NAG5 conforma-
tion. (For interpretation of color mentioned in this figure the reader is referred to
the web version of the article.)

slight variation in the angle between the ChBD and the catalytic
domain (Fig. 1c). The catalytic domains of the two structures
superimpose well but leave their ChBDs offset, resulting in a rela-
tive displacement of C*-Trp70 (the critical chitin-binding residue)
of 1.46 A and the (*-Tyr31 of 2.03 A. This tilt suggests some innate
flexibility between the two domains and may be involved in the
sliding mechanism (as proposed by Watanabe et al., 2003) of a chi-

Biol. (2008), doi:10.1016/j.sb.2008.03.008
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tin polymer and in the bending process of long-chain
chitooligomers.

Two additional residues (Tyr171 and Tyr435) are found at the
edges of the catalytic cleft (Fig. 1b). Tyr171 appears to mark the
non-reducing end of the hexasaccharide chain. Whereas, Trp435
marks the reducing end of the both the penta- and hexasaccharide
chains (Fig. 2). Tyr435 located at the end of the +2 site seems to
provide a partial barrier that may favour the ending of both sugar
chains. However, inspection of the electron density map of the
reducing-end subsites displays adequate space for the incoming
oligomer to move beyond the +2 site, allowing various glycosidic
bonds to approach the cleavage site. This explains how V. harveyi
chitinase A hydrolyses a polymeric substrate in an endo manner
at the same time favouring smaller substrates, such as hexaNAG
(Suginta et al., 2005).

3.2. Specific interactions within the substrate-binding cleft of E315M

Fig. 3 depicts the relative positioning of the studied oligosaccha-
rides inside the substrate-binding cleft of E315M. Four discernible
sugar units of NAG5 (the GIcNAc residues in green) are bound to
subsites 3, —2, +1, and +2, leaving the -1 site lying empty.
NAG5 makes a number of interactions, either via hydrogen bonds
(Fig. 2a) or via hydrophobic interactions, with residues in the sub-
strate-binding cleft of E315M. As summarised in Table 2, five res-
idues (Trp275, Lys370, Asp392, Trp397, and Tyr435) are directly
involved in binding to +2NAG, whilst four residues (Trp275,
Glu315 — Met, Asp392, and Arg463) contribute in binding to
+INAG and another five residues (Phe192, Gly274, Trp275,
Glu498, and Trp570) to -2NAG. Specific interactions with
—3NAG are made by Trp168, Arg173, Val205, Thr276, Trp497,
and Glu498. The final non-reducing sugar of NAG5 could not be
modelled into subsite —4 due to its poor electron density, probably
reflecting a weak interaction in this conformation.

In relation to NAG5, NAG6 displays a more extensive set of
interactions around the cleavage site extending to the reducing-
end subsites (sites —1, +1, and +2) with its six sugar rings are en-
tirely engaged with all the binding sites of E315M (the GIcNAc res-
idues in yellow, Fig. 2b and 3a and b). Table 2 lists seven and six
residues that participate in binding to +2NAG and +1NAG, respec-
tively. These residues include all the residues that bind to NAGS5,
complemented by two extra (hydrophobic) interactions at each
subsite (Phe316 and Gly367 at +2 site and Phe316 and Met389 at
+1 site).

The mode of binding at the —1 site of E315M is particularly dis-
tinctive, since NAG6 interacts with twelve residues within this site,
but there are no interactions with NAG5. To investigate further
which conformation favours hydrolysis, the distances between
the glycosidic oxygen and the OE1 atom of the y-carboxyl side
chain of catalytic Glu315 were estimated through superposition
onto the wild-type structure. This distance is 2.98 A for NAG6.
The strained conformation of —1NAG combined with the twist of

>
Fig. 3. A structural comparison of NAGs and NAGg in the catalytic cleft of E315M.
(a) Superposition of E315M+NAGS5 onto E315M+NAG6. Both sugars are shown along
with interacting residues at the catalytic site. Only one protein chain is shown for
clarity. (b) A 180° rotation of (a). Hydrogen bonds are shown as dashed lines (...).
The eight p-strands are defined as Al (residues 160-165); A2 (residues 455-460);
A3 (residues 566-571); B (residues186-192); C (residues 384-389); D1 (residues
267-273); D2 (residues 308-313) and D3 (residues 358-366). Carbon atoms of the
labeled amino acids are coloured purple for strands A1, A2, and A3; Blue for strand
B; deep salmon for strand C; pale cyan for strands D1, D2, and D3. The binding
residues are depicted as ball-and-stick models and orange-yellow for sulphur. An
arrow indicates the cleavage site. NRE and RE represent non-reducing end and
reducing end, respectively. (c) The 2F, — F. map of the His600 residue calculated
from the final refined model and contoured at 1.0 ¢. Atoms in the histidine residue
are labeled pink for carbon; blue for nitrogen and red for oxygen.
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Table 2

A summary of the interactions between NAG; and NAGg and the binding residues in the substrate-binding site of E315M

Binding subsites E315M-binding residues®

pentaNAG hexaNAG
+2 Trp275°, Lys370, Asp392, Trp397, Tyrd35 Trp275, Phe316, Gly367, Lys370, Asp392, Trp397, Tyrd35
+1 Trp275, Glu315 — Met, Asp392, Arg463 Trp275, Glu315 — Met, Phe316, Met389, Asp392, Argd63
=1 Not observable Tyr164, Phe192, Trp275, Asp313, Glu315 — Met, Ala363, Met389, Tyr391, Asp392, Tyr461, Argd63,
Trp570
=22 Phe192, Gly274, Trp275, Glu498,Trp570 Phe192, Trp275, Thr276, Trp570, Glus71
== Trp168, Arg173, Val205, Thr276, Trp497, Trpl68, Arg173, Thr276, Trpd97
Glu498
—4 Not observable Tyr171, Argl173, Trp497

@ Direct contacts of each NAG with its adjacent residues were estimated, with the residues exhibiting a contact distance of <4 A being considered as binding residues.

" Residues in bold are shared between E315+NAGs and E315+NAGs.

the bonds between —1NAG and +1NAG in the structure of NAG6
appear to present the scissile bond of NAG6 to the catalytic residue.
However, the longer distance for NAG5 (5.06 A) indicates that the
position of the scissile linkage is too far away from Glu315 for
hydrolysis to occur (see Fig. 3b), hence, a non-productive (non-
hydrolysable) conformation is adopted by this sugar.

Fewer residues are engaged in coordination at the non-reducing
end of NAG6 (four for —3NAG and three for —4 NAG) (Table 2). The
larger number of contacts in the reducing-end binding sites prob-
ably reflects stronger interactions which may be of particular
importance in defining the primary-binding sites for the incoming
chitooligomer. Point mutations of Trp275 (binds to —1 and +1
NAG) and Trp397 (binds to +2 NAG), which caused a complete
change in the cleavage patterns of the enzyme towards various chi-
toligosaccharides (Suginta et al, 2007), confirmed the binding-
selectivity role of the reducing-end residues.

Most of the contacts for both NAG5 (orange, Fig. 2a) and
NAG6 (magenta, Fig. 2b) involve the amino acid residues located
within the catalytic domain. However, residues that belong to
the o+ p insertion domain also contact the substrates (Glu498,
Tyrd61, Arg463, and Trp497, green, Fig. 2a and b). Partial contri-
bution of this domain to substrate binding was also noticeable in
the complex of S. marcescens E315Q+NAG8 as described by Papa-
nikolau et al. (2001).

