This document is downloaded from DR-NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Functional and structural studies of the flavivirus
RNA-dependent RNA polymerase

Yap, Thai Leong
2008

Yap, T. L. (2008). Functional and structural studies of the flavivirus RNA-dependent RNA
polymerase. Doctoral thesis, Nanyang Technological University, Singapore.

https://hdl.handle.net/10356/18856

https://doi.org/10.32657/10356/18856

Downloaded on 20 Mar 2024 17:04:31 SGT



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

FUNCTIONAL AND STRUCTURAL STUDIES OF THE
FLAVIVIRUS RNA-DEPENDENT RNA POLYMERASE

YAP THAI LEONG

School of Biological Sciences

A thesis submitted to the Nanyang Technological University
in fulfillment of the requirement for the degree of
Doctor of Philosophy

2008



ATTENTION: The

ight Act applies to the us:

®

of this document. Nanyang Tech

ical University Library

Acknowledgement

ACKNOWLEDGEMENT

I want to thank everyone who has contributed to this thesis, and all those that have made
these years at Lescar Laboratory at Nanyang Technological University (NTU) and at the

Dengue Unit of Novartis Institute for Tropical Diseases (NITD) so enjoyable.

I am especially grateful to:
Dr. Julien Lescar for accepting me as a PhD student. Deeply appreciated for his continuous

support, guidance and giving me freedom to do things during all these years.

Dr. Subhash Vasudevan for being my co-supervisor and giving me opportunity to do part of
my project in your laboratory, as well as sponsored me all the useful training courses. The
financial support from NITD has been greatly appreciated. Your encouragement, enthusiasm,
knowledge and patience led me to make progress. Dr. Alex Matter and Dr. Thomas Keller,
for their support and giving me opportunity to work on NS5 project with the drug discovery

team at NITD during these years of fruitful collaboration.

Dr. Chen Yen Liang for supporting me with your knowledge about the flavivirus NS5
enzyme during my stay at NITD. Also for his kindness and helpfulness when written my
manuscripts and thesis. Dr. Xu Ting for your knowledge and guidance in protein
crystallography. You always have been willing to share this with me and Dahai. Dr. Celine
Nkenfou for all your wonderful sharing and we have worked together for the Fab antibody
project. Without you, the antibody project would have been impossible. Dr. Lim Siew Pheng,

for your patience and guidance in the MTase project. Samantha and Joanne for the patience



ATTENTION: The

ight Act applies to the use of this document. Nanyang Tech

(]

ical University Library

Acknowledgement

and effort to work together to explore the NS5 project. Former colleague Wan Yen for her

helpfulness and all things that you have taught me.

My close collaborators at the Dengue Unit. Dahai, Chrisophe Bodenreider, Nood, Wai Yee,
Daying, Liu Wei and Indira for all the support and scientific discussion we have had during
the years. I can't imagine what my time at the institute would have been without you. Hao
Ying, Katja Fink, Swee Hoe, Andy, Alex, Dr. Gu Feng, Dr. Wong Qing Yin, Bo ping,
Cedric and Dr. Wouter for their support and the discussions I have had with you. Without

you, the laboratory would not have been so enjoyable.

My colleagues at the Lescar laboratory. Dr Masayo Kotaka, for all discussions that we had
and worked together at synchrotrons. Dahai for keeping the X-ray machine running. Ravi,
Hooi Chen, Yee Hwa, Mitchell and Dahai for all the support I have got from you or
whenever I have had problem that I needed advice or help. May Chong from NTU, Azni,

Stephanie, Cindy and Eric from NITD for your support with all administrate details.

Dr Clemens Schefler, Dr. Sandra Jacob and Dr Hans Widmer for help with data collection
for this work that was performed at Beamline X10SA (PXII) of the Swiss Light Source, Paul
Scherrer Institute, Villigen, Switzerland. Dr. Bruno Canard and his team at Marseille for the

past years collaboration and communication.

Finally, I want to give thousands of roses to my family for all the understanding and support

that I have received from you during these years.



ATTENTION: The S e use of this document. Nanyang Tech

®

ical University Library

Table of Contents

TABLE OF CONTENTS
ACKNOWLEDGEMENT ........oocoiiiinirirniranee et srsstess s seese st seese et evessnosasssnns 1
LIST OF FIGURES ........cocootitiiiiietiieiete e ste st es e et sst s esie e sesbe s enbe b et e tess s s sseasanne 7
LIST OF TABLES ...ttt esteste st st ste st st e naesas e e sasbeseansssnassssssnsanne 8
PUBLICATTIONS ..ottt st ettt st sttt s a e ebe sttt ese e b e aeneenean 10
CONFERENCE AND TRAINING COURSE...........cccooiimirrecteiriienesne e sesessesnes 11
ABBREVIATIONS ...ttt ee et v e e e sa st s sa e e e ebessesbeseenesasebesvesenanns 12
ABSTRACT ...ttt sttt sttt a st bbb e b e e beasesaasaasessessetesbesaasasbensessessansan 15
CHAPTER 1 INTRODUCGTION .....c..oiiiiiiiieinietet ettt tee et ss et eeessssa s enesaenaens 17
1.0 Dengue- an Emerging Arboviral DISEaSse ..........cccovceeiriecrniennninnce s sesssessessesnennes 17
1.1 Epidemiology Of DEeNGUE VIITS .....ccovveieiremiecieierienie ettt eaee e snve s esee e e 20
1.2 RNA Virts RepliCAtION. ...ccuiiiriieciirineeiietieiesiecsieseesreentes e s enaes s ssns e eeeseessssnessaessessaennes 21
1.2.1 Positive strand RINA VITUSES .....c.ccoceeirreriiniieeeesisteseeseesteieseeeeeb s etesasssessesssssseennens 22
1.2.2 Negative strand RINA VIITSES .....cceccvrinriierierieninieisiesiessecisiessesississsssessessessssssseessens 23
1.2.3 Double stranded RINA VITUSES .....ccoeiuiieieiiceeereeeeee et cseenectesee e enecnesseeseere s besnnees 23
1.2.4 Host Factors in RNA Replication ........c..ccovuiecieeeriininsissiene e ceesreseses e snesseevesenns 25
1.3 Viral Replication induces membrane rearrangement............eecverveceeiivnnrnsrssvessessseennns 26
1.4 Molecular biology of dengUE VITUS ........ccccirvrireiriiiriectecteiese e cve st s et sa s s enene 29
1.4.1 Flavivirus Replication CyCle .........ccoiiiiiiiieiininiiiteeeei ettt 32
1.4. L1 ENtry Gnd UNCOQEING .........c.ccoveiieiiiiiiciniieieieie st e st s se e n 32
1.4.1.2 Translation and ProCESSING .........ccccureavveeneeeiererieeie e st ss e et ss s 33
1. 4. 1.3 RNA 7ePliCOEION .....uvvoeviviisiieicctiiisinee st seiessntte st s e saessnaae s besnanessraessravesanns 33
1.4.1.4 Assembly and Release...........ucueceeeiuieceiieieieieceeeecee et eeteesae st n e ve e 34
1.5. NS5- A Multifunctional Protein .........cccocvevireneiienciniineenncetsie s sesseenns 35
1.5.1 NS5 Nuclear Localization: its implication in viral replication...........ccvvevverveceeneeens 37
1.6 An Unified Polymerase MeChamiSIi ........ccvviviviiieiiceicrieinineeeriisseessresesesissesssssssasessssssnnns 40
1.6.1 Viral RNA-dependent RNA polymerization .........c.eeeeeeeieececieieeeeeseecreeeessee e sneas 40
1.6.1.1 DE ROVO THILIALION ......c.c.oeeceeeveeereceeeceeerisceessteeseae s tesneetsesteastesssse s e ssansseestaasaens 41
1.6.1.2 Primer dependent iRitiQliON.............o.ovvvivueceininieninieisiriessasees et sesses e sresasnens 41
1.6.1.3 Dengue RARDP INIHIQLION .....c..c.cooermieciiieieriicterrecreeesseseensee e e e sre s sesnnans 42
1.7 Role of 5" and 3' UTR in viral repliCation.........ccc.ceieiieniineeiiiiieeiciesieereseeeveseesaesaeesnensnens 45
1.8 Structural and Functional Insight into Polymerase..........ccoceiciieiieniveciecenceiiie e 47
1.8.1 Template binding- the fingers subdomains...........ccoveriiriercenirinienrinecnriesessee e 50
1.8.2 The substrate binding site -Thumb domain ...........cceeceeriieiieiieericriesesieresiesceesee e eeeans 51
1.8.3 The CatalyltiC ACtIVE SITE ...vcveieievrrriricirieireeitisseeeerretrisseesssssssesenssresssesstnessesssesaneosenne 52
1.9 Non Structural PrOteINS.........ciiveriiiceiiinietiserinieciee e secsrene st sisaesessseaesesaeses e stassessessnssenes 55



ATTENTION: The S

e use of this document. Nanyang Tech

®

ical University Library

Table of Contents

LLO. 1 NST coiioeiceiriiese st sttt et be bbb e aes et b et ese b s et et eneasesben e saenbesessesbensennnseebessees 55
LLO2 NS2A ettt ettt et et sttt bbb e s e aear e esbe bt sheeat e b e b e b e aae et enees 56
LL9.3 INS2B ittt bbbttt bbb bt e bbbt s be bt e 57
10004 N S 3 et ettt sttt e e e e raentesee e e etesreeraneseens 57
LLO5 INSAA .ottt sttt et b e et b e be e b b e bt e st e et sreennenatens 62
LLO6 INSAB ..ot ek bbb et b e e be b e s sbebentenre s 63
1.10 Antiviral INhiDItor......ccovveeceieicieiei et et sre s st sbe s sr s ennn 64
1.10.1 First antiviral drug discovery-lessons learned in antiretroviral experience.............. 65
1.10.2 NUCleoSide INNIDITOTS ...cucoverieieiiireestee et einiee e seesae st ee e eetence st snesneeaeeneeens 69
1.10.2 AILOSErIC INIIDILOT . ... coueeuiiieiniiiiieeeriee ettt sttt e 71
1.11 AImS Of the theSiS ...oocoeieiieeeeiee ettt ettt e 74
CHAPTER 2 MATERIAL AND METHODS .........ccoooiiiiniiie et nn 76
2.0 Molecular CLOMINE .......eveeievieriieiinier et steie et ettt te e et ecesae st e seesaeeresenas 82
2.1 Recombinant DNA transfeCtion.........veiivicnieinnnienicc ettt et eenes 83
2.2 Expression of NS5 from Sf9 insect Cells ........ccouviiimiieiecnieneiiccccicene e 83
2.3 Protein eXpreSsion fTOML £.CO.........o.uuciiiieeieeiieiriceeeecis sttt seaereessese st e seesvnessasenens 83
2.4 Protein pUurifiCation ...........cooivioieriii ettt ettt 84
2.4.1 GENETAL 1YSIS .vovveriieerieeerceeiere et e steeaesabe st e e e enee st e seesaeeesssasseeeeeenreensesseansassseansennneens 84
2.4.2 Small scale metal affinity purification...........ccecvvenirveernienincrc e 85
2.4.3 Large scale Metal affinity purification. ..........c.eceverieeiieininiceesce e 85
2.4.4 lon exchange PurifiCation ...........ccocevieiereeeereee et reer et a st s 86
2.4.5 Thrombin digestion.......coociiiiiiieieeeet ettt ee sttt ebeete e se et esseesneeenes 86
2.4.6 Gel FIlIAtiON. ......cciiiiiiiicciiri ettt sttt es et 86
2.4.7 GST tagged protein large scale purification. ............ccecveeiererreniicvnesenees e 87
2.4.8 Fab antibody purifiCation..........c.coccrriiivicniiinnneeieeie st cseeere e et 87
2.5 PLOLEIN FEOIAING ... es s ess st eesemi st see s s ss s ee s 87
2.6 NS5 RdRp activity measured using Scintillation Proximity Assay (SPA).......cccccvvvrveneen. 88
2.7 Limited PrOtEOLYSIS ..ov.eeireeireriniiieieiiertente e site ittt steste s e saeeiaeseesaesre e nesnessnsnenesneeneassananeas 88
2.8 Fab antibody DiOPanming ........cccevveiererirririeieieesereese s e seeseesaesssesbesbessessessesseenenssesasens 89
2.9 ELISA BSSAYS .cueuueriiecrieetessiosestesteseesteststessastesaaesatesesset et asess s asaestesessessaneesesseaseseesesnesnenne 90
2.10 Western blot analysis........ccou ettt ettt e 90
2.11 FIame analySiS.......cociriiemeiiiiiiienieiieneiteieeresesebisrcer ettt es et e saesaeebeas st seeeneese e 91
2.12 CryStalliZAtION . .....ce eeieireereceeteseeeeretetete st e seese st ssee s essestaessesseesaessnessersessesaessesesaseansnsnsens 91
2.13 Data COIECTION ..ottt ettt e e st sa bbb e b beste e st nnnansesabens 92
2.13 SoaKifg EXPEIIMEGNL ....cccirieerririeeitietie e eeeee st eteeresresseeseeesneeseeessessaeesaesansanneseasaseerens 92
2.14 Structure solution, refinement and analysis.........cccccecvveeniieeininienin e 93
CHAPTER 3 PROTEIN EXPRESSION STRATEGY AND CHARACTERIZATION
OF NSS POLYMERASE........ooiiiiiieinecneni et svesresse s et et seeb s s s e 94



ATTENTION: The S e use of this document. Nanyang Tech

ical University Library

®

Table of Contents

INTRODUCGTION ....c.couiiiiiiiniiiiieieieieiit sttt sttt sttt sre st s ebt st b an et s s e b esaesnerensn 94
ODbjJectiVe OF the STUAY ....cooiiiiicircrcee e et saesbe e s e saasbe et et e s eaassassass 95
RESULTS AND DISCUSSION ......cccooiiiiitiiie ettt ettt ete s s e s ees e res 96
3.1 Overview of protein exXpression SIALEZY .......coveceeerrirrerriiuererisieereeisessesesieesseseessessasesans 96
3.1.1 Expression hosts and conditions........c....ecervriivienieniiniese et 101

3 1.2 REFOIAING ..oveeeeiieieee ettt st e s be sttt ste e bn e beenbe s beassessensenns 103
3.1.3 Limited proteolysis StrAEEY ......ccoveeeireeririereererieneesensesiessesressseessssssesssssssessessennes 103
3.1.4 Homologous protein SCrEENINg ...........ccvrirreercerieriereesersesienisessnsieesesssseessssssessesseenes 105
3.2 Characterization of NS5 polymerase ........ccoceeeeeeciiinieieceecie et 108
3.2.1 ENZymatic ACHVILY ...ocvevirrereieerininriresieeiestessissessessieessassessesssessessens eereeeenenaaeens 108
3.2.1.1 Assay for DENV 3 RARP........ocooeuevieiiieiiieieeesecteetee s stee e sae st sae e svnenen 109
3.2.1.2 Comparison of different serotype DEN VRdRp and DENV FLNSS .................. 110

3.2.2 Fab antibody used for structural and functional studies..........ccccoevevervrererereeennnn. 111
3.2.2.1 Epitope MAPPIBG .......covovveveiirereinreieriiiie i ssieninesssisssissesstesassssssasssssssssssesssssssses 114
3.2.2.2 COMPLEX fOPMALION ......o.oeeniinecirceeteierietectete s e en et seae e saa s easesbasteasesaas 118
3.2.2.3 Fab and enzymatic activity DENV NS5 RARD.....cccccevviririnireereceneicie e 119
3.3 CrystalliZation ASSAY .......ccveriririiierreirrerr et ese st et esteeabensaansansaasbeesssnseennenns 120
3.4, CONCIUSION . ..viteereereeii ettt ste st e s e b e b e e bt essaeassassansaassesseesanneesanaesseeseesssaseesnesns 122

CHAPTER 4 A MULTI-STEP STRATEGY TO OBTAIN CRYSTALS OF THE
DENGUE VIRUS RNA-DEPENDENT RNA POLYMERASE THAT DIFFRACT TO

HIGH RESOLUTION ...ttt ettt sas et sraesaese s aes e ssesaesaesnesnsessensessesesses 125
AND SOAKING STUDIES ...ttt sttt a et e e sssasae s e ssa s s saesaesnans 125
INTRODUCGTION ..ottt sttt ettt sa e s es e ssae s eeessessessessaensesseseesesses 125
ObjectiVe OF the STUAY ...ovveiiiiicie et se et e seesae e eassaae s esbessesseas 126
RESULT AND DISCUSSION ..ottt seeeeessssaessee e seeesteesassvsestaassaeseesvesnaeses 126
4.1 Protein expression and purifiCation ..........cccceceeeeieeiieieiceiiese ettt 126
4.2 CrystalliZAtION ... .. .eiiiieeeeeitieie et et ee e ae e e e s eee st e st case s s sreeneaessaeantaseessrenresnnesans 129
4.3 Post crystallization treatment...........co.ceiterierirre et se et ee e st e e sa e e e anesaens 129
4.3 Further Crystal OptimiZation..........cceeurerieeriresieieseeieceestecie e see e e saesseesaessassesssnsseeseens 132
4.3.1 COSMOLIOPIC SOIULES ...cviuieuiieeiiiieeiiecrtete e et es e rte e sae e saeebeeseesaesseesseanesasenes 132
4.3.2 Role Of diValent 10MS.......ceoviiiiriieciiiiiiieesrier et ess et e st estasbestesaassseseseesansan 132
4.3.3 Replacement of individual component within the reservoir..........ccceeevvvvrveceecvennnne. 133
4.3.4 Data collection and Structure SOIULION ..........oceeveeirirririeiinieieierersiesnssecsesaeaesseees 136
4.4 Soaking studies- conditions and SUDSIIALES...........couevieiieriiieniieniiniee et eee e 139
4.4.1 Stabilization of Crystal.........c..ccooiiiiririi et 140
4.4.2 Lattice compatibility and soaking time............cccoeueiieieiieiieciiiie e 141
4.4.3 Inhibitor SOAKING.....ccririerierirriieireeireestreitesesrseeereeee e saesseesseesnesseesasessesssessasseensens 142
4.4.4 RNA tEIMPLALE ...cc.ecviiiiiiiieiiecece ettt a st et et a et e sa e s s s sbe st et annaneane 144



ATTENTION: The S e use of this document. Nanyang Tech

ical University Library

®

Table of Contents

4.4.5 Divalent MeEtal 101 ....cceirireerinrinieseeiienesnreeese e et eeeee e saseeseeses e sseeseenseessessnesaes 145
4.5 COMCIUSION ..eeiieieeie ettt es et e st eetn e e s et estere s e saesssasbasseaneasetansaeanaesnseansnasanenn 146
CHAPTER 5 CRYSTAL STRUCTURE OF THE DENGUE VIRUS RNA
DEPENDENT RNA POLYMERASE CATALYTIC DOMAIN........ccccooevviieiiierenne. 147
INTRODUCTION ..ottt ettt e se e e ns et e tes s esasesesse s atesbesresseasesesarannen 147
ObJective OF the STUAY ...c.ueeeieee e bbb e eae e e 154
RESULTS AND DISCUSSION ......ccottiiiiciatirieaecstiecieenteas et eereesseseesaesssreeseeeennesrsesnesressveens 154
5.1 Overall structure of DENV RARP.....oooviiiiiieeeeceetcee ettt v v 154
5.2 THE NLS FEZION c.oeeeeiiiiieiiicieeiestieceeeiriesieeieeesreessasestessaestsasssasssorsasbesnseessantesnsesnsessnsnnanes 155
5.3 Fingers SUBAOMAIN ......c.c.ooviiueiiiiciniereiic ettt sttt sb e st ene 156
5.4 Palm domain and the catalytic aCtiVE STt .....cccvrieerricieiieeecieneecee e e sreereereesre e ee e re e 158
5.5 Thumb dOmain......c..coooriiiiiiiirirenccierse s et ettt e sre st e e benbsseesreesbessbeestens 159
5.6 ZiNC DINAING SIEES....veivierererreererieniiiertessareesestesiressuaeseeteassessnsasssssesessessesessnssessessessensenns 160
5.7 The Priming loop and its role in the initiation COMPIEX ....cocovvecrriicminieveeineninrisieree e 161
5.8 Metal 100 DINAING......cc.oiiiiiiriieeee ettt bt e be et e b e bbb estensenes 169

5.8.1 Metal ion catalysis MEChaMiSM ..........ccociiiiiiieeciiicc e erre e 169

5.8.2 Metal ion at active site Of DENV RARP ...c..occeriivrinciirccreece e 171

5.8.3 Conformational change of DENV RARD.......cccciiimiiniiicnecceeeei e 173
5.9 A model for RINA SYNINESIS ... ccovuvveuererirerireteresesetsisietssstessssaste e st s s et se s senes 175
5.10 The fidelity model in viral polymerase..........ccccveieriieiiesieenince et s 180

5.10.1 Mn®" as mutagenic metal 100 ................coorueuiveveieieeiieesereeseesseseeseeeeee e eessesseseesans 181

5.10.2. Key residue in fidelity: Superimposition of DENV RdRp and 3Dpg;..ccccnveveennn. 182
5. 11 CONCIISION 1nutitiieiii ettt ettt e e et e et e seeesbeserestesemeenresteesseesesrrnesrbesanns 186
CHAPTER 6 SUMMARY AND FUTURE DIRECTION ............cccooovnmininieneieceeeie 188
6.0 SUMMATY ..ottt crete e st ettt ettt seseeseesesssaebasnbnsanssnees 188

6.0.1 Lessons from protein @XPreSSION .....cccervereeerierieenriesenssesseseresssreessersacsessssssssessses 188

6.0.2 Aspects of the enzymatic efficiency Of RARD .....coceoiveiiniininicieeeee 190

6.0.3 Insights from structural STUAIES..........coeiiieiiriiiiriieeee e 193

6.0.3 Two metal i0nS MEChANISIN ......cceeeiiiriiiiiicieeieeee e be e 205

6.0.4 Metal i0n binding at @CtiVe SIE@.......cieeiiriieeieciiiiesieiteieeeeie st eee st steeereeraeerens 207

6.0.5 ZinC DINAING SILES......eccceieiriiiieereessiieessieeeeesteseteersasaesseesssessessessssstsesssssessesssasassss 208
6.1 OULIOOK ...ttt s st e st e et e taesee e s e s e ebesen e aaeneasreannearnrenns 208
RETEIENCE LISt ..ottt ettt e ettt st a e s e nr e ere e be s eeeerneeanees 213
ADPPENAIX LISt ALcoeieiiiiiiieieeitete et et st en e 239
DEN3 RARp protein expression and purifiCcation ................o.ocvvneconeccnineseeneneeerenneenes 239
APPEIAIX LISE A2ttt ettt et et a s 241
MUBAGEHOSLS ....eeeeeieeeee e ter et ee et e e v e e e e bssste s e ssaasseeseeeatessaaseeaseenssesasaensseannn 241
APPENAIX LISt ATt e e se e e e s re e e s s et et et e saesae e seese st aeseetseatanaeeane steanenenns 246



ATTENTION: The

his document. Namy

University Library

Table of Contents
Compound soaking list (for internal USEe ONLY) ......oeovuevceiciriiniiiinieseeieeeeereet e 246
APPENAIX LISt Ad. .ottt s r et n e sensre e r e e san e 247
Potential RNA sequence for DENV RARp + template interaction..............ccccooceecnceenvvnnennne. 247
LIST OF FIGURES
Fig 1.1.Distribution of Dengue and its predominant vector Aedes degyPIL .....ccccueecercemrienreeeriverisesiveeneesens 18
Fig 1.2.Maximum likelihood phylogeny of flavivirus......cccceveviiiri e 19
Fig 1.3.Schematic representation of viral repliCation. .......cceceneerveerieinerieinrirrerer e eeeeeeese e saerens 24
Fig 1.4.3D maps of FHV induced mitochondrial spherules.........coeiicniiiiiiiininniiccnnc e, 28
Fig 1.5.Dengue Virus PartiCle..........coooeriii et eies s st s e s s e b e b e 30
Fig 1.6. Flavivirus genome organization and polyprotein processing. .......o.ecueuevrieeresersesinssssssissensensnns 30
Fig 1.7. Flavivirus tepliCatiVe CYCI@. e iiiriieirirniieireirirersiisesetesseressssesenssesteesttesste s s st anesbeeessbasansaneesseanssssesssras 31
Fig 1.8.Schematic representation of the distribution of the functional domains in the DENV NS5 protein. 36
Fig 1.9.Crystal structure of DENV NS5 MTASE ...ccccoceciromiriinereccrscie e et eterieessees e esencreeneesesnennnes 37
Fig 1.10.Schematic representation of the domain structure of NS5 shows the NLS region and their partner
PrOtein DINAING SIEES. .viieeriiiririiities ettt ettt et et e es e et et e st e e e s beebe st e st e eesabaeeseeenenneeareen 39
Fig 1.11.Kinetic model for nucleotide inCOrPOration. ......c.ivvceiimininriiiiiniiecset et 44
Fig 1.12.Schematic view of initiation mechanisms of viral RARP....c..ccceri i 44
Fig 1.13.Interaction between RNA template and NSS RARD ....ooceevveriiiniieniiiinecicnc e eecsse e 46
Fig 1.14.Structure of the four polymerase families. .....c.oviviciiinicciini s 49
Fig 1. 15.Crystal structure of reovirus polymerase A3. ....oiiiieceereeirnvirinirnenrinenssasses e esreesescssssessncorsssenns 53
Fig 1.16.Electrostatic surface of FMDV and @0 RARP. ....occev ittt sine v s 54
Fig 1.17.Crystal structure of viral RARP....cooeeieiiiiiiee ettt et 54
Fig 1.18.Crystal structure of DENV2 and WNV NS2B-NS3PI0.....ccoeriermririencirierieneesecrece et seeseeeeseennas 61
Fig 1.19.Structure of Flaviviridae helicases of DENV2 and HCV. c..cccooiiiviicniicienrinicnccscnincs 61
Fig 1.20.Crystal structure of FLNS3 of DENYV and HCV in ribbon representation. ........cccovvvceneenciecinuenn 62
Fig 1.21.Structure of 2'-C-methyl-guanosine(left) and NM 283 (right). ....ccoccereeieriiinienieiree e 71
Fig 1.22.Crytal structures for HCV RARP-10HIDILOr. .oovvereeeiiriirierrercrincrnin e seessss s cssraasanessassnens 71
Fig 1.23.Benzimidazoles iNNiDITOr. ......cceveecciiciitiinenrn ettt ettt ses s s s e et s raesn e e 73
Fig 1.24.Phenylalanine based inhibitors Lottt 73
Fig 3.1.Flowchart for strategies in identifying protein designs........cccovvecimenienenncninincne et 97
Fig 3.2.SDS PAGE gl analysis.....cccicieeeeiireiciirntirierie et eeser e ssrestaereesensstesbeeae s bs s snesanessnensesssusassnnonsesres 107
Fig 3.3.Kinetic of DENV 3 RARD...ccirtiiriiir ettt sttt st st s e 111
Fig 3. 4.SDS PAGE 26l 8N8lYSIS....ciicirieieciirtecinecie ettt srecsteeree s resne s s e e ssseee e s e e s sasessnesmeesres 113
Fig 3.5.Schematic representation of the constructs of NS5. ... 115
Fig 3.6.Elisa Assays for NS5-antibody interaction. ..........ccccooiiimeineeinininine et creein s seeneense s 116
Fig 3.7. Western BlOt @nalySiS...c.civiieiiricieiieeniiiirieiiiecreeieseeeesitesesevensereseratesrnseesssesasseassssesssssersnssnressnenernenns 116
Fig 3.8.Sequence alignment analysis of NLS region from DENV 1-DENV 4. ....cocoociivininvnicninnenee 116



ATTENTION: The

f this document. Nanyang Techn University Library

Table of Contents
Fig 3.9.Representative gel filtration analysis for DENV 2 FL NS5 and Fab.......ccccocoveiinncinrinniecceieen e 119
Fig 3.10.Enzymatic activity assays for DENV 2 FL NS5 ... eiesresasesseesien s 120
Fig 3.11.ELISA assays analysis of NS5-NS3 (WNV) interaction. ........ccoeerreniuesniniesensenieiesiescereesneenee 122
Fig 4.1.Flow-chart for strategy to obtain high resolution Structure........cc...ccoccvveviiniiiiiiiecnie e 127
Fig 4.2 Purification profile and SDS PAGE analysis. ... 128
Fig 4.3. Typical crystals obtained during crystal optimization assays. .........cccccceevveeceerreersieesreeeennen. 135
Fig 4.4. Typical Diffraction IMage..........ccccvrriirnieieriiiteiiieeiiet et eereete s sebeeeraee e esbeeesseeseneeseanens 136
Fig 4.5. Typical damaged Crystals..........cooverieiiieiieiiin it erie ettt e v sae b e eae e ers e bssbeesaeaans 144
Fig 5.1.Model for initiation and chain elongation of the ®6 RARp. .......cccovcvevieviciiiire e, 149
Fig 5.2.Conserved interactions between the FMDV RdRp and RNA-template-primers.................... 150
Fig 5.3.FMDV-RARP COMPIEXES. ..c..vrriiiriiiiieiieiitie et eiiit et ee st et s ae s e e aae s s e enneas 151
Fig 5.4.Structure representation of DENV 3 RARP.......ccoooiiiiiiiiiiii e 163
Fig 5.5.Structural based sequence alignment of the flavivirus RdRp domains...........cccecevvererenrennee. 167
Fig 5.6.Catrace Of RARD....ccoioriiiiii e s e s 168
Fig 5.7.Polymerase catalyzed nucleotidyl transfer with two metal ions mechanism. ............ccoceveeene 170
Fig 5.8.Metal ion binding site at the catalytic pocket and allosteric Sife. ..............cc.coevevrrrercrnrennn. 174
Fig 5.9.Superimposition of the DENV 3 RARp complexes. .......ccccoviiiiiiiiiniiiciiiieciie e 175
Fig 5.10.Model for the initiation complex of DENV RARD. ....cc.ooovvviiiiiiiiiiciiicec e 177
Fig 5. 11.A close-up view of de novo initiation model of DENV 3 RARp........ccovvvreiviciiiiennnnn, 178
Fig 5.12.8chematic kinetic for 3Dyq). c.ovoiiiiii 182
Fig 5.13.Nucleotide binding POCKEL. ........cciviiiiiiiie ittt et s sabe s et eeaae s eaneas 184
Fig 5.14.Conserved mechanism for binding a correct nucleotide. .........cccoccevevreiiiniiien e 185
Fig 6. 1.Surface representation for position of putative binding sites on DENV 3 RdRp. ................ 194
Fig 6. 2.Close-up view of kinetic mechanism steps for DENV 3 RARp..........ccoevieiiiviceiiciiiiees 196
Fig 6. 3.A model for the exit of duplex RNA(dsRNA) from DENV 3 RARp.......ccceevvevieiniiniiieenen 198
Fig 6. 4.Replication model for DENV 3 RARP....cooiiiiiiiiiiee et 200
Fig 6. 5.Full length model of DENV NS5, ..ottt et 212
LIST OF TABLES
Table 1.1.A summary of flaviviral structural and nonstructural proteins..........ccccceevvercereecrenceeennenen. 64
Table 2.1.Detail 0f NS5 COMSIIUCES. ...covirtiriiriieiirteiieee ettt se e e s e s e sse s en e sesseansenaees 77
Table 2.2.EXpression CONItIONS ............eiiireeciieiteeiteisieeeetee e eesteete et sreesneeseestesteereastnesssesseesssensnsans 79
Table 2.3. Purification DULLET.........c.occeiiiiriiiieiccie et sa e st er e e e e aneesea e naeens 81
Table 2.4.Crystallization assays CONAItIONS. .........cccceeiieeecieeciiie e e rre et e et e sree et e earee e 82
Table 3.1.5Uummary of EXPreSSION. ......cocviiiiiei ettt ceee ettt e e ree e e er e e et e enreeeensree e easnea e s 100



ATTENTION: The

ical University Library

Table of Contents
Table 3.2.Summary for NS5 related proteins used for functional and structural characterization...... 101
Table 3.3.Characteristic of Fab recognize DENV2 NS5, ... e 113



ATTENTION: The

al University Library

Conference & training course

PUBLICATIONS

Publication related to this thesis:

Yap,T.L#., Xu,T#., Chen,Y.L., Malet,H., Egloff, M.P., Canard,B., Vasudevan,S.G., and Lescar,J. (2007).
Crystal Structure of the Dengue Virus RNA-Dependent RNA Polymerase Catalytic Domain at 1.85-

Angstrom Resolution. J. Virol. 81, 4753-4765.

Yap,T.L., Chen,Y.L., Xu,T., Wen,D., Vasudevan,S.G., and Lescar,J. (2007). A multi-step strategy to
obtain crystals of the dengue virus RNA-dependent RNA polymerase that diffract to high resolution.

Acta Crystallograph. Sect. F. Struct. Biol. Cryst. Commun. 63, 78-83.

Other publications:

Kroschewski,H., Lim,S.P., Butcher,R.E., Yap,T.L., Wright,P.J., Lescar,]., Vasudevan,S., and Davidson,A.D.
(2008). Mutagenesis of the Dengue virus type 2 NS5 methyltransferase domain. J Bio Chem. 28,

19410-19421.

Malet,H., Masse,N., Selisko,B., Romette,JL., Alvarez, K., Guillemot,JC., Tolou,H., Yap,TL., Vasudevan,S.,
Lescar,J., Canard,B. (2008). The Flavivirus polymerase as a target for drug discovery. Antiviral Res. 80

(1),23-35.

Lim, S.P., Wen, D., Yap, T.L., Chung, K.Y, Lescar, J., Vasudevan, S. (2008). A scintillation proximity

assay for dengue virus NS5 2¢-O methyltransferase- kinetic and inihibition analyses. Accepted.

Niyomrattanakit,P., Chen,Y.L., Yap,T.L., Joanne, L.Y.H., Lee,WY., Brooks,A., LescarJ.,, and
Vasudevan,S. (2008). Scintillation proximity assay and biochemical characterization of a recombinant

dengue virus NS5 RNA-dependent RNA polymerase expressed from insect. Manuscript in preparation.

10



ATTENTION: The

ight Act applies to the us

(]

of this document. Nanyang Tech

ical University Library

Conference & training course

CONFERENCE AND TRAINING COURSE

Conferences/ Symposium

1. Symposium on Dengue Fever and Tuberculosis. (Jul 2004). Singapore.
Host by Novartis Institute for Tropical Diseases.

2. 2" Asian Regional Dengue Research Network Meeting. Strategies for Vaccines and
Therapeutics for Dengue and other Flaviviral Diseases. (Sep 28-30, 2005). Singapore.
Poster presentation: Expression, Purification, and Biochemical Characterization of NS5

Dengue Virus Type-2 from Baculovirus system.

3. Joint 3 AOHUPO and Fourth Structural Biology and Functional Genomics Conference.
(Dec 4 -7, 2006). Singapore.

4. 3 Asian Regional Dengue Research Network Meeting. (Aug 22-24, 2007). Taipei,
Taiwan. Scholarship award.
Colloquium presentation: Crystal structure of the Dengue Virus RNA-dependent-RNA

polymerase Catalytic Domain.

Training courses

1. Training Workshop on X-ray Crystallography, in conjunction 3rd international conference

on structural and functional genomics. (Nov 17-21, 2004). Singapore.

2. 2™ Experimental Course in Antibody Phage Technology. (Feb 13 -17, 2006). ETH Zurich,

Switzerland.
3. Hercules (Higher European Research Course for Users of Large Experimental Systems)

Specialized Course 6. Advances and New Applications of Synchrotron Radiation for

Structural Biology. (7-13th Oct 2007). Grenoble, France.

11



4

ATTENTION: The pyright Act applies to the use of this document. Nanyang Tech

ical University Library

Abbreviations

ABBREVIATIONS

3’dGTP: 3’ deoxyguanosine triphosphate
3Dyo: 3D poliovirus

a: alpha

f: beta

y: gamma

aa: amino acid

B-ME: B-mercaptoethanol

BVDV: bovine viral diarrhea virus

CS: complementary sequence

DdDp: DNA-dependent DNA polymerase
DdRp: DNA dependent RNA polymerase
DENV: dengue virus

DF: dengue fever

DHF: dengue hemorrhagic fever
DMSO:dimethyl sulfoxide

dsRNA: double strand RNA

DSS: dengue shock syndrome

DTT: dithiothreitol

E: enzyme

EDTA: ecthylenediaminetetraacetic acid
ER: endoplasmic reticulum

FL: full length

FMDV: Foot Mouth Disease Virus

12



ATTENTION: The

h: hour

HBYV: hepatitis B virus

HCV: hepatitis C virus

HIV-RT: human immunodeficiency reverse transcriptase
IRES: internal ribosomal eniry site
JEV: Japanese encephalitis virus
K: kelvin

Kg4: binding affinity

KF: klenow Fragment

KUNYV: Kunjin virus

MTase: methyl transferase

Min: minute

Mg: magnesium

Mn: manganese

MW: molecular weight

NC: nucleocapsid core

NGC: New Guinea C

NI: nucleoside inhibitors

NLS: nuclear localization signal
NNI: non-nucleoside inhibitors
NS: non structural

PEG: polyethylene glycol

PPi: pyrophosphate

p/t: Primer/template

RdDp: RNA dependent DNA polymerase

13

is document. Nanyang

al University Library

Abbreviations



ATTENTION: The is document. Nanyang

al University Library

Abbreviations

RdRp: RNA dependent RNA polymerase

RF: replication form

RI: replicative intermediate

r.m.s. deviation: root mean square deviation
RT: room temperature

RTPase: RNA triphosphatase

S: substrate

SAM: S-adenosyl-methionine methyltransferase
SDS-PAGE: Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
SL: stem loop

SLA: stem loop A

TBEV: tick-borne encephalitis virus

tp: triphosphate

TGN: Tran Golgi network

TSVOL: Townville O1

UTR: untranslated regions

VP: vesicle packets

WNV: west nile virus

YFV: yellow fever virus

Zn: zinc

14



ATTENTION: The

ight Act applies to the use of this document. Nanyang Tech

ical University Library

®

Chapter 1

ABSTRACT

Dengue fever, a neglected emerging discase for which no vaccine or antiviral agents exist at
present, is caused by dengue virus, a member of the Flavivirus genus. The NS5 protein from
dengue virus (DENV) is bifunctional and contains 900 amino acids. The S-adenosyl
methionine transferase activity resides within its N-terminal domain, and residues 270 to 900
form the RNA-dependent RNA polymerase (RdRp) catalytic domain. Viral replication begins
with the synthesis of minus-strand RNA from the dengue virus positive-strand RNA genome,
which is subsequently used as a template for synthesizing additional plus-strand RNA
genomes. This essential function is catalyzed by the NS5 RdRp and thus the protein
represents an interesting target for the development of specific antiviral compounds.
Therefore, this work set out to investigate the structural basis of DENV RdRp in order to
provide clues to understand the molecular details of its role and function in viral genome
replication. This thesis work presents three aspects of study that consists: (1) the protein
expression strategy and characterization of NS5 polymerase, (2) a multi-step strategy to
obtain crystal of DENV RdRp for high resolution diffraction and soaking studies and (3)
structural insight of the DENV RdRp. To obtain soluble proteins for structural and functional
studies, an extensive array of approaches has been explored, which comprises (1) expression
hosts and conditions, (2) refolding, (3) limited proteolysis and (4) homologous protein
screening. The enzymatic activity shows that the RARp domain is less active than the full
length (FL) NSS5, which is also supported insights from the limited proteolysis experiments
and Fab epitope mapping. The limited proteolysis results indicate that the catalytic domain
RdRp protein adopts a more open and flexible conformation than the FLNS5. Antibody Fab
fragments that were obtained in this study and found to recognize conformational epitope

interacted more weakly with the RdRp domain compared with the FLNS5. Together these
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two approaches imply conformational difference between the RdRp and FLLNS5 that possibly
account for the difference in activity. For structural studies, a very intensive campaign to
crystallize the FL protein has been attempted in this work using proteins expressed from both
insect baculovirus expression system and E.coli expression. NS5 from two different strains
belonging to serotype 2 and WNV were investigated. Complex of NS5 with Fab fragment
and also NS3 were investigated for crystal production. In parallel, truncated constructs
expressing various parts of NS5 were also exhaustively studied with the information gleaned
from limited proteolysis. These studies led to the first successful crystallization of a DENV
RdRp from serotype 3. Initially the crystals diffracted poorly and were markedly improved
by the addition of divalent metal ions and air dehydration, which led to crystals with high
resolution diffraction (1.85 A) thus making it possible to use molecular replacement to solve

the structure.

