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Ribonucleic aid (RNA), as one of the essential macmetules of life plays an
active role in gene regulation, catalysis, and signaling because of its ability to adopt
complex 3D structures that can exist in multiple conformatidirgil now, RNA
preparation methoddevised by most investigatorgilized partially denatured the
RNA. The misfolding causedoy denaturing renaturing can seriously affect RNA
structure and functional activityTo test this hypothesis, ifPART | of this
dissertation, we presented asimplé r at egy using 6éclickd c¢chemi
a 6cagedd photocleavable guanosine monopho
are properly folded. We demonstrated that RNA ribozymes, ranging in size from 27
to 527 nt, prepared by our naienaturingmethod form a homogenous population
with superior catalytic activity than those prepared by traditicefaldingmethods.
Having developed a method fan vitro RNA synthesis, we studied the

riboswitch family of RNAs that require remolding their stuwret for functionin



PART Il. C-di-GMP riboswitch as the onlycurrently knownsecondary messenger
riboswitch senses-di-GMP using its aptamer domain to modulate the expression of
genes which affects biofilm formation and virulence factors productioragteiia.
To specifically target pathogenic bacteria in polymicrobial systems that control the
RNA-mediated edi-GMP signaling pathwaghrough riboswitch regulatigrdifferent
c-di-GMP analogs have beemused as chemical tool to investigate the
structureadivity relationship (SAR) of @i-GMP binding to differentc-di-GMP
ri boswitches. We de npogitisntmodifiedeadi-GMPhaaalogsd i f f er e
could differentiate between two different classes-di-GMP riboswitches and even
bind to one particulariboswitch in class With differentaffinities.

Specifically, Clostridium tetani(Ct-E88) RNA in class | -@i-GMP riboswitch
was used fo(structural dynamicstudy to understand how ligand binding drives the
conformational change to regulate the dowe®wmm genes within the expression
platform. Our preliminary data obtained via different biochemical and biophysical
tools T such ass e | e c thydmoxyl a@lation analyzed by primer extension
(SHAPE), smalangle Xray scattering (SAXS) and nuclear magnetesonance
(NMR) spectroscopy demonstrated that M§ions accelerate ligand recognition by
pre-organizing the RNA, and then rapid ligand binding folds the RNA inta@peat

structure follikely downstream gene regulation.



NEW CHEMICAL TOOLS TO INVESTIGATE RNA FUNCTIONS

By

Yiling Luo

Dissertatiorsubmitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2013

Advisory Committee:

Professor Kwaku DayjeChairAdvisor
Professor Herman Sintim, Advisor
Professor David Fushman
Professor Lyle Isaacs

Professor Jason Kahn

Professor Jonathan Dinman



© Copyright by
Yiling Luo
2013



Acknowledgements

This endeavor would never have been possible without help and support from my
wonderful mentorsgollaboratorscolleagues, friendand family

| would specially thank my two advisor®rofessorHerman O. Sintim and
ProfessorKwaku T. Dayie for their longerm supportand professional guidance
throughoutmy graduate career at the University of Marylamtieir assistancand
advicewas vital in finishing my PhD antheir passion for knowledge inspire and
motivate me through myfeé.

I would like to acknowledge both Professor Jonathan Dmmaad Professor
Nicole LaRondeLeBlanc for kindly allowing me to perform radioactive experiments
in their laboratories.

| thank all the members of the Sintim laboratory and the Dayie laborgtasy,
and present. Thanks for thassistance, encouragement and engaging discussions. It
has beemmy pleasure working with all othem | am especially indebted to my
coll aborators from Sintimbés group, Ji e
and continuously supplying me all the synthesizedi-GMP analogs studied in this
dissertation anr. Shizuka Nakayamdor helping me make mutant WspR, ang
coll aborat or f Dr.dBm Chga, yor teking so qucl time to help me
process the SAXSlata and patiently explaiall the detais to me and Dr. Eldho
Nadukkudyfor his help on native RNA preparation method developmientould
thank Dr. Xiaobin Zuo and Dr. YuKing Wang (NCI) for SAXS data collection.
would like to acknowledge the invahia assistance ddr. Ashton Trey Bele/ and

Dr. Chandar Thakur for the SHAPE experimehtwould also like to express

Zho



appreciation toDr. Daoning Zhang for his help and support with the NMR
experimers. | thank Professor Marc Dreyfus fgiving usthe souce of T7 RNA
polymeraseand Professor Vincent Lee for giving us tBeColi bacteria containing
wild type WspR plasmid.

| appreciatemy committee member&rofessoDavid FushmanProfessorLyle
Isaacsand Professodason Kahrfor their support, useful sggstion and valuable
critique during the course of my PhD study. My appreciation also goes to Professor
Jonat han Dinman for agreeing to be the

| sincerely appreciatéhe Sih family and the Dep#ément of Chemistry and
Biochemistry for honoring me withtfiee a n 6 s  liowshig andlgany T. Sih
EndowedStudent Award, which covered tuition and stipend for last semester and
summer of my graduate studiasd RNA Society Travel Award for ¢éring me the
opportunity toattend the RNA Society Meeting 2012.

In addition, | would like to add my special thanks Laigi Alvarado, Rachel
Brown, Regan Lebanc anindrew Longhinifor volunteeringtheir time to assist me
in proofreading my dissttion and indpendenproposal.

Finally, | would like toacknowledgemy parentsYanjun Hanand Xinhua Luo,
and my boyfriend John Hui for their loveynderstanding andonstant emotional

support through the challenges of research and dissertation writing

Dea



Table of Contents

ACKNOWIEAGEMENLS. ... e eeeea bbb e e e e e e e e e eemee e I
LISt Of TADIES ... oot e e e e e e e e e e e e s s e e e e e as Vil
LISt O FIQUIES....ciieeeeeeee st ereee s e e e e e e e e e e e e rnnne e e e e s viii
LISt Of SCHEMES.... .ot e e e e eee e Xii
List Of ADDreViationsS..........uuuiiiiii e Xiii
PART IT Native RNA Preperation.........ccooeiieeeeeeeiiiieeeiee e eeeeeeeeeeeevavvmnneeeeeeeees 1
Chapter 1: Introduction to Part L. 1
1.1Introduction to ribonucleic acids (RNAS).........couuvueeruiiiiimeeeervvieeeeeee e 1
1.2 Traditional method to prepare RNA iN VILIO..........coooiiiiiiiiiemensiiiiiiee 2
1.3Problems associated with traditional RNA purificatmmethods...................: 4
1.4 Newy developed native RNA preparation methads...............eeeveeviieeeunneee. 6
Chapter2: RNA synthesized using photocleavable biotinylated nucleotides have
dramatically improved catalytic efficienty...............cocoeveeerieerseeeeeeeses e 10
pZ [ o1 (o o (U Tox 1 T o H PSPPI 10
2.2 Materials and MethOodS............uuuiiiiiiiiiieeeiiiiiiiiie e 14
2.2.1Synthesis of PhotocleavabRQ) alkyne.............oeevvvviiiiiiiicemiiieciieen. 16
2.2.2Synthesis of PC alkyne GMP...........cooooiiiiiiiiieee e 17
2.2.3Synthesis of DIOHPG GMP .......oovvviiiiii e 19
2.2.40ptimization of ribosomal Aite RNA and D5 RNA transcription.......20
2.2.5Streptavidinbiotin-PG-D5-RNA gel shift experiment.......................... 21
2.2.6Purification of biotinylated RNA with Neutravidiagarose resin and
PROTOCIEAVAGE. ... .. 21
2.2.7Native D123 (GTPD123) RNA sample preparation...............c.......... 22
2.2.8Native D1235 (GTHD1235) RNA sample preparation....................... 23
2.2.9Gel purified D5 RNA sample preparation...........cccceeeeeeeeeceeeiccceeeenn. 23
2.2.10Gel Purified D123 RNA (GTHD123 RNA) and D1235 RNA
(GTP-D1235 RNA) sample preparatiQn.............cccceevveiiieeeiieeeeeeeeeeeeeeeeiinnns 24
2.2.11Anion exchange purified D123 RNA (GIP123 RNA) and D1235 RNA
(GTP-D1235 RNA) sample preparatiQn..................eeeeeiieceeevennnnniiiiieeeeenns 24
2.2.12L abeling E1E2 substrate RNAs with Alexa 647 fluorophare.......... 25
2.2.13RNA refolding protoCol...........cceeiiiiiiie e 26
2.2.14Cleavage of A64-E1E2 RNA substrate using gel, anion exchange or
affinity purified D123 RNAs monitored by an-mel shift experiment.......... 26
2.2.15Cleavage of A64E1E2 RNA substrate using gel, anion exchange or
affinity purified D1235 RNAs monitored by an-gel shift experiment......... 27
2.2.16D123 RNA analyzed onative gel..........ccccoeoiiiiiiiiiiiice e 28
2.3 ResSUlts and DiSCUSSIQL..........cceeuiiiiiiiiiemmeeeeeeeeeiiiibeiia s 28
2.3.1General CONCEPL.......coiiiiiiiiitetire e eeer e e e e eeeas 28
2.3.2Synthesis of DIOHPGGMP .........cooviiiiii e 29
2.3.3T7 RNAP accepts DIotHPG-GMP...........cccvviiiiiiiiiiiceeeiiiieeeeeeeeeeee 30
2.3.4Transcription optimization of ribosomaléte RNA and D5 RNA using
unmodified GTP and DIOtHPGGMP............uvuiiiiiiieie e 34



2.3.5Purification of biotin labeled RNA with avidin affinity column and

PROLOCIEAVAGE......eueeiiie it s 38
2.3.6Biotin-PC synthesized minimal group Il intron ribozyme has enhanced
catalytic activity compared to gel purified GGRNA in the SER reaction....38
2.3.7The populatiorof biotin-PC synthesized minimal group Il intron ribozyme
conformers is more homogenous than that of gel purified-BNR..............44
2.4 CONCIUSIONS. ... .ciieieieieeeeieeeeeeeee ettt e e e e e e e e enennes 45
Chapter 3: Conclusions and future worklative RNA preperation.....................48
PART II'T Cyclic-di-GMP (cdi-GMP) rboswitCh...........ooooeiiiiiiiiiieee 50
Chapter 4: Introduction to Part.ll.........cccoooiiiiiiiiiiceeicc e 50
4.1 Thelmportance of cyclidi-GMP (c¢di-GMP) in bacteria..........cccccceeeenn... 50
4.2 Biosynthesis and dgadation of edi-GMP..............coovrviiiiiiiiccre e 51
4.3 Gdi-GMP effeCtofil Protein..........ccooviiiiiiiiiiiiiieemre e s e 52
4.4 C-di-GMP effectori Riboswitch RNA...........ccciiiiiiiieeceeeieeeeece e 53
4.5 Structure of class | and class HHe GMP riboswitch...............cccvvviiiiiieennes 57

4.6 Targeting edi-GMP binding riboswitches with differentdi-GMP analogs 60
4.7 Dynamic conformational changes of the classll-GMP riboswitch in

response to Mg and itS IGANG............cooveeeeeeeeeeeeeeee e e eeeee e 65
Chapter 5: @li-GMP analogs disaminate between differentdi-GMP
FDOSWILCNEE™ ..ottt eeeee et 69

00 [ 0T [0 Tox 1 o PR 69

5.2 Materials and Methods............coooiiiiemen e 70

A R\ = 10T = PR 70
5.2.2Vc2 RNA preparation and purification..............cccevvvvvvieemeeeeeeceeeininnns 70
5.2.3C. acetobutylicunRNA preparation and purification.......................... 70

5.2.4Microdialysis assay of Vc2 / CdA RNA withdi-GMP and analogs....70
5.2.5UV sonmmeasurment of edi-GMP in chamber A after microdialysis.. 71

5.2.6 Molecular Modeling............coooiiiiiiiiiiieee e 71
5.3 ResuUlts and DiSCUSSIQN...........uuuuuumiiiiiiieeeeiieiniiaaas e e e e e e e e e s ememraaa s e e aeeeeeees 72
5.3.1Docking of cdi-GMP and analogs into RNAS...........cccoeeevviiviiieeenenn. 74
5.3.2Experimental validation of the docking results...............cccccvviieeennnne 79
5.4 CONCIUSIONS. ...uuiiiiiiiiiiieee e aeenne 82
Chapter 6: Sel-maified edeGMPitorvarious dassd fibosivitiches
......................................................................................................................... 84
G0 I [ 0T [ {1 o] o RS 84
6.2 Materials and MethOodS...........uuueiiiii e 87
6.2.1 Preparation ofdi-GMP class | Riboswitch Aptamer RNAs.............. 87
6.2.2 Microdialysis assay of RNA with ligand..............cccccoooivieeeeii e, 87
6.2.3 Preparation 6fP-labeled edi-GMP..............ccoooveeoeeeeeeeeeeeeeeeeees 88
6.2.4 Ky measurements ofdi-GMP and analogs by gehift........................ 88
6.3 ReSUItS and DiSCUSSIQN..........cceeueeiiiiiiimmmeeeeeeeeeeeieiine s emeeereennnnns 90
6.3.1 Experimera validation of selected classfRNA aptamer binding to
CrImGIMP . e an s 91
6. 3. 2 Re c omsitiontmodified edi-GMP2adalog.......................... 92
6.3.3 Affinity measurements ofadi-GMP and analogs for different class |
= 0] =10 [T (TSP 96



6.4 CONCIUSIONS.......coiiiiiieiiieeeititeeee ettt s s e e e e e e e e e e ennes 101
Chapter 7: Conformaihns of Cdi-GMP class | aptamer (€88 RNA)iT Preliminary

(0 = = P PPPPPPPRPPRSR 102
4% R [ 11 (e To [V {1 [ PP 102
7.2 Materials and MethodS...........uuiiiiiii e 103

7.2.1 RNA Preparation...........coovvveeviuuuiiimemreeeeeeeeissiaieee s s s smesnnsnnnn e 103
7.2.2 Electrophoretic mobility shift assay (EMSA).........ccooevvvviiiiviccnenne. 104
7. 2. 3 S evydexyltacyhaten ababyzed by primer extension (SHARE)
7.2.4 Small angle Xay scattering experiments and data analysis........... 107
7.2.5 Low resolutiomb initio model reconstructions of €88 aptamet......108
7.2.6 NMR sample preparation and NMR experiments ¢8&% RNA......... 109
7.3 ReSUItS and DiSCUSSIQMN.......ccviiiiiiiiieeeiiieeieeiee e e e e e e sneee e 110
7.3.1 Native gel mobility shift assay............cccccvviviiiimmmiie 110
7.3.2 Selectie  -Rydroxyl acylation analyzed by primer extension (SHAPE)
analysis of different conformations of-EB8 RNA..........cccoeeeviiiiiiiiivieeeennn. 111
7.3.3 Following the conformational changes ofE£88 aptamer induced by
c-di-GMP and MG ion With SAXS ......cvoveveveieeeeeeeeeeemieeseeeeeeessenen s 116
7.3.4 Low resolutiomb initio modeling of GE88 RNA.............ovvvvvvceeennnn. 119
7.3.5 NMR titration study of CGE88 RNAwith ¢-di-GMP ............cccccceeennnn. 121
7.4 CONCIUSIONS. ...coiiiieeieie et re ettt e e e e e e e e e e eeanes 127

Chapter 8: Conclusions and future wor-di-GMP riboswitch........................ 128
8.1 CONCIUSIONS. ...evviiiiiiiiiiiii e aeeens 128
8.2 FULUIE WOIK ....iiiieieeeeiiiiii st e e e e e e e e e sennna s e e e e e e e e e e e e eeeeenesannnas 130

Y o] o L= T [To =PRI 131
Appendix 1: Spectra for R&lkyne (Chapter 2).........cccccuviiiiiiiiiieeniiiiiiiieeee 131
Appendix 2: Spectra for R@lkyne GMP (Chapter 2)..........cccccceeeiieiiiieccnnnnns 134
Appendix 3: Spectra for bioHRGGMP (Chapter 2)...........ooooeiiiiiiiiieennnnns 138
Appendix 4: Different ligands docking into Vc2 (Chapter.5)..........cccceen..... 142
Appendix 5: Different ligands docking into CdA. (Chapter.5)...........ccc....... 144
Appendix 6: Binding curves from gshift assay (Chapter 6)........................ 146

BibIIOGraphy......oooeiii e 149

Vi



List of Tables

Table 1.1. Binding affinities of edi-GMP riboswitches with different-di-GMP
analogs.

Table 6.1.Binding affinities of edi-GMP and analogfor five class | riboswitches
Vc2, CtE88,Ch-E43, Ch17B and Ceb30 RNAs.

Table 7.1.Parameters and quality indicators derived fromxtray scattering data
for the CtE8B8 aptamer under different conditions.

vii



List of Figures

Figure 1.1. (A)Chemical Structure of RNAB) Chemical Structuresf RNA bases.

Figure 1.2. Three different types of DNA templates can be used ifowitro
transcription.

Figure 2.1. Two broad method$or native RNA purification.(l) Affinity -capture
release methods(ll) Chromatographic methods using size exclusan weak
anionexchange methods based on size or charge.

Figure 2.2. Secondary tsuctures for the four RNAs studie@d) The 494nt D123
RNA. (B) The 530nt D123D5 RNA (36nt D5 RNA connected irTis to 494nt
D123 RNA). C) The 27nt A-site RNA.

Figure 2.3. Denaturing PAGE assay for biotC modified D5 RNA. (A)
Transcription of D5 RNA with €) or without biotinPGGMP (-) followed by
purification of the D5 RNA(GTP-D5 or biotin-PG-GMP-D5 RNA) with an avidin
column after photocleavag@) RNA biotinylaion assay with streptavidin.

Figure 2.4.No UV-induced RNA or NMPs damage througtadiation at 365 nm for
1-2 hr.

Figure 2.5. Enzymatic incorporation of the initiator biotPG-GMP with different
ratios of biotinPG-GMP: unmodified GTP using the ribasal A-site DNA template.

Figure 2.6. Enzymatic incorporation of the initiator biothCG-GMP with different
total concentrations of NTPs (ATP, CTP and UTP) using the ribosorsgeADNA
template.

Figure 2.7. Enzymatic incorporation of the initiator bitPG-GMP with different
ratios of biotinPG-GMP: unmodified GTP using the D5 template.

Figure 2.8.In-gel fluorescent assay for catalytic cleavage of ant28pliced exon
substrate (EL1E2) by a minimal group Il intron ribozyme comprising domains 1, 2, and
3 (D123) and domain 5 (D5) or a ribozyme comprising domains 1, 2, 3, and 5 (D1235)
in the presence of 50 mM Muat 42C.

Figure 2.9. Comparison of the catalytic activity of gel purified/anion exchange
purified and (photecleaved) biotirPC purified D1233RNA under conditions oho
heat annealing (nativey heat annealing (refolding).

Figure 2.10. Comparison of gel purified, anion exchange purified and bgn
purified D123 on theative PAGE gel

viii



Figure 4.1. (A) Phenotypes and processes controlled d&di-GMP. High
concentration levels of-di-GMP promote sessility and biofilm formation via the
production of adhesive extracellular matrix components. Loedi-@MP levels
promote motility, proteolysis and the production of virulence faci@}.Synthess

and degradation of-di-GMP. Gdi-GMP is synthesized from GTP by diguanylate
cyclases containing GGDEF domains and is degraded into GMP by
phosphodiesterase domains, containing either EAL oiGY® domains.

Figure 4.2.C-di-GMP class | and class Il ribwitches.
Figure 4.3.Active site architectures of class | (Vc2) and class Il (CdA) riboswitches.

Figure 4.4. C-di-GMP ribosytphosphate backbone recognized by the class |
riboswitch.

Figure 4.5.Modifications of edi-GMP at different positions.

Figure 4.6.Proposed folding pathway of class | Vc2 riboswitch.

Figure 5.1. C-di-GMP and analogs(l) c-di-GMP. (2) endoeS-c-di-GMP. (3)
2 {Biotin]-endeS-c-di-GMP. (4) 2 §Biotin]-AHC-c-di-GMP  (commercially

available)

Figure 5.2. Solid-supported synthesis f oendaS-c-di-GMP analogs following
procedures reported.

Figure 5.3. (A) The distance between C5 of the tvgoaninesof c-di-GMP were
fixed at distances ranging from5 A to 9.5 A and the different conformers were
optimized using Gaussia(B) Structuref compound$ and6 used as a model for
biotinylated analog8 and4. (C) Plots of binding energies versus distance between
the two guanine nucleobases ofdi-GMP, endeS-c-di-GMP, compound5 or
compounds after dockingnto Vc2 RNA.

Figure 5.4.Docking of ¢di-GMP and endés-c-di-GMP in Vc2 RNA.

Figure 5.5.C-di-GMP in the binding pockedf Vc2 RNA.

Figure 5.6. Plots of binding energies versus distance between the two guanine
nucleobases (after docking) afdi-GMP, endeS-c-di-GMP, compound5 or
compound6 when docked into CdA RNA.

Figure 5.7.Equilibrium microdialysis of @i-GMP and analogs with Vc2 RNA.

Figure 5.8.Equilibrium microdialysis of @i-GMP and analogs with CdA RNA.

Figure 6.1. (A) Alignment of predicted -i-GMP riboswitch sequems. (B)



Predicted structures of the selectedli«<GMP-I riboswitch aptamers based on
structure model of the-di-GMP class | aptamer.

Figure 6.2.Family ofdesigned and synthesizedli-GMP analogs.

Figure 6.3. Equilibrium Microdialysis of selected-@di-GMP class | riboswitch
aptamer with ligand(A) Schematic diagram for equilibrium microdialygiB) A plot

of the concentration of-di-GMP in chamber A versus the amount of different
c-di-GMP class riboswitchaptamer added in chamber B.

Figure 6.4.Equilibrium microdialysis of @i-GMP an al o-Bsdi-GMPAB) 2 0
2 #1-c-di-GMP and(C) 2 ®©Me-c-di-GMP with various class | riboswitch aptamers

Figure 6.5. K4 measurement of-di-GMP by gelshift assay, using radiolabeled
c-di-GMP.

Figure 6.6. K4y meaurement of @i-GMP analogs using competition ggHift assay
with radiolabeled @i-GMP.

Figure 7.1.Construct of G288 used for SHAPE experiment.

Figure 7.2. Electrophoretic mobility shift assay of €88 RNA binding to different
ligands. (A) RNA binding to c¢di-GMP, endeS-c-di-GMP, c¢di-AMP, GTP and
GMP. (B) RNA binding to edi-GMP, endeS-c-di-GMP,
2 §Biotin]-endeS-c-di-GMP  a #BiotinP-AHC-c-di-GMP.

Figure 7.3. (A) Mechanism of RNA SHAPHEB) SHAPE analysis for GE88 RNA.
(C) Predicted seawary structure of GE88 RNA.(D) Known secondary structure of
the ligand bound Vc2 RNA deduced from the crystal structure solved by Sttaddel
for comparison

Figure 7.4. SAXS analysis of GE88 RNA under three different state@)
Comparison of eggerimental scattering profiles of €88 RNA. (B) Comparison of
the SAXS data in Kratky representation forE&8 RNA under the three stat€€.)
Comparison opair distance distribution functigplot determined from experiments
using GNOM for the three fierent conditions

Figure 7.5. (A) Absolute SHAPE reactivities as a function of nucleotide posi{iBh.
The predicted secondary structures based on SHAPE reactivies in different
conditions.

Figure 7.6. Low-resolutionab initio models of CH£88 aptameunder three different
folding states.