Examination of the final structure of ligand-free E315M re-
vealed that the catalytic cleft of the substrate-free enzyme is par-
tially occupied by the six histidine affinity tag. These histidine
residues are attached to the C-terminal end of a neighbouring chi-
tinase molecule within the crystal and mimic the structure of the
sugar rings. His600 particularly resembles —1NAG and makes most
contact with the residues that bind to —1 NAG in the complex
E315M+NAGS6 (Fig. 3c).

3.3. Comparison of chitooligosaccharide-binding modes

The structures of the E315M complexes exhibited different con-
formations of NAG5 and NAGS6. In addition to subsites —1 and +4
being unoccupied, the four sugar rings of NAG5 in the
E315M+NAG5 complex do not fully lie on top of their correspond-
ing sites in NAG6, with —2NAG and +1NAG (the sugar rings occu-
pying the -2 and +1 subsites, respectively) being particularly
displaced (Fig. 3a and b). As a result, the sugar oligomer may be ex-
pected to be interacting in a suboptimal manner. The glycosidic
bond that joins —3NAG and —2NAG is twisted, causing the plane
of —3NAG to lie perpendicular to the planes of the remaining sug-
ars (Fig. 2a). Yet, the sugar chain maintains a linear form with no
conversion of the chair configuration of any of the sugar residues.
This linear confirmation may represent the initial step of binding,
and therefore, it is referred to as the ‘recognition’ conformation.

A different substrate conformation is witnessed in the
E315M+NAG6 complex. The 2F, — F. omit map (Fig. 2c) shows a

full span of NAG6 through the —4 to +2 subsites and a twist of
the glycosidic bond between —1NAG and +1NAG (rather than be-
tween —3NAG and —2NAG as observed for NAG5) (Fig. 2b). As a re-
sult, the planes of the reducing-end disaccharide (+1NAG and
+2NAG) are rotated by 90 degrees from the original plane. Addi-
tionally, the NAG6 units assume a ‘bent’ conformation due to geo-
metric constraints at the —1 site causing the sugar (—1NAG) unit to
be pulled down by 4.45 A. This bending event probably takes place
as an outcome of the sliding of the sugar chain towards the immo-
bilized reducing-end subsites, enabling the non-reducing-end unit
to interact at subsite —4. This process most likely occurs through
swapping hydrogen bonds to allow the orientations of the sugars
to be maintained while introducing the kink into the backbone
(compare Fig 2a to b). For much longer oligosaccharides the flexi-
bility of ChBD with respect to the catalytic domain may aid this
sliding mechanism, as illustrated in Fig. 1c.

The binding characteristics of E315M to NAG5 and NAG6 were
studied by the fluorescence spectroscopy. Excitation at 295 nm
produced ligand-dependent changes in fluorescence intensity at
the maximum emission wavelength of 338 nm. The wavelength
of this maximum was not altered by the presence of NAG5 or
NAGS6. The fluorescence intensities were found to be substrate con-
centration dependent and saturable, which typically represents li-
gand binding to the proteins (Fig. 4a). The fluorescence intensity
data were fitted reasonably well into the single-site-binding model
of a non-linear regression function (Fig. 4b). The estimated K, val-
ues of mutant E315M and E315Q against NAG5 (0.72 £0.24 and
0.76+0.23 uM) and NAG6 (0.09 +0.01 and 0.10 +0.01 uM) are
found to be indistinguishable. This provides evidence that the dif-
ferent conformations of NAG5 and NAG6 detected in the active site
of E315M (Fig. 2a and b) were not structural artifact due to in-
creased hydrophobicity arising from the methionine substitution
of Glu315. The Ky values of E315M/Q against NAG5 are estimated
to be eight times higher than the values against NAG6. These val-
ues are a reflection of the fewer interactions of the linear NAG5,
which we suggest represents the recognition conformation of an
oligosaccharide. Sliding and bending of the oligosaccharide into
the NAG6 conformation would result in an increase in the number
of interactions and is consistent with a slower off rate contributing
to an overall higher affinity.

3.4. Proposed catalytic mechanism

Inspection of the final 2F, — F. omit map of E315M+NAG6
shows good density throughout the NAG6 chain. However, there
remains unexplained density unaccounted for by the NAG6 model.
Comparison with the NAG5 structure suggests a lower occupancy
conformation of the NAG6 in which the sugar follows the path of
the NAG5 sugar (see Fig. 2c). Hence, NAG6 appears to adopt two
conformations in binding to the mutant E315M, the major form
being bent and the minor form linear.
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Fig.4. Protein-ligand bindingstudies by fluorescence spectroscopy. (a) Effects of NAGe ontheintrinsic fluorescence of E313M. Increased amounts of NAGs were added to0.25 uM
of the purified protein in 20 mM Tris-HCI(pH 8.0). The emission spectra were collected from 300-450 nm upen excitation of 295 nm. (b) The binding curves determined for NAG5
and NAG6 binding to mutants E315Q and E315M. Relative fluorescence intensity data (F — F,) at 338 nm were fitted to a single-binding site model (see texts).

The distortion of — INAG into a boat conformation and the twist of
the scissile bond were predicted using molecular dynamics
simulations (Brameld and Goddard, 1998a) and were verified by
the crystal structures of S. marcescens chitobiase, hevamine, or S.
marcescens ChiA (Aronson et al., 2003; Papanikolau et al., 2001;
Terwisscha van Scheltinga et al,, 1994; Tews et al., 1996; Tews
et al, 1997). However, the partial density of the linear
conformation in the electron density of NAG6 in E315M+NAGH6 is
the first crystallographic evidence for the occurrence of a recognition
conformation that proceeds through a directed structural change to
the catalytic conformation. Taking all the data obtained in this study
together, V. harveyi chitinase A is presumed to catalyse the substrate
hydrolysis following the ‘slide and bend mechanism’ as previously
suggested for a long chain substrate (Watanabe et al., 2003). The
proposed mechanism has four steps as shown in Fig,. 5.

Step 1. Substrate recognition: A linear form of chitooligosaccha-
ride enters the substrate-binding cleft and its reducing
end (dark filled circle) is primarily recognised by the +2
binding residues, such as Trp275, Asp392, Trp397, and
Tyr435 (Table 2).

Step 2. Sliding and bending: The sugar chain slides forward towards
the reducing end distorting the chain especially in —1 NAG
(green filled circle) and causing it to bend and take up a
transient strained (boat) conformation. The increase in
protein-sugar contacts in this conformation particularly
in binding at the non-reducing end —4 site and at the
catalytic site may drive this conformational change. Longer
chitooligosaccharides may be aided in this movement by
the flexibility in the ChBD relative to the catalytic domain.

Step 3. Bond cleavage: The twist of the scissile bond, together
with the bending of —1NAG, renders the linking glycosidic
oxygen accessible to the catalytic residue Glu315 for
cleavage. The stereoselective attack of the reaction inter-
mediate (oxazolinium ion) by a neighbouring water leads
to a retention of configuration of the anomeric product
(Papanikolau et al., 2001; Terwisscha van Scheltinga
et al., 1994; Tews et al, 1997).

Step 4. Product release: The cleaved components have lower bind-
ing energy, permitting the oligosaccharide (mainly NAG2,
dark-and blue- filled circles) at the product side to diffuse
away.