The structural basis of DENV 3 RdRp shed light on the role and function of the RdRp. The
architecture of the protein assumes the canonical right-hand conformation consisting of
fingers, palm and thumb, which is characteristic of known polymerase structures. The NS5
nuclear localization sequences (NLS), previously thought to fold into a separate domain,
form an integral part of the RdRp subdomains. The structure also reveals the presence of two
zinc ion binding motifs in the fingers and thumb subdomains respectively. In the absence of
a template strand, a chain-terminating nucleoside analogue binds to the priming loop site.
Residues at this site that coordinate the tri-phosphate moiety play critical role in de novo
initiation. Finally, the roles of metal ion in catalysis and fidelity model are highlighted. These
results should inform and accelerate the structure-based design of antiviral compounds

against dengue virus.
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CHAPTER 1

INTRODUCTION

1.0 Dengue- an Emerging Arboviral Disease

In the recent decades many mosquito-bome viruses have became medically important
pathogens that cause diseases in both humans and domestic animals. These diseases have
become broadly classified as emerging infectious diseases (Gubler, 2002b; Mackenzie et al.,
2004). Dengue is a mosquito-borne arboviral (arthropod borne virus) disease, which causes a
wide spectrum of disease symptoms that ranges from an undifferentiated fever to self limiting
dengue fever (DF), or progress to the potentially fatal dengue hemorrhagic fever (DHF) and

dengue shock syndrome (DSS).

The term of arbovirus is an ecological representation that describes viruses which require
blood sucking arthropod for transmission between hosts (Calisher et al., 1981). Arboviruses
are diverse and can be classified into 8 viral families and 14 genera. Most arboviruses of
public heath importance belong to three families: Flaviviridae, Togaviridae, and
Bunyaviradae (Gubler, 2001). Flaviviridae are enveloped viruses with positive-strand RNA
genomes that can be grouped into three genera, hepacivirus (e.g, hepatitis C virus, HCV),
pestivirus (e.g, bovine viral diarrhea virus, BVDV) and flavivirus. Within the genus, the
viruses can be further subdivided into antigenic complexes according to serological criteria,
or into clusters, clades and species on the basis of molecular phylogenetics. Flavivirus genus
contains over 70 viruses, of these ~ 40 are mosquito-borne, 16 are tick-borne and around 18
are classified in the no known vector group (Fig 1.2). Several members of the Flavivirus

genus, e.g., dengue virus (DENV), yellow fever virus (YFV) Japanese encephalitis virus
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(A) World distribution map of dengue and Aedes aegypti in 2005. Orange represents areas

infested with 4. aegypti and red represents areas with 4. aegypti and dengue epidemic activity.

(Adapted from CDC). (B) The epidemic vector dedes aegypti showing the characteristic striated

legs.
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Maximum likelihood (ML) phylogeny of 70 viruses from flavivirus based on the NS5 gene
sequence, classified into tick borne, mosquito borne and no-known vector group. DENV are that

classified under Mosquito borne is highlighted. Adapted from Holmes et al., 2003.

1.1 Epidemiology of Dengue virus

As alluded to briefly, transmission of flaviviruses transmission can be sub-grouped into three
ecological groups- mosquito borne, tick borne and no-known vector (Fig 1.2). Most
flaviviruses are zoonoses that depend on animal hosts for their maintenance in nature.
Humans are usually the dead-end or incidental hosts that do not contribute to the transmission
cycle. However, DENV have adapted to humans for maintenance in the urban environment
(human-mosquito-human transmission cycle). A sylvatic cycle in animal reservoirs involving
mosquito-monkey-mosquito transmission cycle are maintained in the jungles of Africa and
South East Asia (Gubler, 1996; Gubler, 2001). DENV consists of four antigenically related
virus serotypes called DENV-1, DENV-2, DENV-3 and DENV-4 (Zanotto et al.,, 1996).
Although extensive cross reactivity exist among the viruses in serological tests, there is no
cross protection in humans. A person living in an endemic area can have as many as four
infections, one with each serotype during their life span. The DENV are transmitted among
humans by infective female mosquitoes of the genus Aedes. The most efficient dengue
epidemic vector is dedes aegypti. DENV1 was first isolated by Japanese and American
investigators in the Pacific during World War II, respectively (Hotta, 1952; Sabin, 1952).
Later, DENV2 was isolated by Sabin. DENV3 and DENV4 were subsequently isolated in an
epidemic from Philippines and Thailand respectively (Hammon et al., 1960). Since then, no
new serotypes have been documented although the popular press has described serious
outbreaks in Indonesia and other parts of the world as being possibly due to new serotypes.

Dengue epidemics occurred every 10-30 years until World War II. However, after World
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War II, movement of troops and war materials presented ideal conditions for the spread of
DENYV, mosquito and circulation of multiple DENV serotypes (hyperendemicity) in Asian
countries (Henchal and Putnak, 1990; Kautner et al., 1997). The first DHF outbreaks
occurred in Philippine in 1950s and dengue epidemic spread throughout Southeast Asia
within 20 years (Hammon et al., 1960). The disease remained localized in south-cast Asia
throughout 1970s and epidemics occured every 3 to 5 years in hyperendemic areas. By mid
1970s, DHF had become a leading cause of hospitalization and death among children in the
Southeast Asia. In 1980s and 1990s, epidemic DHF spread west to India, Pakistan, Sri Lanka,

the Maldives and east into China from Southeast Asia (Gubler, 1998).

1.2 RNA Virus Replication

The genome of all organisms consists of DNA or RNA and is replicated by enzymes called
polymerases. The process of copying a parental RNA to RNA new daughter RNA is
mediated by enzymes called RNA dependent RNA polymerases (RdRp). This class of
enzyme plays an important role in the evolution and maintenance of a large number of RNA
viruses. Viral RNA replication is a highly error prone process, where typically errors in the
order of 10 are observed (Twiddy et al., 2003). The error-prone mechanism is not only
crucial for replication and but it also serves as an engines to drive viral evolution and genome
variability (Crotty et al., 2001). The RdRp enzymes have crucial functions in genome
replication, mRNA synthesis, RNA recombination and gene silencing for copying RNA
templates into RNA products. RNA viruses are divided into three major classes which are
differentiated by whether the infectious virion particles contain a genome as double strand

RNA (dsRNA), positive strand RNA (+) or negative strand RNA (-). The general
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characteristic of the replication of these three major classes are discussed below and is

summarized diagrammatically in Fig 1.3.

1.2.1 Positive strand RNA viruses

Positive strand RNA viruses form the largest class of RNA viruses. Dengue virus is a
positive-strand RNA virus and its genome is directly infectious, unlike the (-) or dsRNA
viruses. The (+) RNA viruses replicate in the cytoplasm of infected cells within membrane
visicles in a multiprotein complex. Following uncoating, the (+) strand is first translated by
host machinery proteins into viral proteins and then it serves as template for new genomes
replication via a (-) strand RNA that forms an intermediate dsRNA (Fig 1.3). Viral RdRps
act together with other viral and host factors in viral replication. They act as a complex to (1)
select RNA template site initiation and RNA synthesis, (2) differentiate RNA genomic
replication from mRNA transcription, (3) modify RNA products with 5' caps or 3'
polyadenylation and other functions (Lai, 1998). When examined in vitro, most RdRps can
act alone on RNA templates and they display poor substrate/template specificity, that do not
match those observed in vivo (Kao et al., 2001). For example, HCV RdRp has been reported
to use copy back mechanism in vitro but most likely this protein uses de novo initiation in
vivo (Kao et al., 2001). Because of the relative small genome size, many (+) RNA viruses use
both mature and precursor polypeptides or a single protein plays more than one role for RNA
replication (Bedard and Semler, 2004), including the flaviviruses. For example, the prM
glycoprotein precursor of dengue could acts as chaperone for the proper folding of E protein
to form heterodimers efficiciently during infection (see Table 1.1) (Lorenz et al., 2002). In
addition, NS3 protein that contains protease, helicase and NTPase enzymatic activities play

important roles in viral polyprotein processing and viral replication.
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1.2.2 Negative strand RNA Viruses

The most well studied (-) strand RNA virus replication is documented for influenza virus.
Transcription is the first step for (-) strand RNA viruses. The RdRp that is present in the virus
particle is transferred together with the genome into the infected cell, in the form of a
ribonucleoprotein complex (RNP) (Fig 1.3). Concomitantly, RNA replication proceeds with a
(+) strand replication intermediate. The RdRp of (-) strand RNA virus is usually a very large
protein (250 kDa).The naked (-) strand RNA virus genome requires a RNP and associates
with viral structural polyproteins (NP) to function as a template. The NP proteins could
function to melt the secondary structure of the RNA genome so that the bases are exposed to
be read out by RdRp without dissociation from the RNP and also to encapsidate the newly
synthesized RNA into RNP (Baudin et al., 1994). The RNP is usually in helical conformation
due to NP-NP interaction (Ruigrok and Baudin, 1995). For influenza virus, the specific
binding of the RdRp to the terminal RNA sequences induces a circular or superhelical
conformation. In addition, in (-) strand RNA viruses, the phosphoprotein (P) is pivotal for
RNA replication. It interacts with the polymerase and presents in the forms of tetramers to
mediate its binding to RNP template (Tarbouriech et al, 2000). Compared to (+) RNA
viruses, structural information is limited for (-) strand RNA viruses. A model for polymerase
complex of influenza virus has been reconstructed based on data from cryo-electron

microscopy (Area et al., 2004).

1.2.3 Double stranded RNA viruses

Rotavirus is one of the most well known dsRNA virus. Generally, the genome of dsRNA
viruses can be monopartite or divided into fragments (Fig 1.3). The infectious rotavirus
particle is made up of three concentric layers of protein and contains a genome consisting of

segmented double stranded RNA. Upon infection, RNA polymerases associated with double-
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strand RNA genome requires RNP that is associated with viral proteins. The viral proteins cause
the RNP to adopt the helical or circular conformation. (C) The infectious rotavirus particle make
up of three layers of protein that contains a genome of segmented dsRNA. Upon infection, the
rotavirus virions loose its outer to form a double layer particle (DLP) that serves as transcriptase
for genome transcription. The capped mRNAs are released into the cytoplasm through channels at
the vertices of the DLPs, which could serve as template for the synthesis of new dsRNA. Host
proteins (HP), viral proteins (VP), ribonucleoprotein (RNP) and virus particles without outer

layer (OLP). Adapted from Ortin et al., 2006.

1.2.4 Host Factors in RNA Replication

There is mounting evidence to support the interaction between host cellular proteins and viral
RdRp or with the replication complex. Some of these identified host proteins may modulate
the protein-RNA or RNA-RNA interactions. For example, host proteins that were identified
from poliovirus and Qb infected cells can alter the secondary structure of RNA to promote
RNA binding to replicase (van Dijk et al, 2004). A ribosomal component EF1-o was
identified to interact with 3Dpol (poliovirus) and 5' of viral RNA for efficient RNA-RdRp
binding (Harris et al., 1994) whereas a subunit of the eukaryotic initiation factor 3 (EIF-3)
was identified to modulate the activity of brome mosaic virus (BMV) RdRp (Quadt et al.,
1993). In Flaviviridae, two cellular proteins have been identified that play a role in HCV
viral replication, these proteins are (1) geranylgeranylated FBL2 protein that binds to NS5A,
a virus encoded phosphoprotein (Wang et al., 2005) and (2) cyclophilin which is a peptidyl-
prolyl-cis-trans isomerase that binds to the replicase, NS5B (Watashi et al., 2005). Inhibitions
of these two proteins have been shown to be detrimental to viral replication (Wang et al,,
2005; Watashi et al., 2005). Other examples include the human nucleolar protein, nucleolin,

that was reported to bind HCV NS5 RdRp and able to transport HCV NS5 RdRp into the
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nucleus and inhibits its catalytic activity (Shimakami et al., 2006). In DENV, the human La
autoantigen was found to interact with NS3, NS5, 5' and 3'UTR of the positive strand RNA

and the 3'UTR of the negative strand RNA (Garcia-Montalvo et al., 2004).

1.3 Viral Replication induces membrane rearrangement

For many (+) RNA viruses including flaviviruses replication occurs in association with 50-
70nm diameter membranous vesicles or spherules (Schwartz et al., 2004). The spherules are
formed in the lumen of specific secretory compartments, endosomes, mitochondria
endoplasmic reticulum (ER) and other organelles which contain the replication complex. The
site for spherule formation and membrane rearrangements varies in different (+) RNA viruses
(Ahlquist et al., 2003; Westaway et al., 1997b). Flavivirus replication factors and double
stranded RNA replication intermediates colocalize in a vesicle packet of 50-100 nm that are
enclosed in a second membrane layer (Westaway et al, 1997b) whilst coronaviruses
replication is associated with clusters of 150-300 nm of double layered membrane vesicles

(Egger et al., 1996).

Membrane rearrangements associated with (+) strand RNA virus replication has been shown
in the BMV. BMV could encode 2 viral replication factor proteins that direct viral RNA
replication. Viral replication factor la (pro la) contains a helicase and MTase enzymatic
activity whereas viral replication factor 2a (pro 2a) contains a central polymerase domain
(Chen and Ahlquist, 2000). Pro la localizes to outher perinuclear ER membranes where it
induces membrane lipid synthesis and vesicular invagination that serves as compartment for
RNA replication (Chen and Ahlquist, 2000). Subsequently, pro la recruits viral RNA
templates and pro 2a to the compartments. The authors show that the balance of the BMV

replication factors 1a and pro 2a could modulate the structure of membrane rearrangements.
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The presence of high levels of pro 2a protein could shift the membrane rearrangements
associated with RNA replication from small invaginated spherules to large, karmellae-like
and multilayer stacks of appressed double membranes that support RNA replication as
efficiently as spherules (Schwartz et al., 2004). In contrast, spherules were induced by the
presence of pro 1a only. Interestingly, Flavivirus RNA replication also localizes to packet of
50-100 nm vesicles surrounded by a second membrane, including DENV (Westaway et al.,
1997b). These flaviviruses vesicle packets appear similar to spherules invaginated into ER or
mitochondrial lumens induced by BMV infection as observed in an EM study. Therefore, the
double membrane rearrangement of ER in BMV that is associated with RNA replication may
represent related structures formed by similar protein-protein and protein-membrane

interactions in other (+) strand RNA viruses replication (Schwartz et al., 2004).

Recently, the same group of authors also revealed a 3 dimensional model of mini organelle
induced by flock house virus (FHV) replication that was reconstructed from EM tomography
(EMT) (Kopek et al., 2007) (Fig 1.4). The FHV contains only the FHV RNA replication
factor (protein A) and replication occurs at mitochondrial membranes (Fig 1.4). The results
show that the newly synthesized FHV RNA and single FHV RNA replication factor localized
in the specific membrane vesicles which is inside the outer mitochondrial membrane. A
similar observation was also made in flavivirus replication (Kopek et al., 2007). The EMT
image shows that each vesicle is connected to the cytoplasm by a single necked channel that
able to import ribonucleotide substrates and export RNA product. With these observations,
the authors proposed that these vesicles function as replication compartments which protect

RNA from competing activate cycle and host defenses.

27



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



ATTENTION: The

ight Act applies to the us:

®

of this document. Nanyang Tech

ical University Library

Chapter 1

1.4 Molecular biology of dengue virus

Flaviviruses are small enveloped positive-strand RNA viruses with a diameter of ~ 50-100
nm (Fig 1.5). The virus particle consists of a poorly ordered cage like nucleocapsid. This
nucleocapsid is surrounded by a 40 A lipid bilayer and is anchored with the membrane (M)
and envelope (E) proteins (Fig 1.5). The viral RNA genome is housed within a cage that

comprises multiple copies of the capsid protein (C).

The RNA genome of flavivirus is approximately ~11 kb in length and contains an open
reading frame that encodes a single polyprotein precursor (Fig 1.6) (Coia et al., 1988). The 5'
and 3' untranslated regions (UTR) are ~ 90-130 and 430-760 nucleotides (nt) long,
respectively. Both of these 5' and 3' UTRs contain RNA elements that act like promoters that
are essential for the efficient translation and replication of the flavivirus genome (You and
Padmanabhan, 1999; Chen et al., 1997). At the 5' end, flavivirus RNA contains a type 1 cap
structure (m’G'pppA™p ) and the 3' end terminates with a CUqy. This is in contrast to the
hepaci and pestiviruses which contain polyadenylated tail at the 3'end and internal ribosomal

entry site (IRES) at the 5' end, respectively (Lindenbach and Rice, 2003).

Translation of the flavivirus genome results in the production of a polyprotein precursor (~34
00 amino acids) (Fig 1.6). The polyprotein is co- and post-translationally processed by viral
and host cellular proteases to yield 10 mature viral proteins: three structural proteins
comprising of capsid (C), premembrane (prM)/membrane (M), envelope (E) and seven
nonstructural proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 (Table 1.1). The C,
M and E proteins makeup the virus particle with M and E proteins forming the virus coat and
the capsid protein, involved with packaging of the viral genome and forming the

nucleocapsid core (NC). The NS proteins are assumed to be involved primarily in the
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1.4.1 Flavivirus Replication Cycle

1.4.1.1 Entry and uncoating

Flavivirus particle enters host cells via the interaction between the viral E/prM of surface
glycoproteins and cellular receptors, which then triggers a process called receptor mediated
endocytosis (Fig 1.7) (Lindenbach and Rice, 2003). The primary receptors that have been
identified for DENV vary dependent on the target cells which include the Fcy receptors of
macrophages and monocytes, DC-SIGN of dendritic-cell-specific (ICAM-grabbing non-
integrin), GRP78/Bip (ghicose-regulating protein 78) and lipopolysaccharide CD14
associated molecules (Navarro-Sanchez et al., 2003). Other putative DENV receptors that
have been reported are glycosaminoglycans (GAGS) and heparin sulfate (Hung et al., 1999;
Martinez-Barragan and del Angel, 2001; Lin et al., 2002b; Lee and Lobigs, 2000). These

receptors are also required for infection in mammalian cells.

Following endocytosis, the RNA genome is released into cytoplasm of the host cell through
fusion of the viral envelope with the host cell endosomal membrane. This process is mediated
by the E protein and its fusion peptide (Allison et al., 1995; Rey et al., 1995). First, the
homodimeric E protein binds to a receptor and is internalized in the endosome. Second, the
conformational change causes the virus in an open form and thereby exposes the fusion
peptide, bringing the endosomal and viral membranes into close proximity and enables the
formation of homotrimeric E protein. This step allows the insertion of virus into host cell
membrane and subsequently is followed by the change of E protein into monomers (Modis et
al., 2003). The virus particle is then disassembled by explusion of nucleocapsid into the

cytoplasm.
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1.4.1.2 Translation and processing

Once the positive single stranded RNA is uncoated and released into cytoplasm, the 5' UTR
directs the RNA to the ribosomes, where the viral RNA is translated by into single
polyprotein that is co- and post-translationally processed by viral and host proteases into at
least 10 proteins (Fig 1.6 & 1.7). The cleavage at C/pr-M, prM/E, E/NS1 and the C terminal
0f NS4A in the lumen of ER reportedly are generated by host signal peptidase. This cleavage
releases prM, E and NS1 which undergo post-translational modifications in the ER lumen as
they move through the secretory pathway. The majority of the C terminal is mainly composed
of NS proteins (NS2A/NS2B, NS2B/3, NS3/NS4A, NS4A/NS4B, and NS4B/NS5) that are
generated by cleavage mediated by the NS2A/NS3 protease (Brinton, 2002). The NS2B/NS3
protease also cleaves the nascent C protein, thereby releasing its C terminal hydrophobic
domain which functions as a signal peptide for translocation of prM into the ER lumen to

produce mature C (Amberg et al., 1994).

1.4.1.3 RNA replication

In the replication complex model, it is assumed that the consensus components NS3, NS2A,
NS4A, and NS1 assemble with NS5 near the conserved 3'terminal stem loop when translation
of the (+)RNA in cis is completed (Westaway et al., 2003). This is followed by the
circularization of the complementary sequence (CS) at the 5' and 3' terminal stem loops and
the NS proteins that make up the replication complex assembled at the 3’ terminal. Viral
replication is catalyzed within a replication complex that comprises (1) NS5, the RNA
dependent RNA polymerase and methyl transferase (MTase), (2) NS3, the viral RNA
helicase and protease that is needed for unwinding the replicative form, RF (dsRNA) and also
for processing viral polyprotein and (3) other host factors (Bartholomeusz and Wright, 1993;

Mackenzie et al., 1998; Nova-Ocampo et al., 2002). The replication complex is believed to be
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tethered to the membrane by NS4A, an integral membrane protein. The viral replication
occurs within the induced perinuclear vesicles called vesicle packets (VP) that reside in Tran

Golgi network (TGN).

The first step is that a negative RNA strand is synthesized from the positive RNA genome to
form the double stranded RNA, known as the Replication Form (RF) (Chu and Westaway,
1985; Chu and Westaway, 1987). The RF is the template for asymmetric and semi-
conservative RNA synthesis which results in the formation of the replicative intermediate (RI)
with the nascent single stranded RNA tails. Upon completion of strand synthesis, the tail of
RI is resolved to generate single stranded (+) RNA and a RF. The positive strand synthesis is
reportedly 10 times more efficient than that of negative strands (Chu and Westaway, 1985).
Recently Uchil et al., 2006 described the architecture of the flaviviral replication complex
(Uchil et al., 2006). They have shown that a double membrane compartment encloses the RF
of DENV, WNV and JEV. The authors also demonstrated that the newly synthesized viral

genomic RNA associated VP are oriented outwards with the RF located inside the vesicles.

1.4.1.4 Assembly and Release

After replication, the viral genome is encapsulated by C and transferred to the ER (Fig 1.7).
The nucleocapsid is processed in ER and enveloped with a lipid bilayer. The E and prtM
forms heterodimer that binds nucleocapsid and promotes the viral assembly. In addition, role
of the NS proteins in viral assembly have been reported. Mutation in NS2A of YFV was
shown detrimental to viral assembly (Kummerer and Rice, 2002). Similarly, NS3 is proposed
to link RNA and structural proteins during assembly (Liu et al., 2002). Viral assembly that

occurs in the ER leads to the formation of immature virions and are subsequently transported
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to TGN (Fig 1.7). In TGN, the maturation of virion occurs prior to release the viral particles

through exocytosis.

1.5. NS5- A Multifunctional Protein

NS5, the main focus in this work, is the largest of the DENV proteins with a molecular mass
of 104 kDa (Fig 1.8). Sharing a minimum of 70% amino acid sequence identity across the
four DENYV serotypes, NS5 is the most conserved viral protein. It has many critical functions
including replication, capping of the RN A, and possibly host cell gene regulation. Based on
structural and biochemical studies, three functional domains have been identified in NS5 (Fig
1.8). The N-terminal S-adenosyl-methionine methyltransferase (SAM) domain of several
flavivirus, spanning ~ 300 amino acids (Koonin, 1993), has been expressed as a soluble
active RNA capping enzyme (Fig 1.8) (Egloff et al., 2002). RNA capping is a process that
involves RNA triphosphatase (hydrolyze 5' RNA to a diphosphate end; NS3 has been
suggested to carry RTPase activity) (Lindenbach and Rice, 2003), an unidentified
guanylyltransferase (cap RNA with GMP), RNA guanine-methyltransferase (methylate at the
N-7 position of guanine) and 2'-O methyltransferase, 2'-O MTase (methylate at the ribose 2'-
OH). A central S-adenosyl-methionine-dependent methyltransferase (MTase) core structure
sits within a “cradle”, shaped by N-terminal and C-terminal sub-domains (Egloff et al., 2002).
Recent studies demonstrate that the active site of MTase of several flavivirus (DENV and
WNV) is able to conduct both guanine N-7 and ribose 2'-O methylations with different
mechanism, despite the fact that MTase crystal structures (WNV and DENV-2) only
displayed a single substrate binding site for S-adenosyl-L-methionine (Adomet) as the methyl
donor (Fig. 1.9) (Egloff et al., 2002; Ray et al., 2006). These two methylation events are
required for proper formation of the cap structure, which is recognized by the host cell

translational machinery.
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Forwood et al., 1999 were the first to demonstrate that a 37-amino acid interdomain (residues
369-405) of DENV 2 NS5, which lies between the MTase and RdRp domains contains a
nuclear localization signal (NLS). This NLS region is able to target 8-galactosidase (a large
cytoplasmic protein that is usually excluded from the nucleus by its size) to the nucleus,
indicating that the same site contains signal responsible for NS5 nuclear localization (Fig
1.10) (Forwood et al., 1999). A putative protein kinase CK2 phosphorylation site within the
NLS region was also discovered. Furthermore a CK2-phosphorylated NS5 was found to
inhibit NS5 nuclear localization (Fig 1.10), suggesting that the nuclear transportation is also
modulated by a cytoplasmic retention mechanism (Brooks et al., 2002). Two nuclear
localization sequences (NLS) between amino acid residues 320-405 (b-NLS: 320-368 and ab-
NLS: 369-405) of NS5 was mapped out using Y2H system. The b-NLS and ab-NLS were
reported to interact with importin 8 and importin o3, respectively (Brooks et al., 2002) (Fig
1.10). Mutational studies on ab-NLS revealed that K387/K388/K389 changes to alanine
impaired NS5 nuclear accumulation and virus production. This implies that NS5 nuclear
localization via phosphorylation play a critical role in viral replication (Pryor et al., 2007;
Hanley et al., 2002; Brooks et al., 2002). In addition, the NLS signals were shown to be able
to recognize cellular factors for nuclear transport. The precise role of the nuclear

translocation event and its role in dengue pathogenesis is still not clear.

Interestingly, a segment of 20 amino-acids that is strictly conserved in all flaviviruses also
lies between amino acid residues 320-368 of NS5. This region of NS5, which is involved in
binding importin 3, is also thought to interact with NS3 (Fig 1.10). The association between
NS5 and NS3 is expected to modulate their respective enzymatic activities. Indeed, NS5 was
reported to stimulate the nucleotide triphosphatase (NTPase) and RNA triphosphatase

(RTPase) activities of NS3 (Yon et al., 2005). Recently, Uchil et al.,, 2006 presented the
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1.6 An Unified Polymerase Mechanism

Despite the structural variations across the four polymerase families (see section 1.8), all
polymerases share a common polymerization mechanism (Fig 1.11). The polymerase enzyme
(E) binds template/primer (p/t) to form the E-p/t complex (step 1). The substrate then binds
the E-p/t complex to form E-p/t-S complex (step 2), which is a rate limiting step, before
convertion to an activated complex E'-p/t-S (step 3). The rate limiting step is believed to be
caused by the conformational change that polymerase undergoes, but this may not true for all
viral RdRps. After this, phosphodiester bond between the growing chain and the incoming
nucleotide substrate occurs via the nucleophilic attack by the 3'-OH group of the primer
terminus on the a-phosphate of incoming substrate (step 4). The polymerase is thought to
undergo a second conformational change that leads to the release of the leaving group
pyrophosphate (PPi). The enzyme can then dissociate from the E-p/t or translocate the
substrate to form a new 3' terminus for a new round of incorporation. Functional
characterization of the T7 and Klenow fragment polymerases revealed that step 3 and 4 are
crucial for fidelity, by reduction in step 3 (formation of activated complex E'-p/t-S) and
phosphodiester bond formation (Wong et al., 1991). These steps are mechanistic processes
that allow protein motion in response to polymerization, protein-protein or protein/RNA or

protein DNA interactions.

1.6.1 Viral RNA-dependent RNA polymerization

RNA synthesis initiation can be either through de novo or primer dependent process (Fig
1.12). Nucleotides at the 3’ end of template are denoted as T1, T2,..., in the 3'-5' direction.
The newly synthesized nucleotides are denoted as D1, D2... in the 5'-3' direction, where D1
base pairs with T1 and so on. The D1 nucleotide is also referred to as the initiation nucleotide

(NTPi) and D2 is referred as NTPi +1. Biochemical analysis revealed that GTP is preferred
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as the D1 nucleotide for RdRps of flaviviruses even though adenine is the first nucleotide of

both (+) and (-) strand of flavivirus RNA (Selisko et al., 2006).

1.6.1.1 De novo initiation

Viruses that belong to (+), (-) or double stranded RNA classes can initiate de novo replication.
De novo initiation requires the following components for replication (1) the RdRp, (2) the
RNA template, (3) the initiation nucleotide (D1 or NTP1i, usually either a GTP or ATP) and
(4) the second nucleotide (D2 or NTPi +1)(Dreher, 1999; Ball, 1995). The first
phosphodiester bond is formed between D1 and D2, of which the D1 provides the 3' hydroxyl
for the addition of new nucleotide. Kinetic analysis revealed that HCV RdRp has higher K,
for the NTP1 than for the following of that NTP +1. The initiation machine is thought as a
stable complex that is needed to regulate accurate positioning of the nucleotide. In the de
novo initiation, no genetic information is lost and no additional enzymes from host or virus
are required to synthesize or cleave a primer during the replication (van Dijk et al., 2004).
Elongation is the immediate next step after the de novo initiation. However, abortive
initiation can occur in some cases. After the short RNA oligonucleotides is synthesized, it can
be used to serves as primer for the next replication cycle or replace the D1 in vitro (van Dijk

et al., 2004). Most of the flaviviruses RdRp are believed to conduct de novo initiation in vivo.

1.6.1.2 Primer dependent initiation

Some viruses use a primer for initiation of polymerization. The primer can be classified as (1)
protein primers where the hydroxyl group of the amino acid forms a phosphodiester bond
with the D1, as seen in the Foot Mouth Disease Virus (FMDV) RdRp template-primer
complex structure (Ferrer-Orta et al., 2006a), (2) oligonucleotides that are cleaved from the 5'

end of a capped cellular mRNA, as used by many negative strand RNA viruses (Hagen et al.,
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1995), (3) a short RNA primer that is derived from abortive initiation process (Mcclure, 1985)
and (4) the 3' end of the template folds back to be a primer, also known as copy back
mechanism (Fig 1.12) (Laurila et al., 2002). However, back priming that is also observed in

HCV, BVDV and DENV RdRp and this could be an artifact of in vitro system.

Recently, the structure of FMDV RdRp-protein primer (vPg) has been determined, as an
example of protein-primers dependent enzyme (Ferrer-Orta et al., 2006a). The protein primer
(vPg) is linked to the 5' end of the viral genome and viral RdRp can catalyzes the
nucleotidylation of vPg in the presence of RNA template. In addition, RdRps of poliovirus or
calicivirus are those that use oligonucleotide primer dependent initiation. This structural
feature that enables the calicivirus and poliovirus RdRps to carry out the primer dependent
initiation without the use of 8-hairpin adjacent to the active site. In contrast, a 8-hairpin is
observed in the case of HCV (or priming loop in DENV and WNV). This 8-hairpin is thought

to occupy the active site and occlude the primer binding space.

1.6.1.3 Dengue RdRp Initiation

Several studies have focused on the detailed characterization of DENV RdRp. Replicase
isolated from the viral infected cell culture has been shown to be active on the subgenomic
particles (770 nucleotide RNA template), which contains both the 5' and 3' UTR (You and
Padmanabhan, 1999). A product (1X) that is the same size as the template was produced,
through the de novo itiation mechanism. A product (2X) the size of the template was also
shown. This product is a hairpin RNA that contains twice the size of template, presumably
derived by copy back mechanism. The results suggest that the viral replicase could perform
both de novo and primer dependent initiation in vitro. Interestingly, purified FL NS5 also

resulted in a similar observation, without other replication complex components such as NS3.
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Recently, Selisko et al., 2006 also showed that DENV RdRp is active both on specific
heteropolymeric and homopolymeric templates and MTase domain does not interfere with
the polymerase activity (RdRp v.s FL DENV) (Selisko et al., 2006). In kinetic assays, the 5'
and 3' terminal regions which comprise the 5' UTR, 3' stem-loop structure, 5' and 3'
cyclization motif were shown to be essential in the long range interaction for viral replication.
These elements are thought to be important for minus-strand RNA synthesis modulation,
which is also observed in Kunjin virus (KUNV). In addition, mutational analysis further
shows that mutated dinucleotide CU (U to C) at 3'end reduces the activity drastically whereas
mutation on the penultimate (C to U) did not affect the template activity (Nomaguchi et al.,
2003). A model was proposed by the authors where the active site of RdRp switches from a
"closed" conformation during de novo initiation to an open conformation for elongation of a

double stranded template primer.

In a separate study, lower temperatures were found to promote de novo RNA replication and
higher temperatures appear to favor the copy back products (Ackermann and Padmanabhan,
2001). A high concentration of GTP is also required for the formation of RdRp de novo
initiation complex, regardless of the template sequence within the first 6 nucleotides from the
3' end. For all flaviviruses, GTP is the second incorporated nucleotide during positive or
negative RNA synthesis. Two hypothesis for the potential role of GTP role were discussed (1)
GTP is actually the initiating nucleotide for negative strand synthesis or (2) GTP has putative
allosteric binding site to allow the enzyme to adopt closed conformation for de novo

mitiation (Selisko et al., 20006).
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Fig 1.11 Kinetic model for nucleotide incorporation.
A model shared by all polymerase. See text for details. Enzyme (E), template/primer (p/t),
substrate (NTP), pyrophosphate (ppi). The formation of activated complex E’-p/t-S (step 3) and

phosphodiester bond formation (step 4) is believed to be the rate limiting step due to polymerase

conformational change.
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Fig 1.12.Schematic view of initiation mechanisms of viral RdRp.

(A) De novo initiation. (i) From the 3'termnial of the viral genome (ii) internal to the template
during subgenomic synthesis. (B) Primer dependent initiation. (iii)) Primer can be a
oligonucleotide, protein primer or a capped primer. (iv) Copy mechanism or back-priming with

the 3' terminal folding back. Adapted from van Dijk et al., 2004.
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1.7 Role of 5' and 3' UTR in viral replication

5' unstranslated region (UTR) is ~100 nucleotide long, which is located at the 5' terminal
RNA. The 5'UTR is conserved in the RNA of all four DENV serotypes but not in the
flaviviruses (Brinton and Dispoto, 1988). 5' UTR has a cap structure at the 5' end. Deletion
studies on this region of DENV4 show the derivative impairs viral replication (Cahour et al.,
1995). The 3' UTR is longer than 5'UTR and contains ~450 nucleotides. The 3' UTR lack a
poly (A) tail and ends in a very conserved 3' stem-loop (3'SL) in many flaviviruses. This 3'SL
is thought as a common characteristic that is required for viral replication (Brinton et al.,
1986; Zeng et al., 1998). The WNV 3' UTR has been shown to interact with translation
elongation factor, EF-la, but its biological role remains unclear (Chen et al., 1997).
Furthermore, 3' UTR of JEV viral RNA has also been shown to interact with NS3 and NS5
(Chen et al., 1997). Upstream of the 3'SL, there is an essential RNA element for viral
replication-conserved sequence (Men et al., 1996). This element contains a complementary
sequence CS (3' CS) that is complementary to a sequence at the 5' end (5' CS) and present in
all mosquito borne flavivirus genomes (Hahn et al., 1987). RNA-RNA interactions in the 5'-3'
long range have been shown to be necessary for RNA replication of WNV, KUNV, DV and
YFV (Hahn et al., 1987; Khromykh et al., 2001a; Corver et al., 2003; Alvarez et al., 2005).
The base pairing of 5'-3' CS of KUNV was shown to be feasible from the computational
thermodynamic analysis (Khromykh et al., 2003). This is further supported by effective RNA

synthesis only in the presence of both 5' and 3' CS in DENV replication (You et al., 2001b).

Mutational analysis on 5' or 3' CS has been conducted using KUNV virus replicon. The
mutant resulted in the abolishment of RNA amplification, due to loss of complementarity
between 5' and 3' CS (Khromykh et al., 2001a). Reconstitution of the base pairing could

restore viral replication, suggesting a functional role for 5'-3' end interaction in the viral
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(A) Visualization of RNA-NS5 RdRp interaction by AFM. (i) A representative RNA molecule in
a circular conformation, flanked with 5' and 3' ends. (ii) A representative image of NS5 RdRp. (iii)
A representative image shows NS5 RdRp bound to RNA. (B) Model for DENV negative strand
RNA synthesis. The 5'-3' UAR and 5'-3' CS circularize the viral genome and NS5 RdRp binds to
SLA region. Long-range RNA-RNA interaction enables NS5 RdRp be transferred to the 3' end of

the genome for replication. Adapted from (Filomatori et al., 2006).

1.8 Structural and Functional Insight into Polymerase

Nucleotide polymerasing enzyme is the key player in catalyzing the formation of
polynucleotide sequences. Polymerases use either single stranded or double stranded genome
as a template in a processive manner (fast or slow) to produce daughter nucleic acid with
high fidelity, depending on the nature of the polymerase. Recently, RNA polymerase (Pol) 1I,
a DNA-dependent RNA polymerase (DdRp), was shown to possess RdRp activity (Lehmann
et al., 2007). In this case, Pol II is slower and less processive than DNA-dependent activity.
The RdRp activity of Pol II provides a missing link that Pol II evolved from an ancient
replicase that duplicated RNA genomes. In a different study, dynamic interaction between
helicase and polymerase was also reported to promote processivity in T7 bacteriophage (gp5)
(Hamdan et al., 2007), besides its original gp5 processivity on DNA polymerization that
increased by thioredoxin (trx) (Tabor et al, 1987). A single copy of these proteins
(polymerase + helicase) could process more than 17, 000 nucleotides (Hamdan et al., 2007),
compared to an average 700 nucleotides processivity of gp5/trx (Wuite et al.,, 2000). In
addition, E.coli DNA polymerase III has a clamp-loading machine for processivity (Indiani
and O'Donnell, 2006). The ring-shaped protein forms a sliding clamp that tethers DNA
polymerase to the DNA template, thereby enabling the rapid and processive synthesis of both

leading and lagging strands at the replication fork. The sliding-clamp protein is loaded on
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DNA by a multiprotein clamp-loader complex. In contrast, viral RdRps are error prone
during viral replication and hence have a lower fidelity than those of DNA polymerase, due

to either the lack of proofreading exonuclease that exist in DNA polymerase.