Figure 7.7.Imino region of 1D'H NMR spectra of GE88 RNA with 3 mM Mg* at
different temperatures.



Figure 7.8. The imino region of 1D'H NMR spectra of GE88 RNA with 3 mM
Mg?* in the presence or absence afi€GMP.

Figure 7.9. The imino region of 2ENOESY of RNA with 3 mM Md" (A) in the
presence ofB) absence of-di-GMP. (C) Overlay of(A) and(B). Temperature is at
295K.

Figure 7.10.Imino HSQC NMR experiment of thEN-GTP, CTP labeled CES88
RNA in thepresence (red) or absence (blue) of unlabel¢d@MP.

Xi



List of Schemes

Scheme 2.1Preparation of native RNA usirmotin-PC-GMP as initiator

(A) Schematic procedure fdriotin-PC labeling of RNAIn vitro transcription.(B)
Expected gel image for ayals of RNA labeling efficiency by PAGH{vo bands for
biotin-PCG-RNA-streptavidin complex shown are due to multivalent nature of
streptavidin, i.e. one streptavidin molecule is able to bind to up to four biotinylated
RNA)

Scheme 2.2Synthesis obiotin-PC-GMP using o6clickdé chemistry

Scheme 4.1Mechanisms of -@li-GMP riboswitches

Xii



List of Abbreviations

BTCM Bromotrichloromethane

C-di-GMP Cyclic diguanylate

DCM Dichloromethane

DMSO Dimethyl sulfoxide

DMAP 4-Dimethylaminopyridine

DMT Dimethyltryptamnine

DNA Deoxyribonucleic acid

dsDNA Doublestranded DNA

DTT Dithiothreitol

EDTA Ethylenediaminetetracetic acid

EMSA Electrophoretic mobility shift assay

ETT Ethyl-thiol-tetrazol

GMP Guanosine monophosphate

HBTU O-BenzotriazoleN , N-etraidihyluroniumhexafluorophosphate
HOBt 1-hydroxybenzotriazole

HSQC Heteronuclear single quantum correlation
MRNA Messenger RNA

NMIA N-methylisotoic anhydride

NMR Nuclear magnetic resonance

NOESY Nuclear Qrerhauser effect spectroscopy
NSD Normalized spaél discrepancy

nt Nucleotide

Xiii



PAGE Polyacrylamide gel electrophoresis
PCR Polymerase chain reaction

PC tag Photocleavable tag

PDDF Pair distribution function

Ry Radius of gyration

RNA Ribonucleic acid

RNAP RNA polymerases

rRNA Ribosomal RNA

SAR Structureactivity relationship

SAXS Smallangle Xray scattering

SER Sliced extron reopening

SHAPE Selective 2-hydroxyl acylatioranalyzed by primer extension

SmMFRET  Single molecule fluorescence resonance energy transfer

TEA Triethanolamine
TCA Trichloroacetic acid
TL Tetraloop

TLR Tetraloop receptor
TPP Triphenylphosphite
tRNA Transfer RNA

uv Ultraviolet

WAXS Wide-angle Xray scattering

Xiv



PART | T Native RNA preperation

Chapter 1: Introduction to Part |

1.1 Introduction to ribonucleic acidéRNAS)

The transfer of genetic information from deoxyribonucleic acids (DNAS) to
proteins is one of the essential processes in living organiBorsa long time,
ribonucleic acids (RNAshad only been viewed as messergyénat translate the
genomic infomation, stored in DN4, into proteins via mRNA transcriptslowever
it is now appreciated that RMAincluding messenger RNA (mRNA), transfer RNA
(tRNA), ribosomal RNA (rRNA), small nuclear RNA (snRNA) and other-soding
RNA (ncRNA), partake in a broadange of cellular processes, such as gene
regulationand expressidit, enzymatic catalysfs’ and signalin@in the cell.In fact,
recent genomic sequencing efforts have indicated that protein coding sequences
account for less than 2#@f the human genomic owth) whereas noiprotein coding
RNA sequeces constitute at lea®0% of that oyput.”*°

Like DNA, ribonucleic acidRNA) is also made up of a long chain of faatide
blocks. Each nucleotide consists of a nucleobase, a ribose sugar, and a phosphate
group Figure 1.1). An important structural feature of RNdistinct fromDNA is that
RNA has a hydroxyl group #@ihe 2 position of the ribose sugar, which facilitatie

degradation of RNA via an intramolecularline attack at the adjacent phosphate

moiety to cleave the backbone. In @doh,th e -OHO6 i n RNA pr-endoot es

a



sugar puckering andnakes B-form helix formation wunfavorable due to steric

reasons?
A. RNA Chemical Structure B. RNA bases chemical structures
§ o Base NH; o
o N X NH
N
0 ¢l |
N N/) N/go
0 o, A
o:|:l>_o Adenine Uracil
o
" L} 4
5 to&\
NH
direction 2 9
SN N NH
O=P-0 | aa
Phosphate™~ ™"~ ﬁ\ <
N, VLI'/l,
Cytosine Guanine

Figure 1.1. (A)Chemical Structure of RNAB) ChemicalStructures of RNA bases

1.2 Traditional method to prepare RNAvitro

Given these peculiar and important features of RNA structure, it is not surprising
that biochemical and biophysical studies of RMFe performedin vitro to gain
valuable insightsnto RNA behaviorin vivo. However, thein vitro studies of RNA
structures and functions rely on the ability to prepare large amounts of IRN#Ao
transcription is a conventional RNA preparation procedure that alfowshe
synthesis of RNA moleculesf@ny sequence from short oligonucleotidé¢ess than
100 nucleotides (ntdp several kilobases imicrogram to milligram amounts from
DNA templates® ** The average rate ofn vitro transcription is 20@60
nucleotide/secontf® Traditionally, theDNA templates used for preparing RNA are
plasmidsthatcontain an insert of interest, doublestranccd DNA (dsDNA) obtained

via PCRor a singlei stranctd DNA with an annealed oligonucleid@ll of these



templates contain a duplex T7 promoter site next tarémscription start sitéd~{gure

1.2). The most frequently used RNA polymerases (RNAP)irforitro transcription

are SP§ T3 and T7’ The T7 RNAP, derived from the T7bacteriphage of

Escherichia coli(E. coli), is routinely used for transcription because it is effictént

The T7 RNAP associates with the T7 class Ill promoand intiates transcription

with GTP ormodified guanosinelhe resulting RNA is then traditionally purified by
phenol/chloroform exaction to remove associated proteins addnaturing
polyacrylamide gel electrophoresis (PAGH) separatdRNAs of different lengtls.

The DNA templates, enzymes, nucleotides, and incomplete transargrtsmoved

efficiently using this purification prot@t. However, because the T7 RNAP often
appendone or even sever al e x-éndsathernfullengtte ot i de s
RNA transcripts are usualljneterogeneouS: '* ' Such micreheterogesous

full-length transcriptsare difficult to separate efficiently by denaturing PAGE
separation. "o 20i mhdathet Bdogenei ty, cat al
acting incis or trans such as hammerheads, can be placed at both ends of the RNA.

The 506 and <Rléavirfgrizyikds with cutsaed specific position during

transcription and release the RNf interest with homogemus end$>#
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Figure 1.2.Three different types of DNA templatean be usetbr in vitro transcrigion. (A)
A circular plasmid DNA withan insert coding for thBRNA of interest cloned between a T7
promoter and a unique restriction enzyme (RE) site is linearized and transcribed from the
promoter.(B) A dsDNA template (plasmid, genomic DNA, cDNA or ared fragment)
containing a T7 promoter acts édset empl at e i n -@i@Rthavisthdi a 50
complementary tonte t e mp | aprimer thates camnple3néntary to the template. The
resulting PCRproduct is transcribed into RNA(C) A short T7 promoter DA
oligonucleotide is annealed to an oligo that has the complimentary sequence fused to a DNA
template sequence of interest. The partial dsDNA oligos can be transcribed into short RNAs.

1.3 Problemsassociated with traditionadRNA purification method

Clearly, these traditional RNA preparation and purification methods can be

problematic. That is preparing RNA using phenol/chloroform extraction of associated



proteins, ethanol precipitation, heating in urea, denaturing PAGE separation based on
size, and gelelution retrieval requires extensive denatuafplding cycles.
However, recent studiesdicate that this methodyenerallycreates heterogeneous
active (native) or inactive (nemative) populatiors of conformer$® ?* and the
heterogeneousonformation caused by misfolding frashenaturation and renaturation
cycles could seriously affect RNA structuresdafunctiors.?*?®> For example, it has

been demonstrated thet vitro denaturing and refolding process introdlicevere
conformational heterogeneity into tharkud satellite(VS) ribozyme®® In addition,
denaturing PAGE purification of RNAlso dten leaves watesoluble acrylamide
oligomers in the desired RNA product, which cannot be completely removed. The
acrylamide oligomers bound to RNgduldlead to an increase in molecuiaeight of

the RNA and catalysis of base pair exchange through groove interactions to seriously
affect NMR studies of RN structure and dynansé’

The awareness of this problem is not newthe RNA field What is new is
sustaired efforts to finda widely acceptable solutigrto the problem of misfolding
causedby denaturing renaturing®*® To date several diferent methods, including
affinity-capture release and chromatographic methods using size exclusion or weak
anionexchange methods based on size or charge, lheee proposed to overcome
this problenf® 273032353738 Tha affinity-capture release methamseshigh affinity
tag ligands, which are immobilized on chromatography redmssolate the tag
labeled RNAZ® 2232 However, the most important factor to consider for RNA affinity
tags is that the bound RNA can be eluted under native conditions withelitog

nonspecifically bound contaminantdse of weak anionexchange chromatography



often require veryigh concentration of monovalent salts (80800 mM) for eluting
high molecular weight RNAs (>400 nt), but these 4ptrysiological high salt
concentrations may still partially misfold some RNAS® Most chromatographic
methods allow the efficient recycling of unincorporated NTPs, but they generally lack
the high resolution necessary to obtain RNAs of very Ipghty. For example,
HPLC is only appropriate for RNA of up to about 35 nt |dmegausesize exclusion
requiresa large size differences for separation. Furthermore, the RNAs produced
from in vitro transcription reactions contain proteins timged tobe emoved by
phenol/chloroform extractiobefore loading it on the columotherwise the column
bed may be coated with proteins and will lose its loading capacity over time.
However, this phenol/chloroform extraction procedure also denatures RNA. More
detailson affinity-capture release methods and chromatographic methods have also
been discussed in our recent publicatiBhdpter 2, Figure 2.1).%

Due to the midolding problem in denaturing PAGE purification and the
limitations of existing methods, our aim is to develop new methods that could
improve native folded RNA preparation and aidhe studies oRNA structure and

function.

1.4 Newly developed nativeNR premration methds

Affinity -capture release is a promising RNA preparation method,itbig
desirable to obtain an untagged biomolecule after it has been isolated via affinity
chromatography without altering the structure of the molecule. Biotin is ofezhass

a tag for isolation and detection because of its exceptionally tight binding to avidin



with a dissociation constaraf ~10"> M.*® The complex formed between biotin and
avidin is essentially irreversible under a wide variety of conditf@scordingly,
biotin tags can be used to immobilize RNA to avidin solid supports and provide a
means to separate desired labeled RNA from undesired unlabeled molecules.
However, convetional methods that use biotaffinity tags are limited by the
difficulty of removing the affinity label from the target RNA. There are several
methods of dissociation of biotinylated molecules from avidin capture probes. Firstly,
biotin-avidin complex an be dissociated with-& M guanidinium hydrochlorid&"
Secondly, biotin analogs with decreased affinity toward avidin (e.g., iminobiotin) can
be utilized® Thirdly, biotin derivatives can be coupled with chemically cleavable
spacer arm$>*® However, none of these methods allthe release of target molecule
in an unaltered form because the biotin or part of the cleavable spacer arm remains
attached. In addition, these methods require harsh conditions which can denature the
target RNA. InChapter 2, we present a simple strategging biotin coupled to
photocleavable tags (PC tags) tltacumvens many of the difficulties associated
with breaking the very strong avidbiotin interaction and, in a single step, yields
natively purified RNA®

Our method uses Cu catalyzed td3 pol ar Hui gends <cycload
(6cl i ckd tocduglanthes biatiy o a guanosine monophosphate with a
photolabile nitrophenyl grodp (see Chapter 2). The polyethyéne glycol (PEG)
spacer is chosen to position the biotin moiety optimally from the GMP and to increase

the water solubility of the modified GMP. On the basis of a previous finding of the

guanosindnitiated transcription systetf) we demonstrate that the T7 RNAP can



accept this O6cagedd biotin gotirelPCGER).Ne mono
RNAs with biotinPGGMP att ached to their 50 ends
straightforward manner by transcription primifigduring transcription vth the T7
RNAP, nucl eot i drplsosphata cdnmon e inaorpdsated into an
elongating RNA chain, buhey can be used to initiate a transcript, so transcription
priming can produce a mixed population of modified and unmodified RNAs. To
maximize @&alog incorporation, it is essential to include a large excess of
biotin-PG-GMP over the corresponding unmodified nucleotide triphosphate (GTP).
While this has the effect of increasing t6F
modification, it also teds to lower transcription efficiency. It is therefore generally
necessary t@mpirically determine the appropriate modified GMP concentration to
balance these factors needed for high yield of biB@GMP-RNA. Then only the
RNA with biotinPG-GMP tag bimls to the avidin or streptavidin column and all the
enzymes, NPs and unlabeled RNAre washed awaylong wavelength UV (365
nm), which does not damage RNA, ddwenbe used taelease thg@hotocleavable
biotin affinity tags. Since the RNA does not go tigh unfolding and refoldingteps
during photocleavableffaity purification, the purified RNA remains in its native
form. Also, the RNA transcripts that are cleaved by UV have guanosine
mo nophos ph at-ends, whith canhakow furthér digations bther RNA
fragments.

The hypothesis that natively prepared RNA is likely catalytically more active
than RNA prepared using denaturing methods that requirechelhg anda

refolding process was tested by employing minimal group Il intron ribozymensplic



model construst(D12357 527 nt or D123 493 nt with D5i 34 nt) fromPylaiella
littoralis (PL).3* > Our results suggest that denaturirggolding and native RNA
preparation method makes a dramatic difference for the catalytic function of the D123
or D1235 RNA ribozymé&® Moreover, the results are in agreement with previous
observations that RNA can be kinetically trapped in misfolded states which are not

easy to overcome completely even by heat anne#liffg.



Chapter2: RNA synthesized using photocleavable biotinylated

nucleotides have dramatically improved catalytic efficiéhcy

2.1Introduction

The fundamental ability of RNA to switch between structures is a great asset for
signaling, yet it can also become a liability when studying complex RNAwro.
Standard methodof RNA preparation typically denature the RNA, giving rise to
heterogeneous populations of confornféfs. Preparation of RNA using these
traditional protocd typically involves phenol chloroform extraction of associated
proteins away from the RNA, RNA concentration by ethanol precipitation, heating in
urea or formamide, and denaturing polyacrylamide gel electrophoresis (PAGE)
fractionation. These establishedethods, while robust, may partially misfold the
RNA and the resultant RNAs may retain only marginal actf/ity.

Several methods recently proposed to overeahis problem have their own
limitations?®*> > Thee are summarized iffigure 2.1 The first group involves
affinity capturecleavage methodS. ?#** The second group of methods uses
traditional protein chromatography methods of either -siagusio” * or we
anion exchange chromatographly** The sizeexclusion methods allow efficient
recycling of unincorporated TWs and separation of RNA oligomers. However T7
RNA polymerase (T7 RNAP) needs to be removed prior to chromatography using
tedious phenethloroform extraction and desaltiAiy®* The weak anion exchange

method dispenses with the phewsbloroform step, but requires very high
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concentration of monovalent salts (50000 mM) for eluting high molecular weight
RNAs (>400 nucleotides> **

I. Affinity-capture-cleavage methods

ADNAzyme
J/ T 1 RNAaffinity Tag
N %‘f
RNA R EEE cl DNA
DNA tag

Affinity column

SRP RNA

B —‘HD_DA
RNA / \Hsv (C75U) Ribozyme

Ffh-M Protein

garose Affigel-10
Matrix

MS2 RNA
c —‘Xﬂ NR* Bead
RNA glmS Ribozyme
His-MBP-MS2-CP
Biotinylated DNA tag
i Streptavidin
D I | ] ] magnetic beads
RNA [\ glmS Ribozyme RNA capture

sequence

Il. Traditional protein chromagraphy methods
E ||

RNA . -
Size-Exclusion or
| - weak anion exchange
Plasmid or template Chromatography
T7 RNA polymerase

Figure 2.1. Two broad methods for native RNA purification.”® (1) Affinity -capture
release methods(A) Native purification of RNA using selfleaving DNAzyme affinity
chromatography? The DNAzyme comprises a core structure oitSanked by arms of-13
nt which can hybridize to the target RNA, and thgearters of the DNA affinity tag is
complementary to the target RNA>! (B) Schematic of proteWRNA affinity column®">!

The RNA of interest is appended to a s#faving hepatitis delta virus (HDV) ribozyme
(~68-nt) and a stem loop RNA mot{#100-nt) from a signal recognition particle (SRP) that
binds tightly to the SRP protein, the Hfh domain. The transcribed RNA is run over an
affiGel affinity column to which the Ffh protein has been immobilized. Addition of imidazole,
~200 mM, cleaves the target RNA and enables elution of the RN&). Schematicof
proteinRNA affinity column?® °* The RNA of interest is appended to a s#éfavingglms
Ribozyme(~140nt) and a 43t MS2 coat protein binding RNA stelmops upstream of the
gimSRibozyme. The transcribed RNA is run over the widely used affinity column to

which aHis-tagged form of the maltose binding protein (MB®$2-CP coat fusion protein

has beemmmobilized. Addition of 1mM GIc6NP cleaves the target RNA and enables elution
of the RNA. D) Schematic of an RNA affinity colunifi.The RNA of interst is immediately
downstream of a seffleavinggimSRibozyme(~211-nt) and a 2ht RNA sequence that is
complementary a biotinylated DNA capture sequence. The transcribed RNA complexed to the
biotinylated DNA capture sequence is incubated with streptawdated magnetic beads.
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Addition of 1mM GIc6NP cleaves the target RNA and enables elution of the RNA.
Chromatographic methods using size exclusion or weak anieexchange methods based
on size or charge.

Development of new methods that facilitate fireparation of RNAs under native
conditions would complement existing methods and aid in studies that investigate the
impact of natively folded RNA structure on function. To this end, we have developed
a new method t ha t***lsceuple lhotif® P € Xt6a"cabed'mi st ry
photolabil@® guanosine (hemfter referred to as biotRG-GMP) in high yield, and
used this GMP analog as initiator nucleotide for T7 RNAP transcriti@theme

2.2).
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A. Schematic procedure for Biotin-PC labeling of RNA for in vitro transcription

W NI T -

N” NH, o N NH;
H spacer _o-g—o N, M o-f-0
o T7 transcription o
E§ —_—
HaC OH OH HiCO O OH

0=p-0
Biotin Photocleavable
tag group
1. Immobilize on
streptavidin;
2.Wash
UVagsnm 1 hr
o %
N NH
o—P 0 5\ hH 0- P-O :
Elute
Ao on 6 oH
o=l l:}—o Avldln 0=p-0
o
' &
RNA NA

B. Expected PAGE Gel Image

| 5§'- biotin-PC-GMP-RNA -
streptavidin complex

— 1 — 5= GTP-RNA

Scheme 2.1. Preparation of native RNA usingiotin-PC-GMP as initiator

(A) Schematic procedure fdriotin-PC labeling of RNA during in vitro transcription.(B)
Expected gel image for analysis of RNA labeling efficiency by PAG®o( bands for
biotin-PC-RNA- streptavidin complex shown are due to multivalent nature of streptavidin, i.e.
one streptavidin molecule @ble to bind to up to four biotinylated RNA)

We demonstrate the methodology on four RNAs ranging in size frent RNA
fragment® to a 536nt ribozymeé® *(Figure 2.2). Importarly, we show that the
biotin-PG-GMP-synthesized ribozymes rapidly cleave fluorescently labeled substrates
(in < 0.5 h) whereathe same ribozymes prepared using the conventional methods and
refolded are unable to cleave the substrate after 2 h. These results underscore an

obvious but often overlooked fact: RNAs prepared using traditional denaturing
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methods can have reduced fuontimaking conclusions based on results from such

preparations precarious.
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Figure 2.2. Secondary tsuctures for the four RNAs studied. (A) The 494nt D123 RNA.
(B) The 536nt D123D5 RNA (36nt D5 RNA connected igisto 494nt D123 RNA). C)
The 27nt A-site RNA.

2.2 Materials and Methods

Materials
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All synthesis reactions were performed in owkied glassware under ;N
atmosphere and covered with aluminum foil, if not stated otherwise.
Dimethylformamide (DMF) was dried using thdureSolE solvent purifcation
system and MeCN was distilled from Ga&hd used immediately. All reactions were
followed by TLC, unless stated otherwise. TLC analysis was performed by
illumination with UV (254nm) or staining withp-anisaldehyde and heating.
Purification of produts by gel column chromatography was performed using30
em sil i c-Diacgy Guanosne fiBu) 5-CED phosphoramidite(3) was
obtained from Chemgenes Corporation and Bid®EG"™ 3+4 i azide (4) was
obtained from Quanta BioDesign[4-(1-hydraxyethyl)-2-methoxy5-nitrophenoxyl]
butyric acid(1) and propargylamine were obtained from Sigma Aldrich. All NMR
spectra were referenced to TMS (tetramethyl silane) and recorded on a Bruker 400

MHz spectrometer at 25eC.

General procedures

Chemical synthas procedures are shownScheme 2.2
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Scheme 2.2. Synthesis tiotin-PC-GMP using 6clickd chemistry
Reagents and conditions: (a) HOBt, HBTU, Et3N, DMF (s); E@)T, MeCN (s); (c) 4
(THF/pyridine/HO 7:2:1); (d) NaS,0s; (e) 2830% NHH ,0; (f) CuSQ, isoascorbic acid,
THF/water (s). The Photocleavage group is colayehgeand the biotin group is colored
purple.

2.2.1 Synthesis of Photocleavable (PC) alkyne
To a solution of 44-(1-hydroxyethyl}2-methoxy5-nitrophenoxyl] butyric acid
(1) (300 mg,1 mmol., 1eq) in dry DMF (6 mL) was added distilled propargylamine
(0.26 mL, 4 mmol., 4 eq), HBTU (758 mg, 2 mmol, 2 eq), HOBt (67.5 mg, 0.5 mmol,
05eqandBN (280 ¢eL, 2 mmo | 2 eqgq). The mixt
room temperature oveght. After completion of the reaction (as judged by TLC
analysis), the solvent was removed under vacuum and the mixture was purified by
silica gel column chromatography with a step gradient of MeOHZ(®&%) in CHC}.