Steps

1. Substrate recognition @-0 O-.—._—.

rar

2. Sliding and bending -

3. Bond cleavage

4. Product release

Fig. 5. The proposed catalytic mechanism of V. carchariae chitinase A GIcNAC units
are shown as filled, coloured circles. The reducing-end sugar is in black. Broken
lines joining sugar rings represent free glycosidic bonds, solid lines depict constr-
ained bonds. Curved dashed lines detail the binding subsites on the protein. Arrows
signify the sliding of the sugar chain to allow the binding of the non-reducing end
sugars (—4NAG) and for the green GIcNAc unit to adopt a boat conformation. (For
interpretation of color mentioned in this figure the reader is referred to the web
version of the article.)

4. Conclusions

This paper describes four crystal structures of V. harveyi
chitinases A that have been solved to maximum resolution of
2.0-1.7 A. The overall structure of chitinase A comprises three do-
mains, which closely resembles chitinase A from S. marcescens. The
structure of the ligand-free inactive mutant E315M displays block-
age of the substrate-binding cleft by the C-terminal His6 residues
from a second molecule. The structures of E315M bound to
NAG5 and NAG6 provide key evidence that the interacting sugar
undergoes conformational change to facilitate hydrolysis. Taking
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all the data together, we propose that the V. harveyi chitinase A
catalyses the hydrolytic reaction through a “slide and bend”
mechanism.
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Abstract High-performance liquid chromatography mass
spectrometry (HPLC MS) was employed to assess the
binding behaviors of various substrates to Fibrio harveyi
chitinase A. Quantitative analysis revealed that hexaNAG
preferred subsites —2 to +2 over subsites —3 to +2 and
pentaNAG only required subsites —2 to +2, while subsites
—4 to +2 were not used at all by both substrates. The results
suggested that binding of the chitooligosaccharides to the
enzyme essentially occurred in compulsory fashion. The
symmetrical binding mode (=2 to +2) was favored
presumably to allow the natural form of sugars to be
utilized effectively. Crystalline o chitin was initially
hydrolyzed into a diverse ensemble of chitin oligomers,
providing a clear sign of random attacks that took place
within chitin chains. However, the progressive degradation
was shown to occur in greater extent at later time to
complete hydrolysis. The effect of the reducing-end
residues were also investigated by means of HPLC MS.
Substitutions of Trp275 to Gly and Trp397 to Phe
significantly shifted the anomer selectivity of the enzyme
toward 3 substrates. The Trp275 mutation modulated the
kinetic property of the enzyme by decreasing the catalytic
constant (k) and the substrate specificity (k.. /K,,) toward
all substrates by five- to tenfold. In contrast, the Tmp397

W. Suginta (><) - S. Pantoom
Biochemistry—Electrochemistry Research Unit,

School of Chemistry and Biochemistry, Institute of Science,
Suranaree University of Technology,

Nakhon, Ratchasima 30000, Thailand

c-mail: wipa@sut.ac.th

H. Prinz

The Max-Planck Institute of Molecular Physiology,
Otto-Hahn-Strasse 11,

44227 Dortmund, Germany

Published online: 28 May 2009

mutation weakened the binding strength at subsite (+2),
thereby speeding up the rate of the enzymatic cleavage
toward soluble substrates but slowing down the rate of the
progressive degradation toward insoluble chitin.

Keywords Chitin - Substrate binding mode - HPLCMS -
Vibrio harveyi - Family-18 chitinase - Active-site mutation

Abbreviations

NAG, (3-1-4 linked oligomers of N-acetylglucos-
amine residues where n=1-6

DNS Dinitrosalicylic acid

PTG Isopropyl thio-f-p-galactoside

PMSF Phenylmethylsulfonylfluoride

HPLC ESI- High-performance liquid chromatography
MS electrospray mass spectrometry

ChBD Chitin-binding domain

Introduction

Chitin is a homopolymer composed of (3-(1,4)-linked N-
acetylglucosamine (GlcNAc or NAG) units and is mainly
found as a structural component of fungal cell walls and
exoskeletons of crustaceans and insects. A complete
degradation of chitin requires chitinases (EC 3.2.1.14)
and N-acetyl-B-glucosaminidases (EC 3.2.1.52). Chiti-
nases are found in various organisms, and their physio-
logical functions are dependent on the structural roles of
chitin substrates existing in different species. Degradation
of chitin by marine bacteria [1, 2] is crucial for maintain-
ing the ecosystem in the marine environment [3]. In
insects, chitinases are essential in the molting process and
may also affect gut physiology through their involvement
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in peritrophic membrane turnover [4]. Plants produce
chitinases as part of their defense mechanism against
distinct pathogens [5, 6], whereas fungal chitinases
participate in a number of morphogenetic processes,
including spore germination, side-branch formation, dif-
ferentiation into spores, and autolysis [7]. Human chiti-
nases are involved in asthma and inflammatory conditions,
but the endogenous substrate(s) and the pathogenic
mechanism is not yet known [8-10].

Different bacteria seem to secrete different forms of
chitinases [2, 11-17]. For example, Serratia marcescens
produces three chitinases: ChiA, ChiB, and ChiC for a
synergistic degradation of chitin [18, 19], whereas Vibrio
harveyi (formerly Vibrio carchariae) mainly expresses
chitinase A [2]. In the CAZy database (http:/www.cazy.
org), V. harveyi chitinase A is classified as a member of
family-18 glycosyl hydrolases, comprising a (/a)g-barrel
catalytic domain with a deep substrate-binding cleft and is
known to catalyze the hydrolytic reaction through the
‘substrate-assisted” or ‘retaining mechanism” [20-26]. Most
recently, the crystal structures of V. harveyi chitinase and its
mutant E315M complexed with NAGs and NAG, were
reported at 1.8-2.1 A resolutions [27]. The structures
revealed that chitooligosaccharides most likely interact with
the multiple subsites of the enzyme using a linear
conformation. Subsequently, the sugar chain develops a
‘kink” conformation to facilitate bond cleavage. Such a
movement is presumed to proceed via the ‘slide and bend’
mechanism [27]. The sliding motion of a chitooligomer
resembles the feeding mechanism proposed by Watanabe
and co-workers [28] for long-chain chitin. Either sliding or
feeding, the process could be achieved only when a
chitinase exhibits high processivity toward its substrates.
The processivity has been described previously for other
polysaccharide degrading enzymes, such as Chi A from S.
marcescens [19, 28-30], cellobiohydrolases Cel6A from
Humicola insolens [31], and Cel7A from Trichoderma
reesei [32].

Insoluble substrates have been proposed to enter the
active site of chitinases by the feeding mechanism and
chitin oligomers by a random mechanism [28, 33]. Such a
hypothesis probably holds true for most of the cases.
However, a major point of concern remains the random
cleavage of a chitin polymer by an endo action of chitinase
A. We previously verified that V' harveyi chitinase A
initially degraded insoluble chitins into NAG, ¢ [20, 34].
Indeed, the production of the chitin oligomers other than
NAG; cannot be explained as an outcome of the feeding
mechanism. This is because the sliding following progres-
sive degradation of chitin will only give rise to a single
species of the product (NAG,). In this study, we employed
quantitative HPLC-MS as a direct and sensitive tool to
investigate the binding behaviors of three different sub-
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strates. Together with kinetic analysis, we also demonstrat-
ed that point mutation of the reducing-end binding residues
(Trp275 and Trp397) affected the substrate specificity of
the tested substrates and significantly altered the anomer
selectivity of V. harveyi chitinase A. This enzyme belongs
to family-18 chitinases, which are potential drug targets for
the treatment of allergic asthma.