Polymerases can be sub-classified into four families (O'Reilly and Kao, 1998) (Fig 1.14). The
first family 1s DNA-dependent DNA polymerase (DdDp). A representative is Klenow
Fragment (KF) of E.coli DNA polymerase I (68 kDa), a monomer that contains a separate
structural domain for 3'-5' proofreading exonuclease. The DdDp family can be further sub
classified into polymerase o and 3 (Steitz, 1999). The second family is DNA dependent RNA
polymerase (DdRp). This class of protein is represented by T7 RNA polymerase (T7 Pro), a
99 kDa monomeric RNA polymerase from bacteriophage and contains 300 amino acids at the
N terminal that folds as a separate domain and is involved in RNA synthesis (Joyce and
Steitz, 1995) (Fig 1.14). The third family is RNA dependent DNA polymerase (RdDp),
represented by human immunodeficiency reverse transcriptase (HIV RT). This first subunit
(66 kDa) of the enzyme is a heterodimer that comprises a polymerase domain and RNase H
enzymatic activities on a separate domain. The second subunit (51 kDa) folds into a separate
domain and interacts with tRNA which is used as primer for reverse transcription (Joyce and
Steitz, 1995) (Fig 1.14). The fourth family is RNA dependent RNA polymerase (RdRp),
represented by 3D poliovirus (3Dp1). This polymerase family can be further differentiated by
the mechanism of viral replication initiation (de novo vs. primer dependent) and their
respective genus. RdRps are the catalytic component in the viral genome replication
machinery. Viral RdRps have "closed hand" conformation, compared to the "open-handed"
or U shaped observed in other polymerases (Ferrer-Orta et al., 2006b) (Fig 1.14). The
overview of polymerase structure focusess on RdRp (below) because of the three other

families of polymerases are not homologous to the RdRps. Nevertheless, the overall shape of
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represented in light blue. PDB code for respective structures are 1IKLN (KF), 1T7P (T7 POL),

1J50 (HIV-RT) and 1TQL (poliovirus).

1.8.1 Template binding- the fingers subdomains

In viral RdRps, $6 RdRp replication initiation complex (Butcher et al., 2001) and reovirus
RdRp (Tao et al, 2002) represent the dsSRNA RdRp. These structures show specialized
features to facilitate dSRNA strand replication and strand unwinding to feed the correct strand
into the active site for the initiation of RNA synthesis. Four reovirus polymerases form a cage
like structure that has four channels leading to the active site. Each individual polymerase
core unit is surrounded by its N and C-terminal (Fig 1.15), as observed in the crystal structure.
In addition, a 5' RNA cap binding site is located between the entrance and exit tunnels of
template. The unique binding location suggests that the attachment of the 5' end of
nontemplate strand may facilitates the reinitiation of the 3' end template as it enters into the
template tunnel (Tao et al., 2002). The $6 RdRp initiation complex is discussed in more

detail in chapter 5.

In HCV NS5B-RNA template complex (O'Farrell et al., 2003) or FMDV 3D-Pol-template
primer complex (Fig 1.16) (Ferrer-Orta et al., 2004), which represent the ssSRNA RdRp, a
well defined template entry tunnel in the fingers subdomain towards the active site is
disclosed by the structure. In addition, the MTase domain that functions as the 5' capping
enzyme at the N terminal of the RdRps distinguishes the flaviviruses RdRps from other
polymerases. The MTase and RdRp is synthesized as single polypeptides in the form of full
length gene product called NS5 (Egloff et al., 2002; Koonin, 1991). Unlike HIV RT or KF,
editing exonuclease is absent in viral RdRps. MTase is also absent in pestivirus (BVDV) or

hepacivirus (HCV). In HCV (hepacivirus), NS5 region comprises the NS5A phosphoprotein
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that is involved in regulating replication. These HCV proteins were shown to be translated as
individual protein respectively. The BVDV RdRp has an N terminal region that fold into a
separate domain. This N domain protein is located over the thumb and interacts with the
fingertips through a §-hairpin motif (Choi et al., 2006) (Fig 1.17). A potential role has been
proposed for the highly positive charged hairpin motif that points toward the template tunnel-
to unwind RNA hairpin secondary structures before the single strand RNA template enters
the active site (Choi et al., 2006). Likewise such positively charged motif is also observed in

HCV, RHDV or RdRps belonging picornavirus genus (Bruenn, 2003).

The NLS domain signature at the N terminal of DENV and WNV polymerase domain is also
unique to the flavivirus RdRp. The NLS domains form the fingertips (for the bNLS) that
provide flexible movement between the domains (Yap et al, 2007) (see chapter 5). The
unique NLS sequences are not present either in HCV or BVDV polymerases. Nevertheless,
similar fingertips exist in almost all viral RdRps under the genus of pestivirus, hepacivirus,
calicivirus or ®6 bacteriophage polymerase. This special structural feature gives a more
spherical and compact appearance to the RdRp, as opposed to a more open and less
constrained structure for DNA polymerases. In addition, a motif (motif F) in the fingers
domain that was suggested to play an important role in stabilizing the nascent base pair is

uniquely present in viral RdRps.

1.8.2 The substrate binding site - Thumb domain
In RdRp, the thumb domain is the most diverse feature among all the known viral RdRps.
The thumb domain of Flaviviridae RdRps (such as BVDV) contains 2 times more residues

than that of Picornaviridae RdRps and is larger than the thumb domain of other viral RdRps

(Fig 1.17). The thumb domain of Flaviviridae RdRps has a 8-thumb region (present in BVDV)
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or B-hairpin (present in HCV) or priming loop (in DENV and WNV) protrudes from the
thumb into the active site that reduces the template channel volume and thus may allows only
ssRNA access to the active site during initiation (Fig 1.17). The enzyme RdRp of $6 and
HCYV that use de novo initiation contains C-terminal region that folds into the cavity of the
active site (Fig 1.16 & 1.17) (Butcher et al., 2001). The C-terminal folding feature is absent
in flavivirus RdRps. In contrast, poliovirus and calicivirus RdRp that use primer dependent
initiation lack the 8- hairpin or priming loop or C terminal folds to activate and thus have
wider template tunnel to accommodate a template-primer complex for initiation [see chapter
5] (Fig 1.17) (Ferrer-Orta et al., 2006b). All known viral RdRp structures so far resolved
have a small positively charged tunnel on the back side of the thumb, which may serves as
nucleotide diffusion tunnel (Bressanelli et al., 2002; Yap et al., 2007). In addition, structural
data on viral RdRp-template complexes (discussed before) show that no interaction occurs
between thumb domain and the template/primer. In contrast, the thumb domain of other
polymerase families have disclosed important role in positioning, processivity or

translocation the duplex DNA (Steitz, 1999).

1.8.3 The catalytic active site

The palm subdomain of RdRps is remarkably similar to the other three classes of
polymerases. It appears to be common in catalysis of the phosphoryl transfer reaction
(O'Reilly and Kao, 1998). Four polymerases families employ identical two metal ion
catalysis (usually Magnesium) at the active site (Steitz, 1998). In this universal mechanism,
two divalent metal ions are coordinated by two carboxylate residues, water, the 3'-OH of the
growing strand, and the unesterified oxygens of the triphosphate moieties. One metal serves
to activate the nucleophilic attack of the 3'OH on the a-phosphate while the other metal

assists the leaving of pyrophosphate (Steitz, 1998). From the structural and primary sequence
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poliovirus 3D polymerase is half of that BVDV RdRp. The arrow indicates the 8 hairpin of

BVDYV RdRp protruding into the active site.

1.9 Non Structural Proteins
As discussed earlier and also summarized in Table 1.1 (see later), the DENV encoded
polyprotein consists of three structural (C, prM and E) and seven non-structural proteins. An

overview of the non-structural proteins is presented below.

1.9.1 NSI

NS1 (46kDa) is a glycoprotein that is essential for virus viability but has no established
biological activity (Mason, 1989) It appears either as cell associated or secreted form (Post et
al.,, 1991; Winkler et al., 1988).The NS1 protein can be exported along the secretary pathway
to the plasma membrane, where it remains anchored via a glycosyl-phosphatidylinositol
group (GPI) (Winkler et al., 1989) or released as a soluble hexamer (sNS1) from infected
mammalian cells (Crooks et al., 1994; Flamand et al., 1999). The hexamer sNS1 levels have
been linked with viremia levels in secondary DENV2 infection. In addition, secreted NS1
protein was also found circulating in the sera from dengue virus-infected patients throughout
the clinical phase of the disease (Alcon et al, 2002; Young et al, 2000). In the in vitro
dengue infection model, NS1 is translocated into ER and released from the E protein by host
signalase (Falgout and Markoff, 1995; Falgout et al., 1989; Chambers et al., 1990b). In the
ER, the NS1 forms homodimer and interacts with membrane components to be involved in
the early steps of viral replication (Lindenbach and Rice, 1997; Mackenzie et al., 1996). The
formation of NS1 dimer is also linked with proteolytic processing at the junction of NS1/2A
and this is consistent with the biochemical experiments (Falgout and Markoff, 1995). The

NS1 protein comprises hydrophilic amino acids and no transmembrane domain, controversial
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with its nature of association with membrane. Dimeric form of NS1 is proposed to create a
hydrophobic surface for peripheral association with membranes (Lindenbach and Rice, 2003).
Several reports have shown that NS1 is highly immunogenic and induce humoral antibodies
(Timofeev et al., 1998; Schlesinger et al., 1993). The antibodies can be protective and kills
infected target cells. However, the induced antibodies against NS1 could also plays a role in
pathogenesis during dengue virus infection by cross reacting with cell surface antigens or
causing host cell death by apoptosis or complement-mediated lysis, through antibody
dependent enhancement (ADE) (Falconar, 1997; Lin et al., 2002a; Lin et al., 2003; Lin et al.,
2005; Schlesinger et al., 1993). Because of its immunogenic feature, NS1 has been actively

pursued as a target in vaccine development (Chaturvedi et al., 2005).

1.9.2 NS24

NS2A (22 kDa) is a hydrophobic protein that is generated by cleavage at the N-terminal by
unknown ER resident peptidase and at C terminal by viral protease in the cytoplasm (Falgout
and Markoff, 1995). Thus, NS2A is a membrane spanning protein. NS2Aq is a C-terminal
truncated form, that results after cleavage by viral NS2B-3 protease at the Lys 190
(Chambers et al., 1990b; Nestorowicz et al., 1994). Mutated Lys to Ser blocks the production
of both NS2Aa« and infectious virus thus suggesting that NS2A and NS3 play a role in the
viral assembly or release (Kummerer and Rice, 2002). In addition, deletion of NS2A in
KUNYV replicons is not complemented in trans (Khromykh et al., 2000) and NS3 is required
in cis for virus particle formation (Liu et al., 2002), both of which support the notion that
NS2A interacts with NS3 during virion replication. Studies in KUN 2A also have shown
NS2A interacts with NS3, NS5, and 3'UTR and being localized to vesicle particle
(Mackenzie et al., 1998). Thus NS2A has been linked to coordinate the shift between RNA

packaging and RNA replication (Mackenzie et al., 1998; Khromykh et al., 2001Db).

56


DRD
Rectangle


ATTENTION: The

ight Act applies to the us:

®

of this document. Nanyang Tech

ical University Library

Chapter 1

1.9.3 NS2B

NS2B (14 kDa), a small membrane associated protein, is functions as the cofactor for NS3
protease (Arias et al., 1993; Chambers et al., 1991; Chambers et al., 1993; Jan et al., 1995).
The central hydrophilic region of NS2B is required for protease activity and is conserved
amongst the flaviviruses whereas the flanking regions are predicted to anchor the host ER
membrane (Chambers et al.,, 1993; Leung et al, 2001). Functional profiling reveals that
NS2B-NS3 pro cleaves the NS2B-NS3 linker in cis (Chambers et al., 1993; Wu et al., 2003).
In addition, studies on JEV NS2B also have shown its role in rendering the membrane

permeability and thereby contribute to virus induced cytopathic effects in infected cells

(Chang et al., 1999).

1.9.4 NS3

NS3 (70 kDa) is a multifunctional protein that contains the protease (Chambers et al., 1993;
Erbel et al.,, 2006), helicase (Xu et al., 2005), 5' termini RNA trisphosphatasec (Wengler and
Wengler, 1993) and NTPase enzymatic activities (Cui et al., 1998; Chen et al., 1997; Cui et
al., 1998), that is involved in polyprotein processing and RNA replication (Lindenbach and
Rice, 2003). The N-terminal 180 amino acids of NS3 comprises a core serine protease
domain, together with the protein NS2B acting as a membrane-anchoring cofactor to form the
active protease (Chambers et al., 1993; Wengler and Wengler, 1993; Yusof et al., 2000). The
viral NS2B-NS3pro cleaves the viral polyprotein precursor at the junction of NS2A/NS2B,
NS2B/NS3, NS3/NS4A, and NS4B/NS5 (Amberg et al., 1994; Yamshchikov and Compans,
1994), as well as at internal sites within C, NS2A, NS3, and NS4A (Chambers and Rice,
1987; Lindenbach and Rice, 2003). In general, the viral protease has specificity for two basic

residues (Lys-Arg, Arg-Arg, Arg-Lys) at the canonical P2 and P1 position preceding the
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cleavage site, followed by a small amino acid (Gly, Ser or Ala) at the P1' position (Chambers

et al., 1990a).

Crystal structure of active DENV 2 and WNV protease domains (NS2B-NS3pro) have been
determined (Fig 1.18) (Chambers et al., 1990a; Erbel et al., 2006). The protease belongs to
the chymotrypsin family with a classic Ser-His-Asp catalytic triad (Bazan and Fletterick,
1989; Gorbalenya et al., 1989). The crystals of both DENV and WNV protease domains
adopt a chymotrypsin like fold with two 3 barrels and the catalytic triad located in the cleft
between the 3 barrels. Each 3 barrel is formed by six B-strands (Fig 1.18) (Erbel et al., 2006;
Love et al., 1996).The NS2B cofactor domain that surrounds the NS3 protease could stabilize
the protease and modulate the protease activity. The NS2B is the cofactor that contributes one
B-strand (B-strand 1, NS2B residues 51-57 in DENV) to the N terminal 3-barrel. Similarly,
NS4A is the cofactor of NS3pro in HCV which is like NS2B of DENV and WNV.
Interestingly, the DENV NS3pro structure in the absence of the NS2B cofactor is
substantially different from both the WNV and DENV NS2B-NS3pro structures. These
differences are observed throughout the entire enzyme and affect the length and location of
secondary structure elements. In fact, the NS3pro structure is derived from a refolded protein
with weak protease activity. This further supports that the NS2B is crucial for the
stabilization of the NS3pro fold (Erbel et al., 2006; Kim et al., 1996). Furthermore, the fold
adopted by the C-terminal of NS2B shows remarkable differences between the inhibitor-
bound (WNYV) and apo-enzyme protease (DENV). The electron density beyond residue 76 is
discontinuous in the DENV NS2B-NS3 pro structure, suggesting the C terminal of NS2B
adopts multiple conformations in solution. In contrast, WNV crystal structure with inhibitor
shows that NS2B forms a belt like structure and interacts with the active site of NS3pro

(Erbel et al., 2006). The structure also shows key residues in substrate recognition. Residues
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Gly-151, Tyr-161, Tyr-150 and Asp-129 forms the S1 pocket and stabilizes the positively
charged side chain of arginine in P1. Whereas residues Asp-82, Gly-83 and Asn-84 of NS2B
form the S2 pocket with negative electrostatic environment to attract positive charged of the

P2 arginine (Erbel et al., 2006).

The C terminal domain of NS3 consists of ~ 440 amino acids that has been implicated in viral
RNA replication, and constitutes a helicase region based on sequence analysis (Lain et al.,
1989). The precise biological functions of the NS3 helicase region are unknown, but it has
been suggested to assist replication initiation by unwinding RNA secondary structure in the 3'
nontranslated region (NTR) (Cui et al., 1998; Chen et al.,, 1997; Tanner et al., 2003). The
flavivirus helicase is a member of the DEAH/D box family within helicase superfamily 2
(Tanner et al., 2003; Gorbalenya and Koonin, 1993). Flavivirus helicase comprises two
motifs- Walker A and Walker B, which respectively contains GKS/T and DEAH/D
sequences. The DEAH/D in the Walker B motif is believed to interact with divalent cations
and NTP substrate. Five other additional conserved motifs are also present in flavivirus
helicase, according to the classification of helicases under three superfamilies. Crystal
structures for several superfamily 2 of members Flaviviridae helicases have been determined,
including DENV2 (Xu et al., 2005), YFV (Mastrangelo et al., 2006) KUN (Wu et al., 2005a)
and HCV (Kim et al., 1998) helicase (Fig 1.19). The helicase motifs form an NTPase active
site at the interface of two domains (domain I & II) (Xu et al., 2005; Wu et al., 2005a) while
a third domain (domain III) also forms a cleft with the other two domains which serve as a
binding site for single stranded nucleic acid (Kim et al., 1998). Helicase-nucleic acid co-
crystal structures from HCV have shown the RNA template binding position thus suggesting
a common mechanism for coupling NTP hydrolysis and strand unwinding for flaviviral

helicase (Kim et al., 1998). Despite these details gleaned from the structure, the unwinding
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mechanism of flavivirus helicases, their specificity for DNA or RNA duplex, requirement for
a 3' and 5' overhang remains unclear. RNA triphosphatase (RTPase) activities of DENV2
helicase was reportedl to be inhibited by Mg”", high ionic strength and non hydrolysable ATP
analogue. A separate study shows that ATPase and RTPase share a common active site
(Bartelma and Padmanabhan, 2002). A conserved Q motif upstream of the Walker A was
also reported important for ATPase activity of the Powassan flavivirus (Tanner et al., 2003).
The RTPase could possibly be involved in dephosphorylation of 5' genomic capping
(Wengler and Wengler, 1993). Recently, a complete FL. NS3 crystal structure fused to 18
residues of the NS2B cofactor has been determined (Fig 1.20) (Luo et al., 2008). The study
reported the relative orientation between the protease and helicase domains is drastically
different to that of the single-chain NS3-NS4A molecule from HCV (Fig 1.20). The C-
terminal of NS3 HCV participates actively in complex formation with the protease domain
which insert into the active site of protease domain to participate in cis cleavage that occurs
at the NS3-NS4A junction. In contrast, the C-terminal NS3 DENYV is far away from the
protease active site (Fig 1.20). The authors also proposed that a basic patch located at the
surface of protease domain increases the affinity for nucleotides and participate in RNA
binding, which unravel higher unwinding activity of the FL. NS3 enzyme compared to that of

the helicase domain.
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NS4A in polyprotein processing have been linked NS4A to be involved in viral RNA
replication (Lindenbach and Rice, 1999; Lin et al., 1993). NS4A could function to anchor the
replication complex to intracellular membranes. Furthermore, association of NS4A with
cellular membranes and induction of membrane reorganization is unknown. The hydrophobic
proteins NS2A, NS4A, and NS4B have also been implicated in contributing to the inhibition
of the interferon-o/3 response (Munoz-Jordan et al, 2005; Munoz-Jordan et al., 2003).
Recently, the DENV NS4A membrane topology has been characterized. The study shows the
proteolytic removal of 2K fragment can induces cytoplasmic membrane alteration in

resembling virus-induced structures and colocalizes with other viral proteins and RNA

(Miller et al., 2007).

1.9.6 NS4B

NS4B is a small hydrophobic protein and contains several endoplasmic reticular and
cytoplasmic domains that are separated by the transmembrane region. The membrane
topology is strikingly similar for flaviviral NS4B despite sequence divergence, suggesting a
conserved role of NS4B in viral life cycle (Miller et al., 2006). Deletion studies and trans
complementation experiments on NS4B of BVDV and KUNV NS4B were shown to inhibit
viral replication (Grassmann et al., 2001; Balint et al., 2005). Role of NS4B in viral
replication has been shown in two cases. First, BVDV NS4B was observed to interact with
NS3 and NS5A(Qu et al., 2001), Second, HCV NS4B was found to induce morphological
changes in the ER membrane (Egger et al., 2002). In addition, KUN NS4B has been shown to
localize to the nucleus (Westaway et al., 1997a). Recently, interaction between DENV NS4B
and NS3 was identified by Y2H system and pull down assays, suggesting NS4B could
enhance the helicase activity by dissociating single strand RNA from NS3 (Umareddy et al,,

2006).
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Protein Functions Structure (PDB code)
C As nucleocapsid & binds to 5' & 3' UTR. | X-ray: DENV2 (1R6R)
(11 kDa) Internal  hydrophobic  domain  mediates | NMR: KUN ( 1SFK)

membrane association
ptM Precursor for of M. Structural protein for | Cryo-EM: DENV (1P58)
(26 kDa) maturation of virus.
E Major virion surface molecule, mediates | X-ray: DENV with 3-OG (10AM),
(53 kDa) binding & membrane fusion. In dimer form at | TBEV (1SVB)

neutral pH and as trimer at low pH.

Cryo-EM: DENV (1K4R), DENV with
glycans (2B6B)

NS1 As secreted or non-secreted with membrane | Not available
(46 kDa) associated form. Homodimers involve in RNA

replication. Interacts with NS4A in RNA

replication. Elicits immune response.
NS2A A transmembrane protein, putative role in | Not available
(22 kDa) virus assembly and release. Also interacts with

NS3, NS5 & 3' UTR, possible regulate RNA

packaging.
NS2B Cofactor for NS3 protease. Also potentially | X-ray: DENV2 (2FOM), WNV (2FP7);
(14 kDa) involves in mediating membrane permeability. | together with NS3 protease.
NS3 Multifunctional protein. N terminal has serine | X-ray: DENV2 (2BHR), YFV (1YKS),
(70 kDa) protease role while C termini has NTPase and | YFV-ADP (1YMF), DENV4

helicase activities. FLNS2BsNS3 (2VBC)
NS4A Function is not clear. Interacts with NS1& | Not available
(16 kDa) localized at vesicle pocket, possible plays role

in replication. Proposed to induce membrane

reorganization during infection. Inhibits

interferon response.
NS4B Unknown function. Possible to play a role in | Not available
(27 kDa) replication. Localized in nucleus. Proposed

enhances helicase activity.
NS5 Multifunctional protein. N terminal has | X-ray: DENV3 (2J7U), DENV3-GTP
(104 kDa) methyltransferase activity (involve in capping), | (217W), WNV (2HFZ)

while C termini has RNA dependent RNA

polymerase activity. Found localized in the

nucleus.

Table 1.1.A summary of flaviviral structural and nonstructural proteins

1.10 Antiviral Inhibitor
Early Flaviviridae drug discovery programs were hampered by the lack of animal models and
reliable tissue culture replication system to evaluate the antiviral compounds, including

DENV. Recently, a dengue fever viremia mouse model that lacks the interferon-o/f receptors
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(Schul et al.,, 2007) and a viral replicon system (Ng et al,, 2007) have been established in
DENV for drug discovery program. Likewise, HCV replicon systems have been exploited to
select for resistance mutations for a variety of inhibitors of key enzymes (Perrone et al., 2007,
Blight, 2007). An infectious cell culture system of HCV has also been reported to study the
virus entry, virus assembly and release (Zhong et al., 2005). Antiviral chemotherapy targeting
viral polymerases have been proven to be efficient for the treatment of human
immunodeficiency (HIV), herpes simplex virus and hepatitis B virus (HBV) infection. More
than 10 reverse transcriptase inhibitors have been reported and approved for HIV infection
treatment (Declercq, 1995). Additionally, a number of HCV RdRp inhibitors are undergoing
early phase human clinical trials. See Koch and Narjes, 2007 for review. However, a major
difficulty in drug discovery is the side effects and rapid emergence of drug-resistant viral

strains.

1.10.1 First antiviral drug discovery- lessons learned in antiretroviral experience

Viral polymerases inhibitors can be divided into nucleoside inhibitors (NI) and non-
nucleoside inhibitors (NNI). The NIs serves as substrate for viral polymerases and can be
incorporated into the elongative viral RNA. Subsequently, these NIs that act as chain
terminator that stop the chain elongation and aborts viral RNA synthesis. Whereas the NNIs
mostly act as allosteric inhibitors by targeting a pocket that can prevent protein

conformational change. Usually these NNIs are non competitive to the nucleotide substrates.

The first milestone in antiviral drug discovery was that of antiretroviral in HIV. Reverse
transcriptase (RT) is a key enzyme which plays an essential and multifunctional role in the
replication of the HIV. In the infected cell, the viral RNA is reverse transcribed to produce a

double stranded DNA. Reverse transcription is carried out by the RT, using the following
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catalytic activities: (1) RNA-dependent DNA polymerization to form an RNA:DNA hybrid
(2) RNase H degradation of the RNA strand from RNA:DNA hybrids and (3) DNA-
dependent DNA polymerization to form dsDNA. RT has two catalytic domains: a polymerase
that copy either RNA or DNA, and an RNase H that degrades RNA strand of RNA-DNA
intermediates formed during viral DNA replication. RT consists two subunits, p66 ( 560 aa)
and p51 (440 aa). The p51 subunit appears to provide structural support which allows the p66
subunit to carry out polymerase and RNase H activities. Structural elucidations on RT
provide information about the structural changes that occur during polymerization
(Majumdar et al., 1988; Reardon, 1992). First, the structure of unliganded RT has a thumb
subdomain in the closed conformation (Hsiou et al., 1996). Binding of tempate/primer forms
the closed binary complex with the thumb moving to accommodate the nucleic acid
(Jacobomolina et al, 1993). Subsequent binding of an incoming dNTP forms the ternary
complex that is believed to have the fingers in the open conformation. There is no structural
data for this complex. The conversion of the open ternary complex to the closed ternary
complex for the formation of phosphodiester bond involves the p66 fingers subdomain

movement (Huang et al., 1998). This step is believed a rate limiting step in polymerization.

The first approved antiretroviral drug azidothymidine (AZT) for HIV patients (in the USA
and Europe) were nucleoside RT inhibitors (NI) (see below). Highly active antiretroviral
therapy (HAART) is the commonly used for therapy, which combines two classes of drugs
active against RT (NI) and the NNI with drugs that target the viral protease (Gulick et al.,
1997). Although HAART has been shown successfully to suppress viral loads, the virus is
not eradicated and persists in latent reservoirs. These reservoirs can serve to replenish the
main pool of replicating virus, allowing continued virus evolution and acquisition of

resistance (Barre-Sinoussi et al., 2004).
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A key biological property of HIV that facilitates the emergence of drug resistance is its
capability to evolve rapidly which resulting in genetic diversity. There are two factors that
cause the genetic variability: the error prone nature of the HIV polymerase and rapid rate of
HIV replication. The generation of HIV genetic variation results in a diverse and related viral
population, termed quasi-species, which contains a large number of potentially multidrug
resistance (MDR) variants HIV isolates (Barre-Sinoussi et al., 2004). The emergence of
MDR HIV isolates has caused an urgent need for new antiretroviral drugs. New drugs should
target replication cycle that are not targeted by the current antiviral drugs. The alternative
steps in HIV replication: virus entry, integration and maturation, which are the new classes of
antiretrovirals target. Some of these antiviral drugs have been approved for clinical use (see

Adamson and Freed 2008 for review) (Adamson and Freed, 2008).

In the case of NI resistance, HIV RT circumvent the NI-blocked DNA synthesis so that virus
can still replicates. This involves a process to enhance the discrimination between the normal
substrate and the analog, which occur either when the NI is incorporated into DNA
(incorporation) or after it has been incorporated (excision). In the incorporation process,
typical example is steric hindrance caused by mutated residue M184V or M1841 that
interferes the incorporation of the NI at the step of inhibitor binding or at the step of catalytic
incorporation of the inhibitor for 3TC (Neyts and Declercq, 1994). Structural study has
suggested that unfavorable interactions between B-branched amino acids (Val or Ile) and the
-L-oxathialone ring of the 3TC (Sarafianos et al, 1999). Interestingly, this steric
interference has no effect on the incorporation of normal dNTPs. As shown by many
structural studies, fingers subdomains act a clamp to position the template/primer and palm
domain is the primer grip that placing the primer terminus at the catalytic site of the

polymerase. During nucleotide incorporation, the fingers subdomains is translocated from an
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opened to closed complex. Biochemical analysis suggested that the mutation interferes the
stable formation of closed complex with 3TCP (Boyer et al, 2000). In the excision
mechanism, resistance mutants enhance the excision of the analog after it has been
incorporated, notably in 3'-azido-3'-deoxythymidine (AZT) resistance is enhanced excision of
AZTMP. AZT resistance mutants unblocks AZTMP-terminated primers by a mechanism that
mvolves nucleophilic attack by a pyrophosphate donor, probably ATP (Boyer et al., 2001).
The reaction products are an unblocked primer and a dinucleoside tetraphosphate derived
from ATP and the AZTMP at the primer terminus. This reaction allows polymerization to
continue and causes resistance to AZT. A set of residues that are responsible for the AZT

resistance were identified, these are M411L, K70R, T215F, and K219Q.

Based on various structural, biochemical, and chemical studies, binding of NNIs to HIV-RT
were found to block the chemical step of nucleotide incorporation but not prevent the binding
of nucleic acid to the enzyme. The NNIs binding pocket is located in the p66 subunit of RT.
NNI binding pocket is formed by residues which including aromatic residues Y181, Y188,
F227, W229 and Y318 and hydrophobic residues P95, 1100, V106, V179, 1.234 and P236
(Kohlstaedt et al., 1992). Only single residue from the p51 subunit E138 was found to
interacts with some NNIs. Although NNIs have diverse chemical structures, they adopt a
similar configuration when binding to pocket. The binding of most NNIs cause a large
movement of (1) 312- 13- 814 sheet (contains the primer grip) away from the 36- 810- 89
sheet (contains the catalytic residues); and (2) p66 subdomain that in contact with the primer
grip, to an upright position. All of the mutations associated with NNIs resistance are located
in and around NNIs binding pocket. A set of NNIs resistance residues were identified, these
include K103N, Y181C, L1001, V106A, Y188L and G190A (Ren et al., 2002). Structural and

biochemical studies have suggested there are three primary mechanisms by which a mutation
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can confers resistance to NNIs, these include (1) prevent NNI entry into binding pocket
(2)disrupt specific contacts between residues that form the pocket and inhibitor and (3)
resistance mutants have effect on the conformation or size of the pocket (Ren et al., 2002;
Auwerx et al., 2004). It is common that mutation that affects NNI binding could be due to

more than one mechanism.

In the case of Flaviviradae, antiviral drug design efforts such as NI of HCV tend to be broad
acting. They are active in inhibiting flaviviruses including WNV, DENV, and YFV (Eldrup

et al., 2004). The viral inhibitors discussion below is focused on the Flaviviridae polymerase.

1.10.2 Nucleoside inhibitors

Nucleoside inhibitors are prodrugs, which have to be first converted to the active triphosphate
via cellular kinases. These phosphorylated NI’s target the active site of polymerase and cause
inhibition by chain termination or introduction of drastic mutations that scramble the genome.
The efficacy of NI depends on the NTP’s affinity to the polymerase, the ratio of NTP analog
to the endogenous NTP and incorporation rate to chain elongation. Poor cell permeability,
poor conversion to the triphosphate and unwanted metabolic side-products also affect the NlIs
activity. Toxicity is also another issue that limits the potency of NIs. In HCV RdRp NI, small
changes in the 2' or 4' position of the sugar were sufficient to convert a natural substrate into

a chain terminator (Olsen et al., 2004).

Example of nucleoside inhibitors
A series of 2'- modified ribonucleosides were found to inhibit HCV in vivo and in vitro,
independently by Merck/Isis and Idenix/Novartis (Fig 1.21). The inclusion of a 2'-C-methyl

group either to adenosine or guanosine yields potent HCV compounds (Eldrup et al., 2004;
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Wu et al.,, 2005b). Modifications on the ribose with ethyl at 2'-methyl position, changes of the
stereochemistry of the methyl group or regional chemistry at 2' or 3' position lead to a
complete loss of activity. These facts indicate that the chemical space variable for modifying
nucleoside for investigation is narrow. This highlights the difficulty in performing lead
optimization on the nucleotide scaffold and and also brings up issues concerning the
overcrowded chemical space for patents. Both the 2'-C-methyl purine nucleosides (adenosine
and guanosine) show IC50 of 1.9 and 0.13 uM, respectively (Wu et al., 2005b). The 2'-C-
methyl purine nucleosides presumably impair the elongation by 3'-OH disorientation that is
required for new incoming nucleotide incorporation or mis-alignment of c-phosphate of the
incoming nucleotide. The 2'-C-methyl adenosine is more potent than guanosine in replicon
cells, suggesting the cellular uptake or intracellular metabolism for the latter is less efficient.
Nevertheless, the adenosine nucleoside exhibits high plasma clearance and show a lack of
oral bioavailability. A 2'-C-methyl purine nucleosides resistant clone was also identified from
replicon system, which is at residue Ser-282 (Migliaccio et al., 2003). The mutant S282T
reduces the 2'-C-methyl purine nucleosides binding affinity by occupying the space that
occupied by the 2'-C-methyl. Further modification efforts led to discovery of 7-Deaza-2'-C-
methyl adenosine, which has good pharmacokinetic profile, oral bioavailability and moderate
plasma clearance (Koch and Narjes, 2007). This compound also shows antiviral activity
against related flaviviruses such as BVDV, WNV and YFV, but did not inhibit human DNA
and RNA polymerases, making it an attractive target for clinical development. In addition,
nucleoside inhibitor NM283 is a valine prodrug of 2'-C-methyl-cytidine (NM107) (Fig 1.21)
(Pierra et al., 2006). Proof of concept of NM283 was achieved in Chimpanzees, with one
logjo viral reduction. PK analysis also shows that NM283 is efficiently converted to 5'-
triphosphate in vivo with a long half life of 13.8 hrs. A combination of NM283-IFN treatment

on HCV infected patients are undergoing at phase IIb to evaluate treatment-naive patients and
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(Left) HCV-RdRp-indole based inhibitor crystal structure. The inhibitor binds on the surface of
thumb domain which interacts with the fingertips. This site is referred as NNI site I. The binding
of NNI at site I is suggested to interfere the concerted movement of fingertips during RNA
replication. (Right) A phenylalanine based inhibitor bound at thumb domain, remotely from
active site (~35 A). This inhibitor binding site is referred as NNI site III. See text for the proposed
site III NNI inhibition mechanism. Thiophene-based non nucleoside inhibitors are also found to

bind at the similar site (not shown).

Example of allosteric inhibitor

Benzimidazoles based compounds have been identified to be potent in inhibiting HCV RdRp
(Dhanak et al., 2002). The binding of inhibitor at NNI site [ was revealed by crystal structure
(Tedesco et al., 2006). Initial SAR on benzimidazole series revealed that the minimum core
required for activity is a benzimidazole with a cylohexyl at N1, aryl gfoup at the C2 and
carboxylate at C5. Japan Tobacco focused on the right hand side of the compound (Fig 1.23a)
and changed the benzyl group to biphenyl group yielding a potent compound (JTK-109) (Fig
1.23b). The JTK-109 and an analog (JTK-003) were in early phase clinical trials were
discontinued for development. A single mutation P495L in HCV RdRp was identified in
replication drug resistance studies and this pocket is suggested to be too small to
accommodate the compound from structural data (Migliaccio et al., 2003). Kinetic analysis
show that this class of compound blocks RNA synthesis prior to elongation (Tomei et al,,

2004).

The N,N-disubsituted phenylalanine derivatives that binds at NNI site III were discovered by
Shire Biochem as potent inhibitor in HCV RdRp (Fig 1.24) (Reddy et al., 2003). However,

this inhibitor class is inactive in the replicon system, even though the inhibitor binding is
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supported by the crystal structure (Fig 1.22, right) (Wang et al., 2003). As an extension of
the phenylalanine series, inhibitors based on 5-phenyl-thiophene scaffold such as the
sulfonamide were reported (Chan et al., 2004). Potency was improved by conversion of the
amide to the carboxylic acid and SAR around the sulfonamide group. This class of inhibitor
is active in the replicon assay. The structures of thiophene sulfonamides bound to HCV RdRp
revealed that these inhibitors have common binding characteristic and are similar to the
phenylalanine-based inhibitors at NNI site III. All these inhibitors induce perturbations of the
pocket by side chain displacement of Met-423 and Leu-497 (Tomei et al., 2003). Movement
of residue Leu-497 also causes conformational change of Pro-496 and Arg-505 which these
residues lie on the helix T. The shift in helix T compromises the GTP binding site integrity
(Tomei et al, 2003). In addition, the phenylalanine derivatives inhibitors do not inhibit

human DNA polymerase o, p or y (IC50 > 100 uM).

Fig 1.23.Benzimidazoles inhibitor.

(A) The basis structure of benzimidazoles. (B) JTK-109.
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Fig 1.24 Phenylalanine based inhibitors
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1.11 Aims of the thesis

Resurgence and emergence of dengue in recent years show that there is a need to prepare for
the epidemic surge with specific antiviral drugs. At the present moment, there is no effective
therapy for dengue. NS5 is a multifunctional protein that plays a central role in viral
replication, and is endowed with MTase and polymerase activities that are located in separate
domains. Selective inhibitors against human immunodeficiency (HIV), herpes simplex virus
and hepatitis B virus (HBV) have been approved as drugs for these viral related treatments.
Therefore, NS5 represents a very attractive target for the development of specific antiviral
inhibitors. Several Flaviviridae polymerase structure such as those of BVDV and HCV have
been presented. However, at the inception of this study there was no polymerase crystal
structure of flaviviruses, including DENV. While NS5 shares several common characteristics
with HCV and BVDV in viral life cycle, such as the polymerase employs common
polymerization strategy, there are many differences in the function of viral replication. As
discussed earlier, dengue NS5 contains MTase domain and is expressed as single polypeptide
with polymerase whilst the MTase does not exist in HCV and BVDV. In addition, dengue
virus initiates translation with a capping process that is mediated by MTase, instead of IRES
(internal ribosomal entry site) as employed in HCV. Other marked difference between HCV
and DENV is the presence of nuclear localization signal in DENV NSS5. Therefore, there is a
motivation and a demand to understand the DENV RdRp 3D structure to shed light on its role

and function as well as provides insight for rational antiviral drug design.