The solvent was evaporated, and tesidue was dried under vacuum to yield the
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product2 as a yellow solid (235 mg, 70%3% NMR (400 MHz, CDC}) a 7.49 (s,
1H), 7.28 (s, 1H), 6.45 (s, 1H), 6.45 (br, 1H), 5.50 (q, J = 6.4 Hz, 1H), 4.05 (t, J = 4.0

Hz, 2H), 4.00 (t, J = 2.4 Hz, 2H), 3.93 (s, 3H), 3.27 (br, 1H), 2.42 (t, J = 7.2 Hz, 2H),

2.20 (d, J = 2.4 Hz, 1H), 2.17 (q, J = 6.8 Hz, 2H), 1.49 &6, 3H);"*C NMR (100

MHz,CDCk) U 172.6, 154.3, 147.0, 139.7, 138.0

56.7, 33.0, 29.5, 25.1, 24.9. EES [M+H]" calcd 337.1, found 337.1(See

Appendix 1)

2.2.2 Synthesis of PC alkyne GMP

a) Mixture of compound?2) (198 mg, 0.59 mmol, 1.5 eq) and ETT (153 mg, 1.18
mmol, 3 eq) was dried under higha c u u m. Then, aDiacetgll ut i on
Guanosine (1Bu) CED phosphoramide3) (250 mg, 0.39 mmol, 1 eq) in anhydrous
CH3CN (3 mL) was added dropwise, under nitrogEme reaction mixture was stirred

at room temperature overnight. After completion of the reaction, the phosphite
derivative was obtained as yellow oil after evaporation of the solvent and was directly
used in the next step without purification.

b) The crude posphite derivative (2 eq) obtained from s&gpas dissolved in the
Aoxi dati ono sol v,amn7t2:1 ofZIAF:pynidine: KD,. 30ed). Alter |
stirring at room temperature for 10 min, the reaction was quenched wiBaON&36

mg, 0.54 mmol., 3 ggn H,O (1 mL). Stirring was continued at room temperature for
another 10 min during which the mixture turned from brown to a yellow color. The
oxidized product (phosphate derivative) was obtained as yellow oil after evaporation

of the solvent and was dictly used in the next step (deprotection).

17



c) A solution of 2830% aqueous ammonia (35 mL) was added to the crude product
obtained from step. The reaction mixture was stirred a®65or 8 h. After 8 h, NHl

was evaporated at room temperature for 3 h. Eaetion mixture was subjected to
HPLC purification.

The mixture from step ¢ was purified using a Varian HPLC fitted with a reverse
phase C18 <column (4.6 mmli250 mm, 5egm par
components were eluted using linear gradientsobfesit A (water) and B (100%
acetonitrile) as follow: 5% to 15% B for 15 min, 15% to 40% B for 5 min, 40% to
90% for 4 min, 90% B hold for 4 min, 90% to 5% B for 4 min and 90% B washing for
3 min. The eluent was monitored using W& absorption at 254 nnData was
collected and analyzed by galaxy software. Compdugidted at 180 min.

The collected fractions were lyophilized to yield the produ(6.39 mg, overall
yield of 25% from compound 2JH NMR (400 MHz, BO) U 7. 76 ( s, 1H),
=24.0 Hz, 1H), 7.25 (d, J = 9.6 Hz, 1H), 5.87 (m, 1H), 5.70 (s, 1H);43®B(m, 2H),

4.14 (s, 1H), 4.08.93 (m, 8H), 2.56 (d, J = 2.0 Hz, 1H), 22239 (m, 2H), 2.02.05

(m, J = 5.2 Hz, 2H), 1.97 (s, 1H), 1450 (m,3H); **C NMR (100 MHz, BO) U
176.02, 175.98, 158.87, 153.94, 153.87, 153.78, 151.65, 151.34, 146.40, 146.35,
138.46, 138.39, 137.71, 137.47, 135.40, 135.34, 109.50, 109.23, 108.82, 108.41, 88.34,
87.51, 83.56, 83.18, 79.92, 74.45, 74.05, 72.06, 70.9532,/00.34, 70.12, 68.51,
65.87, 56.50, 47.03, 32.53, 32.50, 29.12, 24.81, 24.11, 24.06, 860MR (162

MHz, D,O) U 0. 1 4MS: [[+HY 6ajcd B2, found 682.2SeeAppendix

2)
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2.2.3 Synthesis of biotinPC- GMP

To a solution of PC alkyne GM@) (46 mg, 0.0675 mmol, 1 eq) in THF/water
(1:1, viv, 3.5 mL), the following were added: bieiRPEG™ 3+4i azide(48.6 mg,
0.0675 mmol, 1 eq), CuSeH ,0 (3.37 mg, 0.0135 mmol, 0.2 eq), and isoascorbic
acid (23.8 mg, 0.135 mmol, 2 eq). The reaction mixture was stirred at room
temperature for 5 h, and then subjected to HPLC purification.

The mixture that was obtaideafter the azide alkyne Huisgen cycloaddition
(6click reactiono) was purified wusing
mixture components were eluted using linear gradient of solvent A (water) and B
(100% acetonitrile) as follow: 5% to 20% B for 8nrmR0% to 40% B for 12 min, 40%
to 90% B for 2 min, 90% B hold for 2 min, 90% to 5% B for 2 min and 5% B washing
for 2 min. The eluent was monitored using W6 absorption at 254 nm. Data was
collected and analyzed by galaxy software. Compd@ueidted atl6-17 min.

The collected fractions were lyophilized to yield the produ(30.32 mg, 85%).
HNMR 400 MHz,BO) U 7.93 (s, 1HP6(m7AH)S509588br ,
(m, 1H), 5.73 (t, J = 4.6 Hz, 1H), 48133 (m, 7H), 4.18.89 (m, 9H), 3.7B.54 (m,
27H), 3.313.21 (m, 6H), 2.97 (dd, J = 13.0, 5.0 Hz, 1H), 2.78 (d, J = 13.0 Hz, 1H),
2.522.45 (m, 4H), 2.24 (t, J = 7.2 Hz, 2H), 2-238 (m, 2H), 1.94 (s, 2H), 1.8252

(m, 11H), 1.391.36 (m, 2H), 1.31 (t, J = 7.32 Hz, 2HJC NMR (100 MHz, BO) i

176.86, 175.90, 175.87, 174.14, 165.61, 158.90, 154.00, 153.87, 153.76, 146.50,
146.44, 138.58, 138.53, 135.41, 124.55, 109.57, 109.32, 108.79, 108.39, 88.35, 87.54,
83.33, 74.55, 74.14, 70.39, 69.98, 69.94, 69.88, 69.86, 69.77, 69.12, 68.84, 68.73,

68.51, 67.71, 62.45, 60.61, 56.59, 56.57, 55.78, 50.38, 47.07, 40.12, 36.77, 36.72,
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36.46, 35.91, 34.79, 32.49, 28.69, 28.36, 28.10, 25.59, 25.00, 24.22%'B.66yIR
(162 MHz, O) -0i3,-0.35; ESIMS: [M+H]" calcd 14Q.57, found 14053, (See

Appendix 3)

2.2.4 Optimization of ribosomal A-site RNA and D5 RNA transcription

RNAs were synthesized by vitro transcription with T7 RNAP frona synthetic
DNA template (Integrated DNA Technologigs)The T7 RNAP was expressed in
Escherichia coliBL21 (DE3) and purified on a Nihelating Sepharose column
(Pharmacia)The T7 RNAP pr omotG@GAATAECGACGTCAET was 5 N;j
ATA G - 3 N;. The templ at e-site't waasn GHGHIE GAC TH® s o ma | ;
ACC CGA AGG TGT GAC GCC TAT AGT GAG TCG TAT TAG3 Nj and t he
template strand of the D5 RNA® w a s- g A CGT ACG TGC GAC TTT CAT
CGC ATA CGG CTC c TAT AGT GAG TCG TAT TAG3 N;j. Two ter min
2-0fmet hyl modi fications in the template str
substantially reduce the amount of transcripts with extraenad i d e s-en@®? t he 31
The lower case letters represent additional nucleotides introduced to improve
transcription yield* All the purchased DNA strands were purified by denaturing
PAGE. The transcription conditions for each RNA were optimized by varying the
[A/C/UTPs] and ratio of [GTP]/[ biot'PCG-GMP] in transcription buffer B [40 mM
Tris-HCI (pH 8.1), 1 mM spermidine, 10 mM dithiothreitol (DTT), 0.01% Triton
X-100, 80 mg/mL PEG 8000, 0.2 units of RNase inhibitor (New England Biolabs), 0.2
units of inorganic pyrophosphatase (New England Biolabs)] containing 15 nfi] Mg

300 nM of each DR st r and, a n thginL T7eRNAPogder 28 L o f
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transcription volume. The reactions wer e

of Turbo DNase (Ambion) were added and the samples were incubated for another 15
min. The RNA transcripts were immetiely analyzed oa 12% denaturing PAGE/8M

urea/1XTBE gel and stained with ethidium bromide (EtBr).

2.2.5 Streptavidin-biotin -PC-D5-RNA gel shift experiment

After the removal of unused biotiRC-GMP, the purified biotifPG-D5-RNA was
incubated with threéold molar excess of streptavidin (Promega) (with respect to
RNA) at 37€C for 1 h. After incubation, the sample was split into two equal parts, one
was irradiated with UV light at 365 nm for 1 h and the other half was left on the
benchtop for 1 h. Each sefs loaded into a tube containing a 0.5 mL ultra spin filter
with a molecular weight ceaff (MWCO) of 10 kDa (MilliporeAmicon), followed by
washing with &didtlled gvdter. dhis wasb stdplwas repeated three
times; the flowthroughs were aobined, concentrated, and analyzed through a 12%

denaturing PAGE.

2.2.6 Purification of biotinylated RNA with Neutravidin -agarose resin and

photocleavage

A 20 L transcription mixture was loaded into a tube containing a 0.5 mL ultra
spin filter with a MW@ of 3 kDa (MilliporeAmicon), followed by washing with 500

L of potassium phosphate buffer (0.1 M phosphate, 0.15 M potassium chloride, pH
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6.4). This wash step was repeated three times to completely remove unincorporated
free biotinPG-GMP from the traniption reaction.

The transcription mixture was added to a suspension of NeutrAvidin Agarose
Resin solution (Thermo Scientific, IL) and pequilibrated in potassium phosphate
buffer (0.1 M phosphate, 0.15 M potassium chloride, pH 6.4). After 1 h inouabati
the column was washed with1® column volumes of potassium phosphate buffer to
remove all unbound molecules. The bound DbiBWBRNA on the resin was
subsequently irradiated with UV light at 365 nm for 1 h. After irradiation, the sample
in the columnwas eluted with 80 column volumes of potassium phosphate buffer.

All the fractions were pooled, concentrated and analyzed by UV absorption
spectroscopy at 260 nm. The pooled fractions were then separated through 8M urea

denaturing PAGE.

2.2.7 Native D123 (GTR-D123) RNA sample preparation

D123 RNA was transcribed from template DNA produced by PCR amplification
from the original plasmid containing domains8{D1 to D3)*° D123 template was
amplified using an upstream primer containing the T7 RNAPnhpter sequence and
the first 12efAdofthe DI sequencetaide ddoviNjtream primer containing
19 nt -end ofthé iatrorBdgmain 3. The RNA was transcribed in transcription
buffer B containing 3.33 mM each ATP, CTP and UTP, 2 mM GTP, 8 mM
biotin-PG-GMP, 24 mM Mg", 1.5 e€g of gel purified PCR t
RNAP(4AmgimLper 200 €L of reaction volume. Afte

(Ambion) was added and the samples were incubated for another 15 min. Then the
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D123 RNA was dfnity purified as described above. UV absorbance at 260 nm was
used to calculate the concentration based on the extinction coefficients of the

individual nucleotides.

2.2.8 Native D1235 (GTRD1235) RNA sample preparation

D1235 RNA was transcribed frotamplate DNA produced by PCR amplification
from the original plasmid containing domains 1, 2, 3, and 5 as destfibad. RNA
was transcribed and affinity purified as described above. RNAs produced from PCR
transcripts were determined to be identical tosthprepared from plasmids and the

two methods gave similar RNA yields.

2.2.9 Gel purified D5 RNA sample preparation

The D5 RNA was synthesized as described above in transcription buffer B
containing 10 mM total NTPs and 15 mM Rfgand was purified by 28 denaturing
PAGE. The product band was detected by brief-ddddowing, excised and
electreeluted in an Elutrap electseparation system (Schleicher and Schuell). The
purified D5 RNA was precipitated with three volumes of absolute ethanol and 0.3 M
sodium acetate pH 5.2. The RNA pellet was then dissolved in water and dialyzed in a
Biodialyzer (Nestgroup) with a 500 Da MWCO membrane (Nestgroup). Each dialysis
step was performed for 12 h against dialysis buffer A (100 mM potassium phosphate
at pH 6.4, 10 mMEDTA, 0.5 M KCI), B (100 mM potassium phosphate at pH 6.4, 1

mM EDTA, 0.1 M KCI), and C (100 mM potassium phosphate at pH 6.4, 0.1 mM
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EDTA, 0.1 M M KCI), and finally against two changes of doudigtilled H,O. Note
that the denaturing preparation methost described may take abouB2ays which
contrasts with our native preparation method described earlier that is comptted 4

after the transcription reaction. After dialysis, the RNA was lyophilized.

2.2.10Gel Purified D123 RNA (GTP-D123 RNA) andD1235 RNA (GTRD1235

RNA) sample preparation

D123 RNA was transcribed from DNA produced by PCR amplification as
described above using transcription buffer B containing 15 mM total NTPs and 24
mM Mg®".>° Similarly D1235 RNA was transcribed from DNA prasd by PCR
amplification as described above using transcription buffer B containing 10 mM total
NTPs and 18 mM M. Each resulting RNA was gelrified as described above for

D5 RNA, except that a denaturing 6% gel was used.

2.2.11 Anion exchange purified D123 RNA (GTRD123 RNA) and D1235 RNA

(GTP-D1235 RNA) sample preparation.

The in vitro transcription reaction mixture was incubated with 0.2 U of Turbo
DNase at 37€C for 0.5 h. A InL reaction mixture was pelleted temove inorganic
pyrophosphat@and te supernatant was loaded into anll loop of an AKTA FPLC
purifier system (GE Healthcare) connected to ank HiTrap Q column (GE
Healthcare). The column was equilibrated with 4 column volumes of buffer A1 (20

mM KH,PQ,, 25 mM KCI, 100 M EDTA, pH 6.50). e anion exchange
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chromatography was performed with buffer A2 (20 mMJRBy, 2 M KCI, 100 M
EDTA, pH 6.50), generating a gradient by simultaneously decreasing the
concentration of buffer A1 and increasing the concentration of buffer A2. The
separations wer collected as wL fractions with the following gradients of elution:
0-30 mL for injection and loop washing (0% A2), -BD mL for washing off rNTPs

and proteins ({@7% A2 at 2mL/min), 83110 mL for washing off small abortive
transcripts (1727% A2 at 2mL/min), 116175 mL for eluting RNA off the column
(27-60% A2 at 2mL/min). The column was further washed with aQ of buffer A2

for the next cycle of purification. Fractions were analyzed by 8% PAGE containing

8M urea.

2.2.12Labeling E1E2 substrate RN/A with Alexa 647 fluorophore

For the fluorescence studies, Alexa 647 carboxylic acid succinimidyl ester
(Invitrogen/Molecular Probes Inc.)wassgtepeci fi cal ly i-endofr por at e
E1E2 RNA, which compr ieoe(El) andhe firdt @nddfthel 6 nt o
3-Bixon (E2), via a primary amine-& linker (A647%C6 linker5-BAC UGU UUA
UUA AAA AZCACAGG3 Nj (Dhar macon Inc); th®a*cleavag
This labeled RNA(22 nt)is hereafter referred to as AGELE2 RNA. The RNA wa
labeled using 145 molar excess of the dye in 0.1 M sodium tetraborate (pH 8.5) at
room temperature for 12 h with gentle mixing. The resulting AB4E2 RNA was
purified using a denaturing 15% gel prior to electroelution. The eluted RNA was
ethanolpreapitated and dissolved in 50L o f MOPS buffer (40 mM

7.5, 100 mM KCI), and dialyzed extensively against buffers A, B, and C at pH 6.0 as
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described above, and several times in dodidélled HO before lyophilizing and

dissolving in MOPS storage buffer (40 mM MOPS atpb, 100 mM KCI).

2.2.13RNA refolding protocol

Previous work on group Il introns indicated the importance of properly folding
D123 and D1235 RNAs to obtain efficient catalytic cleavage as described #450ve.
For each model systerthe following RNA refolding protocol was used as described
previously*** Each component RNA in buffer 2@ mM MOPSK, pH 7.5, and 100
mM KCI) was heated to 90€C for 1 min, allowed to cool to 42€ for 0.5 h, prefolded
for various times (05, 10, 20, 30, 60, 120 min) in 1M KCI and 50 mM MgGnd
then the separately folded RNAs were combined to initiate the SER re¥ctiane
found that 2 h was necessary for prefolding and so all subsequent experiments were
performed using 2 h of folding. Another set of SER reactions were carried out without
this elaborate heat denaturation and refolding patdnstead each component RNA
in buffer D was incubated at 42€ for 0.5 h, and then all the RNA components were
combined in high salt buffed) mM MOPSK, pH 7.5, 1 M KCI, andc0 mM MgCL)

to initiate thespliced extron reopenin@ER reaction.

2.2.14Cleavage of A647E1E2 RNA substrate using gel, anion exchange or

affinity purified D123 RNAs monitored by an in-gel shift experiment

The spliced exon reopening reaction (SERfwas carried out at

D123 RNA purified by three different methods: denaturing gel, anion exchange, and
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biotinrPC puri fi ed. The reaction used 1.46 ¢l
A647-E1E2 RNA in 50 mM MgGJ, 40 mM MOPSK (pH 7.5) and 1M KCI. For one

set of experiments, GTFP123, anion exchange purified GTH23, and
biotin-PGGMP-D123 RNAs were prefolded using the RNA refolding protocol

described above (with heating and cooling) in 50 mM MgCt 42e C f or 2 h
adding D5 and substrate RNAs to ia@ie the SER reaction. For another set of
experiments, GT#®123, anion exchange purified GTH23, and
biotin-PGGMP-D123 RNAs were not prefolded (i.e. no heating and cooling), but

all owed to incubate at 42eC for 3@ mi n be
initiate the SER reaction. I n either case
various times (0, 2, 4, 8, 30, 60, 120, 24
aliquoted into a stop buffer (50% glycerol and 100 mM EDTA), and loaded onto a
denduring 12% plyacrylamide gel. The Alex&luor 647 RNA band was then

guantified using al@iorescence scanner (Moleculayiamics Storm 860) equipped

with 635 and 450 nm diode pumped solistate lasers.

2.2.15 Cleavage of A647E1E2 RNA substrate using gl, anion exchange or

affinity purified D1235 RNAs monitored by an in-gel shift experiment

The SER reaction®®*wer e carried out at 42eC with
biotinrPC puri fied D1235 ( 1-E1B2 RNM3ubstrateiinrbgfferl 6 n M
D. The AG47FE1 E2 RNA substrate was heated at 90
i ncubated at 42 8Cmii’‘Befare adding the sublstmte to inifiater

the SER reaction, GFP1235 and biotirPCG-GMP-D1235 RNAs were either
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prefolded using the RNA refolding protocol or not refolded as described above for
D123. Again the react i aioustwes(, 2, 4,8u3b,£@, ed at
120, 240 min), 5 eL of the reaction mixtu
glycerol and 100 mM EDTA) and loaded onto a denaturing 12% polyacrylamide gel.

The AlexaFluor 647 RNA band was then quantified using a fesmence scanner as

described above. The fraction of the ABBYE2 RNA substrate cleaved at each time

point was quantified and fitted to an exponential function using SigmaPlot 11.0.

2.2.16 D123 RNA analyzed on native gel

The gel purified, anion exchangeurgied and biotinPC purified D123 were
analyzed on 6 % native PAGE with 0.5XTME (12.5 mM Tris/MOPs, 0.1 mM EDTA)
as the running buffer at 4¢ecC. To ensur e
concentrations loaded on the gel, a small amount of sample covapletely
hydrolyzed in 1.0 M sodium hydroxide at 65€C for 2 hours, and the UV absorbance
was used to calculate the concentration. To rule out overloading on the gel, two

concentrations of RNAs were usece M and 3sM for each RNA.

2.3 Results andiscussion

2.3.1 General Concept

The traditional method of synthesizing RNAgB vitro typically involves
denaturation during purification followed by a refolding step. This method implicitly

assumes these RNAs are properly folded and that they retain thaiofundhile
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several methods have been developed recently to purify RNAs without denaturation,
very few studies have examined how the manner of RNA preparation affects both the
folding and the function of the RNA. To show that the manner of RNA preparation
can remarkably affect function such as catalysis, we proceeded to develop a simple
strategy to make biotinylated GMBcheme 2.1which can be used to prime RNA
synthesis. This strategy also allows for complete removal of the biotin moiety without
leaving aiy nonnatural chemical entity appended to the RNA. Importantly we show
for the first time that large complex RNAs that are prepared by denaturing methods,
and subsequently refolded, are catalytically less active than those prepared using

native methods.

2.3.2 Synthesis of biotinPC-GMP

Rationale: Results from previous studies have indicated that nucleoside
monophosphates modified with an affinity label such as biotin can be used to prime
RNA synthesis’ ®*® Once made, the RNA has to be cleaved from the biotin label.
None of these previous methods provide a means to remove the biotin tag without
leaving anytrace. Therefore we have devised a facile strategy that allows efficient
biotinylation of RNA, provides a traceless means to remove the biotin after the
purification, and allows preparation of natively folded RNAs.

The synthesis of the biotRGGMP 6 is depicted in Scheme 2.2 The
photosensitive precursofl was coupled with propargylamine to produce the
PCGalkyne 2. Then compoun® and protected GMB were reacted to produce an

intermediate phosphite, and oxidation of the resulting phosphite yieldetidsphate.
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The PGalkyne GMP5 was then coupled to biotdPEG"™ azide 4 through azide

al kyne Huisgen cycloadditi on®*°andthedinald c he mi
product biotinPG-GMP 6 was obtained in 85% overall yield starting frdnThe

polyethylene glycol (PEG) spacer was chosen to increase the water solubility of
biotin-PGGMP and also to pdgon the RNA further away from the biotin as the

RNA could interfere with the biotineutravidin interactions during the

immobilization step.

2.3.3T7 RNAP accepts biotinPC-GMP

Biotin-PG-GMP 6 was designed for direct incorporation into RNA ioyvitro
transcription catalyzed by T7 RNAP. To demonstrate that T7 RNAP accepts
biotin-PGGMP, we transcribed four different RNAs of varying size: anR’A-site
RNA fragment® as well as three group Il intretterived RNAE*°%>° j.e. a 36nt D5
RNA, a 493nt D123 RNA comprising domains 1, 2, 3, and a-681235 RNA
comprising domains 1, 2, 3, andfdure 2.2).

Visualizaion of the reaction product by 12% denaturing PAGE demonstrated that
the initiator GMP was incorporated into the-R6D5 RNA. Lane 1 Kigure 2.3A)
shows the D5 RNA synthesis witho6t and Lane 2 Figure 2.3A) shows the
transcription with 4 mM of initiadr 6, demonstrating that T7 RNAP is able to initiate
transcripts with the photolabile biotinylated nucleotide monophospkageré 2.3A:
Lanes 2) to make the photolabeled D5 RNA. A maximum incorporation of ~17% was
achieved using 4 mM of the initiato8 and 1 mM GTP. Interaction of this

photolabeled D5 RNA with the streptavidin column and its photocleavage were
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evaluated by mixing streptavidin agarose beads with the RNA, separating the beads

from solution by filtration, and irradiating the beads with Ughti at 365 nm. Lane 3

(Figure 2.3A) demonstrates that the wash frore 8treptavidin column is identical to

5-8jTP-RNA loaded on the columrF{gure 2.3A: Lane 1). Lane 4 indicates that the

5 -Niptin-PG-GMP-RNA is retained on the column (cf. Lane 2) and only the unlabeled
5-8jTP-RNA is washed off the column Figure 2.3A° Lanes 4). The

5 -Niptin-PG-GMP-RNA bound to the columrFgure 2.3A: Lanes 4) was released in

the wash following photocleavagEigure 2.3A: Lane 6). -GT®&RNMAx pect ed,
was not present in the wash following photocleavdggufe 2.3A: Lane 5). These

resuts also show that photocleavage does not degrade the Riydve¢ 2.3A: Lanes

6; Figure 2.3B Lane 4).