Experimental
Bacterial strains and chemicals

The pQE 60 expression vector harboring the DNA
fragment that encodes chitinase A (amino acid residues
22-597, without the 598-850 C-terminal fragment) and
Escherichia coli type strain M15 (Qiagen, Valencia, CA,
USA) were used for a high-level expression of recombinant
chitinases. Chitooligosaccharides were obtained from Sei-
kagaku Comporation (Bioactive Co., Ltd., Bangkok, Thai-
land). Flake chitin from crab shells was the product of
Sigma-Aldrich Pte Ltd. (The Capricomn, Singapore Science
Park II, Singapore). Other chemicals and reagents (analyt-
ical grade) were obtained from the following sources:
reagents for bacterial media (Scharlau Chemie S.A.,
Barcelona, Spain.); all chemicals for protein preparation
(Sigma-Aldrich Pte Ltd., Singapore and Carlo Erba
Reagenti SpA, Limito, Italy); and reagents for HPLC-MS
measurements (J.T. Baker, Deventer, Holland and LGC
Promochem GmbH, Wesel, Germany). Milli-Q water was
used for preparations of reaction buffers and for HPLC MS
measurements.

Instrumentation

HPLC was operated on a 150x2.1 mm 5 pm Hyper-
carb®column (ThermoQuest, Thermo Electron Corporation,
San Jose, CA, USA) connected to an Agilent Technologies
1100 series HPLC system (Agilent Technologies, Wald-
bronn, Germany) under the control of a Thermo Finnigan
LTQ electrospray mass spectrometer. The proprietary
program Xcalibur (Thermo Finnigan, Thermo Electron
Corporation, San Jose, CA, USA) was used to control and
calibrate HPLC ESI/MS. For partial hydrolysis of colloidal
chitin, the electrospray MS was conducted under a positive
full scan mode with a range of the mass/charge ratio (m/z)
of 200-1,400. Later, the HPLC MS was run under the
single ion monitoring mode for improvement of signal/
noise ratios. The selected masses for detection were m/z
424.5 for NAGs, m/z 627.5 for NAGs;, m/z 830.3 for NAG,,
m/z 1034.16 for NAGs, and m/z 1236.3 for NAG,. The UV
signals were detected by a diode array detector between 200
and 400 nm.
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Site directed mutagenesis

Point mutations were introduced to the wild-type chitinase
A DNA that was previously cloned into the pQEG60
expression vector by polymerase chain reaction (PCR)
technique [20], using the QuickChange Site-Directed
Mutagenesis Kit. Mutations of Trp275 to Gly and Trp397
to Phe (so as to create mutants W275G and W397F,
respectively) were generated using oligonucleotides syn-
thesized from BioServiceUnit (BSU) (Bangkok, Thailand)
The forward oligonucleotide sequence used for mutagenesis
of Trp275 to Gly is 5-CATCTATCGGTGGTGGAA-
CACTTTCTGAC-3' and the reverse sequence is 5'-GTCA-
GAAAGTGTTCCACCACCGATAGATG-3". For
mutagenesis of Trp397 to Phe, the forward sequence is 5'-
GACTTCTACGGCGGCTTCAACAACGTTCC-3" and the
reverse sequence is 5'-GGAACGTTGTTGAAGCCGCCG-
TAGAAGTC-3". Sequences underlined represent the mu-
tated codons. The success of point mutations was
confirmed by automated DNA sequencing (BSU,
Thailand).

Recombinant expression and purification

The wild-type chitinase A with a C-terminal hexahistidine
sequence was highly expressed in £, coli M15 cells [20].
Chitinase A mutants W275G and W397F were obtained by
PCR-based site directed mutagenesis as described by
Suginta et al. [35]. For recombinant expression and
purification, the freshly transformed cells were grown at
37 °C in 500 mL of Luria—Bertani medium containing
100 pg'mL ™" ampicillin until ODgpo reached 0.6. Then, the
chitinase production was induced by the addition of
0.5 mM IPTG at 25 °C for 18 h. The cell pellet was
harvested by centrifugation, re-suspended in 40 mL of lysis
buffer (20 mM Tris/HCI buffer, pH 8.0, containing 150 mM
NaCl, I mM PMSF, and 1 mg'mL™" lysozyme), and then
lysed on ice using a Sonopuls Ultrasonic homogenizer with
a 6-mm-diameter probe. The supernatant obtained after
centrifugation at 12,000xg, 45 min was applied to a Ni-
NTA agarose affinity column (1.0 10 em) (Qiagen GmbH,
Hilden, Germany), washed thoroughly with 5 mM imidaz-
ole, then eluted with 250 mM imidazole in 20 mM Tris/HCI
buffer, pH 8.0. An eluted fraction (10 mL) was 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 and for concentrating the proteins.
Protein purity was verified on sodium dodecyl sulfate
polyacrylamide gel electrophoresis as described by
Laemmli [36]. A final concentration of the protein was
determined by Bradford’s method [37] using a standard
calibration curve of bovine serum albumin (0-25 pg). The

freshly prepared proteins were subjected to functional
characterization or stored at —30 °C.

Partial hydrolysis of chitooligosaccharides by V. harveyi
chitinase A

Partial hydrolysis of chitooligosaccharides by wild-type
was carried out in a 50-puL reaction mixture, containing
0.1 M ammonium acetate buffer, pH 7.0, 500 uM substrate,
and 100 ng purified enzyme. To minimize isomerization of
the anomeric products, the reaction was performed on ice
(0 °C) for 3 min, and then a 10-puL aliquot was transferred
to a 200-uL sample vial and immediately subjected to
HPLC MS analysis. The sample tray was kept at 4 °C, and
the column was operated at 10 °C. A constant flow rate of
0.4 mL-min~" was applied with a run time set to 15 min
using a 5-70% gradient of acetonitrile, containing 0.1%
formic acid. The B/a ratios were calculated from the peak
areas of the corresponding products using the program
Xcalibur and applying an MS Genesis algorithm for peak
detection.

Time courses of chitin hydrolysis

Time-course experiments were carried out on ice in a 100-
uL reaction mixture, containing 0.1 M ammonium acetate
buffer, pH 7.0, 10% (w/v) crystalline o chitin, and 50 ng
purified enzyme. Aliquots of 10 pL were taken at 0, 3, 7,
20, 30, 60, and 180 min and analyzed immediately by
HPLC MS as described for chitin oligosaccharides. The
peak areas, which represent total ion counts of the
hydrolytic products, were quantified using the program
Xcalibur applying a MS Avalon algorithm for peak
detection. Standard calibration curves of NAG moieties
were constructed separately from a mixture of oligosaccha-
ride containing 0.2-500 uM of NAG,_¢. These data points
yielded a linear curve of each standard sugar with the R*
values of 0.9995-1.0, thus allowing molar concentrations
of chitooligosacharides to be determined with confidence.
For the determination of f/a¢ contents of the chitooligo-
saccharide products, the reaction mixture, containing
250 ng purified enzyme in 0.1 M ammonium acetate
buffer, pH 7.0, was incubated with 500 uM NAGs or
NAGs. Aliquots of a 100-pL reaction mixture were taken at
specified times and analyzed immediately by HPLC MS.
Amounts of B and o anomers of the hydrolytic products
were derived from the corresponding peak areas using the
standard calibration curves constructed as mentioned above.