Specifically, the goals of this thesis are:
(1) To explore soluble NS5 proteins expression strategy for functional and structural studies
including the use of specific antibodies generated as part of this study in order to stabilize the

protein for crystallization (chapter 3).
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(2) To investigate a multi-step strategy in order to obtain the correct RdRp crystal condition
for high resolution studies and to employ X-ray crystallographic screening to discover

ligands (chapter 4)

(3) To obtain insight into crystal structure of DENV RdRp and understand the role of divalent

metal ion from structural basis (chapter 5).
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MATERIAL AND METHODS
Table 2.1
No | Constructs Plasmid Primers (5'-3") Restriction | Comments
(aa) sites /source
1. | 341-900 pET 32a+ F- cacggatccgatgagaacaagtggaag Bam HI DENV2
DENV2 R- ctgcaggtcgacttaccacaagactectgecte Sal I TSVO1
2. | 341-900 pET 21b+ F-cacggatcegatggcaatgacagacacgactce Bam HI DENV2
DENV2 R-gtgctcgagecacaagactectgectcette Xhol TSVO1
3. | 341900 pFastBac F- cacggatccgatgagaacaagtggaag Bam HI DENV2
DENV2 HTB R- ctgcaggtcgacttaccacaagactectgecte Sall TSVO1
4. | 415900 pET 32at F-cacggatccgatgagaacaagtggaag Bam HI DENV2
DENV2 R-ctgcaggtcgacttaccacaagactectgecte Sal | TSVO01
5. | 415-900 pET 21b F-cacggatccggatgagaacaagtggaagtc Bam HI DENV2
DENV2 R-gtgctcgagecacaagactcctgectette Xho I TSV01
6. | 415-900 pFastBac F- cacggatccgatgagaacaagtggaag Bam HI DENV2
DENV2 HTB R- ctgcaggtcgacttaccacaagactcctgecte Sal I TSVO01
7. 1900 pFastBac F-cacggatccggaactggcaacacaggagag Bam HI DENV2
DENV2 HTB R-ctgcaggtcgacttaccacaagactectgecte Sal | TSVO1
8. 1-900 pBakPak 9 | (gift byDr. Subhash Vasudevan) DENV2
DENV2 TSV01
9. |1-900 pET 32at F-cacggatccggaactggceaacacaggagag Bam HI DENV2
DENV2 R-ctgcaggtcgacttaccacaagactcctgectc Sal T TSVO01
10. | 48-359 pGEX 4T1 | F-cacgatccgcaggagaaacggaccatcac Bam HI DENV2
DENV2 R-ctgcaggtcgacttatttctctitgaaaac Sal 1 TSVO1
11. | 264-359 pGEX 4T1 F-cacggatccgcaaacatcggaattgaaagt Bam HI DENV2
DENV2 R-ctgcaggtcgacttattictcttigaaaac Sall TSV01
12. | 48-866 pET 32a+ F-cacggatccgcaggagaaacggaccatcac Bam HI DENV2
DENV2 R-ctgcaggtcgacttacctgcettgttageccaat Sall TSVO01
13. | 48-900 pET 32a+ F-cacggatccgcaggagaaacggaccatcac Bam HI DENV2
DENV2 R-ctgcaggtcgacttaccacaagactectgecte Sal'l TSVOL
14. | 297-866 pGEX 4T1 | F-cacggatccgcagaccacccatacaaaacg Bam HI DENV2
DENV2 R-ctgcaggtegacttacctgcttgttageccaat Sal I TSV01
15. | 264-866 pET 32a+ F-cacggatccgcaaacatcggaattgaaagt Bam HI DENV2
DENV2 R-ctgcaggtcgacttacetgcttgttageccaat Sall TSV01
16. | 359-866 pET 32at F-cacggatccgceagtggacacgagaacccaa Bam HI DENV2
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DENV2 R-ctgcaggtcgacttacctgcttgttageccaat Sal I TSV01
17. | 1-296 pQE 30 F-cacggatccggaactggcaacacaggagag Bam HI DEN2
DENV2 R-ctgcaggtcgacttattggtcatagtgccatga Sall TSV01
18. | 1-296 pQE 30 (Gift by Dr Bruno Canard) DENV2
DENV2 NGC
19. | 273-900 pET 15b+ F-cgaaggctcgagaacctagatatcattggecag XhoI DENV1
DENV1 R-ggacgtagatctctaccagagtgccccttcgagate Bgl 1L
(Gift by Dr Chen Yen Liang)
20. | 273900 pET 15b+ | F-cgaaggctcgagaatttagacataattgggaaaaga XhoT DENV2
DENV2 R-cgcggatcectaccacaagactcctgectcettee Bam HI TSVO01
(Gift by Dr Chen Yen Liang)
21. | 273-900 pET 15b+ F-ccacgcgtcgacaacatggatgtcattggggaaag Sal I DENV3
DENV3 R-ccggaattcetaccaaatggetecctcegactecte EcoRI
(Gift Dr Chen Yen Liang)
22, | 273900 pET 15b+ F-cgaaggctcgaggacatgacaatcattgggagaag XhoI DENV4
DENV4 R-ccggaattcctacagaactccttcactctcgaaag EcoRI
(Gift by Dr Chen Yen Liang)
23. | 273900 pDEST 14 F- cgatccgctageaacctagatatcattggecaga DENV1
DENV1 R-caatagcggccgectaccagagtgeccecttegagatca
(Gift by Dr Chen Yen Liang)
24. | 273900 pET 28at (Gift by Dr Chen Yen Liang) DENV2
DENV2 NGC NGC
25. 1 1906 pET 28a+ F-gcgecggeagecatatgggtggage Nde I WNV
WNV R-ctcgagtgcggccgectacaaaacagt Not 1

Table 2.1.Detail of NS5 constructs.

Constructs design, primers used for PCR amplification and cloning, expression vectors and

restriction digestion sites for respective protein constructs used in this work. Two viral strains of

DENV?2 are used in this study: the Townville strain (TSVO1, Genbank accession AY037116) or

the New Guinea C strain (NGC, Genbank accession M29095). NS5 related genes from other viral

strains are as following: DENV1 (Genbank accession EU848545), DENV3 (Genbank accession

AY662691), DENV4 (Genbank accession AY947539) and WNV (Genbank accession:

AY532665).
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Table 2.2
No Construct | Plasmid Tag Expression Expression | Antibiotics | Cleavage
(aa) position host conditions protease
1 341900 pET 32a+ | N-terminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Enterokinase
DENV2 Trx &Hiss 18h, IPTG |
induction |
2 341900 pET 32at | N-terminal | Origami(DE3) | 13°C, 16- | Amp & Chl | Enterokinase
DENV2 Trx &Hisg 18h, IPTG
induction
3 341900 pET 21b+ | N-terminal | BL2I(DE3)RIL | 16°C, 16- | Amp & Chl | Enterckinase
DENV2 Hiss 18h, IPTG
induction
4 341900 pFastBac N-terminal | H5 cells 28°C, 72h, | Gentamicin | Enterokinase
DENV2 HTB Hiss Baculovirus
infection
5 415900 pET 32a+ | N-terminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chi | Enterokinase
DENV2 Trx &Hiss 18h, IPTG
induction
6 415900 pET 32at+ | N-terminal | Origami(DE3) | 16°C, 16- | Amp & Chl | Enterokinase
DENV2 Trx &His; 18h, IPTG
induction
7 415900 pET 21b+ C+erminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | N.A
DENV2 Hiss 18h, IPTG
induction
8 415900 pFastBac N-terminal | HS5 cells 28°C, 72h, | Gentamicin | Enterokinase
DENV2 HTB Hiss Baculovirus
infection
9 1-900 pfastBac N-terminal | HS5 cells 28°C, 72h, | Gentamicin | Enterokinase
DENV2 HTB Hiss Baculovirus
infection
10 1-900 pBakPak 9 | N-terminal | HS5 cells 28°C, 72h, | Gentamicin | Thrombin
DENV2 Trx &Hiss Baculovirus
infection
11 1900 pET 32at+ N+erminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Enterokinasc
DENV2 Trx &Hiss 18h, IPTG
induction
12 48-359 pGEX 4T1 | Nterminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Thrombin
DENV2 GST 18h, IPTG
induction
13 264-359 pGEX 4T1 | N-terminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Thrombin
DENV2 GST 18h, IPTG
induction
14 48-866 pET 32a+ | N+erminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Enterokinase
DENV2 Trx &His; 18h, IPTG
induction
15 48-900 pET 32a+ N+erminal | BL2I(DE3)RIL | 16°C, 16- | Amp & Chl | Enterokinase
DENV2 Trx &Hiss 18h, IPTG
induction
16 297-866 pGEX 4T1 | N«erminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Thrombin
DENV2 GST 18h, IPTG
induction
17 264-866 pET 32at+ | N-+erminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Enterokinase
DENV2 Trx &Hiss 18h, IPTG
induction
18 359-866 pET 32a+ N-terminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Enterokinase
DENV2 Trx &Hiss 18h, IPTG
induction
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Continue Table 2
No Construct Plasmid Tag Expression Expression | Antibiotics | Cleavage
(aa) position host conditions protease
19 1-296 pQE30 N-terminal | M15 or SG 30°C, 16- | Amp & | NA
DENV2 His; 18h, IPTG | Kan
induction
20 1-296 pQE30 N-terminal | M15 or SG 16°C, 16- | Amp & | NA
DENV2NGC Hiss 18h, IPTG | Kan
induction
21 273900 pET 15b+ | N-terminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Thrombin
DENV1 Hiss 18h, IPTG
induction
22 273900 PET 15b+ | N-terminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Thrombin
DENV2 His; 18h, IPTG
induction
23 273900 pET 15b+ | N-terminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Thrombin
DENV3 Hiss 18h, IPTG
induction
24 273900 pET 15b+ | N-terminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Thrombin
DENV4 Hiss 18h, IPTG
induction
25 273900 pDEST 14 | C-terminal | BL21(DE3)RIL | 16°C, 16- | Amp & Chl | Thrombin
DENV1 His; 18h, IPTG
induction
26 273900 pET 28a+ | N-terminal | BL2I(DE3)RIL | 16°C, 16- | Amp & Chl | Thrombin
DENV2 Hiss 18h, IPTG
NGC induction
27 1-906 pET 28+ N-terminal | BL21(DE3)RIL | 16°C, 16- [ Amp & | Thrombin
WNV Hiss 18h, IPTG | Kan
induction

Table 2.2.Expression conditions

Expression conditions and host cells for respective NS5 related proteins that were used in this

study. Amp: Ampicilin, Chl: Chloramphenecol.
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Protein

Purification buffer

Column

DENV2 FL NS5
(1-900)

Metal affinity (buffer A). 20 mM Tris HCl pH
7.5, 0.5 M NaCl, 0.01% CHAPS, 5 mM §-ME,
10% glycerol and 50 mM imidazole

Ion Exchange (buffer B). 50 mM Hepes pH 7.0,
80 mM NaCl, 5 mM BME, 10% glycerol, 1 mM
EDTA

Gel filtration (buffer C). 20 mM Tris HCI pH 6.8,
0.5 M NaCl, 10 mM BME, 1 mM EDTA and
0.1% CHAPS at 5-10 mg/ml or

20 mM Tris HCI pH 7.5, 10% glycerol, 0.2 mM
EDTA, 10 mM 3-ME and NaCl (range from 0.2
M-0.5 M) at 5-10 mg/ml

HisTrap HP column

Source 15S or HiTrap SP FF
column

HiPrep 16/26 Superdex 200

WNV FL NS5
(1-900)

Metal affinity (buffer A). 20 mM Tris HCI pH
75, 0.5 M NaCl, 0.01% CHAPS, 5 mM (-ME,
10% glycerol and 50 mM imidazole

Ion Exchange (buffer B). 50 mM Hepes pH 7.0,
80 mM NaCl, 5 mM BME, 10% glycerol, 1 mM
EDTA

Gel filtration (buffer C). 20 mM Tris HC1 pH 6.8,
0.5 M NaCl, 2 mM BME, 1 mM EDTA and 0.1%
CHAPS at 10-13 mg/ml

HisTrap HP column

Source 158

HiPrep 16/26 Superdex 200

DENYV 3 273-900
&

DENV 1 273-900

Metal affinity (buffer A). 20 mM Tris HCI pH
7.5, 0.5 M NaCl, 0.01% CHAPS, 5 mM 3-ME,
and 10% glycerol

Ion Exchange (buffer B). 50 mM Mes pH 6.8, 50
mM NaCl, 10 mM BME, 10% glycerol and 1
mM EDTA

Gel filtration (buffer C). 20 mM Tris HCI pH 6.8,
025 M NaCl, 2 mM BME, 1 mM EDTA and
0.1% CHAPS at 10 mg/ml

HisTrap HP column

Source 158

HiPrep 16/26 Superdex 200

48-359

GST (buffer A). PBS pH 7.3 (140 mM NaCl, 2.7
mM KCI, 10 mM Na;HPO,, 1.8 mM KH,PO,)

Ion Exchange (buffer B). 50 mM Tris HCI pH
7.0, 50 mM NaCl, 5 mM BME, 10% glycerol, 1
mM EDTA

Gel filtration (buffer C). 50 mM Bicine pH 7.5,
025 M NaCl, 2 mM BME, 1 mM EDTA and
10% glycerol. (not tested for final concentration)

GSTPrep FF 16/10

HiTrap SP FF column

Superdex 200 10/300GL

80




and 10% glycerol

glycerol at 25mg/ml

7.5, 0.5M NaCl, 0.01% CHAPS, 5 mM (-ME,
Ion Exchange (buffer B). 50mM Bicine pH 7.5,
5mM BME, 10% glycerol, 1mM EDTA

Gel filtration (buffer C). 50mM Bicine pH 7.5,
0.8 M NaCl, 2 mM BME, 1mM EDTA and 10%
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Continue Table 3
Protein Purification buffer Column
1-296 Metal affinity (buffer A). 20 mM Tris HCI pH | HisTrap HP column

HiTrap SP FF column

Superdex 200 10/300GL

Table 2.3 .Purification buffer.

Details for large scale protein purification buffers that are described in material and methods. This

table also contains respective column used in the purification process.

Table 2.4

Crystallization kit Reference Condition
Index Hampton research 96
SaltRX Hampton research 96
Crystal Lite Hampton research 50
Crystal Screen Hampton research 96
Peg/ Ton Hampton research 48
Wizard [ & 1T Emerald 96
Biosystems
Wizard 111 Emerald 50
Biosystems
JBScreen HTS 1 Jena Bioscience 96
IBScreen HTS 11 Jena Bioscience 96
Peg Suite Nextal, Qiagen 96
Peg II Suite Nextal, Qiagen 96
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Continue Table 2. 4

Crystallization kit Reference Condition
Ammonium Sulfate grid screen Self Make 24
2-Methyl-2 4-pentanediol Grid screen Self Make 24
PEG 400 Grid screen Self Make 24

Table 2.4.Crystallization assays conditions.
Screening kits used for DENV2 FLNSS5 (both TSVO1 and NGC strain), DENV 1 & DENV 3

RdRp and WNV FL NS5 proteins.

2.0 Molecular cloning

All the NS5 related were amplified by PCR and subsequently cloned into their plasmids at
respective restriction sites (Table 2.1). Individual primers, restriction sites, vectors and
original templates used in cloning are listed in Table 2.1. In general, Pfu polymerase
(Stratagene) was used in PCR amplification with the following design: denaturation [94°C 2
min, 94°C 30 sec], annealing [follow respective Ty, of primer sets, or in brief 55°C], extension
[72°C 3 min]. This cycle go for 30 rounds before an extension for 72°C 3 min and is followed
by 4°C for cooling down and harvest the amplified fragments. The use of 1-5 % v/v DMSO
was included in the reaction for difficult amplification. The PCR products were either
purified with the QIAquick PCR purification kit (Qiagen Inc) or gel purified using
manufacturer's instruction (Qiagen Inc). The amplified fragments were double digested by
respective restriction enzymes (Table 2.1) and gel purified, before it was ligated into targeted
vectors using T4 ligase (Roche) at 16°C for overnight. The ligated products were transformed
into XL1-Blue (cloning hosts) for colony selections and positive clones were confirmed by

sequencing.
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2.1 Recombinant DNA transfection

The construction bacmids and transfection works were done for construct 3, 6, and 7, table
2.1 using kits from Invitrogen. Briefly, recombinant pFastBac plasmids were transformed
into DH10Bac. Once the pFastBac plasmid is transformed into DH10Bac cells, transposition
occurs between the mini-Tn7 element on the pFastBac vector and the mini-attTn7 target site
on the bacmid to generate a recombinant bacmid. This transposition reaction occurs in the
presence of helper plasmid in DH10Bac cells. White clones containing the recombinant
bacmids were selected on LB plates with 50 pg/ml kanamycin, 7 ug/ml gentamicin, 10 pg/ml
tetracycline, 100 pg/ml blue gal and 40 pg/ml IPTG. The recombinant Bacmid DNA was
isolated and transfected into Sf9 insect cells with Cellfectin as described in the manufacturer's
manual (Invitrogen). Recombinant baculovirus were harvested from supernatant and titrated
by viral plaque assay. In addition, the pBakpak9 NS5 recombinant virus was provided by Dr.

Subhash Vasudevan (construct 1, Table 2.1).

2.2 Expression of NS5 from S19 insect cells

The recombinant baculovirus was amplified first from the monolayer cultures of S cells
(Grace’s medium with FBS) and second from the Sf9 cells (SFM 900 medium without FBS),
at MOI of 0.1. The harvested virus was then used to infect High five cells for expression, at
MOI of 1-10 for 36 -72 h (refer to manufacturer's manual, Invitrogen). For the case of
pBakpak9 NS5 recombinant virus, the high five cells were infected at MOI of 1 and

incubated for 72h before harvested for lysis and purification.

2.3 Protein expression from E.coli
Recombinant plasmid carrying the gene encoding NS5 constructs were transformed into

respective E. coli strains and expressed as listed in Table 2.2. The transformed cells were
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grown at 37°C in LB medium containing respective antibiotics (Table 2.2) until ODgy of 0.6-
0.8. Protein expression was induced at respective temperature (Table 2.2) by adding
isopropyl-G-D-thiogalactopyranoside (IPTG) to a final concentration of 0.4-0.5 mM (Table
2.2). Cells were harvested by centrifugation at 8,000 x g for 10 min at 4°C and the cell pellet
was stored at -80°C. Protein solubility was estimated visually from SDS Polyacrylamide gel

analysis.

Fab antibody expression was carried out essentially as discussed in manufacturer’ manual
(Morphorsis). Briefly, plasmid pMORPH®9 MH that contains the Fab genes (Morphorsis)
were transformed into E.coli TG1 F-. The cells were spreaded on Chloramphenecol/glucose
agar plate and incubated overnight at 37°C. A 10 ml overnight culture growed in 2x TY/
Chloramphenecol/ 1% glucose medium at 30°C was prepared. A volume of 2.5 ml from the
overnight culture was inoculated into 750 ml 2x TY medium that contains
Chloramphenecol/0.1, 1% glucose and incubated at 30°C in a shaker until an ODgpgpy 0f 0.5
was reached, before the culture was induced with 0.75 mM IPTG for overnight expression.

The culture was harvested on the next day.

2.4 Protein purification

2.4.1 General lysis

Cells resuspended in a lysis buffer A (Table 2.3) supplemented with an EDT A-free protease
inhibitor tablet (Roche) were lysed by sonication, and then lysate was clarified by
centrifugation at 30, 000 x g for 30 min at 4°C. Other proteins prepared in this work duting

the course of my PhD studies were lysed in similar buffer A of DENV2 FLNSS.
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2.4.2 Small scale metal affinity purification

The clarified lysate (3-10 ml) were transferred directly to a 15ml falcon tube containing 500
pl nickel beads agarose (Qiagen) left to bind the beads with rotation. After 1-2 h at 4°C, the
tube was centrifuged at 500 x g for 10 min. The supernatant was discarded and the beads
were washed three times with wash buffer to remove unbound proteins followed by
centrifugation at 500 x g for 5 min. His tagged proteins were eluted with the wash buffer
containing 0.5 M imidazole. Small scale GST tagged protein purification was performed
similarly.

2.4.3 Large scale Metal affinity purification.

For large scale purification (see Table 2.2 for His tagged proteins), the lysate supernatants
were first purified by metal affinity using a HisTrap HP 5ml column (GE Healthcare)
equilibrated with buffer A DENV2 FLNSS (Table 2.3). However, the subsequent steps of
purification and buffers were optimized for each individual protein. A full description of
DENV 3 RdRp purification procedure for crystallization studies is described in Yap et al,,

2007.

The following general purification method applied for proteins that were prepared for
structural studies in this work-DENV2 FLNS5, WNV FLNSS5, DENV 1 and DENV 3 RdRp,
and MTase DENV2 (refer to protein 10, 25, 24 and 22 respectively in Table 2.2). DEN RdRp
representing the catalytic domain of the polymerase starts at residue 273-900. After lysis, all
supernatants were flowed through the HisTrap HP 5 ml column. Unbound proteins (except
for DEN2 FLNSS purification) were washed away sequentially with five column volumes
each of buffer A supplemented with 25 mM and 125 mM imidazole respectively. Proteins

were then eluted using a linear gradient of imidazole from 125 to 500 mM. For DENV2
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FLNSS5, unbound proteins were washed away with five column volumes of buffer A. Proteins

were then eluted using a linear gradient of imidazole from 50 to 250 mM.

2.4.4 lon exchange purification

Fractions containing the protein were pooled and dialyzed overnight against buffer B (table
2.3). Afier dialysis, proteins retaining the N-terminal His tag were subjected to cation-
exchange chromatography. Proteins were eluted using a linear gradient from 0.15 to 1.5 M
NaCl. Fractions that contain the proteins were concentrated and subjected to gel filtration

purification.

2.4.5 Thrombin digestion

Alternatively, after elution from the HisTrap HP column, the N-terminal tagged proteins
(DENV 3 RdRp, DENV 2 FLNS5 and WNV NS5) were treated with thrombin (1 U thrombin
per 100 mg of protein, GE Healthcare) in 20 mM Tris HCI pH 7.0-8.0, 50 mM NaCl and 5
mM B-ME overnight at 4°C to remove the His tag. The thrombin-treated proteins were
dialyzed in buffer B, followed by purification using the Source 15S ion exchange

chromatography.

2.4.6 Gel Filtration
As a final polishing step, proteins were further purified with HiPrep 16/26 Superdex 200 in
buffer C. The eluted monomeric proteins were concentrated to respective concentration

(Table 2.3) in mg/ml and used in crystallization assays (Table 2.2 & 2.4).
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2.4.7 GST tagged protein large scale purification.

For GST tagged NS5 48-359, proteins was lysed in buffer A supplemented with ImM PMSF
and was first purified by GSTPrep FF 16/10 Column (GE Healthcare). Proteins were eluted
using 10 mM reduced glutathione. Fractions containing the protein were pooled and diluted
with buffer B. Afier dilution, proteins were subjected to cation-exchange chromatography
using a HiTrap SP FF column (GE Healthcare). Proteins were eluted using a linear gradient
from 0.15 to 1.5 M NaCl in buffer C and further purified by gel-filtration chromatography

Superdex 200 10/300GL.

2.4.8 Fab antibody purification

The buffer used for Fab antibody purification was similar used for DENV 2 FLNSS5. The

proteins were first purified by metal affinity using a HisTrap HP 5 ml column (GE Healthcare)
equilibrated with buffer A of DEN2 FLNS5 without 8-ME (Table 2.3). After lysis, all

supernatants were flowed through the HisTrap HP 5 ml column. Unbound proteins were

washed away sequentially with five column volumes buffer A supplemented with 25 mM and

125 mM imidazole respectively. Proteins were then eluted using a linear gradient of
imidazole from 125 to 500 mM. Fractions that contain the proteins were concentrated and

subjected to gel filtration purification. As a final polishing step protein were further purified

with HiPrep 16/26 Superdex 75 in buffer containing 20 mM Tris HC1 pH 7.0, 150 mM NaCl,

10% Glycerol and 1 mM EDTA. The eluted monomeric proteins were concentrated to 20

mg/ml and used for crystallization assays or functional studies.

2.5 Protein refolding
Recombinant NS5 proteins spanning NS5 residues 341-900 and 415-900 expressed from pET

32a+ (protein 1 and 5, Table 2.2) were unfolded overnight in 20 mM Tris HCI pH 7.5 and 10
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mM B-Mercaptoethanol (Buffer D) supplemented with 6 M GdnHCL The proteins were
subsequently refolded by column refolding method, with the chaotrope slowly removed.
Briefly, the unfolded proteins loaded in the HisTrap HP column (GE Healthcare) were
washed with Buffer D supplemented with 6 M Urea, 0.5 M NaCl and 20 mM imidazole.
Proteins were then refolded with Buffer D of DENV 2 FLNS5 that was supplemented with
0.5 M NaCl and 20 mM imidazole and eluted with buffer D supplemented with 0.5 M

imidazole.

2.6 NSS RdRp activity measured using Scintillation Proximity Assay (SPA)

The NS5 RdRp assays were performed in white half-area flat-bottom 96-well plates (Corning)
in a buffer containing 50 mM Tris-HCl, 10 mM KCl, 2 mM MgCl,, 2 mM MnCl, at pH 7.0,

with 0.25 pg poly C annealed to 0.0125 pg biotinylated oligo G20 (Sigma) as a template, and

1.75 pug of DENV 3 RdRp protein in a volume of 22.5 ul. Following incubation for 1 h, 2.5

pl of 4 uM of total GTP containing 0.5 pCi of [’H]GTP (6.1 Ci/mmol) (GE healthcare) was

added to initiate the reaction. For measuring the IC50 of the 3’dGTP inhibitor, the enzyme

was pre-incubated with template and inhibitor for 1 h before the reaction was started with

addition of solution containing radioactive GTP for 1 h. The reaction was stopped with

EDTA containing streptavidin coated SPA beads (GE healthcare). All reactions were carried

out at room temperature.

2.7 Limited proteolysis

DENYV 2 full length NS5 was incubated with trypsin (Sigma), in a ratio of trypsin/ enzyme
(20:1 or 1: 100) in 20 mM Tris HCI pH 7.5, 50 mM NaCl, 10 mM B- Mercaptoethanol and 2
mM CaCl, at room temperature or 37°C. The reactions were quenched with SDS-containing

sample buffer, and analyzed by SDS-PAGE. The desired bands in SDS PAGE gel were
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transferred to a polyvinlidene fluoride (PVDF) membrane using a Trans-Blot electrophoresis
transfer cell (BioRad) for 1 h at 4°C. N-terminal amino acid sequencing was performed either
at the Novartis Institute for Biomedical Research in Basel or Protein and Proteomics Centre
of National University of Singapore. A similar procedure was performed for DENV
polymerase catalytic domain (DENV 1-3) with trypsin/enzyme ratio at 1: 1000 at room

temperature for 30 min.

2.8 Fab antibody biopanning

A fully human Fab fragment with a library size of 1.2 x10'® (Morphosis) was used for
biopanning to select antibodies specficially against DENV 2 FLNS5 for antibody selection.
In this case, a serotype of DENV 2 TSVO1 NS5 was used. The biopannning was conducted
in collaboration with Dr Celine Nkenfou (NITD), at the Novartis Insitute for Biomedical
Research in Basel (details refer to Morphosis protocol, internal use only). Prior to that, an
experimental course in antibody phage was provided for this work (attended by Dr. Celine
Nkenfou and myself) to master the biopanning method (in Switzerland). Briefly, DENV 2
FLNSS5 was diluted to 50 pg/ml and 300 pl of that coated to a maxisorp microtiter plate
(Nunc) for overnight at 4°C. The MBP-His proteins were used as control. The solution in the
coated plate was washed 2 times with PBS. Subsequently, the wells were blocked with 400 pl
5% MPBS for 2 h at RT on a microtiter shaker. The phage solution from the library was
mixed with 2x blocking solution (10% MPBS) and incubated for 2 h at RT to reduce the
binding of phage to milk proteins. After the blocking procedure, the wells were washed 2
times with 400 ul PBS. 300 pl of the pre-blocked phage was mixed into blocked well and
incubated for 2 h at RT. The unspecific phage was washed with 400 pl PBS for 3 times. The
specifically bound phages were eluted by adding 300 pl of 20 mM DTT in 10 mM Tris HCI,

pH 8.0 into each well and was incubated for 10 min at RT without shaking. The eluted
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solution was added to E.coli TG1 that was pre-incubated at 37°C for 45 min in an incubator
without shaking and tirated as plaque forming units (pfi). The selected phage was rescued as
decribed in the protocol and the panning process was repeated for a further 2 selection rounds.
After the panning selection, the selected Fab fragments were subcloned into expression
vector. The Fab antibody binding to the antigen was validated by 2 rounds of ELISA. Five

positive clones from the secondary ELISA screening were confirmed by sequencing.

2.9 ELISA assays

Binding of monoclonal antibody Fab fragment was determined using ELISA assays. Briefly,
5 pg/ well of proteins were coated overnight at 4° C in 96-well microtiter plates (Nunc). After
blocking with 5% MPBST for 1 h at RT, wells were washed with 3x PBST. Appropriate
dilutions of antibody (1:5000 dilutions) were then added to the wells and incubated for 1h at
RT. The wells were washed with 3x PBST. Bound antibody were detected using goat anti-
Human IgG F(ab') 2 alkaline phosphatase (Jackson Immuno) and the colorimetric substrate-
p-nitrophenyl phosphate. Ajs meassurement (absorbance at 405 nm) was followed with time
using a plate reader (Molecular Devices), with values corrected by subtracting both the
absorbance at 0 min and that for wells incubated without proteins. To deterimine the Ky for
respective Fab fragments against NS5, the procedure was as follow. The purified antibodies
were serially diluted into concentration of 10 uM, 1 uM, 100 nM, 10 nM, 1 nM and 0.1 nM
and added to coated NS5 on ELISA plate for 1 h at RT. The subsequent steps for detection

and measurement were similar as above.

2.10 Western blot analysis
Proteins were separated on 10-12 % SDS PAGE gel and transferred onto a nitrocellulose

membrane either using Semi-Dry (Bio-Rad) to confirm the presence of desired protein.
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Briefly, NS5 related proteins were incubated with primary mouse anti-His antibody at 1:2500
dilution or anti-NS5 polyclonal antibody at 1:5000 dilution for 1 h, followed by secondary
peroxidase-conjugated goat anti mouse IgG at 1:2500. Detection was carried out as described

in the manufacturer’s manual.

2.11 Flame analysis

An analysis of metals bound to the DENV-3 polymerase (purified as described above, in 86
pM) was diluted to a final concentration of 5 pM in MiliQ water using flame atomic
absorption  spectroscopy with a polarized Zeeman Z-2000 atomic absorption
spectrophotometer (Hitachi). Solution that contains MgCl,, ZnCl, and NiCl, were used as

respective reference.

2.12 Crystallization

Crystals of DENV 3 RdRp were obtained using the hanging drop vapor diffusion method at
4°C. Typically, a volume of 0.75 pl of protein solution at a concentration of 11 mg/ml in 20
mM Tris HC1 pH 6.8, 0.25 M NaCl, ImM EDTA, 2 mM S-Mercapto-ethanol, 0.1% w/v
CHAPS was mixed with an equal volume of a reservoir solution (0.1 M Tris HC1 at pH 8.5,
0.8 M K/Na tartrate, 0.5% w/v PEG MME 5k). Lens-shaped crystals with a blueish colour
belonging to space group C222; with unit-cell parameters of a= 160.28 A, b= 178.77 A, and

c=58.05 A were obtained after three to four weeks, but they diffracted very poorly.

A multi-step strategy was subsequently employed in order to improve crystal diffraction
(described in chapter 4). Briefly, crystal quality was markedly improved by the addition of
MgSO,or Mg acetate at concentrations of 0.005-0.2 M and by subjecting crystals to a careful

dehydration protocol. Prior to data collection, crystals were dehydrated in a stepwise manner
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by soaking them into a series of buffers containing mother liquor (5 pl) with a gradual
increase of PEG 3350 concentration, ranging from 15%, 25% to 35% (w/v). Crystals were

then mounted in a cryo-loop and rapidly cooled to 100 K in liquid nitrogen.

2.13 Data collection

The diffraction intensities for PDB 2J7U and 2J7W were recorded using 1° oscillations on
CCD detectors (ADSC and MAR225) on beamline ID14-4 at the ESRF (Grenoble, France) or
X10SA at the Swiss Light Source (Villigen, Switzerland) using attenuated beams. Evaluation
of crystal quality was performed with an R-AXIS IV imaging-plate detector mounted on a
Rigaku/MSC FR-E X-ray generator. Integration, scaling and merging of the intensities were
carried out using the programs MOSFLM (Leslie, 1999) and SCALA from the CCP4 suite

(Bailey, 1994).

2.13 Soaking experiment

(1) The RdRp-Mg”* complex structure was obtained by soaking crystals in 90 mM Tris HCI
at pH 8.5, 0.2 M MgCl, and 25% w/v PEG 3350 for 20 h at 4 °C. In the case of RARp-Mn*"
complex, crystals were soaked in the similar condition as in Mg?* complex but with lower
concentration to 10mM MnClL. See chapter 4 for detail. (2) To obtain a complex with 3°-
deoxy-guanosine-5’-triphosphate (3°’dGTP), DENV 3 RdRp crystals were soaked in 3’dGTP
(Trilink) in the mother liquor supplemented with 10 mM 3°dGTP for 20 h at 4 °C. Crystals
were then dehydrated using a similar protocol as described above, before being flash-cooled
in liquid nitrogen. (3) X-ray crystallography inhibitors screening were also conducted with
novel compounds synthesized as part of a lead optimization (lead identified from a high

throughput screening campaign using DENV 2 FLNSS) program at NITD. Inhibitors were
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provided by Dr Yin Zheng and Dr Chen Yen Liang (NITD). Detail soaking procedure for

ligands/substrates is discussed in chapter 4.

2.14 Structure solution, refinement and analysis

(1) The structure of PDB 2J7U and 2J7W were solved by molecular replacement using the
WNYV polymerase domain structure as an initial model (PDB code 2HFZ) (Malet et al., 2007).
The refinement was carried out using programs CNS (with molecular dynamics in torsion
angles space) and REFMACS with the TLS refinement option. The latter proved important to
model several mobile regions of the fingers subdomain. Refinement cycles were interspersed
with model rebuilding sessions at an SGI computer graphics with program O. The
coordinates have been submitted to the PDB with accession numbers 2J7U and 2J7W for the
DENV 3 NS5 Mg** and 3°dGTP complex structures respectively. Structure related figures
were drawn using program PyMOL. Superpositions of structures and calculations of the r.m.s
deviations were carried out using program LSQKAB from the CCP4 suite. (2) To identify
ligands (inhibitors, RNA template and Mn”"), program AMoRe was used for molecular
replacement with the unliganded DENV 3 RdRp structure (PDB code 2J7U) as a search

model. Refinement was carried out with the REFMACS.
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CHAPTER 3
PROTEIN EXPRESSION STRATEGY
AND

CHARACTERIZATION OF NS5 POLYMERASE

INTRODUCTION

The success of genomic sequencing projects in recent years offers opportunities to
characterize a large percentage of identified gene products with unknown functions. Today,
X-ray crystallography and NMR technique have become the main tools to address the needs
in postgenomic era and are an integral part of drug discovery programs (Murphy, 1996).
Proteins suitable for structural characterization often require having properties such as good
expression yield, solubility, purity, monodispersity and stability. Expressions of soluble
proteins have always been one of the major bottlenecks in the field. For example, many
biologically interesting mammalian (human) proteins or membrane associated proteins are
difficult to express as a soluble protein using bacterial expression systems. As a result, there
has been a decline in the reported number of soluble heterologous proteins expressed in
E.coli (Chatterjee and Esposito, 2006). Several strategies have been adopted to improve the
situation by using chaperones and also engineered strains to provide a “eukaryotic cell like”

environment in E.coli (Baneyx and Mujacic, 2004).

Many advancement have been integrated into the structure determination pipeline. These

comprise advances made in areas of (1) computational biology and bioinformatics

(Goldsmith-Fischman and Honig, 2003), (2) protein engineering (Derewenda, 2004), (3)

94



ATTENTION: The

ight Act applies to the use of this document. Nanyang Tech

ical University Library

(]

Chapter 3

protein expression and purification (Goulding and Perry, 2003) and (4) methods for

accelerating crystallization and X-ray data collection (Leslie et al., 2002).

The Flaviviridae polymerases from DENV, HCV and BVDYV have been shown to be difficult
proteins for structural studies due to solubility and crystallizability issues. The first active
DENYV polymerase from DENV 1 was expressed in E.coli by Tan et al (Tan et al., 1996).
Subsequently, Ackermann et al., 2001 described the expression of an active DENV 2 FL NS5
in E.coli that contains polymerase activity (Ackermann and Padmanabhan, 2001).
Nevertheless, the yield and quality of these purified proteins were insufficient for high
throughput screening assays (HTS) or structural studies. In the case of HCV success in
crystallization was achieved when the last 21-55 hydrophobic amino acids at C-terminus
were truncated. These proteins were also used in HTS screening OVang et al, 2003). In the
case of BVDV polymerase, after the initial protein construct (residues 1-695) failed to
produce protein crystal, a combination strategy of limited proteolysis, homology modeling
and high throughput cloning and expression was employed. A total of 84 protein constructs

were designed and only two of these proteins produced crystal structures (Choi et al., 2004).

Objective of the study

The aim of the study reported in this chapter was to explore strategies that can lead to soluble
DENV NS5 protein expression. These include (1) expression systems using the insect or
bacterial cell hosts, lysis buffer and expression temperature optimization, fusion tag and host-
vector relationship. (2) refolding, (3) limited proteolysis and (4) homologous protein
screening (Fig 3.1). All NS5 related proteins that derived from these strategies were used for
functional and structural studies. In the second part of this study, we aim to characterize NS5

polymerase using several approaches for understanding its roles and function.
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RESULTS AND DISCUSSION

3.1 Overview of protein expression strategy

An active and stable DENV 2 FLL NS5 (TSVO01, 1900 amino acid) was successfully
expressed in a baculovirus system with pBakpak 9 vector (Fig 3.1 & 3.2a) and the purified

protein was used for crystallization screening .

Column refolding was applied on NS5 domain proteins (starting from residue 341-900 and
415-900), after various unsuccessful attempts to solubilize these proteins. Whilst not useful
for structural studies, these proteins were useful for antibody mapping (see section 3.3.2 &

Fig 3.1 & 3.2b).

Limited proteolysis was therefore employed to generate protein variants that would be
suitable for crystallization assays (protein 12-18, Table 3.1, Fig 3.1& 3.2¢). Limited
proteolysis of the DENV 2 FLLNS5 protein alloewed us to identify stable fragments starting at
residues 48, 264, and 359. The soluble proteins generated from this approach are 48-359,
359-866 and 264-359 (residue number) (protein 12-13 & 18, Table 1, Fig 1& 2c¢). Some of

these proteins were also used in antibody mapping (see later).