A. Comparison of the transcription of biotin- B. Biotin-PC-RNA streptavidin binding
PC-D5-RNA and GTP-D5-RNA

Avidin column

Transcription Wash UV photocleavage
Wash Streptavidin bound
Biotin-PC-GMP-RNA ————5
GTP + + + + + +
Biotin-PCGMP - + - + - +

_ Biotin-PC-GMP-RNA

& cvernn
e S
- » GMP-RNA
sy e
1 2 3 4 5 6 1 2 3 4

Figure 2.3. Denaturing PAGE assay for biotiRPC modified D5 RNA. (A) Transcription of
D5 RNA with (+) or without biotinPG-GMP (-) followed by purifiation of the D5 RNA
(GTP-D5 or biotin-PGGMP-D5 RNA) with an avidin column after photocleavage. Lane 1:
Transcription of D5 with unmodified GTP (l); Lane 2: Transcription of D5 with
biotin-PG-GMP/GTP mixture (ll); Lane 3: Streptavidin column flétarough ¢ unlabeled
GTP-D5 RNA; Lane 4: Streptavidin flothrough of biotinPC labeled D5 RNA. As expected
unlabeledGTP-D5 is washed off the columhane 5: Elution of the RNA on the streptavidin
column following photo cleavage of unlabeled D5 RNA. As expectecetts no unmodified
D5 RNA left on the streptavidin column following the initial wash shown in lane Lane 3. Lane
6: Elution of the RNA on the streptavidin column following photo cleavage of HRrin
labeled D5 RNA. Note that as expected photo cleavdgases biotifPC modified D5 RNA
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as GMRD5 RNA that now runs at almost the same position as the unmodifieeDETHNA.
The RNAs are depicted as: GTP transcribed RNA (1), biBtntranscribed RNA (11)(B)
RNA biotinylation assay with streptavidin. Lane Unlabeled D5 RNA; Lane 2: BiotiRC
labeled D5 RNA; Lane 3: Biot#?C labeled D5 RNA incubated with excess streptavidin
(three times number of moles to RNA) for 1 h. Lane 4: GRNA, flow-through using 10K
MWCO spin filter after photocleavage of strepthmibiotin-PC-RNA

To rule out any subtle UV damage effects, we compared the FPLC UV
chromatogram of a mixture of all four nucleotide triphosphates that were either
irradiated with UV light at 365 nm or left on the desktop for 2 h. The FPLC traces for
the irradiated and nemradiated nucleotide mixture are completely superimposable
with identical retention times, lineshapes, and intensttgure 2.4A). As a second
test to rule out UV induced cleavage, we compared the mass spectrum of an RNA
tetramer theawas either irradiated with UV light or left on the desktop for 2 h; no

change in the mass of the tetramer was obseRigdré 2.4B and 2.4Q.
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Figure 2.4 No UV-induced RNA or NMPs damage through irradiation at 365 nm-fbhfs.

(A) HPLC traces ofin NMP mixture (AMP/GMP/UMP/CMP) using the gradient MeCN%.
NMPs mixture (AMP/GMP/UMP/CMP) was divided into three equal anmouFitst portion
wasloaded on HPLC without UV shining (shown in blue); Second portionimadicted by

UV 3gsnmfor 1 hr beforebeingloaded on HPLC (shown in green); Third portion was shined by
UV sesnmfor 2 hrs before loaded on HPLC (shown in red). Three traces were exactly overlap,
which indicated that there was no mutation with UV shinifR). Linear negative mode
MALDI -MS for four bases RNA (GUAC) before and after 2 hrs gi\rradiation. Matrix:
CHCA -cyand4-hydroxycinnamic acid); [WH]  caled 1223.8; before UV found
[M-H+Na] at 1246.8; after UV found [MH+Na] at 1247.1

To further ascertain that the D5 RNA was indeed labeled with Hri@inthe
fractions were complexkto streptavidin and analyzed by denaturing PAGi§Ure
2.3B). Given the strong affinity between biotin and avidin complexes, one of the

strongest known in nature, {Kkof ~10% M), denaturing PAGE is often used to
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visualize RNAbiotin-Avidin complexes. ®*® As expected, only thé -hijptin-PC
labeled RNA underwent a gel shift after incubation with streptavigigute 2.3B:
compare lanes 2 and 3). After photocleavage of these streptaiotimPC-GMP D5
RNA complexes (irradiated for 1 h using UV light at 365 nm), the band mipedte

al most the same posGTP-DSORNA Eigure2.BBeLaned)mo di f i e d

2.3.4 Transcription optimization of ribosomal A-site RNA and D5 RNA using

unmodified GTP and biotin-PC-GMP

As the modified GMP competes with unmodified GTP for transongnitiation,
it is important to optimize the different concentrations of the three nucleotides ATP,
CTP and UTP, as well asdfdifferent ratios of biotiPGGMP 6 to unmodified GTP
in order to increase the transcription efficiency of bi®RIdGMP 6. To quantify the
incorporation efficiency 06 by PAGE, a 2/t A-site RNA and a 361t D5 RNA were
used, as we had earlier obsetvehat the electrophoretic mobility of the
5-Niptin-rPGRNA transcripts di ffers -GTPRNMA t hat 0
transcripts of these RNAs. Therefore, we reasoned that it would be straightforward to
guanti fy t h e-bioanfPG-GMPEtR&NA and tle SuNpbeled RNA (i.e.
5-jTP-RNA) using these two RNAs. As the concentration of the biIBGMP was
increased, a new bandrco e s p o n d i-bmogn-PC-BNAtappeare® tNgt exhibited
decreased mobility on PAGE. For quantificatidhe volumes ofeach ofthe peak
positionson the gel were measuraging theQuantity One software (BiRad).
Global background correctiomas applied using similesized rectangles for regions

devoid of signal. The results of the 2t ribosomal Asite transcription priming
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efficiency trials are shown iRigure 2.5andFigure 2.6 those for the optimization of

36-nt D5 RNA are shown ifrigure 2.7.

A B
INTP1= 5mM —~  A-site Transcription with Biotin-PC GMP
£ s0 -
B | -
_— °
Biotin-PC GMP (mM) 0 1 2 3 4 45 475 E 40 -
GTP (mM) 5 4 3 2 1 05 025 >~
£ 30 - O GTP-RNA (n)
Biotin-PC GMP =
©
primed ,_f.mﬂl o 20 1
a
_nl m 10 A H Biotin-PC-
- o
GTP primed <~ " - g 0 . GMP-RNA (n)
0 14 23 32 41 91 191 0 1:4 2:3 32 41 91 191
[Biotin-PC GMP]: [GTP] [Biotin-PC GMP] : [GTP]

Figure 2.5. Enzymatic incorporation of the initiator biotPC-GMP with different ratios of
biotin-PG-GMP: unmodified GTP using he ribosomal Asite DNA template. (A)
Dependence of transcription priming ofsfie RNA with biotinPG-GMP on the ratios of
biotin-PC-GMP : GTP in the presence of a total NTP concentration of 5 mM (i.e. 1.67 mM
each ATP, CTP and UTP); n and n+1 produgpgeared for transcripts initiated with GTP
and biotinRPC analog.(B) Relative amounts of GFPand biotinPGprimed Asite RNA
products transcribed in the presence of different ratidsatin-PC-GMP : GTP at 1.67 mM
each ATP, CTP and UTP. Each bar is ldase an average of three experiments and the error
bar is based on the standard deviation from 3 experimental reldetgsIncorporation yield

is the amount of initiated transcripts divided by the total amount of transcripts for each band.
(SeeFigure 2.6 for details of incorporation yield for n+1 and abortive yield)
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Figure 2.6. Enzymatic incorporation of the initiator biotPC-GMP with different total
concentrations of NTPs (ATP, CTP and UTP) using the ribosorsileADNA template(A)
Dependene of transcription priming fathe A-site RNA with biotinPG-GMP on the ratio of
biotin-PC-GMP : GTP in the presence of total NTP concentrations of 3.5 mM (i.e. 1.167 mM
each ATP, CTP and UTP), 5 mM (i.e. 1.67 mM each ATP, CTP and UTP) or 10 mM (i.e. 3.33
mM each ATP, CTP and UTP). The double band in lane 1 represents n and n+1-$<H€P A
RNA. The biotinPG-RNA also migrated as two bandB) Trends of biotirPG-RNA formed

with the different concentrations of NTPs (ATP, CTP and UTP). The transcripts yisldad

on the gel intensityC) Incorporation yield (the amount of initiated transcripts divided by the
tot al amount 6GTP-R N A& n & whibtinpP GIBMP-RNAf for 8absly band in

(A). Each bar is generated based on the average of three exgerand the error bar based
on standard deviation from 3 experiment repeats.
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Figure 2.7. Enzymatic incorpori@on of the initiator biotirPG-GMP with different ratios of
biotin-PG-GMP: unmodified GTP using the D5 templaf8) Dependence of transption
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priming of D5 RNA with biotinPCG-GMP on the ratio of biotiPCG-GMP : GTP in the
presence of 1.67 mM each ATP, CTP and UTB) Relative amounts of GTFPand
biotin-PCGprimed D5 RNA products transcribed in the presence of different ratios of
biotin-PCG-GMP : GTP at 1.67 mM each ATP, CTP and UTP. Each bar is based on an average
of three experiments and the error bar is based on the standard deviation from 3 experimental
repeatsNote: Incorporation yield is the amount of initiated transcripts dividechbytdtal

amount of transcripts for each band.

The overal/l yi el dP Cof p rtirsend0Arvad legther 6 bi ot i
(~16 % incorporation yield) at 5 mM total NTP (ATP, CTP and UTP) concentration
(Figure 2.5 than at 3.5 mM (~11 % incorporation yigldr 10 mM (~10%
incorporation yield) total [NTP] concentrationBigure 2.6). At the optimal 5 mM
tot al concent r eibtin-BGAGMB-RNA Mdokporation,r 2896 ddj the
transcribed RNAs were full e n g tGTP-RMANjwhereas abortive transcripts
accounted for ~29% Figure 2.6C) . Note that the-GIRRNAtranscr
and tbiote-PGANYP-RNA were 20% and 7% respectively. The efficiency of
transcription initiation was also analyzed using the DNA template fort b RNA.
Again, as the carentation of biotinPGGMP was increased, a new ban
corr es p o +hidtinrRGGMP ®5 RNNjappeared and migrated with decreased
mobility on PAGE. A X% vyield (incorporation into he transcripts) of
5-Niptin-PGGMP D5 RNA transcripts was obtained atiofin-PGGMP]
[unmodified GTP] ratio of 4:1 and at 5 mM total NTP concentratiogure 2.7). The
results for Asite and D5 RNA transcription suggest that it is essential to optimize the
NTP concentrations and to include a fourfold excess of bRTHGMP over

unmodified GTP in order to maximize analog incorporation.
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2.3.5 Purification of biotin labeled RNA with avidin affinity column and

photocleavage

To utilize the biotinPG-RNA in functional or biophysical studies, the tag needs to
be removed. To prent the free biottPCG-GMP from competing with the biotin
labeled RNA for the Neutravidiagarose resin binding, the unincorporated free
biotin-PGGMP was removed from the mixture using 3 kDa MWCO spin filters. The
5-djgged RNA was then immobilized on tideutravidiragarose resin and the
unbound RNA ( pr i-@B»RNA) ywas washed bfewitle phosphale
buffer. The RNA, bound to the resin, was then irradiated with UV light at 365 nm

for 1 h to liberate the bound RNAiGure 2.3A: Lane 6).

2.3.6 Biotin-PC synthesized minimal group Il intron ribozyme has enhanced

catalytic activity compared to gel purified GTP-RNA in the SER reaction

While a number of methods have been proposed to synthesize RNA under native
conditions, it remains unclear how n&iRNA preparations affect function. To test
the hypothesis that natively prepared RNA are more catalytically active than RNA
prepared using denaturing methods that require-deing refolding cycles, two
variants of the minimal group Il intron ribozyrsplicing model system froylaiella
littoralis (PL) were employed®*° The first variant is a thregiece rbozyme system
comprising D123, D5, and a substrate reflecting the product of exon ligation
(AG47-E1E2 RNA 22-nt)>° In contrast, the second variant is a two piece ribozyme
system comprisin@1235 and the same substrate used with the-fsieee systent?

The bipartite model iexpected to be more catalytically active than the tripartite

38



model because D5 is connectiedcis rather than added trans For each model
system, denatured GTRNA, anione x c hanged puri fied RNA, and
biotin-PGGMP-RNA were used in the spliced exon reopening reaction to test
catalytic cleavage of the A64Z1E2 RNA3 >0 62

The effect of heat denaturation and refolding on the D123 RNA to cleave the
A647-E1E2 RNA substrate in the presence of D5 RNA were testedRiggire 2.8A).
In the absence of heat annealing, ttagively prepared bioti?fG-GMP-D123 RNA
was able to catalyze cleavage of the AEIE2 RNA substrate to near completion in
~ 30 min Figure 2.8B). Similarly natively prepared GFP123 RNA purified using
anion exchange was able to catalyze near compledsage of the substrate in ~ 30
min (Figure 2.8C), again underscoring the importance of native RNA preparation. In
contrast, gepurified GTRD123 RNA required at least 180 min for complete cleavage
(Figure 28D, H). These results suggest that the metbbdhe RNA preparation
makes a dramatic difference in D123 RNA ribozyme catalytic function; whereas
cleavage by natively purified RNA was detectable within 2 min and was complete in
less than 60 min, substantial cleavage by RNA purified by denaturing RvsGHot
observed before 30 min and only reached completion after approximately 240 min

(Figure 2.8H).
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A. SER Reaction Scheme
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Figure 28. (A) In-gel fluorescent assay for catalytic cleavage of ant28pliced exon
substrate (E1E2) by a minimal group Il intron ribozyme compgigiomains 1, 2, and 3
(D123) and domain 5 (D5) or a ribozyme comprising domains 1, 2, 3, and 5 (D1235) in the
presence of 50 mM Mg at 42€ (SER reaction, for details, see Materials and methods);
(B-D) Comparison of the catalytic activity of gel purifiadion exchange purified and
(photocleaved) biotifPC purified D123 and D5 RNA at no heat annealing (native)
conditions;(E-G) Comparison of the catalytic activity of gel purified/anion exchange purified
and (photecleaved) biotilPC purified D123 and DRNA at heat annealing (refolding)
conditions respectively. Error bars are generated based on standard deviation bedween 2
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experiment repeat$H) Rates of buildup of cleaved A6471 product for no heat annealing
SER reaction of D123 RNA were fitted infangleexponential function y=a*(Exp(b*x)

using norlinear square minimization in SigmaPlot 11.0 sofewélje Rates of buildup of
cleaved A647E1 product for heat annealing SER reaction of D123 RNA were fitted into
singleexponential function. Error st are generated based on standard deviation between
2-3 experiment repeats.

After heat annealing and refolding, the natively prepared bRGIGMP-D123
RNA cleaved the substrate in less than 60 rrigure 2.8E), slightly more slowly
than without the &at annealing procedurd=igure 2.8B, H). Similarly natively
prepared GTHD123 RNA purified using anion exchange cleaved the RNA substrate
in ~ 60 min Figure 2.8F). Here again the ggurified GTRD123 RNA required at
least 2 h for complete cleavagéiqure 2.8G, 1). In this case, cleavage began at ~ 8
min instead of 30 min. These findings suggest that under conditions typically used in
making folded RNAs, even heat annealing does not completely rescue the catalytic
activity of the D123 RNA ribozyme. As stvn below, folding is incomplete for the
gel purified RNA.

The effect of heat denaturation and refolding on the D1235 RNA to cleave the
A647-E1E2 RNA substrate was employed as a second example of an RNA mediated
catalysis. For this second model systemddialytic cofactor D5 RNA was connected
in cis, and thus it was anticipated that this ribozyme would be catalytically more active
and more robust in response to heat denaturation and refolding than D123. As
expected, in the absence of heat annealing afaddirey, the natively prepared
biotin-PGGMP-D1235 RNA was able to catalyze complete cleavage of the substrate
in almost 30 min Figure 29A). As observed for D123 RNA, natively prepared
GTP-D123 RNA purified using anion exchange completely cleaved thetrsid in ~

1 h Figure 29B). Once again, the gglurified GTRD1235 RNA that had been heat
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denatured and refolded for 2 h now required approximately 4 h for complete cleavage
(Figure 29F). When the heating step was omitted, the endpoint of the reactisn
reached at a comparable time period of ~4 h, but unlike thpugéled GTRD123

RNA the onset of the reaction was only slightly retardeédure 2.8D, G, H, | versus
Figure 29C, F, G, H). Altogether, these results suggest that conditions that are
traditionally used in folding RNAs may not be as effective as envisioned especially in
rescuing the catalytic activity of ribozymes. As shown below, folding is also

incomplete for the gel purified RNA.
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Figure 29. (A-C) Comparison of the catalytic actiyibf gel purified/anion exchange purified
and (photecleaved) biotiAPC purified D1235 RNA at no heat annealing (native) conditions;
(D-F) Comparison of the catalytic activity of gel purified/anion exchange purified and
(photocleaved) biotifPC purified 1235 RNA at heat annealing (refolding) conditions
respectively.(G) Rates of buildup of cleaved A641 product for no heat annealing SER
reaction of D123 RNA were fitted into singdxponential function y=a*¢exp(b*x) using
nortlinear square minimizatioin SigmaPlot 11.0 sofewar@d) Rates of buildup of cleaved
A647-E1 product for heat annealing SER reaction of D123 RNA were fitted into
singleexponential function. Error bars are generated based on standard deviation beBween 2
experiment repeats.
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2.3.7 The population of biotin-PC synthesized minimal group Il intron ribozyme

conformers is more homogenous than that of gel purified GTHRNA

Using the native preparation method, the question of how different RNA
preparation methods affects folding wasrexgd. To test the hypothesis that natively
prepared RNA should be more conformationally homogenous than RNA prepared
using denaturing methods that require kemtdling refolding cycles, samples of D123
RNA prepared by urea PAGE (denatured and heat amhealedescribed earlier),
anionex changed purified D123 RNRGGMRDLIA3 O6nati v
RNA were analyzed by netienaturing PAGE. Strikingly, the denaturing preparation
had a significant impact on the migration pattern of the gel purifi&@BIRNA: even
after refolding, 86% of the RNA was in alternative conformatiofgg(re 2.10). In
contrast, ~93% of t hRCGHPRNA, whiehlhgdtnot peere par e d
denatured, was in a homogenous conformatiigufe 2.10). Similarly ~85% of
natively prepared GTi123 RNA purified using anion exchange was in homogenous
conformation, with ~15% of the population in alternative slower migrating
conformations Figure 2.10). To rule out overloading of the gel purified D123 RNA,
the experiment showim Figure 2.10 was executed on 6% native PAGE using two
different dilutions of all three RNAs tested. The concentrations of the RNAs were
determined by UV absorbance measurements of RNAs hydrolyzed using NaOH to
remove any hyperchromicity effects. As camdeen irFigure 2.10, the gel purified
D123 RNA was consistently smeared, while the native preparations consistently

produce vyields of > 90% as a single band.
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Altogether, these results suggest that although the D123 or D1235 RNAs purified
by denaturing P&E conditions were heat annealed under conditions typically used in
making folded RNAs, their catalytic activities were not completely rescued and most
of the RNA existed in alternative conformations. These findings are in agreement with
previous observains that RNA can be kinetically trapped in misfolded states which

are not easy to efficiently correct, even by heat anne&tiffg?®

& N &
2l & Sl P
< <
e 0@ » e’ O
@\o&{\\ v,(\Q \)‘{\ OG\Q 0\0 \)‘{\\ V.QQ&{\ Oe'\Q

o Non Native RNA
Native RNA (Non-NR)

(NR) —— .

NR (%) 90 87 14 93 90 17
Non-NR (%) 10 13 86 7 10 83

Figure 2.10. Comparison of gel purified, anion exchange purified and b®@npurified
D123 on the 6% native PAGE gel with 0.5XxTMEL2.5 mM Tris/MOPs, 0.1 mM EDTA as
the running buffer at 4eC. The Dboxed bands

part represent the nermative RNAs with heterogeneous conformations. There are two
different amounts loaded on the native PAGE gel, (2) is three times mord}han (

2.4Conclusiors

Experimental evidence is presented demonstrating that RNA enzymes not only
fold differently but also have compromised catalytic activities depending on whether
they were prepared using denaturing or nondenaturing purification metkitusugh

the RNA community has believed that large RNAs can become trapped into what has

been described as t hé °fadystematiniavestigatonstoo nf or m

45



reveal the true extent of the problem have been heretofore performed. Standard
methods for RNA preparation, while robust and vesilablished, can create not only
heterogeneougopulations of conformefd ?° but also produceRNAs that may

become marginally active. The goal of shivork was to develop a photolabile

biotinylated nucleotide monophosphate strategy to facilitate native RNA preparation

and to address the question of how the nature of the preparation can affect RNA
function. This designed and synthesized bi®t:GMP wa shown to be utilized by

T7 RNAP as an initiator nucl eodnd dith t o pr «
biotin-PC.