Steady-state kinetics

Kinetic measurements were determined in a microtiter plate
using NAGs, NAGg, and colloidal chitin as substrates. A
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reaction mixture (100 uL), containing 0-500 uM substrate
and chitinase (50 pg wild type, 250 ug W275G, or 0.4 g
W397F) in 0.1 M sodium acetate buffer, pH 5.5 was
incubated at 37 °C for 15 min. After boiling to 100 °C for
3 min, the entire reaction mixture was subjected to the
reducing sugar assay using dinitrosalicylic acid (DNS)
reagent as described by Miller [38]. For colloidal chitin, the
reaction was carried out the same way as the reducing-sugar
assay, but concentrations of colloidal chitin was varied from
0% to 5% (w/v) and amount of enzyme was used at 150 pg
wild type, 700 png W275G, or 200 ug W397F. The amounts
of the reaction products were determined from a standard
curve of NAG; (0-500 nmol). The kinetic values were
evaluated from three independent sets of data using the
nonlinear regression function available in GraphPad Prism
version 5.0 (GraphPad Software Inc., San Diego, CA).

Results

Structural evidence of hexaNAG in the catalytic cleft of V.
harveyi chitinase A

We recently described four crystal structures of V. harveyi
chitinase A and its catalytically inactive mutant E315M in
complex with chitooligosaccharides (PDB codes 3BSS,
3B9A, 3B90, and 3B9E) [27]. Figure la is a surface
representation of the catalytic domain of the mutant
E315M, displaying six units of NAG (yellow) being
embedded inside a long, deep-binding groove and interact
specifically with various aromatic residues that stretch
along the elongated cleft of the enzyme. Figure 1b
represents a stick model underlying specific interactions
between Tyrl71 and —4NAG, Trp168 and —3 NAG, Trp275
and Trp570 and —1 to +INAG, and Trp397 and Tyr435
with +2NAG. It is clear that the hydrophobic faces of the
residues Trp275 and Trp397 stack against the heterocyclic
rings of the reducing-end sugar units (+1 NAG and
+2NAG; blue, Fig. 1a, b). We previously suggested that
both residues are important for the primary interaction with
soluble substrates [35]. We shall discuss later, in this study,
that Trp275 and Trp397 are also crucial for the progressive
degradation of insoluble chitin.

The structure in Fig. 1b also displays the cleavage site
that is located between sites —1 and +1 (red arrow).
Following the retaining mechanism, further cleavage would
be expected to yield only PNAG, and BNAG,. The
released NAG; had two fates. It may diffuse into the
reaction mixture and then rebind or it may slide forward to
accommodate the next cleavage if remained attached to the
active site. On the other hand, NAG, would dissociate from
the product side (+1 and +2) and serves as the end product
of hydrolysis.
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Fig. 1 The active site of ¥ harveyi chitinase A mutant E315M bound
to hexaNAG. a A surface representation of hexaNAG that fully
occupied subsites —4 to +2 within the substrate binding cleft of the
enzyme. The sugar rings of NAGs are shown in sticks. b A stick
model of the binding cleft of chitinase A mutant E315M complexed
with NAGg. N atoms are shown in blue and O atoms in red. C atoms
are in marine blue for the amino acid residues and in yellow for the
sugar residues. The cleavage site is indicated by an arrow, and Trp275
and Trp397 are represented in blue. The structure of E315M+NAGg
complex is obtained from the PDB data base (PDB code, 3B9A) [24]
and displayed by the program PyMol (http://www.pymol.org/)

Investigation of the binding modes of soluble substrates

We employed quantitative HPLC MS to establish the
binding modes of three substrates. Pursuing the idea of
Uchiyama et al. [28] that chitooligosaccharides randomly
enter the catalytic cleft of chitinase A, it is presumed that
binding of the incoming sugar chain may begin at variable
sites to allow various glycosidic bonds to be accessible to
the cleavage site located between sites —1 to +1. Figure 2a
and b represent three possibilities where soluble substrates
could interact with the multiple binding subsites of the
enzyme. For a NAGs substrate, the binding may begin at
site —4 and end at site +1, leading to a complete formation
of PNAG4+pBNAG (Fig. 2a, bottom trace). Altematively,
the sugar chain may bind to subsites —3 to +2, subsequently
generating BNAG;+BNAG; (Fig. 2a, middle trace) or only
four units of NAGs bind to subsites =2 to +2, leaving the
reducing-end NAG unbound at the exterior of the substrate
binding cleft. As a result, BNAG, and either equilibrium
ratio of 3/aNAG3; are expected (Fig. 2a, top trace).
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Fig.2 Three possible models of chitin oligosaccharide bindings to the
multiple binding subsites of ¥ harveyi chitinase A. Hydrolysis of a
NAGs, b NAGg, and ¢ crystalline o chitin. NAG unit with
configuration is shown in black circle, and NAG residue with « or B
configuration with an equilibrium ratio is shown in gray circle. Types
of the reducing-end anomers are predicted based on the retaining
mechanism as suggested for family-18 chitinases

With respect to a NAGg substrate, it could interact with
subsites (—4 to +2). This binding mode is seen in the
structure of E315M+NAGg, as shown in Fig. 1. The
binding leads to a full occupancy of the six binding sites by
chitohexaose (Fig. 2b, bottom trace). Subsequent bond
cleavage results in the formation of PNAG,+BNAG,,
where BNAG: is released from the reducing-end subsites
+1 to +2. A different binding event takes place when five
units of NAGyg bind to positions (=3 to +2) (Fig. 2b, middle
trace), leaving the reducing-end NAG lying empty beyond
the substrate binding cleft. As a result, a single cleavage of
NAGy leads to the formation of two NAG3, one of which
(the non-reducing end NAGs;) initially adopts p configura-
tion, while the other NAG; possesses either f or o
configuration. A third version of binding is that four units
of NAG, symmetrically interact with subsites (=2 to +2),
thereby letting the reducing-end NAG; remain unbound
(Fig. 2b, top trace). This (—2 to +2) binding mode releases
PNAG; from subsites (=2 and —1), whereas 5 or aNAG, is
formed from the reducing-end side.

Assuming that the feeding mechanism is applicable, the
binding characteristic of polymeric substrate is then
depicted as Fig. 2c. After cleavage, a chitin chain remains
attached to the active site before subsequently sliding
forward toward the product side (+1 and +2), thereby
allowing NAG; to be generated at a time. To investigate the
preferred binding subsites of V. harveyi chitinase A, NAG5
and NAGg (as a representative of soluble chitin) were
partially hydrolyzed by the enzyme and the reaction
mixtures analyzed immediately by HPLC MS. Partial

hydrolysis of the two substrates was carried out at 0 °C to
stabilize the  and o isomers of initial products. For the
assignment of the HPLC elution of o and B anomers
acquired by our system, we referred to a separation profile
of chitooligosaccharides obtained by reverse-phase HPLC
and '"H-NMR [39]. Figure 3 represents an HPLC MS
separation of chitin intermediates derived from partial
hydrolysis of NAGg. The  and « forms of an individual
sugar were eluted at different retention times as a doublet.
The preceding peak of the doublet is identified as 5 and the
following peak o. Further mass detection by ESI-MS
assigned m/z values of the two isomers of the same sugar
to be identical. For instance, m/z 424.5 was seen for
BaNAG,, 627.5 for BaNAG;, 8303 for PaNAG,, and
1,236.5 for B&aNAGy (Fig. 3). Peak areas representing
total ion counts of the corresponding oligomers were
simply converted to molar concentrations using the stan-
dard calibration curves of NAG 4.