Homologous protein screening was useful to deduce soluble, stable and active DENV or
WNV polymerases. The following homologous protein were used to screen for protein
solubility - (1) RdRp domain of DENV 1-4, (2) DENV 2 FLNS5 (NGC strain) and (3) WNV
FLNSS (Fig 3.1). Of the four NS5 RdRp constructs the best results were obtained with
DENYV 3 RdRp truncation construct staring at amino acid 273. In total, we have designed and
expressed 25 NS5 related protein constructs for functional and structural studies (Table 3.1,

32).
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Fig 3.1 Flowchart for strategies in identifying protein designs.
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The approach involves (1) use of expression hosts and conditions which comprises bacteria vs.
baculovirus system, lysis buffer optimization, expression condition and fusion tags (3.1.1). Active
and soluble DENV 2 FLLNSS protein were expressed in insect cells while domain protein 341-900
or 415-900 were expressed insoluble. (2) Refolding of the truncated domain proteins (3.1.2). (3)
Use of limited proteolysis to generate 3 soluble proteins from 7 constructs (3.1.3). (4) Use of
homologous protein screening and identified 5 soluble proteins out of 7 constructs (3.1.4). See
texts for details. Proteins that were designed with various respective approaches were listed

numbered as shown in Table 3.1. Solubility and yield for respective proteins are also shown in

Table 3.1.
Table 3.1
No Protein Plasmid Strategy used | Expression Solubility Yield (mg)/ L
(amino acid) to solubilize host
protein
1. 341900 DENV2 pET 32a -Detergents BL 21 (DE3) 1-5% 1 mg afier
-Fusion tag RIL refolding
(Trx)
-Refolding
2. 341900 DENV2 pET 32a -Fusion tag Origami 1-5% N.A
(Trx) (DE3)
-host ccll
3 341900 DENV2 | pET 21b Fusiontag | BL21(DE3) | Notsoluble | N.A
(His) RIL
position
4, 341900 DENV2 pFastBac -Baculovirus High five 5-10% 0.4-0.5
HTB expression cells
5. 415900 DENV2 pET 32a -Detergents BL 21 (DE3) | Not soluble 1 mg after
-Fusion tag RIL refolding
-Refolding
6. 415900 DENV2 pET 32a -Fusion tag Origami Not soluble N.A
(Trx) (DE3)
-host cell
7. 415900 DENV2 pET 21b -Fusion tag BL 21 (DE3) | Not soluble N.A
(Trx) RIL
position
8. 415900 DENV2 pFastBac -Baculovirus High five Not soluble N.A
HTB expression cells

98



ATTENTION: The

nent. Nanyang

University Library

Chapter 3
Continue Table 3.1
9. 1900 DENV2 pFastBac -Baculovirus | High five 70-80% 4-5
HTB expression cells
10. 1900 DENV2 pBakPak 9 -Baculovirus | High five 70-80% 8-10
expression cells
1. 1900 DENV2 pET 32a -Fusion tag BL21 (DE3) | 70-80% 3-5
(Trx) RIL
12. 48-359 pGEX 4T1 -Limited BL21 (DE3) | 60-70% 2-3
DENV2 Proteolysis RIL
13. 264-359 DENV2 pGEX 4T1 -Limited BL21 (DE3) | 60-70% 34
Proteolysis RIL
14. 48-866 DENV2 pET 32a -Limited BL21 (DE3) | 12% N.A
Proteolysis RIL
15. 48-900 DENV2 pET 32a -Limited BL21 (DE3) | 1-2% N.A
Proteolysis RIL
16. 297-866 DENV2 | pGEX 4TI -Limited BL 21 (DE3) | Not soluble N.A
Proteolysis RIL
17. 264-866 DENV2 | pET 32a -Limited BL 21 (DE3) | Not soluble N.A
Proteolysis RIL
18. 359-866 DENV2 | pET 32a -Limited BL21 (DE3) | 2040% 34
Proteolysis RIL
19. 1296 DENV2 pQE 30 MI15 or SG 30-50% 12
20. 1296 DENV2 pQE 30 M15 or SG 30-50% 12
NGC
21. 273900 pET 15b -Homologous | BL21 (DE3) | 10-20% 0.2-0.3
DENVI Protein RIL
Screening
22. 273900 PET 15b -Homologous | BL21 (DE3) | 15-25% 04-0.5
DENV2 Protein RIL
Screening
23. 273900 pET 15b -Homologous | BL21 (DE3) | 60-80% 35
DENV3 Protein RIL
Screening
24, 273900 pET 15b -Homologous | BL21 (DE3) | 5-15% 0.1-03
DENV4 Protein RIL
Screening
25. 273900 pDEST 14 -Fusion tag BL 21 (DE3) | 60-80% 1-3
DENVI1 position RIL
26. 273900 pET 28a -Homologous | BL 21 (DE3) | 30-40% 12
DENV2 NGC Protein RIL
Screening
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Continue Table 3.1
27. 1906 WNV PET 28a Homologous | BL21 (DE3) | 60-80% 35

Protein RIL

Screening
28. 1-900 pET28a -Homologous | BL 21 (DE3) | 50-60% 1

DENV2 NGC Protein RIL
Screening

Table 3.1.Summary of expression.
List of expression host, vector, solubility profile and yield for all NS5 related proteins used in this
study. For DEN2 NS5 serotype, there is 2 viral strains used in this study- of that is TSVO1 and

NGC strain. DEN2 1in this table is refered to as DEN2 TSVOI.

Table 3.2

Protein used for Proteins (remark)

Elisa Assay & immunoblotting for antibody epitope | 341-900 DENV2 (pro 1)
mapping 415-900 DENV2 (pro 5)
48-359 DENV2 (pro 12)#
264-359 DENV2 (pro 13)#
359-866 DENV2 (prol8)#
273-900 DENV1 (pro 25)
273-900 DENV?2 (pro 22)
273-900 DENV3 (pro 23)
WNV FLNS3 (pro 27)
DENV 2 FLNSS5 (pro 10)
DENV 2 FLNS5 NGC(pro 28)

Crystallization assays 273-900 DENV1 (pro 25)
273-900 DENV3 (pro 23)
WNV FLNSS5 (pro 27)

DENV 2 FLNSS5 (pro 10)
DENYV 2 FLNS35 NGC (pro 28)

MTase DENV2

Enzymatic assays WNV FLNSS (pro 27)

DENYV 2 FLNSS (pro 10)
DENYV 2 FLNS5 NGC (pro 28)
273-900 DENV1 (pro 25)
273-900 DENV2 NGC (pro 26)

273-900 DENV3 (pro 23)*
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Continue Table 3.2

Protein used for Proteins (remark)

Limited proteolysis DENYV 2 FLNSS35 (pro 10)
273-900 DENV1 (pro 25)
273-900 DENV2 NGC (pro 26)
273-900 DENV3 (pro 23)

Table 3.2.Summary for NS5 related proteins used for functional and structural characterization.
# Large scale expression and purification were attempted for crystallization assays, but aborted
due to proteolytic problem. * Enzymatic assays result shown in this report. Protein number is

listed as in Table 3.1.

3.1.1 Expression hosts and conditions

Recombinant protein expression of DENV 2 NS5 (TSVOL strain) - (1) residues 341-900, (2)
415-900 and (3) FL. NS5 were investigated using baculovirus and bacterial host expression
system. Based on the hypothesis that the NLS region of NS5 could form a separate flexible
domain, constructs starting at positions 341 (341-900) and 415 (415-900) were designed.
The bacterial or baculovirus derived proteins were expressed insolubly, even after initial
optimizations in combination with lysis buffer optimization (detergent, salt, pH), expression

conditions and fusion tags (Fig 3.1).

Fusion tags- hexahistidine (His), maltose binding protein (MBP), glutathione-S-transferase
(GST) and thioredoxin (Trx) are reported to often enhances solubility of proteins (Chatterjee
and Esposito, 2006). His, Trx and GST fusion tags were incorporated into protein design
(Table 3.1). Only the change of His fusion tag position remarkably affected the solubility of
DENV 1 RdRp (273-900). The C-terminal His-tagged DENV 1 RdRp yielded more soluble
protein compared to those of N-terminal His tag (protein 21 vs. 25 of Table 3.1). Protein

amino acid sequence determines protein stability, isoelectric point (pI), hydrophobicity and
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molecular weight, all of which contribute to protein expression and solubility (Esposito and
Chatterjee, 2006). So, fusion tags could change the solubility of target protein with its amino
acids sequence, particularly the bigger fusion tags such as Trx or GST tags. Some successful
cases of crystallization with large GST or Trx fusion tags have also been reported (Smyth et

al., 2003).

The lack of postiranslational modifications or eukaryotic chaperones could lead to
accumulation of misfolded protein, forming protein aggregates in the cytoplasm known as
inclusion bodies, which are possible reasons that suggest why some NS5 contructs resulted in
insoluble form. Despite these drawbacks, E.coli cells remain as the major expression host for
structural studies because it is easy to use, cheap, and quick to make target gene
modifications. For example, site directed mutagenesis was applied on DENV 3 RdRp to

improve the protein stability for structural studies (see appendix A2 for description).

After unsuccessful soluble or stable protein expression in E.coli cells, eukaryotic cell
expression was attempted using the baculovirus expression. DENV 2 FLNS5 (TSVO01 strain)
expressed in Hi5 insect cells for 72 h (pBakpak 9 vector, protein 10, Table 3.1) shows
relatively good protein yields and stability. Each liter of culture produces about 20 mg protein
(Fig 3.2a, lane 3), which was used for crystallization (> 1000 screening conditions) and
functional studies (eg. to test for enzymatic assay, see 3.3.3). Insect cells expression allows
proper heterologous protein folding in cytoplasm, post-translational modification or
oligomerization in manners similar to those of mammalian cells (Kost et al., 2005). In
contrast, DENV 2 FLNSS protein (TSVOI strain) produced in E.coli cells (protein 11, Table
3.1 & Fig 3.2a) was strongly susceptible to proteolysis and severely degraded throughout the

purification process. In the case of truncated RdRp protein (341-900 and 415-900), neither
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E.coli nor baculovirus system produced protein yielded soluble protein for structural studies

(protein 1-8, Table 3.1).

3.1.2 Refolding

Insoluble truncated NS5 proteins 341-900 and 415-900 were refolded using chromatographic
approach. The recovery yield for both proteins was about 0.8-1 mg proteins/L. However, the
C-terminus of proteins were sensitive to degradation (Fig 3.2b) and only used for ELISA
assays and antibody epitope mapping (Table 3.2). There is no universal method of refolding
proteins so far. In principle, inclusion bodies can be solubilized through the use of high
concentration of denaturants such as urea or guanidine hydrochloride, assisted by the addition
of reducing agent (e.g. 1-500 mM DTT or 3-ME). The solubilized protein can then be
refolded by slow removal of the denaturants either by dilution (dialysis) or refolding column

(Singh and Panda, 2005).

3.1.3 Limited proteolysis strategy

The initial attempts to crystallize the DENV 2 FLNS5 (TSVOI1 strain) that produced in
baculovirus system for crystallization screenings (>1000 conditions) were unsuccessful. This
prompted us to use limited proteolysis strategy to identify stable protein constructs which
may lead to successful crystallization. Stable fragments were identified by N-terminal
sequencing, after DENV 2 FLNSS5 protein was digested with trypsin to cause limited
proteolysis (Fig 3.2e, lane 2). Based on the results of tryptic digest, 7 truncation constructs
(starting at residue 48, 264 and 359) were designed (protein 12-18, Table 3.1). All of
minigenes encoding the various constructs share universal cloning sites (Bam HI and Sal I),
in order to simplify the PCR amplification, restriction digestion and ligation using either

pGEX 4T1 or pET32a expression vector. Three soluble proteins were expressed, namely (1)
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GST tagged 48-359, (2) GST tagged 264-359 and (3) Trx tagged 359-866 (Fig 3.2¢)

(indicating as the start-end aa of NS5).

The GST tagged proteins contain part of the NLS region, which has been known as the bNLS
(eg. Importin-b binding site). Structural insight into these proteins might provide clues to its
function and role. However, these proteins were susceptible to proteolysis (Fig 3.2¢, lane 1,2
& 4). The Trx tagged 359-866, also displayed proteolysis at the C-terminal. Enzymatic assay
shows that the protein (359-866) is inactive (data not shown) and is consistent with the study
of Malet. H et al., 2007 and with that our study in elucidating DENV 3 RdRp structure (see
later). From the solved structure, the lack of activity of the protein can be attributed to
finding that NLS forms a component of the polymerase fingers subdomain and therefore is
important for polymerase activity (see chapter 5). Nevertheless, these GST or Trx tagged

proteins were useful in ELISA assays and antibody epitope mapping (Table 3.2).

DENYV polymerase has only less than 20% sequence identity to those of BVDV and HCV
polymerases for which structures exist in the PDB database. The low sequence identity
means that homology modeling was not applicable in designing DENV NS5. Limited
proteolysis is an useful approach when one encounters problem to get soluble or stable native
protein or difficulties in obtaining protein crystals (Christ and Winter, 2006; Vasilyeva et al.,
2004). Many viral proteins such as DENV NS5 contain multiple domains to perform different
functions within the same polypeptide chain. Due to evolutionary selection, domain
boundaries prediction by computational methods can be obscured by mutations, insertions
and deletions near the boundary. Therefore the actual domain boundary of a protein may be
different from the prediction (Staub et al., 2004). The rationale of using limited proteolysis is

to make use of protease cleavage sites which tend to be located in the flexible regions of the
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polypeptide chain and less compact regions (Novotny and Bruccoleri, 1987), which would
further lead to the identification of protein domain. The exposed sites have often been shown
to have a good correlation with large crystallographic B-factors and poorly defined electron
density, as evidenced from Thermolysin study (Fontana et al., 1986). In fact, the NLS region
that lies between MTase and RdRp is often more susceptible to proteolysis. This is consistent
with the tryptic digest constructs at residues 264 and 359 and MTase DENV 2 NSSNGC (1-
296 aa) crystal structure. A high B-factor is shown within residues 261-264 of MTase and no

electron density was observed after this region (Egloff et al., 2002).

3.1.4 Homologous protein screening

We also sought to use homologous protein screening to design constructs that could be
expressed in E.coli in order to increase the likelihood of obtaining crystals. This approach
comprises the catalytic domain protein (RdRp) and full length protein screening (FL). After
mitial screening of protein expression for NS5 RdRps with the four DENV serotypes, the best
results were obtained with one DENV 3 RdRp truncation construct starting at amino acid 273
(Fig 3.2d, lane 5; protein 23 Table 3.1). Taken together with the constructs that were
designed and expression results discussed before (3.1.1-3.1.3), suggests that inclusion of the
NLS region was essential to obtain a stable protein. In addtion, the C-terminal His tagged
DENV 1 (273-900) also has soluble protein fraction (Fig 3.2d, lane 6; protein 25 vs. protein
21 in Table 3.1). Both the DENV 1 and DENV 3 RdRp catalytic proteins could be expressed
in high quantity (about 1-3 mg per liter of culture) and were purified to >95% homogeneity.
These proteins were subjected to further functional and crystallization studies. The catalytic
domains from other serotypes (DENV 2 & 4, protein 21 & 24 Table 3.1) were discontinued
because of low protein expression levels and solubility problems. Interestingly, higher

solubility of DENV 2 RdRp (NGC strain) (Fig 3.2d, lane &; protein 26 Table 3.1) was found
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compared to the same serotype of DENV 2 (TSVOI1 strain) (Fig 3.2d, lane 7; protein 22

Table 3.1).

The FLNSS5 has two useful proteins derived from homologous protein screening. A good
yield and stable N-terminal His tagged WNV FL NS5 was expressed in E.coli (3-5 mg/L
culture), compared to DENV FLNSS (Fig 3.2a & 3.2d). The NLS regions for WNV NS5 was
better in resisting proteolysis, yielding only MTase fragment and FL proteins (Fig 3.2d, lane
1; protein 27 Table 3.1). The DENV 2 FLNS5 (NGC strain) has also similar proteolytic
profile as WNV NS5. However, the expression yield is lower (<1 mg/L culture). In both
cases the cleaved MTase was easily removed by gel filtration and the FL protein was
concentrated for crystallization assays (Fig 3.2d). In the case NS5 homologous screening, this
approach has learnt that cloning different strains or serotypes representing naturally occurring
variants of a target protein from an infectious agent (e.g. from a bacterium or a virus in this
case), greatly increases the likelihood of obtaining a protein sample amenable to
crystallization, as compared to a single serotype or variant, as demonstrated by other workers

in the field of structural genomics (Au et al., 2006).

106



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



ATTENTION: The al University Library

Chapter 3

protein (Lane 2). A similar profile of FLNS5 protein was screened for DENV 2 FLNS5 (NGC
strain) (lane 3 and 4). Lane 5-8 represents DENV3, DENV1 and DENV2 (TSVOI strain) and
DENV2 (NGC strain) RdRp respectively. The best protein yield was that of DENV3 and DENV1
RdRp. DENV 2 RdRp (TSVOI strain) is less stable than other serotype RdRp. Lane 9, MTase
DENV 2 1-296 that expressed for structural studies. (E) Limited proteolysis of the DENV 2 FL
NS5 protein (left) and of the DENV 3 RdRp catalytic domain (right). Lane 1 and 2, undigested
FL NS5 and trypsin-digested NS5 respectively. The N-termini of digested protein fragments were
sequenced (264, 359 and 48), and the information was used to derive constructs shown in table 1.
Lane 3 and 4, undigested DENV 3 RdRp and trypsin-digested DENV 3 RdRp, respectively. A
similar tryptic digest profile was found for DENV 1 and DENV 2 NGC RdRp. The trypsin/
enzyme ratio for FL NS5 was 1:100 and the reaction was carried out at room temperature for 2 h
(lane 3). Using a lower concentration of trypsin (1:1000 ratio of trypsin to RdRp) for ~ 30 min at
room temperature yielded several smaller fragments (lane 4). The N termini of digested protein

fragments were sequenced (indicated by arrow).

3.2 Characterization of NS5 polymerase

3.2.1 Enzymatic Activity

In this study, the enzymatic activity of DENV 1-3 RdRp catalytic domain and DENV 2
FLNSS5 were conducted. The dengue unit lab at NITD has several DENV2 viral strains. Both
the NS5 TSVO1 and NGC strain were expressed as DENV FLNSS protein. The former was
expressed in baculovirus and the latter in E.coli cells. The FLNS5 (TSVOI strain) protein
was first constructed (A Brooks, James Cook University). It has been used in HTS campaign
and initial crystallization efforts (see section 3.3). The FLNSS NGC strain constructed using
E.coli as expression system later was used in Fab co-crystallization (see later). In addition,

the NGC strain RdRp catalytic domain protein was also used in enzymatic activity studies.
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This was because the TSVOI1 strain RdRp was not as soluble as the NGC strain RdRp.
Similarly, DENV 4 RdRp was not a soluble protein. Therefore the comparison of catalytic

domain (RdRp) activity was tested with RdARp of DENV1, DENV2 NGC and DENV3.

3.2.1.1 Assay for DENV 3 RdRp

A scintillation proximity assay (SPA) was set up using homopolymer C as template and
biotin-oligoG20 as primer to determine the activity of recombinant proteins. The set up of
this RdRp assay was based on the optimized assay condition of DENV 2 FLNS5
(Niyomrattanakit et al., manuscript in preparation, see publication). The purpose of the assay
was to evaluate whether the protein that crystallized was an active enzyme. In this assay, the
addition of tritiated GTP to a primer is measured directly without the need for any wash steps
since only the radioactive decay of tritium on the primer/template complex that is in close
proximity to the scintillant via streptavidin/biotin interaction will result in light emission that
can be measured. Figure 3.3a shows the activity of the truncated DENV 3 RdRp (residue
273-900), monitored over time. Approximately to 1 puM DENV 3 RdRp was used to achieve
signals that arec comparable to those for DENV 2 FLNS5 (50 nM; data not shown), implying
that the domain is ~ 20 fold less active than the full-length protein. Nevertheless, the
sensitivity, speed and possibility to miniaturize the assay to a 384-well format will make the
assay valuable for a high-throughput screening of inhibitors. The ability of 3’deoxyguanosine
triphosphate (3’dGTP) to block the elongation process was studied using the NS5 RdRp-SPA
format. The 3'dGTP is a chain terminator, lacking a 3'OH group that is required for the
formation of phosphodiester bond between two nucleotides during replication. Therefore,
incorporation of 3'dGTP into the nascent strand will terminate the daughter strand extension.
In this experiment, the enzyme, template/primer complex and the inhibitor at various

concentrations were incubated for 1 h prior to initiation as above. The data presented in Fig
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3.3b show that the ICs, of the DENV 3 RdRp is 0.22 uM (compared with an ICsy of 5 nM for
FL NS5: data not shown), and demonstrate that the 3°’dGTP can serve as a useful reference

compound in the present assay format for finding new inhibitors.

3.2.1.2 Comparison of different serotype DENV RdRp and DENV FLNSS5

As discussed earlier, the DENV 3 RdRp is ~ 20 fold less active than the full length protein.
Unexpectedly, we found that the DENV 2 RdRp (NGC strain) activity was ~ 4 folds less
active than DENV 2 FLNSS5, under similar experiment conditions (data not shown). We
observed that the ezymatic acitivity (active to less active, in chronological order) as following
- FL NS5 >DENV 2 RdRp (NGC) >DENVI1 or DENV 3 RdRp, respectively. First, the
catalytic domain of DENV1, DENV2 and DENV 3 RdRp (residue 273-900) possibly adopt a
more open conformation than that of DENV 2 FLNSS5, which causes the domain proteins to
be less active. Limited proteolysis resulted in more protease accessible sites in the DENV
RdRp catalytic domain (using DENV1, DENV2 NGC and DENV3) than in the FL (Fig 3.2e,
lane 4), since similar amounts of trypsin was used. Limited proteolysis is useful to probe
conformational changes of proteins by pinpointing the sites of local unfolding in a protein
chain (Huang, 2003; Hubbard, 1998). In the case of DENV 2 RdRp (NGC strain), the activity
of this protein is higher than other serotypes (DENV1 & DENV3). Variation at the amino
acid sequence level among the DENV 1-3 RdRp serotypes may accounts for the varying
activity of serotypes and could also impact the protein folding. These suggestions have to be
validated by NMR experiments. Interestingly, when DENV1 and DENV 3 RdRp proteins
stock were diluted into a new buffer environment, the proteins were found to precipitate. In
contrast, this was not the case with DENV 2 NGC RdRp. This observation also suggests that

DENV1 and DENV 3 RdRp sensitivity to precipitation is likely contributed by the protein's
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self-aggregation and amino acids composition. Further experiments like mutagenesis are

needed to address this issue.
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Fig 3.3 Kinetic of DENV 3 RdRp.

(A) Initial reading of incorporation within the linear range with respect to time by DENV 3
polymerase using poly C/primer oligoG template. The reaction mixture contains 1 uM enzyme,
0.25 pg poly C/0.0125 ug oligoG, 4 pM total GTP with 0.5 uCi of [’H] GTP were described
under Materials and Methods. (B) Kinetic analysis of 3’dGTP inhibition. The ICs, of 3° dGTP
for DENV 3 RdRp was determined using at least two independent experiments. Assay conditions

are described in the Materials and Methods section.

3.2.2 Fab antibody used for structural and functional studies

Protein crystallization is often inhibited by heterogeneity, insolubility, polydispersity or
flexibility of a molecule in solution. To resolve these problems, antibody Fab or Fv fragments
have been integrated as part of the strategy to crystallize such characteristic proteins (Kovari
et al, 1995). The use of Fv fragments over Fab fragments has some advantages, as Fv
fragment has no flexible elbow which may inhibit crystallization (Kovari et al., 1995).

Nevertheless, Fab fragment has a reasonable solubility and binds specifically to an antigen.
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Thus Fab antibody can effectively transform the aggregated material into soluble and
monodisperse sample (Kovari et al., 1995), a prerequisite for crystallization. In addition, Fab
antibody can serve to immobilize flexible regions of the target protein in a fixed
conformation. The Fab-antigen interaction provides additional protein surfaces that
facilitating nuclei and ordered crystal growth (Venturi and Hunte, 2003). This approach can
be applied readily more than molecular engineering (point mutations or truncations) to obtain
crystals with improved protein. HIV capsid protein p24 is that of an early example of
insoluble protein which was crystallized with Fab (Prongay et al., 1990). This capsid protein
p24 associate into large oligomers and this property interrupt attempts to crystallize the
protein even with the presence of detergent B-octyl-glucoside that improve the aggregation.
The screenings of several different Fab antibodies that recognize p24 eventually led to
encounter crystal conditions that suitable for diffraction. The use of Fab fragment to
crystallize polymerase protein was first applied in HIV-RT, which was a ternary complex of
RT-Fab-DNA (Jacobomolina et al., 1993). The Fab was suggested to act as a molecular
clamp that immobilizes a region of the protein. Furthermore, the inclusion of Fab in HIV-RT-
Fab-DNA complex resulted in rapid structure determination (Jacobomolina et al., 1993). To
crystallize the FLNSS5 protein, we adopted a similar strategies as that of HIV-RT or p24 (see
section 3.3 for crystallization campaign on FL NS5), a human phage Fab library (1.2 x10'%)
was biopanned to against DENV 2 FLNS5 (TSVOL strain). After 3 rounds of biopanning and
2 rounds of ELISA screening, 5 Fab fragments that specifically recognize DENV 2 FLNSS5
with binding affinity (K4) in nM were selected and subcloned into vector for expression in
E.coli. The K4 for respective Fab fragments were characterized by ELISA (see material and
methods) and currently being validated by Biacore analysis (in collaboration with Dr. Susana
Geifman, NTU). Further study on some of these Fab fragments that recognize the NLS

region of RARp (see below) are also in the progress to characterize the NS3-NS5 interaction
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(Left): profile for each mAb Fab that expressed in E.coli TG1. Lane 1-5 represents Fab D12, C3,
E6, A8 and BS5 respectively. (Right): DEN2 FLNS5-Fab complex formation in buffer without 3-
ME. Lane 1-2, DENV 2 FLNS5 in buffer without 8-ME. Lane 3-7 represents FL. NS5-Fab
complex formation with aggregates (on top of the gel) for respective antibodies; follow the order

on left hand side gel. These aggregates could be removed by gel filtration.

3.2.2.1 Epitope Mapping

Soluble protein expressions which led us to have proteins for Fab fragment characterization
were discussed in earlier section. In this work, 12 proteins were chosen for 5 Fab fragments
epitope mapping, includes the truncations or FLNSS5 protein, which either from the DENV 2
serotype (TSVO1 or NGC strain), DENV 1 or 3 serotype and WNV NS5 (Fig 3.5 and Table

3.2).

However, these Fabs could recognize DENV 2 NS5 (TSVOI strain) only, even though
DENV 1-4 NS5 share more than 70% protein similarity. Three Fab antibodies of that -B5,
D12 and A8 show strong reaction both in Elisa and immunoblotting, suggesting that these
Fab fragments recognize a linear epitope (Fig 3.6). In contrast, C3 and E6 Fab only
recognized DENV 2 FLNS5 in ELISA, suggesting that these Fabs recognize a conformation-
sensitive epitope (Fig 3.7). For linear epitope mapping, immunoblotting and ELISA assay
show that Fab A8 and D12 recognizes truncated proteins of that 341-900, 359-866 and
FLNSS respectively, but unable to recognize protein 415-900 and 48-359. The results suggest
these Fab fragments recognize neither the MTase domain (1-296aa) nor residues after 415.
This led us to propose that the epitope for Fab A8 and D12 lies within the residues 359-415
of the NLS regions. Sequence alignment (Fig 3.8) shows the most variable region in the NLS

are starting at residue 366 to 392 (region A), with a few conserved residues.
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The Fab A8 and D12 fragments were mapped binding within the residue 359-415 of NLS region.
The variable region within the NS5 NLS region is starting from residue 376-392 (region A). The
region A is likely to differentiate the binding specificity of Fab A8 and D12 to DENV1-4 and

therefore specifically recognizes DENV 2 NS5 TSVOI.

Interestingly, Fab A8 was also found to recognize DENV 2 FLNS5 NGC 10 folds lesser than
DENV 2 FLNS5 TSVOI in ELISA assays (Fig 3.6). The others Fab fragments recognized
DENV 2 FLNS5 NGC similar to that of TSVOI1 strain (data not shown). The difference
between the NGC and TSVO1 NS5 in residue 359-415 of NLS region are at residue 377
(Arg-->Lys) and 403 (Lys-->Arg) (Fig 3.8). Therefore, we mutated these residues on NGC
NS5 plasmid to TSVO1 NS5 residues. However, Fab A8 binding on these mutants were as
poor as the WT NGC NS5. As the interface between Fab and antigen is usually very large
(>1000A%) (Evans et al., 2005), we thus suggested that residues reside out of the region A
(see Fig 3.8) but folds into proximity of region A could also affect Fab A8 binding. Since our
aim was to focus on Fab co-crystallization, residues that involves in respective Fab epitope

was not subjected for further investigation.

In the case of conformational epitope, both Fab C3 and E6 that recognized the conformation
epitope show that DENV 2 FLNS5 (TSVO1) has ~20% reaction stronger than of the DENV 2
RdRp (TSVOLI, residues 273-900). These Fab fragments also weakly recognized proteins that
contain partial NL.S (protein 359-866 and 341-900) in ELISA assay. In combination of
enzymatic activity, limited proteolysis, and characterization of C3/E6 epitope, this work

suggested that RdRp in the FLNSS context and RdRp alone adopt a different conformation.
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How the role and function of RdRp is modulated by the presence of MTase and NLS region

in the context of FL. NS5 remains ambiguous.

3.2.2.2 Complex formation

Analytical size exclusion chromatography (Tricorn High Performance columns, 10/300 GL)
has been used to study conditions optimal for FLNS5-Fab complex formation and co-
crystallization screening. The Fab antibody has heavy chain and light chain which is linked
with disulfide bonds. Therefore Fab may be sensitive to reducing agents such as DTT or -
ME. In this study, the FLNS5-Fab complex formation in solution without reducing agents
resulted in aggregate formation, as shown by SDS PAGE gel and gel filtration (eluted at 7.5
ml, Fig 3.9, panel iii). However, the aggregate could be removed by size exclusion
chromatography. Fab C3 was chosen for co-crystallization with FLNSS in a buffer without 3-
ME. No crystal growth condition was identified at the moment. To improve the complex
formation, we explored the use of 3-ME. The result showed most Fab remain as in intact Fab
m 2 mM B-ME (Fig 3.9, panel ii) and the Fab-FLNS5 complex was eluted as a monodisperse
fraction (Fig 3.9, panel iv). This optimized buffer can be used for co-crystallization screening
in the future. Similarly, the His tagged Fab fragments could be trapped in the His tag column.
This column can then be used to co-purify with the untagged FLNSS5, as a step to polish the
complex before size exclusion chromatography purification and crystallization screening. In
addition, biacore analysis on the Fab and FLNSS interaction also can derives parameter, for
example the K, and K kinetic rate which could be taken into account when setting up
crystallization trials. The rapid dissociation rate between Fab-FLNSS5 can reduce the success

rate for crystallization screening.
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Fig 3.9.Representative gel filtration analysis for DENV 2 FL. NS5 and Fab.

Analytical gel filtration (Tricom™ High Performance Columns (10/300 GL) waé used. Panel (I):
profile for DENV 2 FL NS5, eluted at 13 ml. Panel (II): profile for Fab C3 treated with 2 mM -
ME remains intact and eluted at 15 ml. Panel (I1I): profile for DEN2 FLNS5-Fab C3 complex in
buffer contains no $-ME. Profile shows two products, with complex eluted at 12 ml and
aggregates at 7.5 ml Panel (IV): profile for the FLNS5-Fab complex in buffer with 2 mM 8-ME

could avoid the aggregates formation and the complex eluted at 12 ml.

3.2.2.3 Fab and enzymatic activity DENV NS5 RdRp

As shown in Fig 3.10, the polymerase activity of DENV 2 FLNS5 (TSVOI strain) was not
significantly affected by increasing the concentration of respective Fab fragments. This
suggests that the binding of the Fab fragments on polymerase enzyme does not interfere with
the polymerization catalysis by the enzyme. Therefore, the Fab could be potentially used to
capture the active NS5 polymerase from the viral infected cells. The isolated complexes can
be used for direct measurement of catalytic activity as secondary or tertiary drug screening
assays or applied for structural studies. For example, anti influenza polymerase-antibody has
been used to capture the enzyme. The complex was structurally determined by cryo-electron

microscopy (Area et al., 2004). Similarly, the Fab should be useful in helping t to solve the
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(A) Several approaches were undertaken to crystallize the DENV 2 FLNSS5 protein. Firstly,
stabilizing agent osmolytes such as amino acids like glycine, proline and detergent B-octyl-
glucoside were included in crystallizing the protein after initial screenings failure. Osmolyte
agent was also used as was shown in lysozyme such that osmolytes stabilize the protein
structure against thermal denaturation, acting like osmotic-pressure to keep the protein stable
(Arakawa and Timasheff, 1985). In addition, B-octyl-glucoside was shown to decrease
aggregation and help in membrane proteins crystallization (Modis et al., 2003). Secondly,
crystallization assays with the WNV FLNS5 or WNV FLNS5 mutant (see appendix A2) were
also set up, hoping the homologous proteins of DENV NS5 could yield crystals. Thirdly,
taking a different approach, attempts to crystallize NS5-Fab complex are in progress. The Fab
antibodies specifically recognize DENV 2 FLNSS (see section 3.2). Fourthly, NS3 helicase
has been reported to interact with NS5. Co-crystallization of WNV FILNS5-FILLNS3 is also in
progress to increase the likelihood of obtaining crystals. Initial ELISA assays in this study
shows that NS5 could interact with NS3 (Fig 3.11), and is consistent with biacore NS5-NS3
imteraction studies (data not shown, in collaboration with Dr. Susana Geifinan, NTU).
Nevertheless, in summary none of these approaches resulted in crystals. These results
indicate the challenges of crystallizing the FLNSS proteins which probably may be due to the

flexibility and mobility between the MTase and RdRp domain.

(B) Homologous protein screening of catalytic domain RdRp (273-900) identified DEN3
RdRp as the best soluble protein. For the domain protein crystallization screening (DEN1 & 3
RdRp, 273-900), one condition that produced DENV 3 RdRp crystals was encountered. The
detail of crystal optimizations is discussed in chapter 4. On the other hand, DENV 2 MTase

1-296 protein (Fig 3.2d, lane 7; protein 19 Table 3.1) was also expressed and purified. The
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this work started with FL. DENV NS5 (TSVOL1 strain) proteins which were expressed in
baculovirus system. The proteins were used for functional studies (eg.enzymatic assay or
HTS campaign) and crystallization screening. However, extensive crystallization efforts have
not yielded any crystals (see below). Thus, protein refolding, limited proteolysis and
homologous protein screening were used to design truncated constructs that could be
expressed in E.coli in order to increase the likelihood of obtaining crystals. With the trials of
crystallization assays on the 6 proteins mentioned above, one crystal growth condition was
encountered for DENV 3 RdRp. The initial crystals were small and diffracted poorly. See
chapter 4 for strategies leading to high resolution and good quality crystal diffraction. This

led us to have structural insights on the DENV RdRp structure (see chapter 5).

In our attempts to crystallize FLNS5, several strategies were employed. A homologous
protein of DENV, the WNV FLNSS was used for crystallization trials. WNV FLNS5 mutants
that were predicted based on surface entropy reduction (see appendix A2) were also designed
and used for crystallization trials. These attempts have not yielded any crystals, NS5-complex
co-crystallization was employed. The WNV FLNS3 that was predicted to interact with NS5
during the replication was used for co-crystallization. Unfortunely, these attempts did not
materialize to crystallize the protein. Taking a different approach, a Fab monoclonal antibody
(mAb) library was biopanned against DENV 2 FLNSS5 (TSVOL1 strain). Bound phage clones
of DEN2 FLNS5 were enriched and selected from biopanning and ELISA screening.
Subsequently the best 5 Fab fragments were subcloned into expression vector. These the 5
Fab fragments that are specifically against DENV 2 FLNS5 were selected for crystallization

attempts. Nevertheless, in summary all of our attempts have been so far unsuccessful.
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For functional characterization, the enzymatic assay demonstrated DENV 3 RdRp that used
for structural determination is an active protein and 3'dGTP (chain terminator) can serve as
useful reference inhibitor. The sensitivity and speed of the assay make it suitable for high-
throughput screening of inhibitors. In addition, a serendipitous result also reveals that DENV
2 RdRp NGC is ~4 folds less active than DENV 2 FLNS5 (TSVOI strain), compared to that
of DEN3 RdRp which is ~20 folds less active than the FL protein. The results indicate that
the catalytic domain RdRp protein adopts a more open conformation and is more flexible
than that of FLNSS5. This suggestion is supported by the epitope mapping and limited
proteolysis analysis. In addition, the variation of amino acids sequence in DENV 1-3 RdRp
also could affect the RdRp and indeed DENV 2 RdRp (NGC strain) activity is more active
than that of DENV 3 RdRp. In the last part of this work, 5 Fab fragments that recognize
DENV 2 NS5 were characterized. Three Fab fragments were shown to recognize linear
epitope while two Fab fragments were found to recognize conformational epitope. None of
these mAbs affect the enzymatic activity of polymerase. Nevertheless, these Fab fragments

should serve as good tools to study the solution of FLNSS5 structure using SAXS in the future.
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CHAPTER 4
A MULTI-STEP STRATEGY TO OBTAIN CRYSTALS OF THE
DENGUE VIRUS RNA-DEPENDENT RNA POLYMERASE THAT
DIFFRACT TO HIGH RESOLUTION

AND SOAKING STUDIES

INTRODUCTION

A well ordered and high quality crystal is pre- requisite for data collection and determining a
protein structure. A beautiful looking crystal does not imply good diffraction quality (Owen
and Garman, 2005). Loosely packed molecules and a large solvent volume are the common
factors that result in poor crystal diffraction and low resolution. In the case of well grown
crystals that do not diffract, generally the approaches are to search for new crystallization
conditions to identify new crystal form, crystallizing a truncated form of the protein or
mutating surface amino acids to enhance protein crystallization (D'Arcy et al., 1999). Crystal
growth remains an empirical and tedious process. Sometimes minor modification such as
surface residues mutation on the same protein may not produce crystal under similar
conditions as before. Thus, several methods should be considered to improve poorly
diffracting crystals include post crystallization soaking, cross-linking, crystal annealing, and
controlled dehydration (Heras and Martin, 2005). These methods have been reported to
improve diffraction of protein crystals. In this study, we have identified one crystal growth
condition for DENV 3 RdRp, the best protein construct with respect to the protein solubility,

monodispersity, and stability (see chapter 3). However, the crystal diffracted poorly.

125



ATTENTION: The

ight Act applies to the use of this document. Nanyang Tech

(]

ical University Library

Chapter 4

Therefore we focused on the DENV 3 RdRp crystal quality and its diffraction property

improvement, in order to understand its function and role from structural basis.