This photoremovable affinity tag confers several desirable advantages for use in
numerous RNA biophysical applications. First the abilitypto e par e fAnati veo
without having to refold should minimize misfolding and thereby preserve the
functionality of these RNAs. As proof of concept, we have shown that the two
ribozymes prepared by our new method retain greater catalytic activity tharthvelyen
were prepared by denaturing methods and have to be refolded. To determine if other
native preparation methods would also give enzymatically more proficient RNAS,
anion exchange was used to purify the RNAs under native conditions. As anticipated,
RNAs purified via the native anion exchange method were almost as active as those
prepared via the biotiRfGGMP method. The bioti#G-GMP native preparation is
therefore a nice complementary method to other native RNA preparation methods
such as anion exchan@®LC, and there is no panacea for preparing native RNAs.
Importantly, this biotilPGGMP method does not require expensive instrumentation

and is amenable to high throughput native RNA preparation. Our results are also
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comparable to those reported recemthich showed quite unambiguously that heating
and subsequent cooling of a 164 Varkud satellite (VS) ribozyme led to ~70%
slowly migrating nomative RNA folds, whereas a VS ribozyme purified under
nondenaturing conditions appeared to be ~93% fast atmgr single band
representing the native RNA fold. These observations are consistent with the
expectation that heat annealing cannot adequately guide RNAs across their rugged
free energy folding landscape towards the native stateather native purification
methods are inelasingly vital to perform meaningful RNA research in general, and
specifically inin vitro RNA folding and structural RNA studies. Our work argues for
caution in interpretatg kinetic data involving RNA prepared using
heatdenaturatiofrefolding protocols It also provides an important framework for

future studies regarding RNA catalysis and recognition.
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Chapter3: Conclusionsand future work Native RNA
preperation

The first part of this dissertation connected the development of chemical tools to
solvean important problem iRNA structuralbiology, which ishow to circumvent
the denaturing process in RNA preparation to avoid the adverse effeahcioh
caused by misfolding during theefolding proces8 Using this method, we
demonstrate that the RNA6 f ol di ng/ mi sf ol ding probl embd
researchers, when preparing RNA for biotad studies is more serious than
originally thought® The traditional enzymatic method uses denaturing
polyacrylamide gel electrophoresis (PAGE) purification with required cycles of
denaturation and renaturation. Using that method, not only is it difficult to completely
refold the denatured RNA into its native form, buisitalso problematic to create a
heterogeneous population of conform@&r* However, our new RNA prepation
met hod, using O6cl i ckdpola byelmaddgidnrrgaction)Ha i s g e n
coupl e biotin t obledPCYguamasieednionophbsphate (GMR)dov a
synthesize RNAs, avoids the denaturing and refolding sidéyesrative RNA is easily
washel off an avidin column after eaolumn photocleavage and elution under native
preparation conditions. Weuccessfully applied this method to transcribe RNAs
rangng in size from 27 to 530 nucleotides, demonstrated that each of the RNA
ribozymes D123 493 nt) and D1235 %27 nt), which were preparedby our
nontdenaturing method, forms a homogenous population with higher catalytic activity

than those prepared by denaturing meth8ds.
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Although our method is easy and efficient for synthesizing native RNAs, the low
yield of RNA (~17%) when primed with biotiPG-GMP leads to large amounts of
mixture of unlabeled and labeled RNA. To improve the yield of biBtthlabeled

RNA, a second generatiof labeling methodology will have to lbleveloped.
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PART Il i Cyclic-di-GMP (c-di-GMP) riboswitch

Chapter 4: Introduction to Part Il

4.1 Thelmportance otyclic-di-GMP (cdi-GMP) in bacteria

Bis-( 356acyclic guanosine monophdsate (edi-GMP) was first discovered in
1987 by Moshe Benziman, who demonstrated that it allosterically activated the
membranebound cellulose synthase enzyme (luconoacetobacter xylin$
However, it was not until decade later thatdi-GMP was proven to bewbiquitous
second messenger in bactahat regulates the transition between sessile and motile
lifestyles by interfering with cell motility ata low concentration and promoting the
expression ofan adhesive matrix component and biofilm formation aatigh

concentration (Figure 4.1A)%%™

. The importance fo c-di-GMP in controlling
bacterial pathogenesis now universally acceptéd”’® Recent studies have indicated
that c¢di-GMP isnot onlyassociated witltell-cell communication, pilus assemBly
andbiofilm formation but also has essential role in virulence or acts as an effective
immunomodulatof " The link between -@i-GMP and virulence was initially
demonstrated in the pathogerdrganisn Vibrio cholerae’ It was shown that the
production of virulent cholera toxin, which is responsible for the massive and watery
diarthea producedduring a cholera infection, was increased with low intracellular
levels of edi-GMP.”®> Recently, the critical function of-di-GMP in regulating

virulence was also demonstrated in some other known human pathog&rdinghc

the causative agents of gastroentéfigsmd Lyme diseasé.”
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4.2 Biosynthesis and degradation eicGMP

The intracellular level of c¢di-GMP in the bacterial cell is inflenced byan
enzymatic synthesis and degradation processi-@GMP is generated from two
guanosiné -driphosphate (GTP) molecules by diguanylate cyclase (DGC) enzymes
containing GGDEF (GhGly-Asp-Glu-Phe) or GGEEF (GlyGly-Glu-Glu-Phe)
domain and degradeselectively by two different phosphodiesterase (PDE) enzymes
that contain either EAL (GhAla-Leu) or HD-GYP (HisAsp-Gly-Tyr-Pro) amino
acid domaingFigure 4.1B).”” "® EAL domain PDEs cleave-di-GMP into a linear
dinucleotide (pGpG) intermediate and then further into two GMP mole€lles,
whereas HBGYPs hydrolyze @li-GMP directly into GMP in one stéf.
Interestingly, there are some hybrid proteins that contain both DG PDE
domains within the same polypeptitfe! Based on genomic sequencing, it is shown
that 5670% of all GGDEF and EAL domain proteins contain an additiane¢ssory
domain that function as a sensor of environmental factor to produce an Butput.
These welrecognized regulatory motifs, such as phosphorylatemeiver domains
(RECF> 8 gas sensor domains (haemerytfffinoxygenredox potential sensor
domains (PASY and blue light sensor domains (BLGFjuse to GGDEF or EAL
domains to regulate the enzymatic activities of the PDEs and DGCs for further
c-di-GMP concentration regulatiotderein the fact that GGDEF, EAL and HBYP
domains are widespread in bacteria suggests thatGd/P is utilized as a second

messenger by many different bacterial species to control cell sighaling.
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Figure 4.1. (A) Phenotypes and processes controlled-tdi*GMP. High cacentration levels

of c-di-GMP promote sessility and biofilm formation via the production of adhesive
extracellular matrix components. LowdeGMP levels promote motility, proteolysis attte
production ofvirulence factors(B) Synthesis and degradatiaf c-di-GMP. Gdi-GMP is
synthesized from GTP by diguanylate cyclases containing GGDEF domains and is degraded
into GMP by phosphodiesterase domains, containing either EAL eé6MP domains.

4.3 C-di-GMP effectoii Protein

As a second messengerdieGMP relays external stimuli (i.e. the first message)
received by celburface receptors of sensor domains to the related effectors within the
cell. Different concentrations of -di-GMP modulate cellular functionshrough
binding to various receptors and comlling various downstream signaling

mechanismsThese edi-GMP receptors includel) Effector proteins, such as PilZ
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domainproteins that do not have their own enzymatic activities but regulate other
proteins via domahtlomain or proteifprotein interactia upon binding to
c-di-GMP# 2) Degenerate GGDEfRnd EAL proteins, which hae no catalytic
activity 2*°* These proteins often contain mutations in one or more of the conserved
active site residues and thewed are no longer catalytically active (such as PopA
from Caulobactercrescentu but they still retain the aliiyy to bind edi-GMP 22 3)
Proteins with enzymatic activityand in which catalytiproficiencyis increasedupon
binding to edi-GMP, such as PleD oPseudomonas eauginosa’> * and 4)
Transcription factors or repressors, such as FleRseftidomonaaeruginosa which
regulate gene expressiampon c-di-GMP binding™ . Collectively, these receptor
proteins have affinities for-di-GMP that range from nanomolar to lower micromolar

concentration§? 9% 94101

4.4 C-di-GMP effectoii Riboswitch RNA

In additionto the proteins that bind-di-GMP, the high frequencyof GGDEF
and EAL domains in bacteria impliesnather network of pathways involving
c-di-GMP in global cellular functions. In the past few yedlss hypothesis was
supportedoy the discoveryf c-di-GMP-I and 1l class riboswitch receptoreported
by the Breaker gnap (Figure 4.2).1%%1% There are approximately 500 examples of
classl'® and 45 examples of class Il riboswitcHéshat havebeen computationally
identified in many diffeent bacterial spaes. It is worth noting that some batde
carry avery high number of i-GMP riboswitches®® These riboswitches are

present in many patigenic bacteria, such &acillus anthracisandVibrio cholerae
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to regulate cellular processes including motility, pilus formation, biofilm formation,
virulence factor expression, and flagellum biosynthesis. The broad distribution of
c-di-GMP binding ribewitches throughout the bacterial domain also indicates that

they are likely one of the primary targets edisGMP 192 1%
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Figure 4.2. C-di-GMP class | and class Il riboswitchdsgure is adapted from Lest al,
2010%

Although over 20 different riboswitch class which recognize diverse ligands,
such as amino acid¥®® nucleobasé®®  vitaming®, modified sugars’,
coenzyme¥® and even metd® or small anion¥®, have been identified so far,

c-di-GMP riboswitch is the first known class of RNA that directly binds a second
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messenger signaling maide. Itis a sectionof 56 wuntr ansl|-BTRed
MRNA in bacteria thatontains two regions, an aptamer domain and an expression
platform. The aptamer domain is responsible for recognizing and birtditerget
moleculei c-di-GMP, leading toa conformational change that alters the expression
platform to regulate either transdption or translation $cheme 41).'%% 1% |n
translational control, the Shirfigalgarno (SD) sequenc@ ribosome binding site
located eight base pairs upstream of the start codon in an mRNA&jther
sequestered oexposedto modulate ribosome binding. In transcriptional systems

sequestration of the terminator or ateiminator sequenceontrols transcription

However, the switches between O6O0ONO6 to

regio

i ncr

genes and OOFFO6 to decrease the expressio

riboswitch controls transcription or translation. One example@f@MP riboswitch
operating at thdranscriptional controlevel is the Cdl class | riboswitch from
Clostridium difficile The transcription of mRNA is terminated in the presence of a
higher concetration of edi-GMP, decreasing flagellum biosynthesis and repressing
motility.®? An example of edi-GMP riboswitchusingtranslational control is the Vc2
riboswitch inVibrio cholera In the presence of-ai-GMP, Vc2 riboswitch RNA
upregulates expression of the Vc1722 gpraduct'®? Additionally, there is alsora
example of gene expression regulation through intronsgéitfing in the edi-GMP
class Il riboswitch fromClostridium difficile 6®. Its ¢di-GMP aptameresembles
group | selfsplicing ribozymes, in which two ligands GTP andi€GMP collaborate

to promote seMsplicing and function as a tandem riboswitdbozyme, initiating

translation' Breakeret al. have further proven that the tandem riboswittiozyme
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could check leaky splicingndserve as a backup mechanism to ensure translational

inhibition when edi-GMPis in low concentratior*!
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Scheme 41. Mechanisms of @i-GMP riboswitcles. Figure is adapted from Brealatral,
20121
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As one class of-di-GMP effector, edi-GMP riboswitches have higher binding
affinities than any known protein receptors, ranging from 16°p#2 for the class |
riboswitch to between 200 pM and 2 nM for the class Il ribosiitclror he Vc2
RNA class | riboswitch fronmVibrio choleag it is known that the strong binding
affinity (10 pM) isdue tovery low onrates and offates (K, = 1x.0° Mmin™ and
Kot = 1x10° min™)'*3 However, such slow offate corresponds to a hdife of
approximately 1 month, meaning that the ligand is effectively irreversibly bound in
the biological timeframe. Therefore, class | riboswitches with tight binding affinity
are likely controlled kinetically, in which genesgulation is determined by the
competition of the omate with the rate of transcription. In the cell, the choice
bet ween OONO&6 or OOFFO® must be made during
must occur on a relevant time scale to regulate the downsgenes-> Except for
Vc2 RNA, the kinetic properties of other class | riboswitches and class Il

riboswitcheshave not been expled.

4 5 Structure of class | and class Hdi-GMP riboswitch

To better understand thmolecular basis of RNA recognition ofdi-GMP, the
crystal structures of-di-GMP bound to the aptamer domains of both class | and class
Il riboswitches have been determinéd® Due to the threeimensional
architectures of these two classes of riboswitches, each riboswitch provides specific
binding pockets for-cli-GMP and has different modes of ligand recognitieigre
4.2). The class | bound form of théoswitch consists of three helices that adopt a

y-shape and-di-GMP bound at the three helix junctfdh!'® whereas the class II
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bound form riboswitch folds into a more compact conformation containing three

helices, a kink turn and a pseudoKnbt

\/c2 acitve-site CdA acitve-site

Figure 4.3. Active site architectures of class | (Vc2) and cldisgCdA) riboswitches.
Adenines in yellow are intercalated in both Vc2 and CdA. The blocks in green represent the
stacking interactions above and belowdi€GMP. The direct interactions between
nucleobases and-di-GMP are shown in blue and magenta and ithportant hydrogen
bonding interactions are shown in the details.

In the class | riboswitch,-di-GMP binds at the junction of three helices, P1, P2
and P3 Figure 4.2, label with residue numbers to corresppondwo critical
nucleotides (G20 and C92)exifically recognize the two guere bases (Gand G)
of c-di-GMP asymmetrically in canonical pairings. G20 contactsHbegsteen face
of top base @), while C92N3 forms a canonical Watse@rick pair with the bottom

base Gp) N1 (Figure 4.3).1*3 115 Besides these two hydrogeonding interactions,
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mutational studies show that adenosine (A47) stackingedset the two guanine
bases is highly conservétf. It intercalates between the two bases -@fi-GMP to

bridge the P1 and P2 helices with the ligand through extensive stacking interactions.
Furthermore, recognition of the ribogythosphée backbone also plays an important
role in ¢di-GMP binding to the class | riboswitch. The recognition between the
backbone of @i-GMP and the riboswitch is mediated by both hydrogen bonding and
metatphosphate contacts, with one phosphate-dr@MP mae heavily recognized

than the otherRigure 4.4).

A47
-—-- Ga
R\_ \ /;‘k > G20

pro-SP‘ l | | \\ ﬂd
P N’ ,

Figure 4.4. C-di-GMP ribosylphosphate badlone recognized by the class | riboswitthe
atoms circled in green are recognized via hydregemding and metgbhosphate contacts at
the ribosylphosphateontacts. Figure is adapted from Shanadtaal., 2011’

Compared to the class Fdi-GMP riboswitch, the class Il riboswitch also
recognizes the two guanine bases-oi-GMP asymmetrically, but the nature of this
interactions is significantly differentFigure 4.3).*'* Firstly, there is only one
hydrogenbonding interaction between the intercalating adenosine (A70) and a
nonbridging phosphate oxygen ordieGMP in class | riboswitch opposite to the
extensive backine recognition foc-di-GMP by class | ribosiich. Secondly, there is

no canonical base pairing observed in class Il riboswitch. Ins&gaud,c-di-GMP is

59



recognized as part of the a base triple with A69 and U37 of class Il riboswitcBg and
interacts with the A70 and G73 residues through hydrdgeming and hydrated
magnesium. However, the only similar recognition to class | riboswitcthas
stacking interactions between two guanine bases of the ligand and the RNA residues
in the binding pocket. Three conserved adenosine nucleohfizs A70 and Al3
stackabove, betweeand below the two bases ofdeGMP respectively. This base
stackingis important for ligand bindind'’ Based on thesbinding pocket structures

of the bound forms of the class | and class Il riboswitches, it is likely that the two

riboswitches sensedi-GMP via different mechanisms.

4.6 Targeting edi-GMP binding riboswitches with diffent cdi-GMP analogs

The prevéence of edi-GMP in many human pathogens contrast to its absence
in eukaryotes makes edi-GMP receptors attractive as new drug targets for the
development of therapeutics against bacterial infection. Recdhtlye ha been
renewed interesh devebping therapeuticagainst RNA targets. Along thesires,
we have been interestéd the development of-di-GMP 1 like moleculeganalogs)
that couldspecifically bind to the pathogenic bacterial riboswitch in polymicrobial
systemsor bind to c¢di-GMP riboswitches tocausebiological processes that are
different fromthoseproduced by the nativedi-GMP.

To achievaheabove goal, it is important to understand how the structural features
of the ligand arerequired for specific binding ant identify which moieties of the
ligand are important for binding. Hereiririgctureactivity relationship (SAR) studies

for c-di-GMP binding to both class | and class Il riboswitches using different analogs,
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including base, ribosyphosphate modified analogs, have rb@&svestigated Kigure

4.5 and Table 4.1)."*"*?° |n addition, binding of @i-GMP riboswitches to pGp®

the breakdown product ofdi-GMP, and the other lirg@ analogs GpG and GpGp,
has alsdbeen studiedTable 4.1).**® From these studies, it reveals that the class I
riboswitch is tolerant to many-di-GMP analogs, but the class | riboswitch is either
completely discriminated against or bound with a digantly weaker binding
affinity compared to the wild type liganéigure 4.5andTable 4.1). Then the main
binding difference could be further utilized as a strategy for manipulating specific
biological activities under the control of the class Il ribdsWwiwithout affecting
processes regulated by the class | riboswkcin.example, both the Strobel grouglan
our group have proven that bulky modificasant  t-GHeposiidn of the ribose
rings, eg. OMe and the addition &iiotin (seeChapter 5) canbe used taistinguish
class | and Il riboswitché¥* **°. In addition, other analogs that showed a binding
preference for the class Il riboswitch over the class | riboswitch includelMP,
c-di-dGMP and €R,S,)-di-Gps (Table 4.1). These observations underscore the point
that the class Il riboswitch is highly tolerant to modifications of the bases,
ribosylphoghate backbone, whereas the class | riboswitch sense the ligand with all

of these interactions
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Guaning

C1

A. Change to CH

5. Change to H

C. Change to Adenine, Inosine
D. Change to Ome, H, F, biotin

E.Change to S

. Change to S

Figure 4.5. Modificationsof c-di-GMP at different positions.

Analog Modification Binding Affinity (K ¢)
Name
wild Type C-di-GMP | - Class | Vc2 RNA: 1.4+0.1 nM*’
Class Il CdA RNA: 2.2 +0.8 nM**
Guanine C-¢'G-GMP | A1 =CH Class | Vc2 RNA: 1100 +80 nM*Y!
Modification Class Il CdA RNA: 33.0 +2.6 nM-’
C-di-c’'GMP | A1 =CH, Class Il CdA RNA: 3500 +630 nM’
A2 =CH
C-N'mG-G | B1=N-CHs Class | Vc2 RNA: 420 +16 nMY/
MP Class Il CdA RNA: 160 +14 nM’
Base C-di-IMP Cl=inosine, | Class | Vc2 RNA 1100 £210nM’
Modification C2=inosine | Class Il CdA RNA: 4.1 +0.4 nNt’
C-IMP-GM | Cl=inosine | Class |Vc2 RNA 200 +31 nMmt’
P
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C-di-AMP C1=adenine | Class Il CdA RNA: >30,000 nit’
C2= adenine
C-AMP-G C1=adenine | Class | Vc2 RNA 1600 +160 nM*’
MP Class Il CdA RNA: 271.1 +47.1 nM’
Phosphate | C-dGGMP | D1=H Class | Vc2 RNA 51 +5.4 V'Y’
and
2 ©H ; a 17
e C-di-dGMP | D1=H, Class | Vc2 RM® 2600 +88 nM
Modification 17
D2=H Class Il CdA RNA: 11 +1.2 nM
C-2 6 O4@e| D1=H Class | Vc2 RNA 200+31 nM*Y!
-GMP
C-di-2 6 OM D1=OMe, Class | Vc2 RNA  ~ 30,000 nNY!
-GMP D2 = OMe Class Il CAARNA: 4.3 +0.7 nM*’
C-di-2 6G | D1=F, Class | Vc2 RNA: 56 19.0nM'Y/
MP D2=F Class Il CdA BNA: 5.8 +1.0 nM*’
C-(RySy)di- | E1=S, Class | Vc2 RNA 750463 nM™’
Gps E2=S Class Il Cdh RNA: 4.0 £0.8 nM"’
C-(RRydi- | E1=S, Class | Vc2 RNA 150 £33 nMY’
Gps E2=S Classll CdA RNA: 3.6 £+0.6 nM™’
wild Type C-di-GMP | - Class | Vc2 RNA: 15+1.1 nM*®
Linear GpG Linear Class | Vc2 RNA: 210 +24 nM*®
Modification
pGpG Linear Class | Vc2 RNA: 490 +150 nM™®
GpGp Linear Class | Vc2 RNA: 22,000 + 14,000
anlB

Table 4.1. Binding affinitiesof c-di-GMP riboswitches with differentdi-GMP analogs.
Class | Vc2 riboswitch used here is the G94(2AP) mut@he class | Vc2 riboswitch
measured here is the C92U mutant.

As described irSection 4.5 the only similarity between ligand recognitidy
the class | riboswitch and ligand recognition by the class Il riboswitch is the base

stacking interactions made between the two guanine bases of the ligand and the
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conserved binding pocket residué&sglure 4.3). Strobelet al havze demonstrated that
binding of Zdeaza guanine modified ligands-¢’G-GMP and C-di-c’'GMP, Table
4.1) to ¢di-GMP riboswitch cost more binding energy than predicted due to deceased
base pairing and stacking interactidhsTo further prove the importance of this base
stacking interaction, our groups developed an dddomodfied analog
endoS-c-di-GMP (Figure 4.5F modification of one of the endds to S) to
investigate the binding to two classes of riboswitches. Previously, we have proven
that endeS-c-d-GMP f avors the O6opendé or O6transéd c
onoppositesidegs i n solution rather thathetiwhe 06cl
guanineghatare on the same sidand it is even three times less likely to populate
the closed conformation than opened conformafibiiowever, the ligand in two
classes of -di-GMP riboswitches must be bound in the closed conformation in order
to maintain base stacking interactions within the binding pocket nucleoBedsesd
on these two factors, class | and class Il riboswitches bind tc®oeh-GMP much
more weakly than they do to the wild typelieGMP as we expected (s€&hapter
5)_119

Although there arextensive studies of different analogs binding to two classes
of c-di-GMP riboswitches, no research on analeged to specifically bind the
subclass of each class ofdcGMP riboswitch has been reported. Since there are
approximately 500 examples of class HieGMP riboswitches that have been
computationally identified in a wide range of bacteria and mostewh thre found in
multiple copies in pathogenic bacterial genorffsye have become more interested

in distinguishing the various riboswitches in classdi-«GMP riboswitches. Herein,
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our next aim is to utilize different-di-GMP analogs to discriminate the subclass
RNAs in class | riboswitch (se€hapter 6). The future optimized analogsre
potential chemical and therapeutic tools to study the mechanismdoGRIP
riboswitch and inhibit the -di-GMP pathway signaling irspecific bacteria in

polymicrobial systems.