From Fig. 3, ¥ harveyi chitinase A degraded NAG;,
yielding PNAG-+pANAG; as major isomers. This action
was observed as early as 3 min. On the other hand, BPNAG,
and aNAG, were detected in comparable amounts, and
NAG and NAGs were not observed at all (Fig. 3). With
NAGs hydrolysis, two predominant products (PNAG,
+aNAG;) were captured during the initial time (data not
shown). No other product was seen. The preferred binding
modes of the enzyme toward NAGs and NAG, were
determined by comparing 3 content to o« content of the
same product (Table 1). The p contents of NAG,, NAGs,
and NAG, obtained from NAGg hydrolysis were estimated
as 90%, 65%, and 46%, respectively (Table 1, wild type).
Such values do not at all fit with the /e ratios calculated
by a single binding mode as presented in Fig. 2b.
Apparently, the values agree well with the values (data in

ONAGS aNAGE
i)
PNAGA aNAGA
BNAG3 \I |
PNAG2 miz= 1237.24
100
2 8o i m/2=183113
g g aNAG2
5§48 90 / miz= 62813
ES5 4
| 20 -
m/z= 425.05
0

2 3 4 5 6 7 g 9
Retention time (min)

Fig. 3 An HPLC MS profile of the initial products obtained from
partial hydrolysis of NAG6 by wild-type chitinase A. The hydrolytic
reaction (50 pL) was camied out on ice to minimize the rate of
mutarotation. After 3 min, aliquots of 10 pL of the reaction mixture
were subjected to HPLC MS analysis
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Table 1 Quantitative HPLC MS analysis of partial hydrolysis of chitooligosaccharides
Substrate Enzyme B content of initial products
NAG, NAG, NAG; NAG, NAGs NAGg
pentaNAG (NAGS) Wild-type nd? 90=4.1(100)° 42+2.3(42) n.d. - -
W275G nd. 93+3.3 68+9.2 n.d. - -
W397F 81+£6.0 69:1.6 98£1.2 96+1.5 - -
hexaNAG (NAG6) Wild type nd. 90+2.2(100)° 65+£3.0(71) 46+3.7(48) - -
W275G nd. 92+4.9 63+0.7 79+2.8 - -
W397F ns.! 66+3.1 9549.5 91+8.4 96+1.8 -
Crystalline « chitin Wild type nd. 87+1.5(100)° 50£1.3(nd.) 42=1.0(n.d) 37£0.9(n.d.) 46+4.5(n.d.)
W275G nd. 88+1.2 48+2.2 56+3.2 49£5.8 50£3.7
W397F ns. 88+2.1 46£1.2 57£3.4 57+1.4 51£2.0

A reaction mixture (50 pL), containing chitin substrates and chitinase A in 0.1 M ammonium acetate buffer, pH 7.0, was incubated on ice and
then analyzed by HPLC ESI/MS after 3 min. The P contents were deduced from the peak areas of the corresponding products.

“n.d. represents product is not detectable

®The values in brackets are the expected values from the —2 to —2 binding mode for NAG3 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

“ns. represents non-separable between 3 and o anomer. The initial f contents were estimated from three independent sets of the experiment

“The value is predicted from the progressive degradation of insoluble chitin

brackets, Table 1) derived from a combination of the -2 to
+2 and =3 to +2 binding modes (top and middle traces,
Fig. 2b). For NAGs hydrolysis, the 3 contents of NAG,
and NAG; products were predicted as 90% and 42%. These
values are consistent with a single —2 to +2 binding mode
(top trace, Fig. 2a). When the hydrolytic reactions were
performed at equilibrium (25 °C, overnight), the predom-
inating form of all the sugars was a. The equilibrium
contents were calculated as 48% for NAG., 42% for NAGs,
41% for NAG,, 39% for NAGs, and 43% for NAG, (data
not shown).

Substrate binding preference toward crystalline o chitin

The substrate binding mode of natural substrate was further
investigated. Figure 4a represents a time course of the
hydrolytic products generated from crystalline o chitin
hydrolysis by the wild-type chitinase. Similar to previous
findings [20, 34], NAGs was degraded by V. harveyi
chitinase A, yielding NAG, major products. Other inter-
mediates (NAG; 4) were also detected in the reaction
mixture as early as 3 min although in much lower
concentrations. The major isomer of NAG, products was
found to be (3, while other products gave equilibrium ratios
of o/fp (Table 2). NAG, was released at least sevenfold
greater than the other products over the entire range of
reaction times (Fig. 4a), indicating that the enzymatic
cleavage preferably took place at the second bond from
the chain ends. Nevertheless, the peaks corresponding to
NAG; ¢ that were detected in the reaction mixture

@ Springer

simultaneously with NAG-, verified the existence of a
random attack occurring at intemal points of a chitin chain.

The cleavage feature of a long-chain chitin was further
elucidated. The values shown in Fig. 4b represent the
cleavage ratios of NAG; to NAG3;-NAGg. These values
were compared when the reaction was carried out at initial
time (3 min) and at equilibrium (180 min). In all cases, the
cleavage ratios NAG, to other sugars were found to
increase when the reactions reached equilibrium. For
NAG,/NAG;, the ratio was enhanced by 1.5 times, for
NAG»/NAG, by nine times, for NAG2/NAG; by five times,
and for NAG,/NAG by six times. The lower cleavage
ratios obtained at 3 min inferred that the internal attack
proceeded at an carly stage of reaction. The increased ratios
represent the progressive action that took place at later time
(i.e., at equilibrium).

Effects of point mutations on substrate bindings

Our recent data displayed a significant change in the
cleavage patterns of NAG,-NAG, hydrolysis when
Trp275 was mutated to Gly and Trp397 to Phe. The 3D
structure of chitinase A mutant E315M bound to NAG has
located Trp275 at the main subsites —1, and +1, and Trp397
at subsite +2 (Fig. la, b, blue). Alterations of the cleavage
pattern as a result of Trp275 and Trp397 mutations
provided a hint that both residues are important in defining
the primary binding of soluble substrates [35]. In this study,
we explored further how Trp275 and Trp397 influenced the
binding selectivity of the enzyme. When incubated briefly,
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the mutant W275G was found to degrade NAGs into NAG,
+NAG; with the value of BNAG, (93%) indistinguishable
to the one formed by the wild-type enzyme (90%) (Table 1).
However, the 3 content of NAG; (68%) produced by the
mutated enzyme significantly increased when compared
with the same product produced by the wild-type enzyme
(42%). With mutant W397F, the initial products of NAGs
hydrolysis by W397F were more varied from NAG to
NAG,. The major form of all the products produced by
W397F was (3 with observed values of 81% for BNAG,
69% for PNAG,, 98% for BNAG,, and 96% PNAG,
(Table 1).