Objective of the study

Viral polymerases represent attractive drug targets for the development of specific drugs, as
host cells are devoid of this enzymatic activity. To accelerate the search for novel antiviral
compounds that are active against DENV, we explored the multi-step strategy used which led
to a good-resolution structure (1.85 A) of the DENV 3 RdRp catalytic domain that suitable
for further structure-based drug design. The strategy, outlined in Fig 4.1, involved (i)
expression screening of naturally occurring serotype variants of the RdRp domain, (ii) a
crystal dehydration/cryoprotection protocol and (iii) optimization of crystal-growth
conditions. In addition, soaking conditions and substrates for complex studies is also briefly

N

discussed.

RESULT AND DISCUSSION

4.1 Protein expression and purification

The expression and purification strategy for DENV 3 RdRp was discussed in chapter 2 and
chapter 3 respectively (refer appendix Al). This protein was expressed as a soluble protein
from the homologous protein screening strategy. Briefly, the proteins were purified using
metal affinity, cation exchange and gel filtration chromatography sequentially. DENV 3

RdRp proteins retaining their N-terminal His, tag hereafter named Hy DENV 3 RdRp.

In the case of H¢ DENV 3 RdRp, two distinct fractions (labelled F1 and F2) were eluted from
cation-exchange chromatography (Fig 4.2a) and were separately purified by gel-filtration

chromatography (see below). Alternatively, after elution from the HisTrap HP column the Hg
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DEN3 RdRp protein was treated with thrombin overnight at 277 K in order to remove its N-
terminal hexahistidine (Hise) tag using 1 U thrombin per 100 pg of protein. After treatment
with thrombin, the DENV 3 RdRp protein retains residues GSHMLDN at its N-terminus
which are derived from the vector that was used for cloning. Finally, both the tagged and
untagged proteins were concentrated by ultrafiltration with a molecular-weight cutoff of
30 kDa (Millipore, Volketswil, Switzerland), a final gel-filtration chromatography step
(HiPrep 16/26, Superdex 200) was carried out in buffer C [20 mM Tris-HCI1 pH 6.8, 025 M
NaCl, 1 mM EDTA, 2 mM B-mercaptoethanol and 0.1%(w/v) CHAPS] and both the tagged

and untagged proteins were concentrated to ~11 mg mI” and used in crystallization assays.

L Screening of exp reszion & solvh ility for the 4 seroiypes H; DENM RAEp p roieins
¥
|Crystallization assays wing H; DENV 3 RiRp |
¥ R
| Small crystal with poor/ne diffraction in conditions £31 I
¥

| IL. Crystal Dehydration |

| H; DEMNV } RdBp: 3.3A st E.SR.F. I

¥
| His tas cleavase |

| DENV 3 RdRp: 294 at ESRF. |
¥

| IIL Crystal growih op timization ( DENV 3 RdRp) |
¥

|a. Cosmosirop ic sohuies I |b. Diralent sparse mairix screen | L. Rﬁﬁ:mﬁ“mm
[ Magnesium sulfate |
L
\Crystal dehydration |
¥
2.4A, home source
L85A, SL.S

Fig 4.1 Flow-chart for strategy to obtain good resolution structure.
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to 1.5 M NaCl (100% B). Two major fractions F1 and F2 were then subjected to gel filtration and
initial crystallization trials (see text). (B) SDS PAGE analysis. Lane 1, molecular mass markers.
Lane 2 & 5, protein DENV 3 RdRp from the minor fraction that elutes first. Lane 3 & 4, fractions

F1 and F2 respectively both containing DENV 3 RdRp.

4.2 Crystallization

The Hgs DENV 3 RdRp protein was subjected to initial crystallization assays, using the F1
and F2 fractions eluted from the cation exchange chromatography step separately (Fig 4.2).
Examination of the initial crystallization assays led to the following observations: trials
performed at 293 K gave protein precipitates in almost all conditions investigated. Therefore,
subsequent crystallization assays were performed at 277 K. Using the F1 fraction of the Hg
DENYV 3 RdRp and conditions #31 of the Index Screen from Hampton Research (0.1M Tris-
HCI ph 8.5, 0.8M potassium/sodium tartrate, 0.5%(w/v) PEG MME 5000), small crystals
(Fig 4.3, panel I) with approximate dimensions up to of 0.05 x 0.02 x 0.02 mm’ were
obtained that diffracted X-rays very weakly. Interestingly, no crystal could be obtained using
the same crystallization conditions with the F2 fraction or pools of fractions F1 and F2. Since
the protein DEN3 RdRp which is devoid of the Hiss tag elutes as a single peak after ion-
exchange chromatography, fractions F1 and F2 at pH 6.0 might be caused by the presence of
the N-terminal Hiss resulting in the formation of two conformational states and two major

elution peaks (Fig 4.2).

4.3 Post crystallization treatment
It was suspected that poor diffraction was provoked by extensive dynamic properties of the
enzyme, introducing disorder in the crystal lattice, as observed previously for crystals of the

HIV-1 reverse transcriptase (Esnouf et al., 1998). In some cases, poor diffracted crystals
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could greatly improve the diffraction resolution and quality after treatment with annealing.
Unfortunately it was not the case for DENV 3 RdRp. Thus, we established a careful air
dehydration procedure in the hope that the provoked reduction of solvent content could
produce a more closely packed and better ordered lattice. By contrast with the HIV-1 RT, we
were not able to detect changes triggered by crystal dehydration in the unit cell parameters
for Ho DENV 3 RdRp crystals, since initial diffraction was too poor to determine unit-cell
dimensions. Various PEG solutions with average molecular masses ranging from 200 to 3350
were tested as potential dehydration/cryoprotection agents, as listed in Table 4.1. From this
preliminary screen, PEG 200, PEG 400 and PEG 3350 were the most promising because they

did not provoke any visible damage to the crystals.

A summary of the conditions tested and the resulting improvements in diffraction obtained is
given in Table 42. The optimal dehydration/cryoprotection protocol involved the serial
transfer of crystals at 277 K in volumes of 5 pl of the precipitating solution supplemented
with increasing concentrations of PEG 3350, ranging from 15%, 25% to 30% (w/v), with
incubation times of 15 min, 15 min and 30 min respectively. In order to achieve a final
concentration of 30% (w/v) PEG 3350 for the final dehydration step, the concentration of the

Na/K tartrate was lowered from 0.8 M to 0.3 M to avoid solubility problems.

Crystals for H DENV 3 RdRp subjected to this procedure diffracted to ~4A on a radiation
home source and to 3.3 A resolution at the ESRF, belong to space group C222, and have
average unit-cell parameters of a= 160.28 A, b= 178.77 A, and c¢= 58.05 A, with only slight
variations depending on the dehydration agent. Crystals for the DENV 3 RdRp protein (with
the Hise tag removed through thrombin cleavage) could also be obtained using the same

condition #31. These crystals, which were subjected to the same dehydration/cryoprotection
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procedure outlined above, diffracted better (to 2.9 A at the ESRF ID14-4 beam-line) than
those originally obtained with the H; DENV 3 RdRp protein (to 3.3 A at ESRF) (Table 1 &

Fig.1). Thus further crystal optimizations made use of the DENV 3 RdRp protein devoid of

the histidine tag.
Table 4.1
Dehydration agents Concentrations (w/v)” Resolution, A Radiation source
No dehydration - ~20 home source
PEG 200 10%, 15%, 35% ~7 home source
PEG 300 10%, 15%, 25% ~10 home source
PEG 400 10%, 15%, 25% ~5 home source
PEG 600 10%, 15%, 25% ~10 home source
K/Na tartrate” 084 M,09M,1.0M ~15 home source
MPD (dissolves crystals) - ) home source
Glycerol 10%, 15%, 30% ~8 home source
PEG 3350° 15%, 25%, 30% 454 home source
291 synchrotron
2.4° home source
1.85° Synchrotron

Table 4.1.Summary of dehydration/cryoprotection assays on DENV 3 RdRp crystals.

* Air dehydration involved the stepwise transfer of crystals into a 5 ul drop for 15 min, 15 min
and 30 min respectively in each solution. Each drop contains the original precipitating solution
#31 (see Methods) with the addition of the dehydration agents listed above. Longer durations of
dehydration yielded no improvement in crystal diffraction, (eg stepwise transfers for a total time
of 24 h). Very brief soaking times (~10 s) did not improve diffraction. ® In this case, the

cryoprotectant is a solution containing 30% (w/v) glycerol after crystals had been dehydrated. °
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Optimal dehydration/cryoprotection used PEG 3350 for DENV 3 RdRp, leading to high

resolution diffraction.

4.3 Further Crystal optimization

In order to improve diffraction properties further, several strategies were iteratively
experimented, including the use of “cosmotropic” solutes, the addition of co-factors and
substitution of individual components within the reservoir solution (Fig 4.3 and Table 4.3).
All crystal optimization assays were conducted using condition #31 as a starting basis, with
the agents listed in Table 4.2. The effects of each factor are summarized below and typical

crystals obtained using the various procedures are displayed in Fig 4.3.

4.3.1 Cosmotropic solutes

Cosmotropic solut?s, such as glycerol or glucose are agents that preserve protein structure
against thermal denaturation or reduce conformational heterogeneity. This approach has been
successfully applied to generate crystals suitable for X-ray diffraction studies in several cases,
including the T7 RNA polymerase (Sousa et al.,, 1994) or a human fibronectin fragment
(Pechik et al., 1993), where addition of glycerol proved crucial to improve crystal quality.
Several (,;osmotropic solutes were tested and the results are summarized in Table 4.2 and Fig
4.3. Overall, in our case, these additives either prevented crystal growth (eg: iso-propanol) or
accelerated the rate of nucleation and crystal growth, producing smaller crystals as shown in

panel IV of Fig 4.3.

4.3.2 Role of divalent ions
The DENV RdRp requires divalent ions (manganese or magnesium) for its enzymatic activity.

Several salts of divalent ions (as listed in Table 4.2) were used as additive to improve crystal

132



ATTENTION: The

ight Act applies to the use of this document. Nanyang Tech

®

ical University Library

Chapter 4

quality. Surprisingly, crystallization condition # 31 supplemented with concentrations of 2
mM of manganese chloride, magnesium chloride or 5 mM calcium chloride proved
detrimental to crystal formation (Table 4.2 and Fig 4.3 panel IV). By contrast, addition of
either magnesium acetate or magnesium sulfate at various concentrations resulted in a
strikingly improved crystal quality (Table 4.2, Fig 4.3 and 4.4). Explanations for this effect
might be found by reference with previous studies carried out on lysozyme solubility and
crystal growth using various ions (Rieskautt and Ducruix, 1989). The best conditions found
made use of 5 to 40 mM magnesium sulfate as an additive to condition #31, leading to
crystals diffracting to resolutions of 1.85 A at SLS (Fig 4.4) and to 2.4 A (Table 4.2) on a
rotating anode, following the procedure outlined in Fig 4.1 and described above. These

crystals were used for structure determination and refinement.

4.3.3 Replacement of individual component within the reservoir -

Substitution of PEG 5000 monomethyl ether with various other PEG (while retaining the
other components of the crystallization solution in the reservoir (Table 4.2) produced two
distinct results. Solutions containing PEG 200 or PEG 400 (with concentrations of 2.5 to 5 %
(w/v) produced large crystals comparable to those displayed in panel IT of Fig 4.3, but these
crystals grow more slowly, in approximately 10 weeks. With reservoirs containing PEG 1500
or PEG 2000 (1-2.5 % w/v), crystal formation occurred within 5-6 days (panel I1I), with a
size/morphology very similar to crystals obtained using the original conditions. These results
show that PEG of lower molecular mass (PEG 200 or PEG 400) slow nucleation as compared

to PEG 1500 or PEG 2000, which accelerate crystal growth.
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Table 4.2

Crystal optimization Observation

Condition #31 (original precipitating solution) outcome I

I. Cosmotropic screen (Jeruzalmi & Steitz, 1997): ethylene glycol,

sucrose, glycerol, iso-propanol, &glucose (w/v)

ethylene glycol

5% precipitation

10% outcome I

15% deter crystal growth

sucrose

5%, 10%, 15% outcome IV

glycerol

5%, 10% outcome IV

15% deter crystal growth

iso-propanol

5%, 10% deter crystal growth

15% precipitation

glucose

5%, 10% outcome IV

15% outcome 1

I1. Sparse matrix co-factor screen (divalent ions) (Boddupalli et al.,

1992, Doudna et al., 1993)

SmM CaCl, 2mMMgCl, outcome IV

0.2M MgCly, 2mM MgCl, or 2mM MnCl, deter crystal growth

S5mM MgCl, 2mM MnCl, or 2mM MnCI2 2mM MgCl,

SmM MgSO,, 40mM MgSQO,, 0.2M MgSO, or 0.2M magnesium outcome II  (optimal
Acetate conditions)

III. PEG substitution in mother reservoir (crystallization drop
using condition #31)

PEG 1.5K and 2K (1- 2.5% w/v) outcome III

PEG 200 and 400 (2.5- 5% w/v) outcome II  (Crystal
formation >10 weeks)

Table 4.2.Summary of further crystal optimization assays for DENV 3 RdRp crystals.
Please see text for a discussion on crystal growth optimization. The crystals obtained (“observed
outcomes™) are shown in Fig. 3. * Crystal optimization was conducted with condition #31 as a

starting basis, supplemented with reagents listed in Table 3.
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Crystals of the DENV 3 RdRp catalytic domain (Outcome II) collected at a Synchrotron radiation

source (Beamline X10SA, PXII, S.L.S. Villingen). The diffraction extends to 1.85 A resolutions.

Table 4.3

2+ 3’dGTP 2+

Mg“" Complex Complex Mn“"Complex
Wavelength (A) 1.0 1.0 Home source

a=160.15 a=163.71 a=162.39
g;lzlz parameters  (A), _jg0'47 b=180.91 b=181.28

! C=57.98 c=58.04 c=57.84

Resolution range (A) 48-1.85 48-2.6 20-2.6
No. =~ of = obsarved 4445, 131,992 93,113
reflections
No. of unique reflections® 72,065 (8,212) 26,929 (3067) 25,854 (3792)
Completeness 99.9% (100%)  99.6% (100%)  99.9%(98.7%)
Multiplicity 49 (4.9) 49 (49) 6.1(52)
Ranerge” 0.009 (0.540)  0.010 (0.627)  0.062 (0.294)
Ta(T) 1462 (298)  1398(254)  22.5(5.60)

Table 4.3.Data Collection and phasing statistics.

“The numbers in parentheses refers to the last (highest) resolution shell. "Ruerge =Y nY 3T

<Ip>|/Xni Ini, where Iy; is the ith observation of the reflection h, while <Iy> is its mean

intensity.
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Table 4.4
Mg Complex 3’dGTP Complex Mn”*Complex
Resolution range (A) 20.0-1.85 20.0-2.6 37.0-2.60
No of reflections:  99.9 997 99 85
completeness (%)
Used for refinement 68,360 25,549 25472
Used for Rfree calculation 3,646 1,340 1,.348
No of non hydrogen atoms
Protein 4,642(36.2) 4,621(62.4) 4,829(68.9)
missing residues 61 63 61
Zn*' Mg** Mn** 2/1/0(28.4,47.0,0)  2/0/0(54.3,0,0) 2/0/2(37.1,0,56)
Water molecules
Rfactor® (%) 19.6 213 27
Rfreet# (%) 23.1 28.8 26.8
Rms deviations from
ideality .
Bond lengths (A) 0.007 0.010 0.006
Bond angles (°) 0.909 1.158 0.841
Ramanchandran plot data
Residues in most favoured 92.2 886 91.7
regions (%)
Residues in  additional 7.0 102 7.8
allowed regions (%)
Residues in generously 0.2 0.8 0.2
allowed regions (%)
Residues in disallowed 0.6 04 04
regions (%)
Overall G factor® 0.19 0.09 0.23

Table 4.4 Refinement statistics.

¥ Rfactor =Y|[Fobs| - [Feaic]] / Y. [Fons|- * Rfree was calculated with 5% of reflections excluded from

the whole refinement procedure.* G factor is the overall measure of structure quality from

PROCHECK (Lee and Lobigs, 2000).
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4.4 Soaking studies- conditions and substrates

In drug discovery, the structural information of a protein-inhibitors complex is used
iteratively to design new molecules. With this aim, X-ray crystallography crystal-ligand
screening was initiated in collaboration with NITD. A total of 22 inhibitors were selected (see
appendix A3, for internal use only). Additionally, 2 different ligands (RNA template and
Mn®" ) were also selected for soaking study in order to obtain the DENV RdRp-ligand
complex which provide us clue to its function and role. The optimized soaking condition for

respective ligands is shown in Table 4.5 and 4.6 and is discussed in section 4.4.1-4.4.3.

To obtain a protein-inhibitor complex, either through co crystallization or soaking is too often
not successful, even when the crystallization conditions are well established for a protein of
interest (Danley, 2006). Hit rate of 0.6-2% was reported in some recent fragment based
screening studies (Murray et al., 2007; Bosch et al., 2006). Our attempts to identify inhibitor
that binds DENV 3 RdRp crystal so far have been unsuccessful. However, the preliminary
fragment based screening condition by DENV 3 RdRp X-ray crystallography studies could
serve as a basic guide for the future investigation. There are several parameters affecting the
hit rate, including protein-ligand binding equilibrium, kinetics of binding, ligand solubility,
crystal lattice limitation, chemical or soaking environment. These factors should be taken into

account in designing experiments (Hassell et al., 2007).
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Table 4.5
No pH Salt PEG(w/v) Additive Remarks Diffraction(A)
1. 90mM  Tris 80mM  K/Na 20% PEG 0.IMMnCl, Solution not N.A
HClpH 8.5 tartrate 3350 soluble
2. 90mM  Tris 0.2M MgCl, 25% PEG Crystal 25-26A
HCIpH 8.5 3350 stable
3. 90mM  Tris 03M MgCl, 25% PEG Crystal 25-26A
HClpH 8.5 3350 stable
4. 90mM  Tris 50mM MnCl, 30% PEG Crystal 2526A
HCIpH 8.5 3350 stable, drop
precipitated
o/n
5. 90mM  Tris 0.2M CoCl 20% PEG Crystal Deters  crystal
HClpH 8.5 3350 stable diffraction
6. 90mM Tris 0.2M NiCl, 25% PEG Crystal Deters crystal
HCIpH 8.5 3350 stable diffraction
Table 4.5.Summary of crystal soaking buffer optimization for DENV 3 RdRp crystals.
Table 4.6
Ligand Soaking buffer Comment
Inhibitors 90mM Tris HCI pH 8.5, 35% PEG 3350, 10mM Crystals diffractable

RNA template- 5, 6, 7

mers dU

Divalent metal Mn>"ion

MgClz

PEG 3350

3350

0.2M Tris HCI pH 8.5, 50mM MgCl, 30% w/v No

to 2.8-3.5A at home

source

extra

electron

density map observed
for 6 mers.

90mM Tris HCI pH 8.5, 10mM MnClL, 25% PEG

Table 4.6.Summary of ligands used for soaking and their respective soaking optimization.

4.4.1 Stabilization of crystal

Protein crystals were grown in condition #31 (0.1 M Tris-HCl pH 8.5, 0.8 M

potassium/sodium tartrate, 0.5% w/v PEG MME 5000). The mother liquor that contains 0.8

M potassium/sodium tartrate has two disadvantages. First, the addition of 35% w/v PEG 3350

could saturate the solution used for cryo-dehydration. Second, tartrate is a metal chelator

similar to EDTA. Thus, this study has tried to search for artificial mother liquor to replace the

tartrate and this is also equally important for the metal ions soaking study. A series of
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artificial mother liquors were then tested. The best artificial mother liquor was that of
condition #2 (90 mM Tris HC1 pH 8.5, 0.2 M MgCl, and 25% PEG 3350, Table 4.5), with
respect to its diffraction quality and stability. This solution was used to obtain RdRp-Mg**
complex which diffracted to 1.85 A (see chapter 5). In addition, this condition #2 was the
basis parameter for inhibitor and RNA template soaking study (see below). Other conditions
were detrimental to crystal diffraction or mother liquor drop precipitated after overnight
(condition #4, Table 4.5). To stabilize crystals, they could be transferred stepwise over to the
new artificial mother liquors by increased concentration of the precipitants or through
introduction of a cryoprotectant to original crystal drop so that crystals are not damaged. In
some cases, the crystal is cross-linked with glutaraldehyde to stabilize the crystal prior to
carry out soaking experiments, as exemplified in the case cyclin A-cdk2 crystals (Hassell et

al., 2007; Lusty, 1999).

4.4.2 Lattice compatibility and soaking time

Crystal packing in the lattice is one the parameters that has an effect on the interaction
between protein and ligand. The crystal lattice must be compatible with the protein
conformational changes after the ligand is bound (Hassell et al., 2007). The protein-ligand
complex conformational changes that differs from the apo-enzyme, will lead to inability to
grow crystal in the apo-enzyme condition (co crystallization) or causes damage to the crystal
(soaking) during soaking. Fragment based screening with HCV polymerase has shown that
non-nucleoside inhibitors do not induce huge conformational change that can disrupt the
crystal lattice (Wang et al., 2003; Biswal et al., 2006). In addition, ligand-protein ratio is also
an important parameter in co crystallization. Excess of ligand could deter crystal growth.
Furthermore, optimal soaking incubation time can vary the ligand occupancy. In some cases,

incubation time could range from several days up to 2-3 months to obtain the ligand into the

141



ATTENTION: The

ight Act applies to the us:

®

of this document. Nanyang Tech

ical University Library

Chapter 4

protein crystals of good occupancy. Stepwise crystal transfers from initial ligand drop to a
newly ligand added drop for a period of time has been shown successful in some cases
(Delarue et al., 2002). In the case of DENV 3 RdRp, ligand soaking studies were soaked for
16-48 h. Some exceptional ligands were soaked with crystals for up to 6 days, depending on

the stability of the ligands and crystals (see appendix A3, for internal use only).

4.4.3 Inhibitor soaking

Most of the compounds (inhibitor) produced via medicinal chemistry have low aqueous
solubility and need to be dissolved in organic solution such as DMSO (Lipinski, 2000).
Extremely low aqueous solubility compound may encounter difficulty in soaking or co
crystallization. In addition, the use of DMSO in protein-ligand complex has to be minimal to
avoid damage on crystal or protein (Fig 4.5). Initially, some inhibitors tested in this study
were insoluble in the condition # 2 (Table 4.5). In order to minimize the final concentration
of DMSO while increase the inhibitor stock concentration which used in soaking, the Peg
3350 concentration was increased from 25% to 35%. Increasing PEG or alcohol in soaking
mother liquor could improve the ligand solubility in some cases (Hassell et al., 2007).Thus,
the soaking condition was 90 mM Tris HC1 pH 8.5, 35% Peg 3350, 10mM MgCl, (Table
4.6). Most of the inhibitors in this preliminary study were diluted from 20-50 mM stock in
90% v/v DMSO into the soaking condition to achieve 1-5 mM inhibitors for soaking. This
step also diluted the DMSO down to 20% v/v in the soaking solution. The DENV 3 RdRp
crystals could tolerates to 20-25% v/v DMSO without affecting crystals quality and
diffraction. In the case of high aqueous solubility inhibitor or small ligand (with MW < 250
Da), 100-500 mM stock inhibitor can be prepared in 90-100% DMSO, which can further

increase the final concentration for inhibitor (eg. 10 or 50 mM) while reduce DMSO to 10%
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v/v in the soaking solution (Murray et al., 2007). This approach sometimes could increases

the hit rate.

A substrate mimic and aqueous soluble inhibitor, 3’-deoxy-guanosine-5’-triphosphate
(3°dGTP) was also used in soaking. The DENV 3 RdRp crystals were in the crystal growth
mother liquor supplemented with 10 mM 3°dGTP for 20 h at 4 °C (see material and methods).

The result is discussed in Chapter 5.

In the case of protease I, co-crystallizations yielded very few protein-ligand complexes.
Therefore soaking studies were devised by the authors (Hassell et al., 2007). The protease I
crystal was fragile and most ligands were insoluble. The use of xylitol during the soaking
stabilized the crystal and improved the solubility of ligands. Surprisingly, if the ligand was
not mixed in the xylitol, the efficiency of obtaining protein ligand complexes greatly
decreased. Therefore, it is important to have optimal soaking solutions to increase the hit rate
of obtaining protein ligand-complex, as seen in the case of protease I. To investigate the
DENV 3 RdRp protein-inhibitor complex studies in the future, we are now planning to
employ 2D-NMR as a tool to screen the "real binder", a step that possibly improves the hit
rate before proceedings with fragment based screening by X-ray crystallography. In addition,
we have identified a stable DENV 3 RdRp construct, which has higher solubility in low NaCl

concentration to fulfil the prerequisite condition for NMR screening (see appendix A2).
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peak was observed around the template tunnel. Further RNA template-DENV polymerase
interaction study is needed to optimize the RNA template design and obtain the RdRp-
template complex (length or sequence, see appendix A6). Co-crystallization or screening new
crystal growth condition with natural viral RNA 3' UTR or the SLA sequence as template
should increases the RNA template binding affinity to DENV RdRp and likelihood of
obtaining the binary complex, as shown in the case of FMDV (PDB code 1WNE or HRV,
PDB code 1TP7). The function viral RNA template and the 5’ or 3' UTR was discussed in
chapter 1. In addition, the RNA synthesis mediated by RdRp is also briefly outlined in

chapter 5.

4.4.5 Divalent metal ion

DENV RdRp catalytic activity has been shown to be supported by divalent metal ions
(Selisko et al., 2006). In addition, metal ion Mn®" was also found to increase DENV
polymerase catalytic activity in the presence of Mg*'. We therefore selected Mn”* ion for
soaking to provide clues to understand the role of metal ion. The effect of these metal ions on
RdRp structure is highlighted in chapter 5. The data collection and refinement statistics are
listed in Table 4.3 and 4.4. Interestingly, the fingers subdomain of DENV 3 RdRp was
disordered when crystal were soaked in 0.2M MnClL. Nevertheless, the palm and thumb
domains were in good order and Mn®" ions were shown clearly binding at the active site. By
contrast, finger subdomains for crystal soaked in MgCl, are in good order. Thus, to avoid this,
crystals were soaked in the presence of 10mM Mn?®'. Since higher Mn®>' concentration could
lead to be inhibition of the polymerase, we suspected that the high Mn®>" concentration

disordered the fingers subdomain and thus become detrimental to the polymerization activity.
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4.5 Conclusion

In this work, we described the strategy used to obtain DENV 3 RdRp crystals that diffract to
good resolution (1.85 A). Firstly, small and initially poorly diffracting crystals that was not
suitable for structure solution could be improved via an air dehydration procedure, resulting
in a markedly improved diffraction pattern. The protein construct was found in
complementation with cloning of different serotypes of the DENV catalytic domain RdRp
(273-900), which discussed in chapter 3. Secondly, crystal quality could be further improved
by addition of salts of metal ions and air dehydration treatment, leading to a high-resolution
structure of DENV RdRp catalytic domain. In the second part of this work, X-ray
crystallographic screening approach was employed to discover ligand for drug discovery. So
far, no ligand (compound) was found to bind DENV 3 RdRp catalytic domain. However, the
briefly discussed DENV3 RdRp crystal soaking study parameters could be used as a
reference for the follow up of new ligand library in the future. To study the RdRp-RNA
complex or RARp-RNA-INTP complex interaction, co-crystallization with the natural RNA
viral template should increase the likelihood of obtaining the complex crystal. In the next

chapter, the structural basis of DENV 3 RdRp is discussed.
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CHAPTER S5
CRYSTAL STRUCTURE OF THE DENGUE VIRUS

RNA DEPENDENT RNA POLYMERASE CATALYTIC DOMAIN

INTRODUCTION

The first breakthrough of polymerase crystal structure was that of Klenow fragment of
Escherichia coli DNA polymerase I, solved in 1985 (Ollis et al.,, 1985). Subsequently, the
structure of HIV RT was deciphered in 1992 (Kohlstaedt et al,, 1992). The first atomic
resolution of a RdRp was that of poliovirus 3D polymerase, a Picornaviridae polymerase
(Hansen et al., 1997). Crystal structures of 13 RdRps from several virus families have been
determined either as apo-enzymes or as complexes with incoming ribonucleoside
triphosphates, primers, templates or small molecules inhibitors. These include RdRps which
are members of the (1) Flaviviridae family such as DENV (Yalz et al., 2007) and WNV
(Malet et al., 2007), as well as BVDV (Choi et al., 2006) and HCV (Bressanelli et al., 2002;
O'Farrell et al., 2003; Wang et al., 2003; O'Farrell et al, 2003; Wang et al.,, 2003), (2)
Picornaviridae, including poliovirus (Thompson and Peersen, 2004), Foot and mouth disease
virus (FMDV) (Ferrer-Orta et al.,, 2006b) and human rhinovirus (HRV) (Appleby et al,
2005) , and (3) Caliciviriadae such as rabbit hemorrhagic disease virus (RHDV) (Ng et al.,
2002) and Norwalk virus (NV) (Ng et al., 2004). In addition, structures for RdRps of the
double stranded RNA bacteriophage $6 and reovirus A3 polymerase have also been reported
(Butcher et al., 2001;Tao et al., 2002). Two RNA synthesis models are available for viral
RdRp. The first model is deduced from dsRNA bacteriophage ¢6 RdRp (Butcher et al,
2001). This model represents the initiating RNA polymerization mechanism. The second
model is derived from FMDV RdRp, which represents the elongative polymerization (Ferrer-

Orta et al., 2007).
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In #6 RdRp initiation complex, the nucleotide at the 3' end of the template is denoted as T1
and numbered sequentially from 3' to 5' while the daughter nucleotide is denoted as D1, D2
and so on. The base of T1 template threads into a specific binding pocket (S site) within the
C-terminal domains (Fig 5.1). The C site is denoted for incoming NTP binding site for
catalysis (C site). Interestingly, Mg”* or Mn** ion binds at a site 6A from the catalytic site (C
site). The template T1 forms a Watson-crick base pair with D1 which is base stacked on Tyr-
630, where is denoted as P site, a priming site that usually provided by residue either Trp or
Tyr (P site). The structure reveals that the y-phosphate of D1 remains intact during
polymerization reaction and the tp moiety is in a distance to coordinate the divalent metal
ions. The D2 that stacks on D1 and base pairs with the T2 of template, is positioned at C site
with two Mg”" ions coordinated by Asp which also at C site. The tp moiety is stabilized by
Arg-270 and Arg-204 which may facilitate the NTP to shuttle between the site I and site C,
and also responsible to guard the fidelity and stability of initiation complex. The substrate
pore is denoted as site I (site I), which facilitates the interrogation of the template by

incoming NTPs, is located 5A from the NTP binding site at the active site (site C).

Based on the observation of the $6 RdRp initiation-complex, ®6-template and $6-substrate
complex, Butcher et al proposed a sequence of events that could result in the formation of the
initiation complex (Fig 5.1). Step I-IV: the template enters the tunnel and interactions with
the specificity pocket S site, NTPs occupy site I, presumably in rapid exchange. Step V: the
D1 GTP binds to the initiation platform site P, stabilized by the hydrogen bonds of template
and stacking interactions with Tyr-630. Step VI: the template ratchets back, facilitated by
electrostatic attraction to Arg-268 and Arg-270, freeing T1 from the S site. Step VIL a
second GTP D2 enters the P site to lock the initiation complex into active form, then catalysis

of PPi release, freeing the residue Arg-268 and Arg-270 so that it can ratchet down and, Step
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contact with the RNA, including residues from motif B, E in the palm and F in the fingers
(Fig 5.2). Recently, the authors also reported the catalytic elongative complexes of FMDV
RdRp-template (5'GCAUGGGCCC3")-primer (3' CCCGGG 5') in the presence either natural
substrate (ATP and UTP) or mutagenic nucleotides (ribavirin, RTP and 5-fluorouridine,
FUTP) (Ferrer-Orta et al., 2007). These complexes provide the model to define the critical
residues involved in the successive replication events and insights for low fidelity of viral

RNA polymerases. These complexes reveal:

(A) The recognition and positioning of the incoming nucleotide or analog that represents
different replication events (Fig 5.3). The RdARp-RNA-ATP/UTP shows the translocation of
the RNA product and the positioning of the new incoming UTP close to the active site while
the RARp-RNA-RTP complex shows the mutagen occupies the correct position at the active
site for phosphoryl transfer. In addition, the RdRp-RNA-ATP and RdRp-RNA-FUTP
respectively show the formation of new base pair and translocation of the RNA product.
Comparison of the RARp-RNA-ATP/UTP and RdRp-RNA-RTP identified the role of Asp-
245 (motif A) and Asn-307 (motif B) in nucleotide recognition and correct positioning of the
ribose sugar in the binding pocket (see 5.10). These key residues are structurally conserved
both in DENV and 3D, In the FMDV UTP complex, the UTP is in the ground state binding
which is proposed by Cameron et al., 2004 (Cameron et al., 2004) (see 5.10 for detail). The
side chain position of Asp-245 and Asn-307 blocks the ribose binding. In addition, the tp
moiety of UTP is also coordinated by residues from motif F at the nucleotide entry tunnel
which is not accessible by active site. The observed role of Asp-245 and Asn-307 is
consistent with the kinetic analysis on 3Dy, poliovirus (corresponding to Asp-538 and Asn-

609 in DENV, Asp-238 and Asn-297 in 3Dy, see 5.10).
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In the case of RTP complex, Asp-245 re-orientates its rotamer conformation and allows the
positioning of the RTP sugar to be fit into ribose-binding pocket. This complex represents the
second step of nucleotide binding of conformational change in 3D,, which is proposed by
Castro et al., 2005 (Fig. 5.3). Several interactions have been observed, compared to the
ground state binding in UTP complex. The 2'-OH of RTP forms a double hydrogen bond with
the side chains of Asn-307 and Asp-245. Furthermore, the 3'-OH forms a hydrogen bond with
the N- atom of the main chain of Asp-245. In addition, the tp moiety of RTP is orientated to
form extensive network with residues from motif A (Ala-243 and Phe-244), motif F (Arg-179)
and one metal ion. The tp moiety conformation is further stabilized by the interaction
between the B-phosphate and the 3'-OH of the sugar. The 3'-OH of the primer nucleotide is
also positioned to form a hydrogen bond with the catalytic Asp-338. This residue also binds a
metal ion that coordinates the tp moiety of the incoming NTP. These observations in the

complexes are consistent with the kinetic study in 3Dy

(B) The positioning of the acceptor base of the template strand in the complexes (Fig 5.2).
The acceptor base is located adjacent to the nucleotide-binding site that accessible to the
incoming nucleotide. Comparison of the four structures in the active site reveals common
contacts mediated by residues of motifs C and E of the palm domain that stabilize the
position of the 3' end of the primer strand in an orientation for RNA elongation (Fig 5.2).
Motif A, B of the palm and motif F in fingers was also found to help the positioning of the
acceptor base of the template strand and participate in the recognition and binding of the
incoming rNTP (Fig 5.2). Interestingly, motif F position in DENV RdRp-RNA template
binding is different from FMDV. This could probably be due to evolutionary pressure to
distinguish specific protein-RNA template interaction. The position of Ser-298 and Thr-303

that are involved in template and incoming nucleotides interaction are critical in virus
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replication. This was shown by mutagenesis (Ferrer-Orta et al., 2007). Interestingly, these
residues are also structurally conserved in DENV RdRp (Ser-600 and Thr-605) and suggest

the conserved role of these residues.

Objective of the study

In the previous two chapters, the strategies that used for DENV RdRp protein production,
screening for crystallization conditions, good resolution crystal diffraction were reported.
Since virus encoded polymerases present as highly druggable targets for the development of
antivirals, we set out to understand the structure of DENV 3 RdRp and provide clues to
understand its role and function. HIV-RT drug discovery have been greatly facilitated and
advanced by the presence of wealth information on structural data. Similarly, we would like
to understand (1) overall structure of DENV polymerase (2) the precise location of the
nuclear localization signal (NLS) domain and how its folding affects polymerase enzymatic
activity, (3) key amino acid residues mvolved in substrate binding and divalent metal ions
coordination and (4) understand mechanisms of polymerization and fidelity for DENV
polymerase. Such structural understanding in multifunctional DENV polymerase could

eventually be used in facilitating rational drug design.

RESULTS AND DISCUSSION

5.1 Overall structure of DENV RdRp

The distribution of domains along the DENV3 NS5 sequence is schematically depicted in Fig
1A. The DENV 3 RdRp has overall dimensions of approximately 65 x 60 x 40 A’ Its
architecture assumes the canonical right hand conformation consisting of fingers, palm and
thumb, characteristic of known polymerase structures, but with the NLS region playing an

important role in the formation of the observed structure (Fig 5.4). Interestingly, the NLS
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domain signatures described previously (Brooks et al., 2002) are distributed between the
fingers and thumb subdomains. Three helices (02- a4) are incorporated within the thumb and
the fingers (¢ 5- o7) subdomains respectively and the connection between them is realized
through the segment linking helices o4 and o5. Truncations within the NLS region are thus
likely to destabilize the protein structure, an observation which explains a posteriori the poor
expression/solubility of constructs lacking part of this region. A total of 27 a-helices (03 is a
310 helix) and 7 3-strands are clearly defined in the current DENV3 RdRp model and an
amino-acid sequence alignment of the RdRps from several flaviviruses including the four
DENYV serotypes is shown in Fig 5.5. The DENV 3 RdRp fold is analogous to the WNV
polymerase (with a r.m.s. deviation of 1.23 A for 313 superimposed Ca). The corresponding
r.m.s. values for the three polymerase subdomains superimposed individually are 1.9, 0.8 and
1.0A (for finger, palm and thumb subdomains respectively) suggesting that no gross
conformational change occurs within the individual subdomains of the RdRps from WNV
and DENV3. Their relative orientations, however, differ as displayed in Fig 5.6. Overall, the
DENV 3 RdRp assumes a more “open” conformation compared to the conformation
observed for WNV RdRp. In the latter, the fingers subdomain has rotated towards the thumb

by an angle of approximately 8 ° (Fig 5.6).

5.2 The NLS region

The amino-terminal region comprising the b-NLS and ab-NLS sequences (residues 316-415)
forms a peculiar feature of DENV RdRp, and such sequences are neither present in the HCV
nor in the BVDV polymerase. The structure adopted by the b-NLS (residues 316-368)
includes a helix-turn-helix motif that lies on the top of the thumb domain and helices &7 and
o6 of the ab-NLS (residues 369-415) are buried in the fingers and between the fingers and

palm domain respectively (Fig 5.4). Previous biochemical pull-down assays have shown that
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the BNLS region of NS5 from DENV 3 interacts with the NS3 helicase, probably via a well
conserved stretch of 20-amino acids. This segment (341- AMTDTTPFGQQRVFKEKVDT)
within the BNLS (Brooks et al., 2002; Khromykh et al., 1998) forms part of a mobile region
of the thumb subdomain. In the present structure, residues 350-360 which contain the 3
helix o3 are properly oriented to interact with the importin 3 site with residues Arg-352, Phe-
354, Glu-356 and Lys-357 positioned to interact with its binding partner. Together, the GNLS
and the o/BNLS (Khromykh et al., 1998) form part of a functional import system of flaviviral
NSS to the nucleus of the host cell, where it contributes to a significant proportion (ca 20%)
of the total RdRp activity from cells infected with West Nile virus, Japanese encephalitis
virus (JEV), and DENV (Uchil et al., 2006). Furthemmore, a link to the observed dengue
pathogenesis is suggested by the nuclear location of NS5 in a report showing that the
chemokine Interleukin-8 (IL-8) is induced after DENV 2 infection, presumably via a direct

interaction with a CAAT/enhancer binding protein (Medin et al., 2005).