4.7 Dynamic conformational changes of the classdi-GMP riboswitch in response

to M¢f* and its ligand

In contrast to its regulatoprotein effectors, ligand bindingo c-di-GMP
riboswitchess directly coypled to gene regulationalysis of the Xray structure of
the bound form of the class | Vc2 riboswitch has prompted researchers to ask the
guestion: How do ligands reach the deeply buried binding pocket and trigger a
conformational changén the expressin region to rgulate the downstream gene?
This interesting and important question has inspired investigation into the dynamic
behavior of the riboswitches. It is known that the dynamic changes that occur in RNA
structure serve a range of functions, sushegyulation of gene expression and signal
transductiort!* *2% 2% previous studies of RNAs have shown that divalent cations
induce tertiary interactions to cause the RNA to fold into compact structures. For
example, M§" ions often play a particularly important role in enabling the formation
and functonal stabilization of compact RNA structurés.In addition, the high
specificity and affinity of the riboswitch aptamer for its ligand is coupled to complex

tertiary architectures, involving intrand intermolecular interaction$’
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To gain greater insight into the nature of selmgy and tertiary structural
rearrangement of the-di-GMP riboswitch in the presence of Kfgand ligand,
different biochemical and biophysical tools have been tiSetf® For example,
smallangle Xxray scattering (SAXS), a powerful technique for determining global
structural information of macromolecules, has been used to explore the folding of the
class | V@ riboswitch aptamer domain induced bylieGMP and Mg*'*® The
angular range i8AXS contains information on trglobal shape of free and bound
form of Vc2 riboswitch. Lowresolution molecular shapes calculated from the data
suggest thatin the absence of-di-GMP, the Vc2 RNA adopts an extended
conformation and thehinding ofc-di-GMP forms thecompact conformatiaft® This
result is consistent with data fromline prading experiments, which suggekat the
P1 stem is unstructured under these conditiadditionally, Woodet al analyzed
the interplay between §f* ion, secondmessenger ligand and tertiary interaction in
the class | Vc2 riboswitch folding using single molecule fluorescence resonance
energy transfer (smFRET)’ They furher confirmed the extended and compact
conformations of Vc2 RNA in the absence or in the presence &f gl the ligand
(Figure 4.6) and revealed that the Vc2 aptamer domain is kinetically partitioned into
different folded populations: extended, intermaté and compact’ In the presence
of Mg?*, the intermediateconformation is stabilized by the interaction of GNRA
tetraloop (TL) in P2 and tetraloop receptor (TLR) in P3 aam# Ipairing of C44:G83.
Then this M§"-dependent dynamic population offers a preorganized structure that
allows efficient ligand binding and conformational folding. The stabilization of the

folded state with P1 stem formation is only completed upon ligamdirtgj**’
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Figure 4.6. Proposed folding pathway of class | Vc2 riboswitétigure is adapted from
Woodet al,, 2012

Although previous smFRET and SAXS studies of the Vc2 riboswitch have

suggested a stepwise global rearrangement upd ity and edi-GMP binding**>

127 the degree of compaction induced by Mipn or ligand binding cawary even
between aptamer domains of the same riboswitch.dl@ssinstance, this has been
seen inthe thiaminepyrophosphate (TPP) riboswitch frorascherichia coliand
Arabidopsis thaliand?® Thus we are interested in investigating thenformational
changeand structural difference in our experimentally verified new class | riboswitch
from Clostridium tetaniE88 (CtE88) (seeChapter 7), especially given théarge
differences in mding affinities of edi-GMP analogs/ersusthe known class | Vc2
RNA (Chapter 6). Different complementary biochemical and biophysical tools,
including selective 2hydroxyl acylatioranalyzed by primer extensiofSHAPE
analyss to characterize the secary structures, SAXS to monitor the global
conformational changesnd nuclear magnetic resonance (NMR) spectroscopy to
map the details of hydrogdsonding at atomic levels, were usedinwestigatethe

details of how M¢* helps to set upthe binding pocké from the extended

conformationof the riboswitchand how edi-GMP finds the binding pocketAfter
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such a study, we will better understand the mechanism of ligand recognition and how

ligand binding drivestte regulation of downsteam gegvgression.
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Chapter5: C-di-GMP analogs discriminate between different

c-di-GMP riboswitchet®

5.1 Introduction

Recently, our lab and others have been interested in the synthesti-GMP
analogs with the ultimate aim of using these analogs to control the biofilm phenotype
via selective or differential modulatioof c-di-GMP binding proteins and RNA?

129132 The majority of edi-GMP binding protein@ndRNAs havenot been identified

or arepoorly characterized. Chemical tools, such as biotinylatdd@VIP analogs,

will therefore be useful for the identification of macromolecules that are involved in
the cdi-GMP signaling cascade. It is however not known if theilable

2 -biotinylated analogs of-di-GMP are appropriate tools for the identification of
c-di-GMP binding riboswitches. We believe that it is timely for this issue to be
addressed. In thishaptey we i n v e smodificaiones welbas coRserirat
phosphate modification ofdi-GMP affects binding tawo c-di-GMP riboswitches.

We also describe a straightforward synthesis of phosphate and biotinylated analogs of
c-di-GMP (compound® and3, Figure 5.1), using a simple solid phase methodology.
Binding studies of @i-GMP and analog®-4 (Figure 5.1) with class | and Il
c-di-GMP riboswitchesr e v e a | t-rhodificatian ok edi-B5P may affect
binding tothem and hence caution has to be taken when using these capture probes

for the identificatiorof new e¢di-GMP binding partners.
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5.2 Materials and Methods

5.2.1 Materials

2 -®©-(6-[Biotinyllaminohexylcarbamoyl) cyclic diguanosine monophosphate
( 2[Biotin]-AHC-c-diGMP) was purchased from Axxora.
All concentrations of -di-GMP and its analogs wereedrmined by UV

absorbance at 2'@m) atroom teriperati@es 1 0 0 M

5.2.2Vc2 RNA preparation and purification

Vc2 RNA was prepared and purified as descritidd

5.2.3 C. acetobutylicunRNA preparation and purification

CdA RNA was prepared and purified as describéd

5.2.4 Microdialysis assay of Vc2 / CdA RNA with edi-GMP and analogs

The equilibrium micralialysis assay was carried out m21 25 ¢ | chamber
(Harvard Appaatus) separated by 10,000 [ cutoff regenerated cellulose
membrane (Harvard Apparatus). Buffer | was usedtlierassay: 10 mM sodium
cacodylate (pH 6.8), 20 MM KCland5mMMgCI 25 €1 of | igand and
(25 M) were added to chambers A and&pectively. The microdialysis setup was

agitated at 4eC for 24 hours to reach equi
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5.2.5 UV 6onmmeasurement of edi-GMP in chamber A after microdialysis

To obtain UVsgoomr e adi ngs, t he contwastranstefredtoh a mber
a 1 cm path length cuvette and the absorbance at 260 nm taken, using a JASCO

V-630 spectrophotometer.

5.2.6 Molecular Modeling

All dockings were performed as blind dockings (blind docking refers to the use
of a grid box which is largenough to encompass the ligand in the binding pocket)
using Autodock Vina 1.1.83

Autodock Vina docking was performed using an exhaustiveness value ofl 64. Al
other parameters were used as defaults. All rotatable bonds within the ligand were
allowed to flexibly rotate, and the receptor was considered rigid. The bound
c-di-GMP and water molecules were first removed from the binding site of the RNA
and the analgs were docked onto this site. All ligand structures were created using
GaussView 03W software and then brought to their energetically minimized
conformers by the Gaussian 03W program utilizing optimization=modredundant
hf/6-31g(d) methot™®wi t h di f ferent fi-£6d dhstwncguhat
in the ligand. Polar hydrogens were added to ligand and RNA atamesd@ck Tools
version 1.54** was used to convert the ligand and RNA receptor to the proper file
formats for Autodock Vina docking. For each compoufkijfre 5.1), only the
docked structure with the largest binding affinity was assumed to be the predicted

ligand bound form to the RNA receptor.
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Figure 5.1. C-di-GMP and analogs.(l) c-di-GMP. (2) endeS-c-di-GMP. (3)
2 {Biotin]-endeS-c-di-GMP. (4) 2 -§Biotin]-AHC-c-di-GMP (commercially available)

5.3 Results andDiscussion

The attachment of a biotin moiety to biological molecules and the use of the
biotinylated analogs to identify binding partners are not new in biologindies.
However, a critical issue that needs to be addressed when attaching a biotin moiety to
any molecule of interest is to determine which site on the moleanlbecmodified
with the biotin fragment without abrogating the binding of the moleculetefast to

its binding partners. Due to the importance @fi-GMP in bacterial signaling, great



interest exists in generating biotinylated analogs-di-GMP and the use of these
analogs to capture-ai-GMP proteins via affinity chromatography. So farerth is

one reported synthesis of biotinylatedliecGMP, which required eleven stef$.In
that report, t he aut hor s -GHpppseim dizadclick h e
r eact i-akyne arfalog206-ci-GMP and biotin azid&* We readily prepared
biotinylated edi-GMP  containing a bridging sulfur (refer to as
2 fbiotin]-endoS-c-di-GMP (3), Figure 5.1C) following reported soligphase
methodology?’ followed by a click reaction withbiotin azide Figure 5.2).

2 PBiotin]-AHC-c-di-GMP (@), which contains natural phosphodiester moiety, is
commercially available (albeit expensive) and was purchased from Axxora, LLC for
this study.We reasoned that investigations into the binding of treedeGMP
analogs would reveakhethert h e-posttion of edi-GMP could be modified with
biotin without affecting binding to-di-GMP binding macromoleculeBor this study,

we chose the recently reporteedieGMP class | & Il riboswitche&® 13 14 for

investigations.

NC
L
O\ o 0] FN le}
on DNA Q S P~ N\)/\T\JH

(@) —~
\S/\/ODMTsynthesizer //S\<\/ \P/< (\) \(\) RO N=(
//\\ —_— O O / O R NHAC
o} .
° e
NC  TBSO" ™ ~pn

l $-NH
l 1yNHoH  AcHN
2) TBAF

R = TBS gives Endo-s-c-di-GMP (2)

and
R = propargyl gives 2'-[Biotin]-endo-s-c-di-GMP (3) after click reaction with biotin azide

Figure 5.2. Solid-supported synthesisf endeS-c-di-GMP analogs following procedures
reported->’
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5.3.1Docking of ¢di-GMP and analogs into RNAs

We first used computational methods to investigate the interactiomdieGMP
and analogs1€4) with c-di-GMP clss | riboswitch Vc2 RNA (di-GMP binds
tightly to it with Kd = 10 pM). Autodock has been reliably used to study small
ligand-nucleic acid interaction® and we decided to use AutoDock Vina for our
docking study. @i-GMP can adopt conformations spannaigandtransisomers. In
the cis conformation, the two guanines are on the same side whereas tiraribe
conformation, the two guanines are on oppositessfigure 5.3A).

Using the Gaussian program, we fixed the distance between the two guanine
nucleobases of-di-GMP or analogs (C5 of the guanines) at different values (between
5.5 to 9.5 A;Appendix 4) and determined their ground state conformationssave
comput at i on al -madifieth@nalogs of ™ipGIMB,r®) ahd 6) (Figure
5.3B) , were wused to m{Bbte]-endeScai-GMR @)dandhg o f
2 fBiotin] -AHC-c-di-GMP (4) in Figure 5.1to Vc2 RNA.Figure 5.3C shows a plot
of binding energy versus distance between the two guaninesdefG®P, for the

various analogs of-di-GMP docked into Vc2 RNA.
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Figure 5.3. (A) The distance between C5 of the twoaninesof c-di-GMP were fixed at
distances ranging frore.5 A to 9.5 A and the ifferent conformers were optimized using
Gaussian(B) Structures of compoundsand 6 used as a model for biotinylated anal@®ys

and4. (C) Plots of binding energies versus distance between the two guanine nucleobases of
c-di-GMP, endeS-c-di-GMP, compoud 5 or compound6 after dockinginto Vc2 RNA

(PDB: 3IRW). Dockings were done in triplicate for eaet-€MP or analog conformer.

Interestingly, the -@i-GMP conformer that docks best to Vc2 RNA has the two
guanine bases separated by 6.99 A, which isarkably close to the distance found in

the crystal structure ofdi-GMP (cf. 6.95 A), when complexed with Vc2 RNA (PDB:
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3IRW). Our docking study reveals that modification to the phosphate moiety of
c-di-GMP affects binding to Vc2 RNA (the best docked comfer of edi-GMP has a
binding energy 0f17.5 kcal/mol whereas that of en@ec-di-GMP is-14.0 kcal/mol).
At 25C, these free energies of binding translatego 368folds tighter binding of the

c-di-GMP over endes-c-di-GMP.

Figure 5.4. Docking of ¢di-GMP and endoS-c-di-GMP in Vc2 RNA. (A) c-di-GMP
docked into Vc2 RNAPDB ID: 3IRW). The interactions in the docked structure are identical
to those found in crystal structure ofdeGMP bound to Vc2? . C-di-GMP is colored
yellow and the RNA nucleobases are coloyetlow. (B) EndoS-c-di-GMP (coloredblue)
docked into Vc2 RNA;C) Overlay of edi-GMP and endeS-c-di-GMP docked into Vc2
RNA. G, of endeS-c-di-GMP can not form Watse@rick hydrogen bonding interactions
with C92 of Vc2 RNA.

C-di-GMP makes three important interactions in the binding pocket of Vc2 RNA:
Hoogsteen hydrogen bonding interactions between thef G-di-GMP and G20 of
the RNA aptamer; a Watsdabrick hydrogen bonding interactions beweep aad
C92 of Vc2 RNA; and a stacking interaction between A47 of the RNA and the two
guanines of i-GMP (Figure 5.4A).*® EndoS-c-di-GMP maintains the interactions
bet ween t hegwith G20 of thd RNA aBwell as the stacking interaction of
A47 and the guanine nucleobase of the cyclic dinucleotide but not the hydrogen
bonding interactions between thg &d C92 of Vc2 RNAKigure 5.4B). It appears

that the substitution of one of theidging oxygens in the phosphodiester linkages in
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c-di-GMP with sulfur affects the relative orientation of the two guanine nucleobases,
resulting in the inability of one of the guanine bases in €xdali-GMP to form an
essential hydrogen bonding intetians with C92 of the -di-GMP riboswitchl
aptamer Figure 5.4C). EndoS-c-di-GMP is a very close analog ofd:-GMP and

can be considered as one of the most conservative modificationsliesMP,
therefore our docking results suggdélsat cdi-GMP ribaswitch-| aptamer is very

sensitive to modifications ondi-GMP (Figure 5.3).

A

Figure 5.5. G-di-GMP in the binding pocket of Vc2 RNA (PDB: 3IRW). (A) c-di-GMP is

shown in stick and colored by atom (oxygen in red, nitrogen in blue, carbon in yelloneand th

2 ©H is colored green). Vc2 RNA is shown as mesh surface and colored by atom (oxygen in

red, nitrogen in blue and carbon light blue. (B) Zoom in of edi-GMP in the binding

pocket of Vc2 RNA. The -OHmpaesidon, depicth @greupsthatlt aced at
are attached to this site irdeGMP would sterically clash with residues of Vc2 RNA.

Our docking results al so rOHweciGMP hat t he
completely abrogates binding to Vc2 RNA (compare docking results of cardpou
(1) and @) in Figure 5.1 with (5) and 6) respectively inFigure 5.3). We
rationalize that, i 4OH-mokiked ahalopk & di-GBIR, r uct ur e
groups that a r -positen df ade GV dshowm as greea spBede in

Figure 5.5B) would have a steric clash with some of the residues of the Vc2 RNA. It

also appears that the two guanine bases are buried into the binding site and could be
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inappropriate sites to attach a biotin moiety. These computational studies revealed
that the biotiglation of cdi-GMP could potentially render certain analogs ineffective
at binding edi-GMP class | riboswitch.

We nextproceeded to dock-@i-GMP into binding receptor-di-GMP class Il
riboswitch C. acetobutylicunRNA (CdA RNA, PDB: 3Q32)* (Appendix 5). For
c-di-GMP class Il riboswitch, only-di-GMP (1) but not endes-c-di-GMP (2) or
compound %) or compound &) displayed significant affinity for it. For-di-GMP,
our docking study reproduced experimental obs@ons; the binding affinity of
c-di-GMP is higher for binding to Vc2 RNA, compared to CdA RNA (compare
Figure 5.3C to Figure 5.6). This is in agreement with previous work; which reported

Kq of 10 pM and 200 pMi 2 nM of c¢di-GMP binding to Vc2 and CdA

H 13114
respectively*
C-di-GMP docked into CdA RNA Endo-s-c-di-GMP docked into CdA RNA
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Figure 5.6. Plots of binding energies versus distance between the two guanine nsekoba
(after docking) ofc-di-GMP, endeS-c-di-GMP, compound or compounds when docked

into CdA RNA (PDB: 3Q3Z). Dockings were done in triplicate for eaclirGMP or analog
conformer.
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5.3.2Experimental validation of the docking results

Having predictedvia docking studies, that modifications to the phosphate or
2 ®H positions of adi-GMP would reduce binding to Vc2 RNA (ad¢ GMP class |
riboswitch that binds monomericdi-GMP) and CdA RNA (a ci-GMP class I
riboswitch that binds monomeriedi-GMP), we proceeded testthis experimentally.
Equilibrium dialysis is an established method that is used for investigating binding of
ligands to proteins and nucleic acid3The binding of edi-GMP or its analogs to
Vc2 RNA were directly measured qualitatively by equilibrium dialysis, as shown in
Figure 5.7A. C-di-GMP was introduced into the two chambers of a micro
equilibrium dialyzer (Harvard Apparatus) thatsha t wo 25 ¢ | chamber s
separated by membrane with a cutoff molecular weight of BDa (Figure 5.7A).
Different amounts of Vc2 RNA were then added to chamber B of the micro dialyzer
and the set up was agitat &hkknthetcondeat@tion o r eac
of c-di-GMP or analog in chamber A was measured by UV absorbance at 260 nm
(UV260nm. In the absence of-di-GMP or analog binding to the RNA that was
introduced in chamber B, the concentration a@fi-GMP in chamber A before and
after the introduction of RNA into chamber B should remain constant. However, if
c-di-GMP or analogs bind to the RNA that was introduced into chamber B, then the
concentration of -di-GMP in chamber A would decrease as more RNA was added to
chamber B. Therefe a plot of the UV absorbance of a sample taken from chamber A
at 260 nmversus the concentration of RNA that is added to chamber B (or the
RNA:c-di-GMP ratio, Figure 5.7B) should give a qualitative information of the

relative binding affinities of -@i-GMP or analogs. In complete agreement with our
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docking results, @i-GMP bound to Vc2 RNA best, followed by en8e-di-GMP.
Neither 2 §Biotin] -endeS-c-di-GMP nor 2 §Biotin] -AHC-c-di-GMP bind to Vc2

RNA (Figure 5.7B).

Reading 1

10K cutoff

10K cutoff
membrane

membrane

B
Microdialysis of different ligands with Vc2 RNA
[}
2 0.35 ~-+--c-0i-GMP
@©
S 03 | W= g3
2 025 | I
o - E ! —= -EndoSc-di-GMP
< 02 TN,
€ 015 | R -
3 o1+ 2-[Biotin]-endo-
S o005 | Sc-di-GMP
D 0 h S —
- % -2"-[Biotin]-AHGc
no 14 12 1.1 21 41 di-GMP
[Ve2] : [Ligand]

Figure 5.7. Equilibrium microdialy sis of e¢di-GMP and analogs with Vc2 RNA. (A)

Schematic diagram for equilibrium microdialysis. Reading 1 is thesddymeasurement of

ligand in chamber A when no RNA was added to chamber B and reading 2 is thgnUV
measurement of ligand in chamber Aemhdifferent concentrations of Vc2 RNA were added

to chamber B and all owed to be r akdiotobqui |l i bri
the concentration of-di-GMP or analogs in chamber A (measured as UV absorption at 260

nm) versus the amount &NA added in chamber A (denoted as RNA:ligand ratio). Error

bars are generated based on standard deviation between three experiment repeats.

We also performed equilibrium microdialysis ofdeGMP and analogs with
CdA RNA, seeFigure 5.8. Some interestmtrends emerge from the binding studies:
CdA RNA (a class Il riboswitch) is more sensitive to phosphate modification on
cd-GMP t han Vc2 RNA (a cl ass | ri-®switch)

modification, where Vc2 RNA is more sensitive to modifion than CdA RNA*
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Microdialysis of different ligands with CdA RNA
--+--c-di-GMP

S 0.35
S .
_E 0.3 [~ \\\_
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no 14 1:2 1:1 2:1 4:1 AHC-c-di-
RNA GMP

[CdA] : [Ligand]
Figure 5.8. Equilibrium microdialysis of c-di-GMP and analogs with CdA RNA.
Experimental conditions and analysis were sanfégge 5.7.
The origin of the different sensitivities ofdi-GMP riboswitch | and Il towards
2 -dnodification has already been discussed by two excellent papers by the Strobel

A7 n r i boswi t-OH grdups are tiase td RNA graups and the

group
placement of groups at these positions would cause unfavourable steric interactions

(Figure 5.5B) . I n ri bos wi-OH grouds Idg nott ntake as imtimate2 6

contact with the RNA receptors, as is the case in riboswitch I, so therefore there is
room for groups t opoditien Fayre = dTduks, ittmakest hi s 206
sense that biotin substitution ofdecG MP  a t -pdsitioe do@sénot cause as much

disruption to binding to riboswitch class Il as it does to class I. The differential

binding of the endé& analogug?2) to class | and Il is however surprising because

both riboswitches make similar interactions with the phosphate moietgieGMP.

In classl riboswitch, A47 of the RNA contacts the exocyclic and not the endocyclic

oxygen of one of the phosphate groups-mi-GMP whereas in class I, this contact

is made by A70. Based on these binding interactions, one would expect that there
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would be littleto no difference between the binding propensities of the -&ndo
analogs to both class I and class Il riboswitches. We have however showed that small
changes to-di-GMP phosphodiester backbone (a thiophosphoroester modification to
the bridging oxygen) caperturb the structure of the entire molecule (conformational
steering)** Plausibly, the endocyclic oxygen-sulfur modification at the bridging
position in the phosphodiester linkage caused a perturbation that was more

detrimental to the various binding interactions @fi-«<GMP and RNA in class Il than

class I.

Figure 5.9. C-di-GMP in the binding pocket of CdA RNA (PDB: 3Q32). Where
c-di-GMP is shown in stik and colored by atom (oxygen in red, nitrogen in blue, carbon in
yel | ow &ids cdloree gre2rgCdA RNA is shown as mesh surface and colored by
atom (oxygen in red, nitrogen in blue and carbotight blue.The green sphere, placed at
t h eOHpDadsition, depicts how groups that are attached to this siteikG81P wouldaffect
ligand recognition.

5.4Conclusiors

C-di-GMP was discovered more than two decades ago by Benziman and

coworkers as a regulator of cellulose synthesis in the bacteAastobacter
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xylinum®” It took close to twenty years after that discovery to appreciate that
c-di-GMP regulates several procesdbat lead to biofilm formationin bacteria.
Several groups have contributed to the understandingdeiGdMP metabolism by
identifying and biochemically characterizing the enzymes that make and degrade
c-di-GMP (DGC and PDE respectively). In order to identHgli€GMP riboswitcles

with the ultimate aim of mapping thedeéGMP interaction with RNAs to better
understand global regulation of biofilm formation in bacteria, it is imperative that
chemical tools are developed to identifgiecGMP binding RNAs. In this research,

we reveal thathe site of biotin attachment orde GMP @an seriously affect binding

to a class | riboswitch but little effect oa class Il riboswitch. End&-c-di-GMP
prefersthe trans conformation to theis conformation, sats binding to both class |

and class llriboswitches is decreased due to less stable stacking interaction of the
ligand with the binding pocket nucleotides. Furthermore, this work also calls for
future studies aimed at finding alternative positions to affix affinity labels on

c-di-GMP for the ientification of new binding partners.
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Chapter6: Selective bindingf 2 -@nodified ¢di-GMP to

various class | riboswitches

6.1Introduction

C-di-GMP functions as an important second messenger in bacteria. Recent
studies have shown that many critical lbgical functions are controlled via
c-di-GMP signalling including exopolysaccharide synthesis, cellular motility,
virulence and biofilm formatiaf™ Although cdi-GMP has beentsdied for more
than two decade¥, it is only recently that some of the molecular details of the
interactions of i-GMP with macromolecular targets have e@covered. Until the
recent discovery by Breaker and -workers that ai-GMP binds to RNA
(riboswitches) to regulate gene expression and transfdfiah had largely been
assumed that-di-GMP only binds to effector proteins, such as transcription factors,
to regulate bacterial physiolod. % 192 The discovery of these-di-GMP
responsive riboswitches expands the role of RNA in tie@MP signaling pathway.
Thus, inhibiting these-di-GMP riboswitche with small molecules could potentially
lead to the inhibition of biofth formation or virulence factgsroduction in bacteria.
Motivated bythe potential promise of-di-GMP riboswitch inhibitors, we and others
have embarked on structeaetivity-relationship (SAR) studies of-di-GMP binding
to riboswitcheg* 117 119120 14 this end, we demonstrated that -biotinylated
analog of edi-GMP could bind toa class Ilc-di-GMP riboswitch, CdA RNA from
Clostridium acetobutylicumbut nota class |1 ritoswitch, such as Vc2 RNA from

119

Vibrio cholgae™"~ Others have also showthat many other different-di-GMP

84



analogs an have differential binding to class | riboswitch (Vc2) and class I

riboswitch (CdA)!*4 11120

Given these previous promising results and the preponderanedigbKP class
| and class Itiboswitches, we are interested in tkentification of small molecules
that andiscriminate between differentdi-GMP class | riboswitch. @i-GMP class
| riboswitch can be found in both symbiotic and pathogenic battéaiad therefore
being able to driminate between class | riboswitches, found in symbiotic and
pathogenic bacteria, will be critical for the maintenance of natural microbiota during
antibacterial therapy. However, the paucity of structural data for differdRGoIP
class | riboswitchemakes it difficult to design selectiveniers of edi-GMP class |
riboswitchesa priori. We therefore investigated the SAR cefleGMP binding to
different class | riboswitchRigure 6.1), using edi-GMP analogs (sekigure 6.2 for
structures of analogdp deermine if different edi-GMP class | riboswitches use

different recognition elements for binding talcGMP.
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Figure 6.1. (A) Alignment of predicted -di-GMP riboswitch sequences. The nucleotides
indicated by blue arrows are the same nucleotittfisated in blue in the predicted structures.
Alignment was done using Clustal W2and ESPrigf". (B) Predicted structures of the
selected a@i-GMP-I riboswitch aptamers based on structure model of #lieGMP class |
aptamer-*® Cytidine on P2 stem in blue and guanine on P3 stem in blue are expected to form
an interhelical Watsefrick base pairing in the liganabnd structure and adenosine in blue
boxis expected to intercalate into two bases-di-GMP in the bound form. In Vc2 structure,
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cytidine and guanosine indicated in the boxes are the two important nucleotides base pairing
with the two bases ofdi-GMP.