Partial hydrolysis of NAGg by mutant W275G generated
three product species (NAG,+NAG;+NAG,), all having p
major isomer. The percentages of PNAG, (92%) and
BNAG; (63%) were not similar to the wild-type value
(Table 1). However, PNAG, formed by W275G (79%) was
significantly greater than BNAG, formed by wild type
(46%). Similarly, NAG, hydrolysis by mutant W397F
released a full range of reaction intermediates (NAG—

NAGs). The p contents for NAG, (66%), NAG; (95%),
and NAG, (91%) were found to be different from that
obtained from the non-mutated enzyme (Table 1).

Effects of point mutations on the kinetic properties

The steady-state kinetics of the hydrolytic activity of wild-
type chitinase A and mutants W275G and W397F were
mvestigated by using the DNS reducing-sugar assay (see
“Experimental™). Table 2 represents the kinetic values of
the three chitinase variants against NAGs, NAG,, and
crystalline chitin. With NAGs hydrolysis, the K, of W275G
(315 uM) was only slightly decreased, but the K., of W397F
(476 uM) was 1.25-fold elevated from the K, of wild type
(380 uM). Similar results were observed with NAGg
hydrolysis, where the K,, of W275G (238 uM) was twofold
lower, whereas the K, of W397F (460 uM) was 2.6-fold
greater than the K, of wild type (174 uM).

Mutations of Trp275 and Trp397exhibited a more severe
effect on the catalytic constant (k.s,) of the enzyme. With
the NAGs substrate, the ke of W275G (0.04 s™") was
fivefold lower than that of wild type (0.21 s™"). In contrast,
the ko of W397F (2.1 s7') was tenfold higher. Similar
results were seen with the NAGy substrate by which
W275G (0.06 s7") showed a threefold decrease, but
W397F displayed a 16-fold increase in the k., compared
to that of wild type (0.19 s7).

Both mutations gave a different outcome on insoluble
substrate. The K, of W275G (25 mg mL™") and W397F
(19 mg mL™") toward colloidal chitin were higher than that
of wild type (12 mg mL™"). Both mutants displayed a 0.3~
0.5-fold loss in the k.. The k.o/K,, values of W275G
toward all substrates were decreased five times toward
NAGs and NAGg but ten times toward the crystalline
chitin. In contrast, the k., /K, values of W397F toward the
short-chain substrates were increased by six- to eightfold
but a fivefold decrease toward the long-chain chitin.

Effects of point mutations on the anomer selectivity

The effects of Trp275 and Trp397 mutations on the anomer
selectivity of the oligosaccharide hydrolysis were further
mvestigated. Determination of substrate decrease at differ-
ent time points revealed that the wild-type enzyme
degraded both 3 and « anomers at equal rates (Fig. 5a).
However, the initial rate of the depletion of PNAG; by
W275G (Fig. 5a) occurred about 1.4 times faster than the
rate of aNAG; depletion. At 155 min of incubation, only
half of aNAGs, but all of BNAGs, was degraded. PNAGs
was also utilized by mutant W397F at a significantly higher
rate than aNAG5; however, the anomer consumption varied
linearly over time of incubation (Fig. 5b). At the end of
reaction, a substantial amount of aNAGs (= 50%) and only
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Kinetic measurements of the hydrolytic activity of wild-type chitinase A and mutants W275G and W397F were carried out using 0-500 pM pentaNAG, hexaNAG and colloidal chitin as

substrates. After 15 min of incubation at 37 °C, the amounts of the reaction products were determined by DNS assay using a standard curve constructed from NAG,
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Fig. 5 Time-course of substrate consumption by chitinase A.
Hydrolysis of NAGs by a wild type, b mutant W275G, and ¢ mutant
W397F. The hydrolytic reactions carried out at on ice (0 °C) from 0 to
155 min were analyzed by HPLC ESI/MS as described in texts. Rate
of B anomer consumption is presented by a black line and rate of B
anomer consumption by a broken line

a small amount of BNAGs (< 20%) remained in the
reaction mixture.

With the NAGj substrate, similar patterns were observed
(data not shown). The wild-type enzyme displayed no
preferable selection toward a particular anomer of NAGs.
However, the initial rates of PNAGg degradation by both
mutants were only slightly higher than that of aNAGs
consumption. At the final stage of reaction, most of PNAG;
and PNAG (>80%) was used up.

Discussion

The 3D structures of the catalytically inactive mutant
E315M complexed with NAGs and NAG, suggested that
V. harveyi chitinase A most likely catalyzed chitin
degradation through the ‘slide and bend’ mechanism [27].
From the mechanistic point of view, the sliding process can
only be achieved by an enzyme with high processivity.
Eijsink and colleagues reported previously that ChiA,
ChiB, and ChiC from §. marcescens possessed different
degrees of processivity [19, 29, 30]. ChiA was tested to be
more processive than ChiB, whereas ChiC is a non-
processive enzyme. The processive property explains how
an enzyme processes it substrates. However, the mechanism
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of how each substrate initially interacts with the enzyme
depends entirely on the size of its substrate. Chitin
oligomers are predicted to bind to the substrate-binding
cleft by a random fashion. It implies that the sugar oligomer
has freedom to bind to variable sites as far as the successful
cleavage is concerned. In this study, three models are
proposed for the productive binding of the soluble
substrates (Fig. 1). NAGs may interact either with subsites
(=4 to +1), (-3 to +2), or (-2 to +2) (Fig. 2a). Likewise,
NAG; may bind to subsites (—4 to +2), (=3 to +2), or (-2 to
+2) (Fig. 2b).

HPLC MS analysis of NAGg hydrolysis by wild-type
chitinase gave rise to three species of reaction products
(NAG; 5 4). This happens only when the glycosidic cleav-
age takes place at least at two distinet locations. The
presence of NAG; in the reaction mixture (Table 1)
suggested that the enzymatic cleavage occurred in the
middle of the chitin hexamer. When initial isomers of the
degradation products were trapped at very low temperature
(0 °C) for a short period of time (3 min), the estimated
PNAG; (65%) agreed best to that of NAG3 expected from
the (-3 to +2) binding mode (71%) (the value in brackets,
Table 1). Two other products (NAG, and NAGy) could
otherwise come from the interactions at subsites —4 to +2 or
=2 to +2. However, the measured percentages of PNAG,
(90%) and PNAG, (46%) were in conflict with the
calculated values for the (—4 to +2) binding mode (100%
for both BNAG; and BNAG,). Instead, the obtained values
agreed well with the 100% PNAG: and 48% PNAG, as
calculated for the (=2 and +2) binding mode (Fig. 2b). This
experimental outcome suggests binding of the chitin
hexamer to either subsites —3 to +2 or -2 to +2, which
emphasizes a dynamic process of interaction between an
active enzyme and the substrate, and is in contrast with the
occupation of the oligomer as observed in the static
complex of the inactive enzyme (Fig. la, b). Previous
quantitative HPLC MS analysis estimated the yield of
NAG; to be 4 nmol when NAG, was incubated with native
chitinase A for 5 min. This yield was half of NAG, +NAG,
yields (~8 nmol) obtained from the same reaction [34], and
it indicated that NAGg favors the (=2 to +2) mode over the
(-3 to +2) mode.