5.3 Fingers subdomain

The fingers subdomain comprises residues 273-315, 416-496 and 543-600. As shown by
higher temperature factors, the fingers subdomain and especially the “fingertips region”
appear quite mobile compared to the other palm and thumb subdomains. Residues 311-317,
408-415 and 454-466 (preceding motif F) were not observed in the electron density map and
were thus not included in the present model. An SDS PAGE and western blot analysis of
dissolved protein crystals ruled out proteolytic cleavage, indicating high mobility of these

segments (data not shown).

In spite of a low sequence similarity, the extended “fingertip” feature is similar to other viral

RdRps including primer-independent RdRps such as BVDV, HCV, and $6 (PDB codes 1548,
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1GX6, 1HHS respectively) (Bressanelli et al., 2002; Butcher et al., 2001; Choi et al., 2004;
Khasnis and Nettleman, 2005; Gelpi et al., 2005) or primer-dependent RdRps FMDV and
RHDV (PDB codes 1WNE and 1KHYV respectively) (Appleby et al., 2005; Ferrer-Orta et al.,
2004; Clark et al., 2005). The base of the fingers domain forms a concave surface shaped by
the solvent-exposed residues of helices (a6, al4 and «l5), near the N-terminus of the protein
(Fig 5.4). This concave surface could be mvolved in accommodating the N-terminal MTase
domain. A more precise mapping of the interaction between the MTase and the RdRp

domains has been provided by Egloff et al for the WNV structure (Malet et al., 2007).

Compared to RdRps of HCV and BVDV, several differences can be noted in the DENV
RdRp molecule. In DENV 3 RdRp, an additional N-terminal segment of 35 amino-acids
(absent in HCV and BVDYV) folds into helix o1 and strand (81, connecting to helix o2 of the
NLS which is deeply buried in the thumb domain. Two flexible loops L1 and L2 (residues
309-321 and 342-347), linking the fingers and the thumb domains are likely to transmit
conformational changes between the two domains and/or restrict their individual mobility.
Furthermore the location of the template tunnel beneath these connecting loops suggests that
any transition from a ‘closed” to an “open” conformations of the RdRp during replication
could be modulated by these loops (Ago et al., 1999; Khromykh et al., 2001b). The additional
(31 strand belongs to a three-stranded anti parallel 8-sheet that is surrounded by helices ol and
o5. The corresponding region in the HCV polymerase is occupied by a five stranded anti-
parallel 3 sheet and such formation of 8 sheets is not observed in the BVDV RdRp. The L3
loop (residues 405-418) connecting o7 and of is highly mobile. This loop is also rightly
positioned to regulate access of the ssSRNA substrate at the entrance of the template tunnel.
By contrast, the fingertip of the corresponding loop in BVDV and HCV twist away from the

active site towards the fingers domain.

157



ATTENTION: The

ight Act applies to the use of this document. Nanyang Tech

ical University Library

(]

Chapter 5

5.4 Palm domain and the catalytic active site

The palm domain consists of residues 497-542 and 601-705 and is composed of a small anti-
parallel B-strand platform $84- (5, surrounded by eight helices all- al3 and al6- 020 (Fig
5.4). Overall, the palm domain appears the most structurally conserved among all known
polymerases, reflecting the preservation of the architecture of the catalytic site during
evolution. Indeed the catalytic domain of DENV RdRp shows good superimposition with
other RdRps (eg. BVDV or HCV), with r.m.s deviations of ~1.7A and with the active site

residues superimposing closely with the equivalent residues from other RdRps.

A comparative analysis of RNA polymerases from positive strand viruses have identified
four out of six conserved sequence motifs responsible for NTP binding and catalysis, in the
palm domain (Fig 5.4b) (Stiasny and Heinz, 2006; Nomaguchi et al., 2003).The GDD
catalytic active site (motif C, comprising Asp-663 and Asp-664) is located in the tumn
between strands 84 and 5. The anti-parallel 3-sheet that houses the active site has shorter
strands of approximately 10A (like in WNV RdRp), compared to the equivalent 8-strands
found in BVDV and HCV, which are about 20 A long. In addition, the connection between
motifs B-and C appear more elaborate in RdRps from flaviviruses (comprising helices al7
and o18) as compared to RdRps from other genera which only have a short o helix directly
attached to the @ sheet of the active site. These differences constitute interesting signatures
differentiating RdRps of flavivirus from pestivirus and hepacivirus that occurred during the
divergent evolution of these viruses. As in the case of HCV, the active site of the RdRp from
DENV 3 is encircled by several loops that contribute to shape the tunnel into which the
template RNA can gain access to the catalytic site. The metal binding is discussed elsewhere

in this chapter (see section 5.8.2).
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5.5 Thumb domain

The thumb domain (residues 706-900), which forms the C terminal end of the RdRp of
DENV, is the structurally most variable among known polymerase structures. It contains two
conserved sequence motifs. Motif E forms an anti-parallel 8 sheet wedged between the palm
domain and several o helices of the thumb domain. Interestingly, the loop (L1) that links
helices 21 and 22 in RdRp of DENV 3 (residues 740-747) adopts a different conformation
compared to HCV and BVDV where it forms a B-hairpin (Fig 5.4a). Together with the
fingertips, the path adopted by this L1 loop contributes to shape the RNA template tunnel. A
second loop spanning amino-acids 782-809 forms the priming loop that partially occludes the
active site (Fig 5.4a & b). The path followed by this long and potentially flexible loop is
clearly defined in the electron density map. It is stabilized by several “internal” (intra-loop)
interactions including hydrogen bonds formed between Thr-794 and Ser-796, a salt bridge
between Glu-807 and Arg-815 that projects from helix a24, as well as stacking interactions
between the 6-guanido group of Arg-749 and the indole ring of Trp-787. In addition,
hydrogen bonds formed by residues from this loop with residues projecting from helix 021
contribute to maintain its orientation with respect to the protein. Together with loop L3, the
priming loop forms the upper part of the RNA template tunnel and is thus likely to regulate
access and exit into the active site (Fig 5.4). Replacement of the corresponding 8-hairpin with
a short turn in the RdRp from HCV converts the protein from a solely primer-independent
enzyme to a primer-dependent one, which can use double-stranded RNA as substrate (Hong
et al., 2001). Of note, RdRps from HCV, NV or 6 also possess unique C-terminal region
that fold back into the active site cleft (Adachi et al., 2002; Ng et al., 2004). Collectively,
these specific structural features differentiate primer independent RdRps (eg: BVDV, HCV,
DENV) from primer-dependent RdRps (eg: FMDV, RHDV). Accordingly, RdRps of

poliovirus and calicivirus which lack such features initiate RNA transcription using a
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template/primer duplex as a substrate for polynucleotide incorporation (Ng et al., 2002). In
the DENV RdRp, the distance between the last residue (Met-883) that is visible in the
electron density and the GDD motif C is 39 A, thus ruling out a role played by C-terminal

residues in regulating access to the active site.

5.6 Zinc binding sites

Unexpectedly, our crystal structure reveals two zinc binding pockets, Znl and Zn2, in the
thumb and fingers subdomains respectively (Fig 5.4d). Since no zinc ions were included in
the crystallization conditions nor during protein purification, they are likely originated from
the bacterial growth media. One zinc atom (Zn2) is coordinated by His-712, His-714, Cys-
728 of motif E and Cys-847 of helix 026. A strong peak (at 18¢) was observed in the residual
electron density map and this site seems fully occupied in the protein with a low temperature
factor of 24 A’ (Fig 5.4). The residues involved in coordinating the zinc ion Zn2 are
conserved in the four serotypes DENV 1-4 and also in the RdRp from YFV. Residue His-714
is substituted by a Threonine in the RdRp from WNYV and a disulfide bridge linking the two
evolutionary conserved Cysteine residues is observed instead (PDB code 2HFZ). The second
structural zinc (Znl) located in the fingers subdomains is coordinated by Cys-446, Cys-449
and His-441 and is conserved in the WNV RdRp molecule. Interestingly, the HIV RT
assumes a sharp turn after motif E that serves as a pivot point for movements of the thumb
subdomain, upon template/primer binding (Jager et al, 1994). The zinc ion Zn2 likely
contributes to the structural stability of the region near motif E of the DENV polymerase.
Interestingly, this pocket is also located near the functionally important residues Ser-710 and
Arg-729 which bind to the incoming rfNTP. The Zn2 ion could therefore also play a role in

regulating conformational switches within the thumb subdomain, that occur along the
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reaction pathway. Further mutagenesis experiments are needed to address the exact

functional significance —if any- of these two zinc binding sites.

5.7 The Priming loop and its role in the initiation complex

A high concentration of GTP is required for de novo initiation by the DENV RdRp,
regardless of the precise nucleotide sequence at the 3’end of the RNA template (Nomaguchi
et al., 2003). The structure of the complex between DENV RdRp with the 3°’dGTP nucleoside
analog should shed light on the GTP binding site(s) and its effect on de novo initiation. No
large conformational change of DENV RdRp occurs upon binding 3°’dGTP. The electron
density map obtained from a crystal soaked with 3’dGTP and Mn’" revealed clear extra
density corresponding to the triphosphate (tP) moieties of 3°’dGTP near the priming loop
about 7A away from the catalytic site (Fig 5.4e). Only very weak electron density was
present for the guanosine base and the sugar moiety indicating their mobility in the absence

of a template. No metal ion was observed to coordinate the tP moiety.

Comparisons with the RdRps from BVDV and HCV in complex with nucleosides reveal the
presence of an INTP substrate positioned similarly in the vicinity of the priming loop (P site).
In the DENV 3 RdRp molecule, the tP moiety of 3’dGTP is coordinated by Ser-710, Arg-729,
and Arg-737 (Fig 5.4f). These residues are strictly conserved across positive strand RNA
viruses known to initiate replication using a de novo mechanism (Fig 5.5), including
DENV1-4, YFV, JEV and WNV. In several de novo RdRps initiation complexes reported,
the base of the ribonucleotide bound at the P site stacks against a tyrosine residue (Tyr-630
for the ®6 bacteriophage, Tyr-448 for HCV and Tyr-581 for BVDV) (Butcher et al., 2001;
Choi et al., 2004; Khasnis and Nettleman, 2005; Gelpi et al., 2005). The orientation of the tP

moiety in our crystal structure (which was inferred from the superimpositions described
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above) places the base at a right distance to form stacking interactions with Trp-795.
Additional interactions with the 3°’dGTP o~phosphate include hydrogen bonds with Thr-794
and Ser-796. Residue Arg-737, projecting from helix 021, makes a salt bridge with the 3
phosphate and Arg-729 (motif E) with the y phosphate. Residue Ser-710 (from motif E)
makes a hydrogen bond with the y phosphate. Those residues thus provide the platform for de
novo RNA initiation by the flavivirus polymerase domain. In a separate study, residues Ser-
498 and Arg-517 in BVDV (corresponding to Ser-710 and Arg-729 in DENV RdRp) were
mutated individually to an alanine, in order to test their contribution to an elongative (primer-
dependent) versus de novo (primer-independent) mode of RNA synthesis (Lai et al., 1999).
The de novo mode of RNA synthesis was almost completely abolished by these single
mutations, whilst RNA elongation was reduced only by a factor of approximately 2 to 9 fold.
Thus, a mutation of these residues from the BVDV RdRp was able to confer specificity for a
primer-dependent mechanism as opposed to a de novo mechanism of RNA synthesis. The
structural conservation of these residues within motif E with the BVDV RdRp suggests a
similar phenotype when Ser-710 and Arg-729 are mutated in the DENV RdRp enzyme. A
comparable study of the HCV RdRp demonstrated a similar role played by Arg-386 and Arg-
394 (also leading to a severe decrease in de novo initiation). These two residues are
structurally equivalent to Arg-729 and Arg-737 in the DENV 3 RdRp (Ranjith-Kumar et al.,
2003). Taken together, these data suggest an essential role for this GTP-binding site for de
novo initiation of RNA synthesis by the DENV RdRp. Interestingly, one Zinc atom (Zn2)
located between the anti parallel G-sheet 86-87 and helix o26 (Fig 5.4d) is found in the

vicinity of Arg-729 and could thus play a role in modulating de novo initiation.
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5.8 Metal ion binding

Polymerases are metal-activated enzymes that use divalent metal ions for nucleotide
polymerization. The Mg”" ions coordinate the nucleotides, catalyze the formation of the
phosphodiester bond, and transiently stabilize the by-product PPi (Joyce and Steitz, 1995;
Salgado et al., 2004). The inclusion of 1-2 mM Mn”" in the reaction mixture that contains
Mg is known to stimulate a number of RdRps (including HCV and DENV) and higher
concentrations could lead inhibition (Ferrari et al., 1999). In addition, Mn®" also significantly
increases the de novo initiation product and reduces the K, for the initiation nucleotide GTP
in the case of HCV RdRp (Ranjith-Kumar et al., 2002). Thus, Mn*" was proposed to be
essential for RNA replication fidelity (see 5.10 for detail). A separate study also shows that
both Mn*" and Mg”" are critical to HCV structural stabilization and support conformational
changes to promote favorable active site geometry for catalysis (Benzaghou et al., 2004). In
the case of DENV 2 FLNS5, we found that the use of 1-2 mM Mn*" in the inclusion of
reaction mixture (contains 2 mM Mg”") was the optimal assays buffer. Without it, the
polymerase reaction was significantly reduced. However, Mg®* and Mn?' ions (concentration
ranged from 1 to 10 mM) were found to have no effect on the melting temperature for DENV
3 RdRp and DENV 2 FLNSS respectively, using thermoflour experiments (data not shown).

Therefore, these metal ions may no have impact on protein structural stability in this study.

5.8.1 Metal ion catalysis mechanism

Based on the structural data of several polymerases (Doublie et al., 1998; Kiefer et al., 1998),
Steitz proposed a "two metal ion" mechanism for polymerase- catalyzed nucleotidyl transfer
reactions. In the structure of T7 DNA polymerase, metal ion A was found to coordinate the o~
phosphate, increases the nucleophilicity of the primer 3'-OH by lowering its pKa (position A)

and facilitating the 3'O" attack on the o-phosphate, as shown in Fig 5.7. Metal ion B that
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serve as general base to play role in primer 3'-OH deprotonation in polymerase-catalyzed
nucleotidyl-transfer reactions. During the nucleotidyl transfer reaction, the proton from the
primer 3'-OH is removed and donated to the leaving ppi (Castro et al., 2007). Lys-689 of
DENYV 3 RdRp is located to a position similar to the general acid Lys-359 of 3D,,.. The
proposed general base is catalytic conserved Asp residues (Asp-663 and Asp-664 in DENV
RdRp). In a different study, Castro et al, 2005 also proposed nucleotide binding
incorporation to RdRp is driven by the metal-liganded triphosphate (tp) moiety of the
nucleotide at the active site (Castro et al., 2005). A conformational change occurs to bring the
metal liganded tp moiety into appropriate position to interact with the conserved aspartyl
groups of the enzyme. This state makes the active site ready to accept a second metal ion for

catalysis to occur (see 5.10 for detail) (Castro et al., 2005).

5.8.2 Metal ion at active site of DENV RdRp

The RdRp structures of HCV, 6 and RHDV reveal that Mn®" can either bind at the catalytic
pocket of active site (Bressanelli et al., 2002) (Ng et al., 2002) or a specific allosteric position
(Butcher et al., 2001). In order to study the Mn** binding, DENV RdRp crystals soaking were
conducted (chapter 4). The DENV RdRp-Mn*" complex shows the Mn?"(I) ion is coordinated
by Asp-663-664 of the catalytic site with ~2.5 A, as shown in Fig 5.8. Based on the $6 RdRp
initiation complex (1HHS), the rGTPs of ®6 were superimposed and modeled in DENV
RdRp. The model displays that Mn**(I) is also possible to interact with the primer 3'-OH and
a-phosphate with ~1 A and 2.6 A respectively. The Mn?**(]) site is located to a site similar to
that of metal A which is proposed by Steitz (Fig 5.7). Compared to T7 polymerase, Asp-663
(motif C) and Asp-533 (motif A) of DENV RdRp-Mn*' is similar to that of Asp-882 and
Asp-705 of T7 polymerase respectively (Fig 5.7). Both Asp residues of T7 polymerase

regulates metal A and B (Fig 5.7). In contrast, we identified Asp-664 of DENV RdRp
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regulates two metal ions (position A and an allosteric site, see later) and no metal binding at
position B (Fig 5.8). Interestingly, it is only in $6 RdRp initiation complex that the “two
metal ions” mechanism in viral RdRp has been shown (Fig 5.8). Whereas the FMDV active
elongation complex (2EFZ) shows the metal ion binds at position B and allosteric position
respectively. Both complexes provide important understanding on different stage of viral
replication. The difference between the absence or presence of extra metal ion respectively in
FMDYV position B and ®6 allosteric pocket is an issue that needs to be resolved. The
Mn®’(I) of DENV RdRp is located at the pocket similar to allosteric position that is ~ 6 A
from the catalytic pocket in ®6 RdRp (Fig 5.8). This Mn”*'(II) pocket is only unique in viral
RdRp and observed in RdRp of ¢6 (IHHS, initiation complex), RHDV (1WNE), FMDV
(2EFZ, elongation complex) and WNV (2HFZ). At this allosteric site, Mn”" and Lu’" was
identified in RdRp of ®6 and RHDV respectively while Mg®* was found in the case of WNV
and FMDV RdRp. Suprisingly, based on structural analysis on the Asp residues (motif A and
C) in 6 RdRp and FMDV complex, we found that these residues are not in optimal
geometry (>3 A) for regulating the metal ions. This is in contrast with the tight metal ions-

Asp catalytic residues interaction (< 2 A) in HIV-RT-template-primer-substrate complex.

Compared to DENV RdRp-Mn”', crystals that were soaked with 0.2 M MgCl, only reveal
single hydrated Mg”" ion that is hexa-coordinated by Asp-533 (motif A) via a water molecule
and by Asp-664 (motif C) at Mn*'(I) binding site (Fig 5.9). Interestingly, higher Mg**
concentration (0.2 M MgCl,) and longer Mg?* soaking time (20 h) was carried out and no
Mg”" is identified at the catalytic site of DENV RdRp (compared to 10 mM MnCl, and 12 h).
This indicates that the occupancy for Mn?' ion is higher than that of Mg®" ion at the catalytic

active site. Similarly, the occupancy for Mn®" is also higher than that of Mg*" in the HCV
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RdRp catalytic site (Bressanelli et al., 2002). This could support the importance of Mn*” ions

inclusion in the polymerization assay.

In addition, Asp-533 of motif A DENV RdRp (Mn*" and Mg?") was found not to interact
with any metal ions, unlike in the proposed mechanism by Steitz. Instead, this residue
coordinates metal ion (Mn”'II or Mg?") via water molecules. In the case of WNV RdRp, Asp-
536 and Asp-669 coordinate a Ca>" ion (corresponding to Asp-533 and Asp-664 in DENV
RdRp) (Malet et al., 2007). This Ca*" ion is located to a site similar to Mn>* (I) and ~ 3 A
further towards Asp-536 of WNV RdRp (Asp-533 in DENV RdRp). Mutation of this residue
in BVDV (Asp-533 in DENV RdRp) abolishes the elongative synthesis and significantly
reduces the de novo synthesis (Lai et al,, 1999). This indicates the conserved role of this

residue in RNA initiation and elongation process.

5.8.3 Conformational change of DENV RdRp

Structural comparison between RdRp-Mn?* (brown), RdRp-Mg?" (green) and RdRp without
metal ion (blue, in complex with rGTP) did not show any major conformational change (Fig
5.9), except for $2-B3 of fingers subdomain, which is flexible and mobile. The #2- 83 of
fingers subdomain is believed to regulate template binding during polymerization.
Interestingly, the 32- 83 of fingers subdomain that belongs to Mn*>*, Mg”* and no metal ion-
RdRp structures respectively is observed to move sequentially from "close to open" form.
However, it is unsure that the "closed” form of fingers subdomain for RARp-Mn®" is due to

the effect of Mn®" ion binding.

In addition, the B-factor for ol and 81 of DENV RdRp-Mn’" is higher than that of other two

complexes. This observation could also explain the disorder of fingers subdomain when
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would allow the translocation of a duplex formed by the newly synthesized RNA strand and
template. The fact that the tunnel observed in our structure has dimensions that would only
permit access to the active site for a ssSRNA has implications for the dynamics of the
flavivirus polymerase. A motion of helices in the fingers domain and a compression (or
closing) of the active site around a bound primer/template has been observed in a number of
ternary complexes of DNA polymerases, RNA polymerases and Reverse transcriptases
(Doublie et al., 1998; Huang et al., 1998; Li et al., 1998; Lee and Lobigs, 2002). For example,
the ternary complex formed between HIV RT and a template:primer:dNTP showed an inward
rotation of the fingers subdomain towards the palm (by an angle of ~20°), and the repacking
of (-strands (33-B4 (Huang et al, 1998) (or of helices in fingers subdomain for the
bacteriophage T7 polymerase), leading to a closed form of the active site in the catalytic
complex. In the case of the HCV RdRp template complex (O'Farrell et al., 2003) (PDB code
INB7), the HCV RdRp apoenzyme structure appears to adopt an energetically favorable
closed conformation, and no major conformational changes of the fingers subdomain upon
soaking short RNA templates into pre-grown crystal were observed. The high temperature
factors in the fingers domains of DENV 3 RdRp suggest that the binding of a short RNA
could stabilize this domain and trigger a transition to a more closed form. Compared to the
WNV RdRp the DENV 3 RdRp displays an outward rotation with an angle of 8° of the
fingers with respect to the palm subdomain. The precise assessment of the importance of
conformational changes for the formation of a catalytic complex by flaviviruses RdRps
requires further structural studies. It is possible that the polymerase domain expressed
separately is more flexible in the absence of the N-terminal MTase region. Alternatively, the
flavivirus might represent a separate group (compared to the hepacivirus) where the
catalytically competent site is not essentially preformed but instead requires movements of

the fingers that would close in the ternary complex. These movements of subdomains are
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likely to be accompanied by disorder to order transitions in the segments linking the fingers
and thumb domains (e.g. in the linker between helix a4 and o5). Further structural and
mutagenesis work is needed to clarify these issues. Interestingly, Gamarnik and collaborators
have recently identified a 5’ minimal element of 70 bases forming Stem Loop A (SLA),
which appears to play an essential role for DENV polymerase RNA binding, leading to
template replication (Filomatori et al., 2006). In addition, a brief experimental plan was also

proposed for obtaining the ternary-complex structure in DENV RdRp in appendix A4.

5.10 The fidelity model in viral polymerase

In the absence of proofreading activity, the fidelity of viral RdRps is determined by the
template-primer-substrate-protein interaction in the active site. A complete kinetic analysis of
3Dpa (poliovirus) reveals that the nucleotide incorporation can be described by five steps.
This provides a kinetic model to understand the polymerase fidelity and role of metal ion (Fig
5.12a) (Castro et al., 2005). These five steps are: the 3D, -primer/template (ER,) binds
nucleotide to form a ternary complex (ER,NTP) and then undergoes a conformational change
to form an activated complex that is competent for phosphoryl transfer (*ER,NTP). A ternary
product complex (ER;PPi) is then formed to release PPi after the chemistry reaction
occurred via the (¥*ER,PPi) as intermediate state. The ER,.; complex are subsequently
competent for the next cycle of nucleotide incorporation. The role of residues in DENV
RdRp residues that are involved in the fidelity is discussed below, which is based on the
proposed model of 3D, Given that the activated ternary complex (Fig 5.12a, step 2) and
phosphoryl-transfer step (Fig 5.12a, step 3) that are partially rate-limiting for correct
nucleotide incorporation, it is likely that these steps are used to regulate the polymerase
fidelity by distinguishing a correct incoming nucleotide from an incorrect nucleotide

following Watson-Crick base pairing. Based on the kinetic incorporation of correct and
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incorrect nucleotides, Castro et al., 2005 proposed a two step model for nucleotide binding.
In the first step, the nucleotide is bound in a "ground state binding" in which the ribose
moiety could not bind in an activated orientation. This is because of the Asp of motif A (Asp-
238 in 3Dy, & Asp-538 in DEN RdRp) and Asn of motif B (Asn-297 in 3D, & Asn-609 in
DENV RdRp) occlude the ribose sugar binding pocket (see Fig 5.2). In the second step, a
conformational change occurs to bring the tp moiety into appropriate position to interact with
the conserved active site. This makes the active site ready to accept second metal ion and

permit the phosphoryl transfer reaction. Subsequently, the catalysis occurs and releases PPi.

5.10.1 Mn** as mutagenic metal ion

In BVDV and HCV, the RNA synthesis occurred in vitro only when both Mn®" and Mg”
were provided exogenously. As discussed earlier, Mn®" reduces the K, for the initiation by
GTP and increases de novo initiation product. Thus it was proposed that the substitution of
Mn®" for Mg®" decreases fidelity. In 3D, kinetic study, the use of Mn®" as divalent ion
cofactor could diminish the rate of phosphoryl transfer for incorrect nucleotide relative to
correct nucleotide, compared to Mg”” (Fig 5.12b) (Arnold and Cameron, 2004; Amold et al,,
2004). The interaction between the 3D,,-Mn”" increases the stability of the activated ternary
complex, compared to 3D-Mg”" (Fig 5.12b, step 2). Thus the authors proposed that Mn*"
increases the stability of the activated ternary complex, regardless of the correct or incorrect
base or sugar configuration, by binding more tightly to the p and v of the tp moiety than the
Mg?" and makes the orientation of the tp moiety independent of interactions with residues in
the ribose-binding pocket (Amold et al., 2004). Therefore, the inability to couple the nature
of the bound nucleotide to the efficiency of phosphoryl transfer is the primary reason for the

observed loss of 3D, fidelity in the presence of Mn®* (Castro et al., 2005).
b
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Fig 5.12.Schematic kinetic for 3Dy
(A) Complete kinetic mechanism for 3Dpol-catalyzed nucleotide incorporation. (B) Comparison
between the conformational change step and the phosphoryl transfer step for 3D, catalyzed

correct and incorrect nucleotide incorporation in the presence of Mg*" and Mn”". Adapted from

Catro et al., 2005.

5.10.2. Key residue in fidelity: Superimposition of DENV RdRp and 3Dp,

Interrogation of the 3D, nucleotide binding pocket revealed 6 residues that are in the
vicinity of the nucleotide substrate, including Asp-233, Asp-238, Ser-288, Thr-293, Asn-297
and Asp-328 (Fig 5.13) (Gohara et al., 2004; Gohara et al., 2000). To identify the residues
that play fidelity role in DENV RdRp replication, we superimposed these protein structures
(DENV RdRp and 3Dy,). These residues were identified and correspond to Asp-533, Asp-
538, Ser-600, Thr-605, Asn-609 and Asp-663 in DENV 3 RdRp (Fig 5.13). In addition, the
HIV-RT-primer/template-substrate complex was used by the authors to develop a model for
the 3Dy, complex (Gohara et al., 2000). With kinetics and structural model, they found Asp-

238 (Asp-538 in DENV) in motif A is the key determinant of RdRp fidelity. Residue Asp-
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238 and Asn-297 of 3Dy (corresponding to Asp-538 and Asn-609 in DENV RdRp) was
observed to have no contact with the ribose of the nucleotide in the apoenzyme (Fig 5.13).
This model is referred as ground binding state. A conformational change occurs to orientate
the tp moiety ready for phosphoryl transfer. The Asp-238 and Asn-297 are re-positioned to
accommodate the ribose and make interaction with the nucleotide. The ribose is held by the
interaction between the 3'-OH and the backbone of Asp-238 and by interaction between the
2'-OH and Asn-297 (Fig 5.13). This orientation of the complex allows the alignment of the
second divalent metal ion that permits the release of PPi. The disruption of interaction
between Asn-297 and 2'-OH of ribose may also alter the interaction between the 3'-OH and
the 3-phosphate of the nucleotide substrate, resulting in tp moiety movement. Consequently,
the efficiency of nucleotide incorporation also reduces (Castro et al., 2005). This model is
consistent with a higher free energy being required for incorrect nucleotide incorporation
(dAMP), compared to the correct nucleotide (AMP) (Gohara et al., 2004). These results and
model are also in good agreement with the FMDV RdRp elongation complex with different
nucleotide that was discussed earlier (see Fig 5.2). In the case of mispair, the orientation of tp
moiety is altered by the non polar mispair. Therefore, stabilization of the tp moiety-metal
complex in principal is contributed by the conserved motif that provides interaction network,
the fundamental of nucleotide incorporation for polymerase. Based on this model, these
authors further proposed an universal and adapted mechanism of nucleotide incorporation

and phosphoryl transfer (Fig 5.14).
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catalysis. (I) Adapted interaction mediated by conserved motif B that dictates ribo or 2'
deoxyribonucleotides is utilized. The Asn-609 of DENV 3 RdRp is conserved in flaviviral RdRp.

The Mg”" is represented in ball in magneta and green respectively while Mn®" is in purple color.

5.11 Conclusion

In this work, we elucidated the crystal structure of DENV 3 RdRp which shed light on the
role and function of the RdRp catalytic domain. First, the architecture of the protein assumes
the canonical right-hand conformation consisting the fingers, palm and thumb, which is
characteristic of known polymerase structure. Second, the structure clearly revealed that the
NLS region is not a separate region. The NLS region is part of the polymerase structure and
is believed not only to mediate nuclear localization of NS5 but also to facilitate the open-
close conformation during the formation of productive polymerase-template-primer complex,
similar to those of fingertips of HCV RdRp. This is also partly explained from the fact that
protein construct required NLS region for soluble and stable protein expression (273-900
amino acid), which was described in chapter 3. Third, the structure also revealed a rNTP
binding site at the priming loop that protruded from thumb. This priming site plays a critical
role in de novo initiation, with polar and aromatic residue (either Tyr or Trp in viral RdRp)
providing the stacking for the base of fNTP. Fourth, this work unexpectedly discovered two
Zn binding pockets in the fingers and thumb subdomains respectively. The Zn binding
pockets are suggested to contribute the structural stability. Fifth, two Mn*" ions binding sites
were found in DENV 3 RdRp. The first Mn*'(I) is located at the catalytic pocket, which is in
good agreement with metal A position that proposed in "two metal ions" mechanism. This
Mn®" is coordinated by Asp-663 of motif C. The second metal binding site (both Mn** &
Mg”) is located at a site which is ~6 A from the catalytic pocket (similar to $6 RdRp). This

allosteric metal binding site is unique to viral RdRp (RHDV and 6 RdRp). Nevertheless, no
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metal ion was found in the position B. Similar observation was found in the case of FMDV
active elongation complex. The reason for the absence of metal ion at position B in DENV 3
RdRp is unclear. However, the presence of substrate/template in the crystals will allow us to
accurately assess the effect of Mn' on the finger subdomains motion. A model for DENV
ssRNA synthesis was also proposed. This model revealed that the template tunnel only
allows the active site to access a sSRNA. Lastly, this work has also discussed the structural
basis of fidelity of viral RdRp. The fidelity model led us to identify key residues and
understand how these residues play critical roles in modulating the DENV RdRp fidelity.
Residue Asn-609 and Asp-538 are identified as key residues that determine the fidelity of
RdRp, based on the kinetic model on 3Dy, and FMDV RdRp complex structure. The residue
Asp-538 of DENV 3 RdRp is proposed to enable enzyme to differentiate ribose from the 2°-
deoxyribose. This valuable information is useful in drug design to design small molecules

that can alter the enzyme fidelity.
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CHAPTER 6

SUMMARY AND FUTURE DIRECTION

6.0 Summary

0.0.1 Lessons from protein expression

The soluble NS5 related proteins expression was discussed. Initial efforts were focused on
crystallizing the DENV 2 FLNS5 (TSVOI1 strain) that was expressed using the baculovirus
system. After extensive crystallization campaign, no crystal growth condition was
encountered. Efforts to express truncated proteins that do not contain the NLS also led to no
success as these proteins were insoluble and aggregated into inclusion bodies. The 3D
structure of the DENV RdRp that was obtained in this study clearly demonstrated that the
NLS is not a separate domain as previously thought and is integral to the RdRp domain and
its absence will affect expression and solubility. This study highlights one of the pitfalls of
predicting domain boundaries based on domain boundaries arising from functional studies
with truncated constructs. With the aim to increase the likelihood of obtaining soluble, stable
and good yield of proteins for functional and structural studies, protein refolding, limited
proteolysis and homologous protein screening were employed. Following limited proteolysis
studies with DENV 2 FLNSS3, crystallization trials with DENV 3 RdRp (273-900; which also
includes the NLS) found a suitable crystal growth condition. Its important to note that the
protein which yielded the crystal was identified from the homologous protein screening,
compared to DENV 2 TSVOI. Initially the FLNS5 crystallization was the focus of this work
and much effort were put into screening on the WNV wild type NS5 or mutant, co-
crystallization of WNV FLNS5-FLNS3 and DENV 2 FLNS5-Fab C3 fragments. In summary,

none of these attempts were successful and this underscores the challenges in crystallizing the
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FLNSS5 protein, which presumably is due to the high mobility between the MTase and RdRp

domains.

It is obvious from the preceding discussions that the lessons learned from the protein
production are valuable. Often, protein engineering is applied in areas such as chemical,
pharmaceutical and agricultural industries to design protein with new and improved
properties. Such approaches to facilitate preparation of protein production and high quality
crystals have been widely applied in protein crystallography and reviewed by Derewenda
(Derewenda, 2004). Two general strategies can be adapted. The first strategy is rational
design, which requires extensive knowledge of the protein structure (DiTursi et al., 2006;
Hayes et al., 2002). This information may not be available for most projects at the initial
stage. Several rational modification approaches that are based on protein structure (secondary
or tertiary) being already available. Rational site directed mutagenesis, is an approach to
modify surface residues or surface patches that mediate (i) crystal contacts, (ii) crystal
resolutions or (iii) solubility/ thermo-stability. Other approaches such as removal of flexible
regions including termini and interior loops can also be applied under rational design where
flexible regions can be predicted either by computational methods or biochemical studies
such as protease accessibility. The second strategy is directed evolution, which use multiple
round of random mutagenesis (can be error prone PCR) or DNA shuffling to generate protein
variants (Stemmer, 1994a; Stemmer, 1994b). In this study, we concluded that the
combination of (1) protein domain identification with biochemical method, limited
proteolysis studies and (2) homologous protein screening to generate protein variants is the
optimal strategy. This combined strategy is effective in achieving (1) best protein constructs
for optimal soluble protein production and (2) proteins that can readily be crystallized. In

short, despite the identification of the protein domain (residue 273-900), only DENV 1 & 3
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RdRp were found to be stable in term of protein solubility and purification yield, compared to
DENV 2 & 4 RdRp. To underscore this, only DENV 3 RdRp produced crystals after
crystallization screening using both DENV 1 & 3 RdRp. This suggests that homologous
protein screening is a highly efficient approach and makes use of protein sequences that are
already represented in the natural population of microorganisms. The application of this
strategy is also validated by the successes in our laboratory for other viral proteins that have
yielded high quality crystals in our lab (MTase, DENV FLNS3, NS3 helicase). Thus, the
combination of limited proteolysis and homologous protein screening strategy can be
considered as an effective approach to characterize proteins that are derived from other
viruses in the future. In the case of full length protein, neither rational design that is based on
rational surface residue entropy prediction to generate variants (WNV) nor the use of
homologous proteins were successful in crystallizing the protein. Again, this failure can be
due to many factors. Nevertheless, homologous protein screening helped us to obtain best
yield of NS5 related full length proteins. In our attempts to generate stable DENV 3 RdRp,
we have succeeded to identify a surface polar residue that affect protein stability based on
rational protein engineering with the crystal structure. We mutated residue 846 (appendix A2,
table 2) and this allows us to have a better thermo-stable protein to further characterize
protein using biophysical methods such as NMR and ITC. To conclude, the strategies we

have adopted can be valuable lesson for structural studies of new viral protein.

6.0.2 Aspects of the enzymatic efficiency of RdRp
The lower enzymatic activity of DENV RdRp compared to the FLNS5 could be attributed to
the template specificity. DENV RdRp might be less sensitive to the homopolymeric RNA

(poly C) than the FL.NS5. As discussed earlier, DENV RdRp has been shown to bind 5' UTR
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and 3' UTR of the dengue genome. The use of natural template such as the SLA region in the

5'UTR or 3' UTR may be used to optimize the sensitivity of the enzymatic activity.