6.2 Materials and Methods

6.2.1 Preparation of edi-GMP class | Riboswitch Aptamer RNAs

The aptamer sequences of Vc2 RNAEB8 RNA, Ch17B RNA, CbE43 RNA
and Cd630 RNA were obtainedtom the Rfam databas¥? For riboswitches that
contained flexible loopon P3 longer than four nucleotides, this loop was changed to
a UUCG tetraloop to facilitate an easy synthesis of the RNA. A pUC57 plasmid
containing eaclarget sequence, including T7 promoter sequence, was constructed by

GenScript and thBNAs were prepared and purified as previously describied.

6.2.2 Microdialysis assay of RNA with ligand

Microdialysis was used to qualitatively gain insights into the binding between the
various edi-GMP class | iboswitches and-di-GMP or analogs. The microdialysis
assay was carried outintvido5 €L chambers (HARVARD APPARA
by a 10,000 & cutoff regenerated cellulogseembrane (HARVARD APPARATUS).
25 eL of | i gand thesame bubfer 0L mMb KCI, &RiM\ Mgigin
and 10 mM sodium cacodylate, pH 6.8) were added to chambrd B respectively.
Equilibration was assumed to have occurred after 24 h, having left the microdialysis
apparatus at room temperature (with slight shakinghsbi¥readings othe2 5 € L o f
c-di-GMP or analog in chamber A were taken after 24 h of egatlin, using

JASCO V630 spectrophotometer with 1 cm path length cuvette at 25 €.
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6.2.3 Preparation of**P-labeled cdi-GMP

E. Coli BL21 (DE3)was used for production of WspR (D70fom pVL791
The bacteria were grown at 30€ in LurBertani (LB) medim with shaking. IPTG
was added at Oy nm= 0.6 and protein expression was induced for 6 h. The protein,
which has a Hidag, was purified on a nickel resin and dialyzed into a 10 mM Tris,
100 mM Na Cl-*Pz-diiGMP Wwas generatgd from purified WspR (D70E)

protein as described.

6.2.4 Ky measurements of eli-GMP and analogs by gekhift

RNA was folded by heating to 70€ and slow cooling in folding buffer (20 mM
KCI, 6 mM MgCh, and 10 mM sodiumazodylate, pH 6.8) in the presence of 50 pM
of radiolabeled di-GMP. Binding reactions were incubated at room temperature
(25€) until equilibrium was assumed to have been reached (24 h for different class |
riboswitches). The dissociation constang)(kf c-di-GMP for each class | riboswitch
was then determined using a-géift assay. Unboundai-GMP was separated from
RNA/c-di-GMP complex using 10% native PAGE (100 mM Tris/HEPES/@5) 0.1
mM EDTA, 1 mM MgCh) at 4 €. Gels were dried and scanned gsia STORM
phosphorimager (Molecular Dynamics). For each ligand concentration, the bands
corresponding to free and bounddieGMP were boxed and quantitated using
ImageQuant software (Molecular Dynamics). The fraction of boudd@VIP was
calculated usingquation (1).

FE =Ig/ (I + Ip) Equation (1)
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Where FB = fraction of -di-GMP bound; § = intensity of bound -@i-GMP band; 4§ =
intensity of free adi-GMP band,

Then all data was fit to the follamg Equation (2) to determinegkalues*®

([RNAl ¢ +[P32cdGMP]+Kd)
FB = 2%[P32cdGMP]
JURNAL L+ [P32cdCMP]+Ed)“—4x[RNA] % [P32cdCMP]
2x[P32cdGMP]

Equation (2)
Where FB = fraction of -di-GMP bound; [P32cdGMP] = concentration&f*P- c-di-GMP,
which is at 50 pM; K= dissociation constant ofdi-GMP for the riboswitch RNA; [RNA
= total concentration of riboswitch RNA.

Competiton experiments to determine they Kalues of analogues were
performed as described above. In this casg? Bdi-GMP and unlabeled competitor
analog were premixed in folding buffer before adding RNA to a final concentration of
100 nM of RNA. RNA was heateto 70 € for 3 min and slowly cooled in the
presence of both labeled and unlabeled ligand and incubated at room temperature for
48-72 h before resolving free and boundie€cGMP by 10% native PAGE. Then the
fraction bound (FB) of labeled-di-GMP was quatified and the Kd valuef the

unlabeled competitor analog was determined froguadratic solution of the Lin and

Riggs equation determined by Weeks and Crotfiet®¥, Equation (3):

= _ FBp cdGMP KEdGMFx[analng]
FB=FB. + 2x[P32cdGME] X {K3 + K;ﬂalng + [RNA],,, +
I:"iGMF)-C[Elmlln:ug;] z

enalog

[P32cdGMP] — [(KEdGMp + K3
d

4 [RNA],,, + [PEEchMP]) —

4 X [RNA],, X [P32cdGMP]J:)}
Equation (3)

Where FB = fractiorof ¢c-di-GMP bound; FB,= fraction bound in the absence oflieGMP

competitor; FB = fraction bound in the presence allicGMP competitor;[P32cdGMP] =
concentration of B2 labeled ai-GMP, which is aB0 pM; K *MP= dissociation constant
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of c-di-GMP for the riboswitch RN; [analog] = concentration of unlabeled competitor
analog;[RNA], = total concentration of riboswitch RNA2"°%= dissociation constaruf
competitor analog.

The bindi n gig efncelirGYIR or (tapaBalog was calculated from the
following equation:
P Ging = RTINK ¢ Equation (4)

Where R = universal gas constant (1.985Xk@alk 'mol ™) and T = temperature (295K).

The change i n byhgrwes detgrmired aeaorgiyg tol pPpG

P P lnd = Pma(@nalog)i g Ging (c-di-GMP) Equation (5)

6.3 Results andDiscussion

Although over 500 examples ofdi-GMP-I class riboswitch RNAs have been
predicted computationalf{® only two have been experimentally verified to bind to
c-di-GMP. We selected fourdi-GMP-I class riboswitch aptamer candidates-E&388,
Cb-17B, CbE43 and Cd630 RNAs) from GEMM motif in Rfam databaBgre
6.1).1* These putative -di-GMP riboswitches ardound in dfferent pathogenic
bacteria that cause human disease, includ@igstridium tetani*® (Ct-E88),
Clostridium botulinun{"’ (Cb-17B and CkE43) andClostridium difficile*® (Cd-630).
Vc2 RNA, from Vibrio cholerag which has been biochemically and structurally

characterized as adi-GMP binding riboswitchwas used as a positive contti '3

115

C-di-GMP-I class riboswitch aptamers are predicted to form a thedig

Y-shaped structure, with the ligabthding ste at the junction of helices P1, P2 and
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P3. The crystal structure of Vc2di-GMP comp | e x +taenvdeflthidng t h at

nucleotides extended the putative P1 helix, to include a W&diok G:C base pair
between C92 residue of the RNA (boxed red i2 iwodel,Figure. 6.1B) and one of

two guanosines of-di-GMP (G,). Helices P2 and P3 are parallel to each other in the
presence of Mg, while helix P1 only forms when-di-GMP is present?” Residue

G20 (boxed green in Vc2 moddtigure 6.1B) in helix P2 of Vc2 contacts the top
nucleobase of-di-GMP (Gy) along its Hoogsteen face in the bound form. The highly
conserved adenosine A47 (showrboxedblue inFigure 6.1B) intercalates between

the two nucleobases ofdi-GMP, resulting in extensive stacking interactions that
bridge the P1 and P2 helices. 8&l nucleotides are conserved in the selected class |
aptamersKigure 6.1A) and the predicted structures of the selected riboswitches are

similar, so we would expect that they all bind {di€GMP.

6.3.1 Experimental validation of selected classRNA aptamer binding to
c-di-GMP

To verify if the predicted class | riboswitches could bind tai-GMP,
equilibrium micralialysis experiment was performed for each RNA (Vc2, Cd630,
Cb-17B, CtE88 and CHE43) with different ligands. Equilibrium dialysis issample
but effective assay to quickly and qualitatively determine if a ligand binds to a
macromolecular targét” *'° One of the advantages tbfe equilibrium dialysis assay
is that sampling is done at equilibrium so it is possible to detect even the low affinity
interactions that are difficult to detect using requilibrium methods, such as gel

shift assaysHerein, the binding of each class | aptamer -ti-GMP was directly
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measured qualitatively by this method as described previbtigyplot of UV260nm

of ligand in chamber A versus the concentration of RNA in chamber B measures the
relative binding affinities of selecteddi-GMP class | with ai-GMP (Figure 6.3B).

The equilibrium dialysis results showed thadigGMP could bind to CiE43, CtE88

and Vc2 RNAs with similar affinities, whereas @B and Ceb30 RNAs had
relative low binding affinities to-di-GMP (Figure 6.3. We postulate that thewo
binding affinity of Cd630 orCb-17B RNA with ¢-di-GMP is likely due to the lack of

a P1 helix in these two RNAgS=iQure 6.1). Our microdialysis data suggests that
Cb-E43 and CIE88 are likely to be functionaldi-GMP riboswitches irClostridium

tetani (Ct-E88) andClostridium botulinun{Cb-E43).

6. 3. 2 Re c o-gositiort modifred cali-tGMP analog

Having identifiedCt-E88 and E43 as potential functionadlieGMP riboswitches,
we next sought to investigate further their binding mod&®vious rports had
demonstrated t ha t-postiondof clliiGMR difierentiallycaffectéedh e 2 6
binding to different classes ofdi-GMP riboswitches. The Xay crystal structure of
c-d-GMP/ Vc 2 compl ex i ndiOH aftcéi-GMR iftemattvithme of t h
nonbridging phosphate oxygen of A47 of Vc2 and this might partly explain why

cdi-GMP cl ass | r i bos winddificatersof aifGMP*E M e i ti ve t

However, different i-GMP class | riboswitches have different residues in the
predicted ligand binding pocket. Thus we hypothesibed discrimination between
these riboswitches, which belong to the same ctasgd be achieved with-di-GMP

analogs that provide different puckering modes, or hydrogen bonding capabilities, or
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bot h, aposition.hTe tesz dhis hypothesis, we syrikied three different
c-d-GMP anal ogs -peisihi adhmhe m@&di fRceidGMP @hcl udi ng
2 dl-c-di-GMP (3) a n@Me-@dd-GMP @) (Figure 6.2 and investigated the
binding affinities of these analogs for differentlieGMP class | aptamers (Vc2,

Cd630, Cbh17B, CtE88 and CHE43) using microdialysis.

0
R
1. c-di-GMP OH
2. 2'-F-c-di-GMP F
3. 2'-H-c-di-GMP H
4. 2'-OMe-c-di-GMP OMe

Figure 6.2. Family of c¢di-GMP analogs designed and synthesized

Our microdialysis assayFi{gure 6.3) indicates that -¢li-GMP binds to Vc2,
Ct-E88 and CHE43 RNAs with similar affinitiesbut thee RNAs bind to different
c-di-GMP analogs with different affinities. For example, it appears that Vc2 and
CbE4 3 b i 4#-d-di-GMP b2t@r than CE88 (igure 6.4A). Cb-E43 also binds
t o -Hz-8i-GMP slightly better than the other RNAs (Vc2,-E38, C®&30 and
Cb-17b, seeFigure 6.4B). All of the tested @i-GMP class | riboswitches are
sensitive to st erpogtionebacaugsambre afrihe ENAs bindtohe 2 6

t h eOM2-6-di-GMP (seeFigure 6.4C).**°
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Figure 6.3. Equilibrium Microdialysis of selected-di-GMP class | riboswitch aptamer Wit
ligand. (A) Schematic diagram for equilibrium microdialysiB) A plot of the concentration
of c-di-GMP in chamber A versus the amount of differerdi-GMP class Iriboswitch

aptamer added in chamber B. Error bars are generated based on standadoh detigeen
three experiment repeats.
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Micro-dialysis of Different c-di-GMP class |
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Strobel et al have suggested that the deleter®

2 -dinethoxy modifications are probably due to their inability to maintain a favored

3 -@ndo conformation’ T h e-fludré modification however maintains this favoured
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conformation, and this might explain why this particular analog, but not the deoxy or

methoxy analogs, binds ¥c2, CtE88 and CHE43 RNAs.

Future structural studies should help delineate the factors that contribute to the
differential binding of edi-GMP and analogs to these tested RNAs. Our biochemical
data suggests that although thdi<GMP class | riboswitchesse some common
binding determinants ( s u c hposigor)n theret arev i t vy
unexpected differences in the binding modes witi-GMP and these differences
could be utilized for the development of selective small molecules that disrup

c-di-GMP signaling in some bacteria and not others.

6.3.3 Affinity measurements of edi-GMP and analogs for different class |

aptamer

Although the microdialysis assay provided a qualitative ordering of
c-di-GMP/analog binding to the tested RNAs, tdaanibquantitative binding constants
required electrophoretic mobility shift assay (EMSA). We therefore usedhdgel
assay to determine theyHKor c-di-GMP and the various class | riboswitches. The
binding affinity of various class | riboswitch aptamer tdi€GMP was measured by
titrating a radiolabeled-di-GMP probe with increasing concentration of RNA. The
fraction of radiolabeled-di-GMP that was bound was determined from the gel shift
(Figure 6.5 and the data was fitted to a quadratic Equation @ Ntaterials and

Method$3 to obtain the K (Figure 6.5andTable 6.1).

96

t

0



A B C-di-GMP Binding Curve
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Figure 6.5. K4y measurement of-di-GMP by geishift assay, using radiolabeleedicGMP.
(A) Representative gahift experiment for measuring the &f c-di-GMP with Vc2 RNA by
direct binding. (B) Representative-di-GMP binding curve for class | aptamer RNE)
Gelshift experiments for measuring the dissociation constan)sofkc-di-GMP with class |

aptamers (GE88, CbhE43, Cbh17B and Ceéb30 RNA). (SeeAppendix 6 for each binding
curve fitting data)

0P O Gnd
RNA Ligand Kq (NM) Fold Loss
(kcal/mol)
c-di-GMP 47.2 £3.7
Vc2 2 &-c-di-GMP 176.0 +6.7 0.8 3.7
2 #1-c-di-GMP 8560 +980 3.0 180
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2 -DOMe-c-di-GMP >1 mM >58 > 21,000
c-di-GMP 60.3 5.3
2 &-c-di-GMP 44700 9410 3.9 741
Ct-E88
2 bl-c-di-GMP | 52130 £5720 4.0 863
2 -®Me-c-di-GMP n.b2
c-di-GMP 128.3 £18.0
2 &-c-di-GMP 996.0 £10.1 1.2 7.7
Cb-E43
2 -#-c-di-GMP 12200 +6200 2.6 95.3
2 -®Me-c-di-GMP n.b2
Cb-17B c-di-GMP > 1 ¢
Cd-630 c-di-GMP > 1 g

Table 6.1. Binding affinities of edi-GMP and analogs fdlive class | riboswitchesVc2,
Ct-E88, Ch-E43, Cb17B and Ceb30 RNAs °No detectable binding at highest ligand
concentration (600 €M) tested.

In agreement with the equilibrium madialysis results,-di-GMP bound to Vc2,
Cb-43 and CGHE88 RNAs tightly with nanomolar Kvalues Table 6.1), whereas no
binding was observed for €b/B and Ceéb30 RNAS, even at ligand concentrations
of 1 &M or mor e. To me asladredi-GMPhamalogs,faf i ni t i e
competition gekhift assay with radiolabeled-d&i-GMP was used since the
preparation of radiolabeled-di-GMP analogs is netrivial. Class | aptamer and
labeled edi-GMP were incubated in the presence of increasing concentratidhes
unlabeled competitor analogs until equilibrium was achieved. The fraction of free

radiolabeled @i-GMP, which was displaced from the bound riboswitch was
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monitored to determine the affinity of the competitBig(re 6.6 and Table 6.1).1*

117
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Figure 6.6. Ky measurement of-di-GMP analogs using competition gdHift assay with

radiolabeled a@i-GMP. (A) Representativeompetition gekhift experiment of Vc2 RNA

wi t H-c-8i-&MP. (B) Representativeinding curve from the competition gehift assay.

(C)Geks hi ft experi ments f-ld-¢c-di-GrdR saAFE-di-BNPtfdre Kd of
each class I@amer(Vc2, CtE88, CBE43 RNA) by competition assay. RNA, radiolabeled

c-di-GMP, and increasing concentrations of competitor analog are incubated at room
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temperature until equilibrium. Free® cdi-GMP is separated from RNBound edi-GMP
by 10% nativePAGE.(SeeAppendix 6 for each binding curve fitting data)

OQur data suggest s-OH graup in éadeGMPtto give the f t he
2 #1-c-di-GMP was detrimental for class | riboswitch binding. The loss in binding
energy was highest for 888 RNA @.0 kcal/mol loss in binding energy), compared
to Vc2 and CHE43 RNA (loss of 3.0 kcal/mol and 2.6 kcal/mol binding energies
respectively). The | os-H-cdi-@GMPlrould deidnegoaa ner gy
abrogation of hydrogen bonding interactionstween the RNA and -di-GMP.
Al ternativel vy, It i s &Hgroup with bysirogen affects hat r e
the ribose puckering, which then affects the relative orientation of the different
moieties, including the nucleobases oefli€cGMP, to offsé important interactions
between ai-GMP and RNA. To differentiate the sugar pucker effect from hydrogen
bonding effect in @i-GMP binding to these RNAs, the binding affinities of
2 &-c-di-GMP to Vc2, CtE88 and CH=43 RNAs were measured. The fluoro gpo
is a good isostere for t he OH gfluamoup and
nucl eoti des a-éndoosugarypicleting inatE. Althoegh Bubrineis
more electronegative than oxygen, when bonded to carbon, fluorine is not as good a
hydrogen bond acceptor as oxyger*fsSecondly, the OH group can act as a donor
or acceptor of hydrogen bond whereas the fluoro group can only accept admydrog
bond. The | oss i n bDOHidcdir@MPevasereplgced witthee n t h e
fluoro group was 3.9 kcal/mol for E88 RNA, resulting in 741old loss in binding
affinity compared to -@i-GMP. Interestingly, the loss in binding affinity was only

3.7-fold and 7.7fold for Vc2 and CBE43 RNA respectively. These observations
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suggest that the hydrogen bonding interactions in the binding pocket of some class |
riboswitch such as CGE88 RNA, are very different to that of others, such as Vc2 and

Cb-E43 RNAs

6.4 Conclusions

We demonstrate that althoughdeGMP class | riboswitches have similar
predicted folds, subtleties in the ligand binding pockets could allow for selective
targeting of these riboswitches. The ability to selectively target one partatasas |
riboswitch, while not affecting others, could be used to affeit@GMP signalling in
some pathogenic but not symbiotic bacteria. Although this dream remains to be
realized, our results provide some optimism for the discovery of such selective

inhibitors.
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Chapter7: Conformations of &li-GMP class | aptamer (E88

RNA) T Preliminary data

7.1 Introduction

In Chapter 6, we verified that a class | -di-GMP riboswitch aptamer from
Clostridium tetaniE88 (CtE88) could bind @i-GMP with nanomolaaffinity and
hence is likely to be a functionatdi-GMP riboswitch.It was found that CE88
RNA could bind edi-GMP as tight as Vc2 RNA (the firstdi-GMP riboswitch to be
identified). Interestingly, whereas bothdi-G MP  a AFe-di-B5P could bind to
Vc2 RNA with similar affinity, this was not the case with binding withE88. For
Ct-E88 RNA the binding affinity of edi-GMP was close to three orders of
magni tude t4Fgdi-GMP. This diflerence2pdompted us to ask the
guestion of how GE88 RNA recognizes the ligand differénfrom Vc2 RNA. The
groups of FerréD-Amaré and Rueda hav attempted to characterize ligand
recognition and liganthduced folding processes ithe Vc2 riboswitch, usg
smallangle Xray scattering (SAXS) and singheolecule fluorescence rasance
energy transfer (SMFRET). Thdyave concluded that both Kfgcation and the
c-di-GMP ligand are important for the proper folding of Vc2 riboswittht?” In
their experimers; it was shown that the addition of Kigr c-di-GMP or both caused
significant conformational change in the RNAVe therefore wondered ithe
structure ofCt-E88 riboswitchis also modulated biyig®* ion, or ligand binding, or
both>* The conformational stdy of Ct-E88 RNA, in the presence of various analytes,

would reveal if different class | riboswitches underwent similar or different
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conformational changes that was observed for the prototypical class-GMP
riboswitch Vc2!> 127
Based on the conservation of many residues betwe&8&and Vc2 RNAswe
hypothesized that €E88 RNA would have a similaglobal structure to Vc2 and
would also adoptnultiple conformations, which are modulated by ions add@GMP.
However, because we also observed differences in binding to different analogs of
c-di-GMP especially signif i eFecditGMR] wd dlser ence i
hypothesized thathe binding pocket of CE88 is likely different fromthat of Vc2
RNA. To test these two hypothesesifetent biochemical andiophysical tools,
including native gemo b i | i t y s hi f thydeosylsaaylatpn asalydeckhyt i ve 20
primer extension (SHAPE) techniquamallangle Xray scattering SAXS) analysis
and NMR spectroscopy weused to gain some insights into how both cation and the

nucleotide ligand affect the folding of €88.