Limited hydrolysis of NAG; yielded only two products
(NAG;+NAG;), meaning that the bond cleavage took place
only at a single site either at positions —3 to +2 or -2 to +2
(see Fig. 2A). However, the observed percentages of
BNAG, (90%) and PNAG; (42%) agreed more to that of
BNAG: (100%) and BPNAG; (42%) predicted for the (—2 to
+2) binding mode. In contrast, 100% BNAG, and 100%
PNAG; would be expected from the (=3 to +2) binding
mode. No detection of NAG and NAG, in the reaction
mixture implied that the (=4 to +1) mode was completely
ignored by this substrate (see Table 1).

The binding characteristics of S. marcescens Chi A [40]
and Coccidioides immitis chitinase-1 (CiX1) [41] were
previously investigated by means of typical HPLC systems.
Hydrolysis of NAGg by SmChiA that yielded 99% BNAG:,
71% BNAG; and 48% BNAG, and hydrolysis of NAGs
that yielded 100% PNAG, and 55% BNAG; represents the
equivalent binding events as observed in this study. In
CiXl, formations of a/BNAG; (9/1) and o/BNAG4 (5/2)
from NAG6 hydrolysis supports the (-2 to +2) binding
mode. Sasaki et al. [42] performed a comparative study of
the reaction mechanism of rice and bacterial enzymes and
concluded that microbial chitinases favors the (=2)(=1)(+1)
(+2)(+3)(+4) subsites, while plant chitinases prefers the
=4)(-3)(=2)(—1)(+1)(+2) subsites. Binding of a chitoo-
ligomer to (=2) to (+4) sites would be comparable to the
=2 to +2 binding mode described for V. harveyi chitinase A.

With partial hydrolysis of insoluble chitin, NAG,
observed as the primary product during the course of
reaction (from 0 to 180 min) was mostly derived from the
progressive degradation of the second bond from a chain
end of chitin polymer. Imai et al. [33] demonstrated
previously that the degradation of [ chitin microfibrils
took place from the reducing end of the sugar chain.
However, other products (NAGs ) that were observed in
the reaction mixture, even as early as 3 min, and the
equilibrium ratios of NAG; ¢ products obtained from a
long-chain chitin hydrolysis (Table 1) were an indication of
internal attacks that took place at vanable positions within
the chitin chain. This interpretation is further supported by
the small cleavage ratios of NAG,/NAG; 4 intermediates.
A dramatic increase in the ratios at later time of reaction is
presumably achieved quite productively with the progres-
sive action via the feeding and sliding mechanism.

The anomer analysis revealed no selectivity of the wild-
type chitinase A in utilization of « or { substrates (Fig. 5a).
No selectivity of binding by all means leaves the enzyme a
lot more freedom to efficiently take up the (3 or & substrates
that are present in the reaction equilibrium. This idea is well
complimented by binding of NAGs to subsites (-2 to +2)
and NAGg to subsites (=3 to +2) or (-2 to +2) as seen in
Fig. 2a and b. For the structural point of view, V. harveyi
chitinase A is shown to comprise a substrate binding cleft
with a long, deep groove structure (Fig. 1). The reducing
end of the binding groove is shown to be open, giving
adequate space for the incoming sugar chain to move
beyond the +2 site. As a consequence, various glycosidic
bonds are accessible to the cleavage site. The open-end
active site certainly fits the binding preference of NAGs
and NAGy and the endo action of the enzyme toward chitin
polymers.

We previously reported that the residues Trp275 and
Trp397 positioned at subsites (=1, +1, and +2 sites) are
particularly essential for defining the primary binding of
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soluble chitooligosaccharides and Trp70 located at the N-
terminal end of the ChBD is crucial for insoluble chitin
degradation [35, 43]. In this study, the effects of mutations
on the kinetic properties of the enzyme were evaluated. It
was found that mutations of Trp275 and Trp397 to Gly and
Phe, respectively, significantly changed the substrate
specificity and the anomer selectivity of the enzyme. The
structure of mutant E315M bound to NAGg showed that
Trp275 could interact strongly with —INAG and +1NAG
[27]. Mutation of this residue was found to affect the
kinetic properties involving the catalytic center by decreas-
ing the k.y and the k../K,, toward NAGs and NAGg by a
magnitude of 5 (Table 2). In addition, the mutation
significantly increased the apparent rate of p consumption
as shown in Fig. Sa. The event may be explained as a shift
of the sugar chain toward the non-reducing end in the
search for other available binding sites to compensate for
the loss of interactions. The observed yields of BNAG-
(93%) and BNAG; (68%) obtained from the cleavage of
NAGs by W275G (Table 1) agrees well with the predicted
yields of PNAG, (100%) and PNAG; (42-100%) of the
model shown in Fig. 6a. A single move of the sugar chain
toward the non-reducing end is predicted as further
movement would likely be blocked by high affinity of
binding between the reducing end of NAGs and Trp397 at
subsite +2.

Different situations were observed with mutant W397F.
Mutation of Trp397 to Phe led to an increase in the Ay
toward NAGs and NAGg by 10- and16-fold, giving rise to
an increase in the k./K, by a magnitude of 8 and 16,
respectively. Trp397 is a crucial binding residue located at
subsite +2, and it determines the primary binding of
chitooligosaccharide substrates. A phenylalanine substitu-

tion appeared to weaken the binding strength of this subsite,
enabling the sugar chain to move more freely and allowing
various glycosidic bonds to be exposed to the cleavage
sites. A full range of reaction intermediates seen in the
reaction mixture of W397F (Table 1) supports the above
assumption. Hydrolysis of NAG; by W397F, yielding 81%
BNAG, 69% BNAG,, 98% PNAGs, and 96% PNAG,
products agreed well with the yields proposed in Fig. 6b.

The residues Trp275 and Trp397 are found to be
important for insoluble chitin hydrolysis, since the muta-
tions showed a remarkable decrease in the k., value of the
enzyme. The structure in Fig. 1 shows that both residues are
located in a perfect position to be responsible for the
feeding process by pulling the chitin chain toward the
reducing end subsites, thereby permitting the next proc-
essive hydrolysis to occur (see Fig. 6¢). A significant
reduction of the &, and the k_, /K, values toward colloidal
chitin (Table 2) seems to support the proposed roles of both
residues (Table 2). Similar effects were also reported with
ChiAl from B. circulans, where mutations of Trpl64
(equivalent to Trp275) and Trp285 (equivalent to Trp397)
drastically reduced the hydrolytic activity of their enzymes
toward colloidal chitin by 40-50% [44].

In conclusion, we employed quantitative HPLC MS to
determine the binding modes of a family-18 chitinase from
V. harveyi toward three substrates. Neither a random nor a
progressive binding was entirely employed for a complete
hydrolysis of the tested substrates. Nevertheless, soluble
chitins seem to favor the —2 to +2 binding, but insoluble
chitin preferred the progressive binding. Mutations of
Trp275 and Trp397 were found to affect the anomer
selectivity and the substrate specificity toward soluble
substrates. The evaluation of the kinetic data suggested

Fig. 6 Plausible effects of point
mutation on the substrate bind-
ing preference and the anomer

selectivity. Binding of NAGs to
a wild-type chitinase, b mutant
W275G, and ¢ mutant W397F.
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that Trp275 and Trp397 are likely involved in the feeding
process that facilitates a degradation of chitin polymer in a

progressive manner. Ultimately, understanding of the
binding mechanism of family-18 chitinases to their sub-
strates may aid the drug-screening program to obtain
effective inhibitors that act as therapeutic candidates for
successful treatment of allergic asthma.
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