The 3D structure determined in this work suggests that the open and flexible conformation of
DENV RdRp compared to RdRp structure of WNV (Malet et al., 2007) may impact on
enzymatic activity. It is possible that in the FI. NS5 a more closed structure may be adopted.
Currently, we have no way to estimate how open is the conformation of DENV RdRp
compared to RdRp of FLNSS5 since the FLLNSS5 crystal structure is not available. The advent
of several biophysical methods permits the exploration of protein dynamics, and the
hypothesized conformational difference in RdRp likely can be examined in detail. Small
angle X-ray scattering, which deduces overall globular structure of the protein in solution is
one such method. It is likely that of the comparison of the solution structure of RdRp
catalytic domain vs. FLNSS5 can provide the answer. This technique is discussed more below
(see future outlook). Single molecule fluorescence resonance energy transfer (sm FRET), is a
second feasible method that allows the characterization of individual molecule beyond
ensemble-averaged properties. This approach uses donor and acceptor dyes that are attached
to two sites of a molecule can be used to measure the distance between the two dyes. The
measurement will help us to estimate the approximate distance, for example between the
fingers and thumb domain during catalysis for the RdRp vs. FLNS5. In addition, the
measurement of a change in fluorescence from the two dyes can serve as an indicator of a
change in the conformation of the molecule. Nevertheless, the challenge is the difficulty in
identifying suitable residues in the molecule for labeling. The set up of this approach is also
useful for probing DENV RdRp fidelity mechanisms. Some successful studies have been
applied on DNA polymerase (Bailey et al., 2001; Luo et al., 2007). One study observed a non

rate limiting conformational change before phosphodiester bond formation which serves as a
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kinetic checkpoint to discriminate against the incorporation of non complementary NTPs
(Luo et al., 2007). Similarly, this approach can be used to validate the proposed DENV RdRp
fidelity model (chapter 5). In addition, this sm FRET can be used as complementary tool to
validate hits from HTS and provide more detailed mechanistic information on action of the
inhibitor. This is because sm FRET can measure the detailed time trajectories of molecular
conformations (Luo et al., 2007). Traditional biochemical enzymatic assays use higher
concentration of DENV NS5 protein than what is present in a dengue infected cell In
addition, traditional enzymatic characterization that is represented by an ensemble population
of proteins, may have possibly lost some of the important information such as intramolecular
motion that is represented by a sub population of proteins. Therefore, sm FRET approach that
characterizes single molecule (much lower protein concentration is used) which likely
represents the copy number of proteins in the "real environment” (infected cells), may
provides some insightful idea to explain why certain strains of DENV RdRp are more
virulent than others. A separate study has shown a correlation of viral genome sequence and
dengue pathogenesis (Leitmeyer et al,, 1999). Full genome sequences of 11 DENV were
analyzed and structural differences were seen consistently between those associated with
dengue fever and those with potential to cause DHF, which reside in regions that include NS5.
It is also known that studies of wild and attenuated dengue viruses have suggested that
genetic differences among strains of the four serotypes can be associated with attenuation,
virulence and epidemic potential(Hanley et al., 2002). These ambiguities will be answered in
the future when more dynamic information as well as structural information become

available for the different serotypes.
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6.0.3 Insights from structural studies

Overall perspective

The crystal structure of DENV 3 RdRp which shed light on the role and function of the RdRp
catalytic domain was described. The architecture of the DENV 3 RdRp protein assumes the
canonical right-hand conformation consisting of fingers, palm and thumb, characteristic of
known polymerase structures, but with the NLS region playing an important role in the
formation of the observed structure. Interestingly, the NLS domain signatures described
previously (Brooks et al., 2002) are distributed between the fingers and thumb subdomains.
Three helices (02- 04) are incorporated within the thumb and the fingers (o 5- «7)
subdomains respectively and the connection between them is realized through the segment
linking helices 04 and o5. The truncations within the NLS region are thus likely to destabilize
the protein structure, an observation which explains a posteriori the poor
expression/solubility of constructs lacking part of this region. The structure of DENV 3 RdRp
also clearly shows that the role of the NLS region is most probably to facilitate the open-
close conformation during the polymerization. This suggestion is based on structural studies
of a NNI-HCV RdRp complex which depicted how NNI binds at the surface of the thumb
domain. In the apoenzyme, this site is occupied by an o-helix of the fingertips (similar to
NLS in our case) that connects the finger and thumb domains. The binding of NNI blocks the
connection between the fingers and thumb domain and the fingertips can no longer mediate
the concerted polymerization steps (Wang et al., 2003). Interestingly, a segment of 20 amino-
acids that is strictly conserved in all flaviviruses also lies between amino acid residues 320-
368 of NLS region (Fig 6.1). This region of NS5, which is involved in binding importin 3, is
also thought to interact with NS3 protease-helicase (Fig 6.1). Structural elucidation on how
NS3 interacts with NLS in NS5 while this region facilitates open-close conformation in

concert during polymerization, will offer great insight both for replication events and drug
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of the fingertips. The arrows represent the potential motion for the concerted formation of
elongation complex. It will be interesting to know how NS3 interacts with NLS region during
polymerization. The star icon represents the similar location where a NNI of HCV RdRp was
shown to block the motion of fingertips duing polymerization. (Right): Front view of the DENV 3
RdRp. The a/b NLS region is shown in yellow color. Residues corresponding to DENV 2 basic

cluster that necessary for nuclear import, are indicated by an arrow.

Kinetic mechanism from a structural perspective

Previous structural studies of several viral RdRps from (+) and ds RNA viruses indicate a
highly conserved general feature of RdRp architecture, despite the fact that these structures
arise from a diverse range of viruses. The arrangement of fingers, palm and thumb
subdomains, as well as the motifs A-F are universally conserved. Therefore, the enzymatic
mechanism of polymerization is thought to be highly conserved as seen in the structural
conservation in RdRps. As discussed in chapter 5, kinetic analysis of 3D,y underlying the
nucleotidyl incorporation which follows a five steps reaction cycle: (1) the binding of an NTP
that is complementary to the base in the template to form an open complex; (2) a
conformational change of the enzyme-template-substrate to the closed complex; (3)
nucleotidyl transfer and translocation; (4) a second conformational change and; (5) finally the
release of PPi. Experimentally trapping these different states of kinetic steps are challenging
for structural studies. Nevertheless, there are several breakthrough cases, include (1) ¢6
RdARp-RNA-NTP complexes that appear to represent step 1 of the enzymatic mechanism (the
initiation complex), (2) FMDV RdARp-RNA-NTP complexes represent the open complex at
step 2 or 5 (elongation complex) and (3) Norwalk virus RdRp-RNA-NTP complexes

represent the step 3 of closed complex (Zamyatkin et al., 2008). Based on these respective

complexes, different kinetic steps of enzymatic mechanism were modeled into DENV 3

195



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



ATTENTION: The ¢

University Library

Summary and future direction

RdRp. The ribose moiety of UTP in Fig B is in ground state binding (not bind in an optimal
orientation) due to Asp-538 and Asn-609 occlude the ribose binding pocket. Residues Asp-538
and Asn-609 are reoriented to stabilize the position of ribose by direct interactions formed with
the incoming nucleotide in Fig C. Complex in Fig B also represents the release of PPi of step 5.
Template is shown in yellow color and new strand of RNA is in orange color. (D) Closed
complex of DENV 3 RdRp, which is proposed based on NV RdRp. Compared to Fig D,
complexes in Fig B and C are in open conformation due to the NTP bound too far from the
primer terminus for the nucleotidyl transfer reaction and a catalytic metal ion (II) is missing from
the active site. In addition, the incoming nucleotide in Fig D is base stacked with the first

nucleotide at the 3' of the newly synthesized RNA (orange color).
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The dsRNA exit model for DENV 3 RdRp was built based on $6 RdRp, FMDV RdRp and HIV-
RT, respectively that represent step 1-3. In this case, the (-) ssSRNA is used as template for the
synthesis of (+) RNA. (1) The (-) ssRNA template (green) enters the RdRp from the top and the
3’ of the template accesses the catalytic site. (2) The dsRNA exits from the front tunnel of DENV
RdRp. Several loops such as L1-L3 and priming loop encircle the catalytic site and shape the
RNA template tunnel. The template tunnel is only compatible with ssRNA in the active site. In
this model, priming loop (red color) is modeled to adopt different conformation that allow the exit
of dsRNA. (3) The conformation for the exit of longer dsRNA is shown, which is built based on
HIV-RT. The (-) RNA template and newly synthesized (+) RNA are shown in light purple and
yellow color, respectively. Interestingly, the dsRNA conformation that both resides in the
template tunnel for FMDV (brown)and HIV-RT is similar. This enables the model to propose
how likely is the conformation of dsRNA that has exited and out of the RNA template tunnel of

RdRp.
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Step 1 of kinetic mechanism: de novo initiation view from ®6 RdRp complex

The 6 RARp-RNA-NTP initiation complexes (ssRNA) show that the first nucleotide (D1)
forms a Watson-Crick base pairing with the base (T1) of template at 3' end. The D1 is base
stacked on Tyr-630 (P site or i). The second nucleotide of 6 (D2) stacks on D1 and base
pairs with the T2 of template. The D2 is also positioned and coordinated by two Mg ions at
the catalysis site (C site or i+1). The template base changes orientation in response to the
RNA oligonucleotides binding template. The T1 is rotated ~ 180° T2 is stabilized by base
stacking with T3. These changes results in the change of sugar conformation and side chains
of interacting polymerase residues, leading to the extra hydrogen network that further

stabilizes the RARp-RNA-substrate complex, compared to DNA-polymerase complex.

Based on 6 RdRp, a de novo mitiation complex model for a DENV was also proposed (Fig
6.2A). The position of RNA template, GTP and the catalytic ions were inferred from the $6
initiation complex. The sugar-phosphate backbone of the template is oriented towards the
solvent, pointing away from the binding groove of the fingers domain of DENV RdRp. The
positive charge at the surface of the fingers subdomain provides electrostatic interaction with
the ssRNA template stabilizing its 3’ end at the active site cavity. Structural elucidation
shown that loops L1, 1.2 and L3, the linker of 021- 022 and the priming loop encircle the
catalytic site and shape the RNA template tunnel. The model revealed that the template
tunnel is only compatible with ssSRNA in the active site. Therefore, the structure is likely to
adopt a different conformation that would allow the translocation of a duplex formed by the
newly synthesized RNA strand and template. DENV 3 RdRp structure also revealed a INTP
(3'dGTP) binding site at the priming loop that protruded from the thumb, 7 A away from the
catalytic site (C site or i+1). This priming site is similar to that of P site (i) of 6. The

orientation of the triphosphate tp moiety (3'dGTP) is consistent to allow its base to forms a
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stacking interaction with the Trp-795 (similar to that of GTP at P site or i, near Tyr-630 of
$6). This priming site plays a critical role in de novo initiation. The tP moiety of 3'dGTP is
coordinated by residues that are conserved across the positive strand RNA viruses that are
known to use de novo initiation. Mutational analysis further supports the essential role of the
conserved residues on de novo synthesis (Lai et al., 1999). A high GTP concentration was
required for the formation of de novo initiation complex, regardless of the sequence of the
first 6 nucleotides at 3'end template. It was hypothesized that the GTP play a key role (1)
GTP is the initiating nucleotide for (-) strand RNA synthesis and (2) GTP has putative
allosteric binding site to allow the enzyme to adopt a closed conformation for de novo

initiation.

Step 2 or 5 of kinetic mechanism: elongation and fidelity view from FMDV RdRp complexes

FMDV RdRp-RNA-NTP elongative complexes (duplex RNA) show the RNA elongation
process and fidelity of RNA replication (Ferrer-Orta et al., 2004). The structure demonstrates
that the translocation of the RNA product and positioning of the new incoming substrate UTP
close to the active site. The UTP is in the ground state binding in which the ribose moiety
could not bind in an optimal orientation because Asp-245 (motif A) and Asn-307 (motif B)
occlude the ribose binding pocket. These key residues are structurally conserved both in DEN
and 3D, (corresponding to Asp-538 and Asn-609 in DENV, Asp-238 and Asn-297 in 3Dy).
In contrast, RARp-RNA-RTP complex shows a conformational change for Asp-245 and Asn-
307. These two residues are reoriented to stabilize the position of ribose by direct interactions
formed with the 3' and 2'-OH groups of the incoming nucleotide (Fig 6.2B and 6.2C). The
active site is in a correction position for the phosphoryl transfer reaction. The 2'-OH of RTP
forms a double hydrogen bond with the side chains of Asn-307 and Asp-245. Furthermore,

the 3'-OH forms a hydrogen bond with the catalytic Asp-338 and the N- atom of the main
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chain of Asp-245. These structures further corroborated the model proposed by Cameron et
al., 2004 that suggesting that these residues may play a role in the control of nucleotide
incorporation and fidelity. These two complexes could represent the second step of the

kinetic mechanism.

In the second step, the key residues of RARp-RNA-RTP complex are re-orientated to the
active position to form interaction with in the incoming nucleotide. However, the complex
appears to be open complex with the RTP bound too far from the primer terminus for the
nucleotidyl transfer reaction to occur and one of the two catalytic metal ions is missing from
the active site. In addition, FMDV-RNA-ATP complex displays the formation of a new base

pair and translocation of the RNA product (represents step 5) (Fig 6.2B).

To understand the structural basis for the fidelity of DENV 3 RdRp, a model that is based on
the kinetic studies of 3Dy, and FMDV elongation complexes was proposed (Fig 6.2B and
6.2C). Superimposition of DENV 3 RdRp and 3D, has helped us to identify residue Asp-
533 and Asp-538 from motif A, Ser-600, Thr-605 and Asn-609 from motif B, and Asp-633
from motif C are nucleotide binding pocket in DENV 3 RdRp. Further analysis shows that
residue Asn-609 and Asp-538 are the key residues that modulate the fidelity of viral RdRp
(similar to that of [1] Asn-297 and Asp-238 of 3Dyqand [2] Asn-307 and Asp-245 of FMDV).
It is likely Asp-538 and Asp-609 of DENV 3 RdRp is re-positioned to accommodate the
ribose to make interaction with the nucleotide. The ribose is held by the interaction between
the (1) 3'-OH and the backbone of Asp-538 and (2) 2'-OH and the Asn-609. Asn-609 is also
likely the key residue that enables the enzyme to differentiate ribose from the 2'-deoxyribose.
Thus, Asn-609 and Asp-538 are identified as the key residues that modulate the fidelity of

DENYV 3 RdRp. It is our hopes that the proposed residues that modulate RdRp fidelity can be
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used to design small molecules. The small molecules can either increase the incorporation
fidelity that make virus susceptible to selection pressures which evades the virus or reduce

the incorporation fidelity that leads to viral replication error.

Comparison of four different FMDV complex structures in the active site reveals common
contacts mediated by residues of motifs C and E of the palm domain that stabilize the
position of the 3' end of the primer strand in an orientation for RNA elongation. Motif A, B
of the palm and motif F in fingers were also found to help the positioning of the acceptor
base of the template strand and participate in the recognition and binding of the incoming
INTP. Interestingly, motif F position in DENV RdRp-RNA template binding is different
from FMDV. This could probably be due to evolutionary pressure to distinguish specific
protein-RNA template interaction. The position of Ser-298 and Thr-303 that are involved in
template and incoming nucleotides interaction are critical in virus replication. This was
shown by mutagenesis (Ferrer-Orta et al., 2007). Interestingly, these residues are also
structurally conserved in DENV RdRp (Ser-600 and Thr-605) and suggest the conserved role

of these residues.

Step 3 of kinetic mechanism: the closed complex

Norwalk virus (NV) RdARp-RNA-NTP complexes showed that RNA duplex and NTP bound
in the active site cleft. The binding of RNA also causes the central helix of the thumb domain
to rotate by 22°, thus forming a binding groove for the primer strand. This rotation appears to
be coupled with the C-terminal tail moving away from the active site cleft. These
conformational changes are reminiscent of changes seen in a number of termary complexes of
polymerases (Doublie et al., 1998; Huang et al., 1998; Li et al., 1998). For example, the

ternary complex formed between HIV-RT and a template:primer:dNTP showed an inward
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rotation of the fingers subdomain towards the palm (by an angle of ~20°), and the repacking
of B-strands 83-34 (Huang et al, 1998), leading to a closed form of the active site in the
catalytic complex. This observation in combination with the modes of binding for catalytic
metal ions and NTP, further suggest that the NV RdRp-RNA-NTP complex is a closed
complex, which is trapped before the nucleotidyl transfer. The NTP bases form hydrogen
bonds with the complementary GTP base of the template and stack against the 3' terminal
base of the primer, as well as the Arg-182 of motif F. Although this Arg is highly conserved
in RdRps, the position of motif F in the NV RdRp structure is different from that of DENV 3
RdRp. This situation is similar when compared to FMDV RdRp. Again, the 2'-OH and 3'-OH
of NTP make a similar hydrogen bonding pattern (Asn-309 and Asp-247) with the conserved
residues as seen in FMDYV and 3D, However, the FMDV-RdRp-RNA-NTP complex may
not in the closed conformation due to the fact that the RTP is bound too far from the primer
terminus for the nucleotidyl transfer reaction to occur and also one of the two catalytic metal
ions is missing from the active site. In NV-RdRp complexes, two Mn”" ions were found to
coordinate three highly conserved Asp residues and the NTP tp moiety for the catalysis

through two metal ion mechanism (Fig 6.2D).

6.0.3 Two metal ions mechanism

Two metal ions mechanism was proposed by Steitz (Steitz, 1998) for polymerase- catalyzed
nucleotidyl transfer reactions. Divalent ions were shown to coordinate NTP, catalyze the
formation of phosphodiester bond and transiently stabilize the by-product PPi. Metal ion B
contacts the y and B-phosphate of the incoming nucleotide and Asp residue from motif A and
water molecules, is likely to stabilize the oxyanion that forms in the penta-covalent transition
state geometry and to facilitate the release of pyrophosphate. During catalysis, metal B

orients the tP moiety in the active site and may contribute to charge neutralization. Once the
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mucleotide is in place, metal ion A is bound and coordinated by the 3'-OH of the primer, o-
phosphate of NTP and Asp residues from motifs A and C. Metal ion A is likely to lower the
pK. of the primer 3'-OH group of the primer and form the 3'O to promote nucleophilic attack

on the o-phosphate at physiological pH.

The NV-RdRp complexes provide structural evidence on how the two metal ion mechanism
works in viral RARp. The complexes reveal that metal ion A octahedrally coordinates the 3'-
OH nucleophile of the primer, the NTP o~phosphate, the carboxylate groups of Asp residues
from motif A and C as well as water molecule. By donating hydrogen bonds to the negatively
charged primer phosphodiester and NTP o~phosphate group, the water molecule could serves
as general base catalyst. This allowing a proton to leave from the 3'-OH primer and then
followed by nucleophilic attack on the a-phosphate. Nevertheless, the observed water
molecule role in NV-RdRp complexes is somehow different from a separate study on
poliovirus RdRp (3Dpo1). The study revealed that 2 protons transfer occurs in the nucleotidyl
transfer transition state (Castro et al., 2007) and provides evidence that (1) a Lys-359 of 3Dy
to serves as a general acid for protonation of the PPi and (2) Asp-328 and Asp-329 serve as
general base to play a role in primer 3-OH deprotonation in the polymerase-catalyzed
nucleotidyl-transfer reactions. However, the authors do not rule out the use of water molecule
as general base for deprotonation of the 3'-OH. During the nucleotidyl transfer reaction, the
proton from the primer 3'-OH is removed and donated to the leaving PPi (Castro et al., 2007).
Lys-689 of DENV 3 RdRp is located to a position similar to the general acid Lys-359 of
3Dpa. The proposed general base is catalytic conserved Asp residues (Asp-663 and Asp-664

in DENV RdRp).
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6.0.4 Metal ion binding at active site

Several studies show that the use of Mn®" in HCV RdRp enzymatic reaction could increases
the de novo initiation product and reduces K,, for the initiation nucleotide GTP (Ranjith-
Kumar et al., 2002). A separate study by Castro et al., 2005 also proposed that nucleotide
binding incorporation to RdRp is driven by the metal liganded triphosphate moiety of
nucleotide at the active site. A conformational change occurs to bring the metal bound tp
moiety into appropriate position to interact with the conserved aspartyl groups of the
polymerase. Kinetic studies on 3Dy suggest that Mn®* could increases the stability of the
activated and closed ternary complex by binding tightly to the B and y of the tP moiety,
regardless of the nature (correct or incorrect) of the base or sugar conformation. The
orientation of the tP moiety is independent of the interactions with residues in the ribose
binding pocket, thus allowing Mn*" to diminish the rate of phosphoryl transfer for incorrect

nucleotide relative to correct nucleotide, compared to Mg”'.

In this study, two Mn?* ions binding site were also found in DENV 3 RdRp. The first Mn>*(I)
is located at the catalytic pocket (coordinated by Asp-663 and Asp-664) while the second
metal binding site (Mn”" & Mg?") is located at a site which is ~6 A from the catalytic pocket,
a site similar to that of 6 RdRp. This allosteric metal binding site is unique to viral RdRp.
Asp-533 of DENV 3 RdRp was found to interact with metal jon (Mn>' or Mg?") which
located at the allosteric pocket via water molecule. In WNV RdRp, Asp-536 and Asp-669
coordinate a Ca” ion at the similar allosteric site (corresponding to Asp-533 and Asp-664 in
DENV RdRp) (Malet et al., 2007). Mutation of this residue in BVDV (Asp-533 in DENV
RdRp) abolishes the elongative synthesis and significantly reduces the de novo synthesis (Lai
et al, 1999), indicating the conserved role of this residue in DENV 3 RdRp for RNA

replication. On other hand, structural analysis on the catalytic Asp residues (motif A and C)
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in $6 RdRp and FMDYV complex also shows that these residues are not in optimal geometry
(>3 A) for regulating the metal ions, compared to the tight metal ions-Asp catalytic residues
interaction (< 2 A) seen in HIV-RT ternary complex. Further experiments are needed to

assess the effect of Mn>' and Mg?* binding at the catalytic site and polymerization.
g p

6.0.5 Zinc binding sites

Unexpectedly two Zn binding pockets in the fingers and thumb subdomains were discovered.
The Zn binding pockets is suspected to play a role in the structural stability given its location
in the structure. This is a novel observation as the other Flaviviridac RdRp do not possess this
feature. Residues that are involved in the Zn binding pocket (Zn2) which is located at the
anti- parallel 8-sheet in thumb domain are completely conserved in four serotypes of DENV
and YFV. Interestingly, this site is not conserved in WNV RdRp. This Zn2 is postulated to
regulate conformational switches within the thumb domain. In contrast, residues that
coordinate Zn binding pocket (Znl) and located in the fingers subdomains are conserved also
m WNV RdRp. Further experiments are needed to address the exact role of these Zn binding

sites.

6.1 Outlook

There are many uncertain aspects and unanswered questions concerning the DENV
polymerase. Chiefly, the DENV RdRp model in this study is derived from current crystal
form(C222,) that has several residues missing which may be involved important function.
They are residues: (1) 311-316, between §1-02 a fingertip that regulates the entrance of RNA
template which access the active site, (2) 406-418, between o7- o8, a loop that appears to
regulate the exit of RNA template and (3) 451-469, between 09- 10, a loop that partially

contains the motif F sequence. In addition, the current crystal condition requires air
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dehydration and crystal growth at 4 °C in a month. These crystal handling (air dehydration
and growth condition) procedures are troublesome for X-ray crystallographic screening with
compound library. Therefore, surface mutagenesis on residues involved in crystal contact can
be employed. This strategy can serve: (1) to identify new conditions in which crystals grow
in a shorter time and without the need for further crystal treatment. The condition also should
be easy and friendly for compound library soaking studies, (2) to identify a crystal condition
that show the missing residues in current model. This is also equally important for compound
screening, if these missing residues have important interaction with the potential compounds.
In addition, 2D NMR screening is recommended to be incorporated in the X-ray

crystallographic screening to improve the hit rate.

The crystal structure of DENV 3 RdRp was elaborated in chapter 5. In the future, we need to
understand the enzyme-RNA-template-rNTP (substrate) ternary complex from a structural
standpoint. The ternary complex could provide the structural basis for understanding the
polymerase activity, either during the de novo initiation or elongation process. The complex
also should provide insight into the molecular basis of fidelity for viral polymerase. For
example, the FMDV polymerase elongation complexes that were snapshot at different
successive elongation process could define critical residues involved in: (1) recognition and
positioning of the incoming nucleotide, (2) positioning of the acceptor base of the template
strand and (3) the positioning of 3'OH of the primer nucleotide during RNA replication. In
addition, the ternary complex crystal can serve as an important tool for drug resistance study,
especially for the nucleoside analog. In the case of HIV-RT, the ternary crystal structure in
complex with AZT (nucleoside analog) that trapped the AZT at pre-translocation (at
nucleotide binding site) and the post-translocation (at priming site) respectively, offer

molecular details relevant to the mechanism of ATP-dependent HIV-RT resistance to AZT
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(Sarafianos et al., 2002). In a different prospect, structural basis of transition from initiation
to elongation, translocation of RNA template, INTP substrate and exiting of the duplex strand
from the Flaviviridae polymerase remain to be unraveled. Structural elucidation of these
various stages of replication could promote better understanding on the role and function of
polymerase in viral replication and for drug design. Similar different stages of replication

have been solved in T7 RNA polymerase (Steitz, 2006).

In the full length NS5 context, currently there is no structural data available. As discussed in
chapter 3, we suspected that the RdRp catalytic domain alone adopts more open and flexible
conformation. Also that the FLNS5 was found to be more active than the RdRp. Thus how
the role and function of RdRp catalytic domain is modulated by the presence of MTase and
NLS region in the context of full length NS5 in replication event remains to be answered.
Based on data from the reverse genetic studies as a guide and by using the docking approach,
Malet et al., 2007 proposed a WNV FLNS5 model (see Fig 6.5). They found residue 512
Leu-->Val was compensated when K46/R47A/E49A of MTase was mutated in the replicon
system (Malet et al., 2007). The resulting model revealed that residues Lys-46, Arg-47 and
Glu-49 loop of MTase fits well into a large groove located between the thumb and the fingers
domains and adjacent to the Leu-512 loop. However, this model was not based on direct

empirical data. Therefore, the model could deviate from the actual conformation state of

FLNSS.

Due the difficulty of crystallizing the FLNSS5, we propose to use small angle X-ray scattering
(SAXS) to solve the FL. model. Briefly, SAXS is a solution technique that can determine
biological sample shape by ab initio and domain structure. The detailed modeling of

biological macromolecular complexes is then proceeded by using rigid-body refinement

210



ATTENTION: The

ight Act applies to the us

(]

of this document. Nanyang Tech

ical University Library

Summary and future direction

(refer Svergun and Koch, 2002 for detail). The resolution of this approach is up to 1.5 nm and
can be applied on samples ranging from 5 kDa to 100 MDa in solution. Therefore this
approach offers a new direction for obtaining the FL. model. We hope this approach can lead
us to answer questions and ambiguity that require explanation for the FLNSS5 structure. The
availability of specific antibodies against DENV 2 FLNSS also can be used to obtain the FL
structure via this approach. Another advantage in using this approach is that only a relatively
a small quantity of sample is required. Nevertheless, the biological sample is required in
monodispersed form for SAXS determination. Recently, the Lescar laboratory in
collaboration with professor Griiber (NTU) has also determined the SAXS structure of
FLNS3, which is in good agreement crystal structure (Luo et al., 2008) thus providing some

proof for the reliability of this approach.

The structure obtained in this work is a very important starting point for detailed
understanding of the DENV RdRp. The use of multitude of biophysical techniques proposed
here as well as the availability of small molecule inhibitors that will result from the drug
discovery efforts will be important tools for detailed probing of the structure and mechanism

of action.
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Appendix List Al
DEN3 RdRp protein expression and purification

8-10L preparation for crystal growth,

Expression

DNA fragments encoding the catalytic domains of the DENV RdRp from the four serotypes
(DENV 1-4) spanning residues 273-900, were amplified by PCR and cloned into pET 15b
(Novagen, Madison, USA), using the forward and reverse primers. First, the E. coli BL21-
DE3 cells (RIL) (Stratagene) was transformed with plasmid with heat shock (42°C) and
plated on LB agar containing 100 pg mI' ampicillin and 50 pg mI' chloramphenicol and
grown at 37°C for overnight. One plate was prepared for each 500ml culture. The next day, E.
coli colonies on the plate were washed with LB medium and inoculated into 500ml LB
medium containing 100 pg ml* ampicillin and 50 pg mI"! chloramphenicol and grown at 37°C
until an ODgy 0f 0.4-0.6. The culture was cooled down at 4°C before protein expression was
induced at 16°C by adding isopropyl-G-D-thiogalactopyranoside to a final concentration of
0.4 mM. After overnight growth, cells were harvested by centrifugation at 8,000 x g for 10
min at 277 K. Pellets were resuspended in buffer A (20 mM Tris-HCl pH 7.5, 0.5 M NaCl 10
mM g-mercaptoethanol, 10% Glycerol) supplemented with a protease inhibitor EDTA-free
tablet (Roche, Switzerland). This was followed by sonication and centrifugation at 30,000 x g

for 30 min at 277 K.

Purificarion
The lysate supernatants were first purified by metal affinity using a HisTrap HP column (GE
Healthcare, Sweden) equilibrated with buffer A. Unbound proteins were washed sequentially

with five column volumes of buffer A, supplemented with imidazole at concentrations of 25
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mM and 125 mM respectively. Proteins were eluted using a linear gradient of imidazole
ranging from 125 to 500 mM. Fractions containing the protein were pooled and dialyzed
overnight against a) 50 mM Mes pH 6.8, 0.3 M NaCl, 1 mM EDTA, 5 mM -
mercaptoethanol for 1h and subsequently against b) 50 mM Mes pH 6.2, 0.3 M NaCl, 1 mM
EDTA, 5 mM B-mercaptoethanol to avoid protein precipitation. After dialysis, DENV 3
RdRp proteins retaining their N-terminal Hise tag (hereafter named H¢ DENV 3 RdRp), were
diluted to make final NaCl concentration to 50mM and then subjected to cation exchange
chromatography, using a Source 15 S column (GE Healthcare, Sweden) with a volume of 20
ml. Tagged proteins were eluted using a linear gradient ranging from 0.15 to 1.5 M NaCl in
buffer B (50 mM Mes pH 6.2, 0.05 M NaCl, 5 mM g-mercaptoethanol, 1 mM EDTA). In the
case of H¢ DENV 3 RdRp, two distinct fractions (labeled F1 and F2) were eluted from the
cation exchange chromatography and were separately purified with gel filtration
chromatography (see below). Alternatively, after elution from the HisTrap HP column the Hg
DENYV 3 RdRp protein was treated with thrombin overnight (~20-22 h) at 4°C in order to
remove its N-terminal hexa-histidine (Hiss) tag. The protein fraction was first concentrated
and diluted in 20mM Tris HCI pH8.0, 50mM NaCl, 5mM BME (buffer D) to remove
imidazole. Using 1U thrombin per 100 pg of protein, proteins was digested in buffer D. After
treatment with thrombin, the DENV3 RdRp protein retains residues GSHMLDN at its N-
terminus, which are derived from the vector used for cloning. Finally both the tagged and
untagged protein were concentrated by ultrafiltration with a molecular weight cutoff of 30
kDa (Milipore, Volketswil, Switzerland), a final gel filtration chromatography step (HiPrep
16/26, Superdex 200) was carried out in buffer C (20 mM Tris HCl at pH 6.8, 0.25 M NaCl, 1
mM EDTA, 2 mM -mercaptoethanol and 0.1% w/v CHAPS) and both the tagged and

untagged proteins were concentrated to ~11 mg mI” and used for crystallization assays.
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Appendix List A2
Mutagenesis

Surface structural mutagenesis on DENVY3 RdRp

With the aim to improve the WT catalytic domain activity and stability (Table 1), the surface
bulky residues were investigated for mutagenesis studies and based on the structure of WT
DENV 3 RdRp (see chapter 5). The surface bulky residues were suspected to cause protein
instability by surface polar residues repulsion. Firstly, one mutant that is W846N has
remarkably different characteristic compared to the WT. The W846N mutant improves the
thermo-stability and protein solubility (achieves 20 mg/ml in a low salt buffer, Table 1& 2).
Secondly, most mutants such as R352E/R357E were contributed only to protein expression
yield. Thirdly, none of these mutants contribute to the improvement of enzymatic activity
compared to those of FLL. DENV2 NS5 protein. In general, good soluble protein with high
protein concentration and in low salt buffer could be more tolerate to PEG crystallization
screening conditions. Therefore, W846N mutant offers screening new crystal growth
conditions for producing new crystal packing systems, which possibly help to improve the
current crystal model (missing residues) or shorten duration of crystal growth. Furthermore,
good solubility of W846N mutant is also useful for biophysical studies: (1) 2D NMR-ligand
screening or (2) Isothermal Titration Calorimetry (ITC) for ligand binding assay. These
approaches often require protein in high concentration in low salt concentration while still

remains soluble and stable in the solution.
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Rational mutant design on WNV FLNSS

Mutational analyses were also performed on WNV FLNSS5, after mitial crystallization
screenings have unmet crystal growth condition for the WT protein. The mutant designs were
based on the limited proteolysis on DENV2 FLNSS (R264), W846N DENV3 RdRp solubility
improvement and surface entropy reduction (table 3). The aim of the mutational analysis was:
(1) to produce proteolytic resistant FL (cleavage site at R264) and improve protein solubility
in low salt buffer (W846N). Mutant R264E unable to prevents proteolysis whereas mutant
W846N slightly improves protein solubility in low salt buffer (4.5 mg/ml compared to WT-
2.9mg/ml) (Table 1) and (2) to produce lower conformational entropy protein based on the
surface entropy reduction (SER) prediction. Mutations were predicted based on algorithm
incorporating a conformational entropy profile, secondary structure and sequence
conservation. The method has been successfully used to crystallize more than 15 novel
proteins. We designed 8 constructs and 1 was selected for crystallization screening, based on
the purity and score of SER but no crystal growth condition was encountered yet (Table 3, no

5).
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Table 1. Surface structural mutagenesis of DEN3 RdRp
No | Mutant Protein Protein Comment Enzymatic
yield activity (SPA
estimation based)
1 WT DEN3RdRp | DEN3 RdRp 3-5mg/L achieve 10 mg/ml in | 20 fold < FL NS5
0.25M NaCl
2 R352E/R357E DEN3 RdRp 7-8mg/L - Same as WT
DEN3RdRp
3 R357E DEN3 RdRp 2-3mg/L - Same as WT
DEN3RdARp
4 L38ON DEN3 RdRp 2-3mg/L - Same as WT
DEN3RdRp
5 W823N DEN3 RdRp 0.5mg/L - Same as WT
DEN3RdRp
6 W846N DEN3 RdRp 2-4mg/L achieve 20 mg/ml in Same as WT
DEN3RdRp 0.15M NaCl
7 P864D DEN3 RdRp 1-2mg/L - Same as WT
DEN3RdRp
8 1524T/P525D DEN3 RdRp 03- - Same as WT
DEN3RdRp 04mg/L
9 W846N/L88ON DENV3 RdRp | 1-2mg/LL - Same as WT
DEN3RdRp
10 | W846N/W864N | DEN3 RdRp 3-4mg/L - Same as WT
/L880N
DEN3RdRp
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Table 2. Termostability test by thermofluor (Cummings et al., 2006)

Protein Melting temperature
W846N DENV3RdRp 44°C
W846N/L880N DENV3RdRp 44°C
L880N DENV3 RdRp 42°C
DENI RdRp & DENV3 RdRp 41°C
DENV2 FLNS5 40°C
Procedure:

Use 5 pg protein in 25 pl buffer 50 mM Tris HCI pH 7.5, 150 mM NaCl, 10% G, 2 mM
BME for each well. Add 1 pl sypro orange (Invitrogen) to 40 ul protein buffer (40x dilution).
Vortex the solution. Then add 1 pl from the 40 pl stock into 25 ul for each well to make
1:1000 dilutions. Spin down for 1 min 6000 x g and remove solution to a new tube and
pipette 25 pl into each well. Briefly spin the plate (short spin to ensure all solution spin down
to the well). Start reading using Bio-Rad5iQ. More than 1°C difference is considered

significant melting temperature change.
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Table 3. Surface entropy reduction on WNV FLNS5 (Goldschmidt et al., 2007)

no | WNV FLNS5 | Protein Design rational Remark SER core, based on
mutant expression WT
yield
1 | 262264 SER prediction 6.93
EKK-->AAA
2 | 898-900 SER prediction 5.69
EEK-->AAA
3 | 898-900 SER prediction 5.69
EEK-->AFA
4 | 898-900 SER prediction 5.69
EEK-->AEK
5 | 478-480 SER prediction Selected for 5.16
EKK-->AAA crystallization
screening
6 | 408-409 SER prediction 4.98
KK-->KA )
7 | 433435 SER prediction 472
EEQ-->AAQ
8 | 433-435 SER prediction 4.72
EEQ->EAQ
9 | R264E ~WT Limited N.A
proteolysis on
DEN
10 | W846N ~WT DEN3 RdRp N.A
solubility

Reference List

Cummings,M.D., Farnum,M.A., and Nelen,M.I. (2006). Universal screening methods and applications of
ThermoFluor (R). Journal of Biomolecular Screening 17, 854-863.

Goldschmidt,L., Cooper,D.R., Derewenda,Z.S., and Eisenberg,D. (2007). Toward rational protein
crystallization: A Web server for the design of crystallizable protein variants. Protein Science 16, 1569-

1576.
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Appendix List A3
Compound soaking list (for internal use only)
Table 1. List of compounds and parameters that wereused in this thesis (chapter 4).
No Actual Compound Reference ID | M.W Soaking | Soaking time Data
ID used in this concentr collection
soaking study ation
1 72 189.17 | 4 mM 24 h, 48 h, 4°C Yes
2 43 23529 | 4mM 24 h,48 h, 4°C Yes
3 57 32771 | 4mM 241,48 h, 6 d, Yes
4°C
4 45 24569 | 4 mM 240,48 h,64d, Yes
4°C
5 48 301.22 | 4mM 24 h, 48 h, 4°C Yes
6 47 22325 {4mM 24 h, 48 h, 4°C
7 30 201.22 | 4mM 24 h,48 h, 4°C Yes
8 32 23925 | 4mM 24 h,48 h, 6 d, Yes
4°C
9 63 256.69 | 4 mM 24 h, 48 h, 4°C
10 11 30832 | 4mM 24 h,48 h, 4°C
11 25 308.36 | 4mM 24 h,48 h, 6 d, Poor
4°C diffraction
12 49 22527 | 4 mM 24 h,48 h, 4°C Yes
13 150 30534 | 4mM 24 h,48 h, 4°C Yes
14 125 23234 | 4mM 24 h,48 h, 6 d, Yes
4°C
15 149 21023 {4 mM 24 h,48 h,64d, Poor
4°C diffraction
16 71 216.2 4 mM 24 h,48 h, 4°C
17 120 22018 | 4 mM 241,48 h,4°C | Poor
diffraction
18 135 169.14 | 4 mM 24 h,48h, 6 Yes
d4°C
19 . 84 25114 | 4mM 24h,48h,6 Yes
d4°C
20 132 451.5 1-5 mM 18-20 h, 4°C Yes
21 519 45953 [ 1-5mM 18-20 h, 4°C Yes
22 555 656.7 1-5 mM 18-20 h, 4°C Yes
23 671 565.7 1-5mM | 2h,22 h, 4°C Yes
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Appendix List A4

Potential RNA sequence for DEN RdRp + template interaction

Novel mechanism for (-) strand RNA synthesis was proposed by Filomatori et al: viral
polymerase binds SLA at the 5'end of the genome and reaches the site of initiation at the
3'end via long range RNA-RNA interactions. With these finding, the following RNA
templates were proposed for the future follow up and experiment design to obtain enzyme-
template-substrate ternary complex. The template tunnel of DEN polymerase could
accommodate 5-7 mers of RNA template, based on the FMDV and $6 enzyme-template-
substrate ternary complexes. Two approaches can be adopted: a) use either SLA of the 5UTR
or 3'UTR for screening co-crystallization condition with the following template length (see
below, i) and b) use SLA to identify the optimal binding region and length for crystallization
assay. The SLA is ~70 mers and template tunnel of dengue polymerase can fit 5-7 mers

template. Therefore, experiment can be designed for this objective (see below, ii).

1. RNA templates design for Co-crystallization assays

SLA 5--3'
AGUUGUUA
AGUUGUU
AGUUGU
AGUUG

L=

3'UTR 5'--3'

1. CAGGUUCU
2. AGGUUCU
3. GGUUCU

4. GUUCU

ii. Optimal binding region identification of SLA

a. First 70 nucleotides of SLA are divided into 7 parts:

1. AGUUGUUAGU
2. CUACGUGGAC
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CGACAAAGAC
AGAUUCUUUG
AGGGAGCUAA
GCUCAACGUA
GUUCUAACAG

Nk W

=2

. Overlap nucleotides between the first 70 nucleotides-

UAGUCUAC
GGACCGAC
AGACAGAU
UUUGAGGG
CUAAGCUC
CGUAGUUC

QAW
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