7.2 Materials and Methods

7.2.1 RNA preparation

The RNAs used in this study is the UU@&ralmp modification of P3 helix.
The RNAs were transcribed and purified as described é&fofhe crude RNA was
purified using a 12% denaturing PAGE with 1XTBE buff@ihe RNA pellet was
dialyzed in a Biodialyzer (Nestgroup) with a 500 MWCO membrane (Nestgroup) for
24 h against 100 mM potassium phosphate bufiét 6.4), 0.5 M KCI, 10 mM
EDTA, and then 1 and 0,1 mM EDTA, and finally against two changes of double

distilled H,O water before itvas lyophilizedas described by Dayie 208%
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7.2.2 Electrophoretic mobility shift assay (EMSA)

To explore the conformatnal change between -E88 RNA free and bound
form, EMSA was performetf> RNA wasfolded by heating to 70€for 3 min and
slow cookd in folding buffer 0 mM KCI, 6 mM MgChk, and 10 mM sodium
cacodylate, pH 6.8) in the presencdé saturatedligand camcentration (2 x
concentration of RNA The reaction mixtures were incubated room emperature
(25€) before separating on the geElectrophoresis was performed using native
PAGE (0% acrylamide/bisacrylamide (19:1300 mM Tris/HEPES pH.5, 0.1 mM
EDTA and1 mM MgClL) at 4 €. The gels were stained with ethidium bromide and

images werscanned using STORM phospholmager (GE Healthcare).

7. 2. 3 S ewdeoxyltacylaton ahdyzed by primer extension (SHAPE)

To identify local changes of RNA structure and characterize the general
structural stabilization, SHAPE experiment was performed
Materials
SuperScript” 11l First-Strand Synthesis System for TR kit was purchased
from Invitrogen. T4 polynucleotide kinase was purchased from New England Biolabs.
o-[*P]-ATP was ordered from Perkin ElmeThe experiment procedures were
adapted wth little modification from Wilkinsoret al*>* (Figure 7.1).
RNA folding and modification

The RNA construct for SHAPE experiment is as below:
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- Ct-E88 RNA -8 co¢
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A A uc Fi -CCAM = -3
—1 +1 +20

cOMA primer sequence
5 = GAACCGGACCGEAAGCCCG =3

Figure 7.1. Construct of GE88 used for SHAPE experiment. Figure is adapted from
Wilkinson et al**®

Because SHAPEeactivities are assessed in a reverse transcription primer
extension reaction, the 4D nucleotides adjaceto the primer binding site cannot
to be read due to the presence of short cDNA fragments caused by pausing during
the initiation phase of primer extension by the reverse transcriptase enzyme and the
810 positi-emofthe RNA als@annbtto be visualized due to the
presence of the intense band corresponding to théefigth extension produtt®
Therefore, the interested €88 RNA can be embedded within a cassdttgute
71) that <contains 56 (red) and 306 (blue)
site (green) to allow all positions withihg RNA of interest to be visualized in a
sequencing g | . Bot h 56 aiond ar8desighed tolfoddrinto establee n s
hairpin structures that do namnterfere with folding of the interested internal
RNA.** The sequences of thé5 and 36 | inker were checkerc
that they were not prone to form stable base pairing interaction with tE&88Ct
RNA sequence.

The sequence of €888 RNA used for SHAPE:

105



5-0GG CCU UCG GGC CAAUUU CCA CGA WAA AGG CAA AAC UAU
UGA AAG AUA GUG ACG CAA AGCUAU AGG GUC UUC GGA CAG CCA
GUU AUC GAA AGG AGA UCG AUC CGG UUC GCC GGA UCC AAAICG
GGCUUCGGUCCGGUUE 6 (L38 nt

Where the nucl eot i ddiker, inucldatides indecated inrblueraesed

360l inker and nnRTpemer bindiegsitei n gr een a

RNA was prepared and purified as previously desdribe

1 pmol of RNA was folded in 9L of folding buffer containing 100 mM HEPES

(pH 6.8 and DO mM NaCl To this was adde either3 mM MgCh, or ligands, or

both. Eachmixture was incubated overnight at room temperature before addihg 1

of N-methylisatoic anhydrideNMIA) (65&eM) or 1L of pure DMSO (labeled as)(

NMIA) as negative control. Then the reaction mixturesenacubated at 3% for 45

min. After the reaction had gone to completion, the modified RNAs were recovered

by ethanol precipitation with 9L of water, 4¢L of 5 M NaCl, 1eL of 20 mg/mL
glycogen, 2eL of 100 mM EDTA (pH 8.0) and 356L of absolute eth#ol and

incubated at203C overnight.

32p-primer for reverse transcription
50 pmol of RT-GAAGQGQAG GACICGA AGC[CHE3 63
eL of 25 pmoléEL) was mixed with4 eL of 10 x T4 PNK buffer(New England
Biolabs, cat. no. M0201S30eCi  ¢*#P]-A3P (6 x 10° Ci/mol, 10 Ci/L, Perkin

Elmer cat. no. BLU502¢and 0.5¢L of T4 polynucleotide kinaséNew England

Biolabs, cat. no. M0201Si a totalvolume of40 eL. The mixture was incubated at

37€ for 1 h befwoe purificationby G25 column (GE Hathcare).
Primer extension and RNA sequencing
RNA samples were régbolved in &L of waterand a &L aliquot was adeld to

the reaction mixture containing4 €L of ?P-primer solution asdescribedabove.

106

ar

e



Primer annealing was carried out at 65€ for 5 mam 35 for 5 min and then on ice

for 1 min. The reverse transcription reactiaas therstartedusing(-) NMIA and (+)
NMIA samples, EL of SuperScript lll enzyme mix (0.29. of dNTP mix, 0.2%L

of 0.1 M DTT, 1leL of 5x Superscript buffer, 0.28. of superscript Ill enzyme and
1.25¢L of water)by adding itinto 2eL of RNA and primer mixture above. For the
four sequencing samples (A/C/U/G), 2Bof SuperScript Il enzyme mix (same as
above) was added into 1€ of RNA (from DMSO control reaction)ra primer
mixture with 1eL of each ddNTP respectively. All the samples were incubated at 52
€ for 20 min. Then 3¢l of formamide loading dye was added to each sargla

final volume of 8eL and heated at 98 for 5 min before loading on the 8%

denatuing polyacrylamide (19:1 acrylamide: kasrylamide 8 M urea gel

7.2.4 Small angle Xray scattering experiments and data analysis

To explore CGi£88 RNA global conformational changdetsmall angle Xay
scattering (SAXS) and wide anglersy scatteang (WAXS) data were collected at
beam line 12D of the Advanced Photon Source (APS), Argonne National
Laboratory. The waveletiy a; of the Xray radiation was set t4.033 A The
detailed protocols of SAXS measurement was followed as describedbrief, the
Ct-E88 RNA was dissolved in buffer A (100 mM HEPES/ 100 mM NacCl pH. 8.0)

The sample was heated & 9 for 2 min followed by cooling at room temperature

for 10 min. MgC} or c-di-GMP or both, were added to buffer A to prepareaw
additional bufer conditions: buffer B (100 mM HEPES/ 100 mM NaCl pH 8.0 with 3

mM MgCl,) and buffer C (100 mM HEPES/ 100 mM @lgpH 8.0 with 3 mM MgCGi
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and 1 odi-GVH). RNA sample A was in buffer A and sample B was in buffer B.
Sample C was in buffer C but also included extth-GMP ([c-di-GMP]:.[RNA] 2:1)
and was incubated overnight at room temperature. Each RNA sampl¢hevas
prepared in three concentratiorss, 1.0 and 3.0ng/mL) making a total of nine
sample conditions for the SAXS/WAXS data collentio

The grange used for data analysis was between 0.002 and 030t quality
of the SAXS data was evaluated bg tinearity of the Guinier pldia plot of [log 1(q)]
vs. ¢%, where | is intensity and is the momentum transfer and is definstya 4’
s I ng ads)thle Xray wavelength and the scattering angleds 2WAXS data were
used to guide the background subtraction for the corresponding SAXS dafdor
each sample condition, 25 images were taken to get good statistics and each was
converted to 1D scattering profiles. Then the resulting estiad¢f data sets were
averaged before buffer background subtraction using IGOR PRO (Wavemetrics)
software. The GNOM software was used to determine the radius of gyragot'(R
which were in good agreement with those obtained from Guinier approximation
[In[i(g)] = In[I(0)] i R¢°q” / 3]. Pair distance distribution function (PDDMas

computed as an indirect Fourier transform of the scattering datatbsrspftwae.

7.2.5 Low resolutionab initio model reconstructions of CtE88 aptamer

The low resolutionab initio model reconstructions of 88 aptamer RNA
under the thee solution conditions described above were obtained by ATSAS 2.4
suite of progrars including GNOM®’, DAMMIN **® and DAMAVER™® as described

previously Cheret al2012*** To avoid underestimation of the molecular dimension,
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the parameter Rxand the upper end of distanceere chosenTheresulting PDDF

has a nearerovalue tail at larger. The maximum distances (&) for each
condition above were estimated from the PDDF. Then we used the program
DAMMIN to obtain an approximate moleculanvelope. To avoid distortion caused

by possible underestimation of,B, the R..x was set to be about 1 greater than

Dmax All reconstructions for GE88 aptamer under the three conditions were
performed in the 6%Wwasthé useddodaeerageDh kegukirig R
structural models and filtered dummy atom model. The normalized spatial
discrepancy (NSD) values between each pair of magleie also computed in this
program. The model with the lowest average NSD value was chosen as the reference
model and the remaining models were superimposed onto the reference model using
SUPCOMB. Finally, a total of 20 independent DAMMIN runs were peréd and

the resulting bead models were averaged using DAMAVER.

7.2.6 NMR sample preparation and NMR experiments of GE88 RNA

To obtain greateinsight into hydrogetbonding interactions at €88 RNA
binding pocket, NMR experiments were performddhe purified CtE88 RNA
sample was lyophilized and dissolved in water. The corresponding amount of buffer
stock solutions was added and tHe¢ARRsamplewas refoleééd in30 mM HEPESD18 /

30 mM NaCl/ 3mM MgCl, pH 6.8. Then 10% ED and saturated-adi-GMP
(2xconcentration oRNA) were added and incubated overnightaam temperature.
For the NMR experiments, thearmple concentration was ~hM and the final

concentration of -ddi-GMP used was ~&M.
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NMR experiments were performed on a Bruker Avance 600 MHz spectrometer.
The spectra were recorded using the WATERGATE water suppression'fildses
'H-"N HSQC on uniformly **N-GTP/CTP labeled GE88 RNA, and 2D NOESY
experiments onunlabeled GE88 RNA were carried out using standard pulse
sequences at 295 R’ 2D homonuclear NOESY spectra used to determine imino
proton connectivities were recorded with a mixing time of 300 ms. All spectra were
processed and anal yzed as ddasanilged iB Cheat alr 6 s TOP

20121

7.3 Results andDiscussion

7.3.1 Native gel mobility shift assay

Native PAGE is an easy and quick technique to test RNA folding and
conformational changes upon ligand bimgd If an alternative state of RNA after
binding is present and the exchange rate between RNA in the free and bound forms
was slow relative to the migration rate of the RNA through the gel matrix, then the
bound RNA with different migration rates would bleserved. The gel from the assay
showed a fast migrating strong band forE88 RNAT c-di-GMP bound form and a
weak band for RNA endoeS-c-di-GMP bound form Eigure 7.2A), but there no
change in migration pattern for the bands ofE88 RNA binding theanalogs with
bul ky modi f i -©OH pdsitton suehta® §Bilotan] -ARIG-c-di-GMP and
2 PBiotin]-endoS-c-di-GMP (Figure 7.2B). These results were consistent with the
equilibrium microdialysis results of different analogs binding teEG8 RNA in

Chapter 5. The faster migrating GE88 RNAT c-di-GMP band further suggested
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that CtE88 RNA bound form adopted a compact confororatcompared to t

unbound RNA.

Electrophoretic mobility shift analysis of Ct-E88 RNA with differentligands

A ~ B
= T e e wy Wl
O el e -
[Ligand] - cdGMP endo-S cdAMP GTP GMP - cdGMP endo-S 2'{Biotin] 2'{Biotin]
-<dGMP <dGMP -endo-S -AHC

<dGMP -<dGMP

Figure 7.2.Electrophoretic mobility shift assay of €88 RNA binding to different ligands.
(A) RNA binding to edi-GMP, endeS-c-di-GMP, cdi-AMP, GTP and GMP(B) RNA
binding to edi-GMP, endeS-c-di-GMP , -[Biatid]-endeS-c-di-GMP  and
2 fBiotin]-AHC-c-di-GMP.

7. 3.2 Sehydroxyl acylation ar@alyzed by primer extension (SHAPE)

analysis of different conformations of CtE88 RNA

Next, we investigated how €88 RNA underges conformational change upon
Mg?* and ligand bindingRecently, SHAPE has become a valuable tool that allows
simultaneous investigation of all nucleotides in theefand bound fornmi§> 2 |t
would help us understand ligafitte and bound state secondary structiaed the
changes in RNA dynamics that occur uplig®* induced compaction anligand
binding. The approach employgarious electrophiles such asd-methylisatoic
anhydride (NMIA)as acyl ati on r eagentOHigroupgswitlinel ect i v
the regionsof the RNA where the backbone is conformationally flexibkgure
7.3A).2% In contrast, nucleotides that are constraimedadopt highly structured
tertiary interactions display low reactivity. Using this method, we investigated the
structural changes of @88 RNA in the absence or presence of’My differert

ligands. From our SHAPE gel, significant differences in SHAPE reactivity for the
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free and bound form were observed and these regions were indicated in the different
colors inFigure 7.3B and C Bands intensitiesverequantified and absolute SHAPE
reactivties from nucleotide positior86-89 within the Ct£88 RNA in the different
conditions were obtained by subtracting tHecOntrol intensities from the (+) NMIA
intensities Figure 7.4A). The predicted secondary structure based on the absolute
SHAPE reagvities under each condition was drawsigure 7.4B), in which most of

the base paired positions in RNA had lower intensities whereas -singieled,
bulged or mismatched nucleotide had higher intensities.

We fownd the reactivity of the various RNA elents (color coded yellow, light
green and dark green) differed significantly in the presence and absencé‘of Mg
Figure 74A). We think the changes in thelit green and dark greeagions were
likely caused by the interaction between tHeR3\ tetralog within helix P2and the
tetraloop receptowithin helix P3. Likewise tle guanosine in the yellow region is
probably involved ira tertiary G:C base pair formation as seelc2 RNA (Figure
7.3C and Figure 7.4). **’ Thesechanges suggest that fdikely preorganizes the

RNA before edi-GMP binding.
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for CtE88 RNA. G, A, U and C sequencing reactions were performed using cytidine,
thymidine, adenosine and guanosine dideoxy terminating nucleclidese marker lanes are
one nucleotide longer than the correspondinglAllnes. (+) and-§ NMIA lanes represent
reactions differing only in the presence of the reagent (See MethodshnRdhat have
significant changesni the presence of Mgor ligand are boxed in differercolors. (C)
Predicted secondary structure of-E88 RNA. The colored nucleotides correspond to the
boxed regionin the l. (D) Known secondary structuref the ligand bound Vc2 RNA
deduced from the crystal structure solvedSyobelet al for comparisort*®
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Figure 7.4. (A) Absolute SHAPE reactivities as a function of nucleotide positidre
colored boxes correspond to the colored boxeBignre 7.3 (B) The predicted secondary
structures based on SHAPE reactivies in different conditidin® colored nucleates
correspond the nucleotides in the colored box€8)n

Comparison of GE88 RNA bound to M@ in the absence or presence of
c-di-GMP (Figure 7.4A), also showed someronounced di#rences These
differences were likely frona remolding of the bindg pocket In CtE88 bound
form (Lane 2 inFigure 7.3B), SHAPE reactivity from red (A50, A51 and A52),
purple (G23) and blueA83, A84 and A8} regions(Figure 7.3B and C) decreased
dramatically, indicating that-di-GMP induced these regions into morensiained
conformations. Combined with the predicated secondary structuresE88Cirom
sequence alignmenChapter 6, Figure 6.1), we further predicted that one of A50,
A51 and A52 was likely involved in intercalation betwestenineand two bases of

c-di-GMP (equivalent to A47 in Vc2 RNA) and G23 was likely base pairing to one of
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the guanine (§ of c-di-GMP alongthe Hoogsteen face (equivalent to G20 in Vc2).
The strong G:C base pair interaction from the other guanigeofG-di-GMP with
cytosine (C92) on Vc2 RNA was not very obvious from our SHAPE dataas
likely that G, of c-di-GMP formed thenon-canonical G:A81 base pairing interaction
(Figure 7.4B). Also, the triple adenines A83, A84 and A85 orKSB8 had significant
difference in SHAPE reactivity in the presence afi«<GMP. It led us to tentatively
conclude that these triple adersn@&83, A84 and A85) probably formed the adenines
intercalating interaction witthe opposite A15 to stabilize the P1 stem in the presence
of c-di-GMP.

In addition, it was also noteworthy that no difference in SHAPE reactivites was
seen for GEE88 RNA birding ¢di-GMP analogs (end&-c-di-GMP, ¢di-dGMP and
c-di-2 6G&MP) when lanes 1, 3, 4, and 5 were compared, which indicated tE&8Ct
was more discminatory in ligand binding than Vc2. However, the details of
hydrogen bonding interactions in-E88 RNA binding pocket still remained to be

investigated by NMR.

7.3.3 Following the conformational changes of GE88 aptamer induced by

c-di-GMP and Mg** ion with SAXS

We next tested the nature of the structural response elicited 15y angl
c-di-GMP using SAS, which would provide more information on tgebal shape
of the RNAIn thefree or bound formsSdution scattering profiles were collected on
Ct-E88 aptamer in the absence or presence 6f Bt edi-GMP. The overlaid three

scattering curves represerg the three states (U, | and B statesTable 7.1)
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exhibited significant differences, indicating the existence of three possible
conformational states along the RN@&lding pathway Figure 7.5A). Next, the
SAXS data were analyzed using a Guinier plopl@ of [log 1(q)] vs.o? where | is
intensity andq is the momentum transfer and is definetjas 4" s i n& &li9 the
X-ray wavelength and the scattering angleds Erom the scattering data, the radius
of gyration (R) was fit at low q values using the linear, firsrder Guinier
approxinmation: In[I(g)] = In[I(0)] i Ry°q’ / 3. The data suggestedattR, of Ct-E88
aptamer compacted in response to both?’Mand edi-GMP (Table 7.1). In the
absence of M and edi-GMP (U state), the RNA adopted an extended conformation
with an R, of 29.5A. In the presence of 3 mMg?* (I state), B decreased to 284
which was correlated to the preorganized intermediate state (I). In the presence of
both Mg®* and edi-GMP (B state) RNA was further compacted to thgd® 24.3A.

To further highlight the degree of RNA compaction, SAXS data were compared in
Kratky repesentationsKigure 7.5B), where the scattering intensity is weighted by
the square of the momentum transfgr (t was seen that the scattering curve of RNA
in U state exhibited a flattened plateau with scattering intensity falling slightly at
large angt, suggesting that the unbound (U state}E@8 RNA was locally
disordered. Although it is different from an upward rising scattering intensity
representative of a completely denatucedformationaccording to Pora@ law, ths

U state is consistentith a partiallydolded statéwith an extended conformatidff:
Compared to the U and | states, B state had a pronounced concave peak indicative of
the folded structure. Tgrovide more information on the shape and maximum

intramolecular distance of the particles, gaer distance distribution PDDEP(r) vsr)
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plots were comparedrigure 75C).****°® |t was seen that RNA in U and | states
(Table 7.1) had relative larger maximum intramolecular distanggxRQhan the
RNA-c-di-GMP bound state (B). This observation revealed a ethligandinduced
compaction of the RNA in the presence of ®)dikely indicative of folding of the

c-di-GMP binding pocket.
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Figure 75. SAXS analysis of GEB8 RNA under three different stat¢s) Comparison of
experimental scattering profiles of-E88 RNA.(B) Comparison of the SAXS data in Kratky
representation for @88 RNA under the three state@C) Comparison of P(r) plot
determined from experiments using GNOM for the three different conditions.
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Structural properties of Ct-E88 RNA under different conditions
States Conditions Rg A) Dmax(A) NSD
Unfolded (V) Buffer 29.5+0.2 106 0.95 +£0.02
Intermediate (l) | Buffer + 3 mM Md" 28.9+0.1 106 0.74 £0.04
Bound (B) Buffer + M¢f* + c¢di-GMP | 24.3+0.1 81 0.60 +0.03

Table 7.1. Parameters ahquality indicators derived from theray scattering data for the
Ct-E88 aptamer under different conditions. Thdius of gyrationRy) values were obtained

from Guinier analysis of the low angle scattering data, the maxium intramolecular distances
(Dma) were obtained using GNOM program and the NSD values of three low resolution
reconstruction models were generated from DAMAVER program.

7.3.4 Low resolutionab initio modeling of CtE88 RNA

To gain further insight into the nature of tMg®* and edi-GMP i induced
conformational change, we constructed low resoluaibninitio models of GHE88
RNA in the three states based on the SAXS data using the program DARRMEN
described in Cheet al 2012*** The program package DAMAVER was used to
average the resulting0 models for each sample condition. The NSD between each
pair of models was computed and listedTiable 7.1. It provides a quantitative
estimate of similarity between models, where identical models give NSD values at
zero, similar models give NSD valuasound one and models with different shapes
give NSD values greater than ofiéThe final lowresolution reconstruction obtained
was the average molecularveiope of the ensemble. Here the average NSDs for the
three reconstructions were 0.95, 0.74 and 0.60 (each NSD wasTatile (7.1),

indicating good convergences in both individual DAMMIN fits and overall bead
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model ensembles for &88 RNA under these tleestats. B state had the lowest
average NSD value, consistent with the most rigid and folded surface as we expected.
The low resolution models corresponding to the three statesE8&LRNA were
presented irFigure 7.6, They were shown in different vienof the final surface of
the @ intok model s (mol ecul ar envel ope) as mesh
models inside the molecular envelopes indicated idde&omparison of theow
resolution models of these three states indicated that the un&&techad four arms,
and then two of them were merged into one arm in the | state. Further folding into a
compact conformation occurred in the presence-aif@MP. This observation was
likely similar to the proposed folding pathway of Vc2 RNA from smFRET
analysist?’ Herein helices P2 and3 are packed sidey-side through tetraloop and
tetraloop receptor interaction in the presence of Mout P1 is not yet formedhis
Mg**-dependent state offers a preorganized intermediate state that would allow more
efficient binding of edi-GMP. Thus edi-GMP binding would likelypromote the

foldedcompact state required for downstream genegulation.
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Figure 7.6. Low-resolutionab intio models of GI£88 aptamer under three different folding

states (U state in blue, | state in red and B state in green). Three different views are shown for

the final consensus models (molecul ar envel og
models abeads aligned inside.

7.3.5 NMR titration study of Ct-E88 RNA with c-di-GMP

Next, NMR titration experiments were performed to determine whether tHé Mg
ion and edi-GMP induced structural rearrangements resulted in any changes of
hydrogenbonding inteactions inCt-E88

First, 1D NMR chemical shift perturbation experiment is a simple method to
compare the binding sites in biomolecular complexes. Before running the titration of
Ct-E88 RNA with edi-GMP experiments, the stability of €88 RNA molecules
was investigated by following temperatineluced changes the imino region of the

1D *H NMR spectra Eigure 7.7). It was found that at 295 K the unbound RNA
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showed the most peaks in the imino region, suggesting that it is the most optimized
folding tenperature condition. Therefore, 295 K was used for further titration
experiments. Since the chemical shifts of the imino proton resonances in RNA
strongly depend on its chemical environment, including base pairing, base stacking,
ring current and hydrogenohding to solvent molecules, the characteristic imino
proton and the formation and breakagearianical or norcanonical base pairs could

be monitoredto define conformational changes upon intéiray with ligands-®® The
titration of CtE88 RNA with ¢di-GMP in the presence of Mfion from 1D
'H-NMR spectrajn the imino region, revealed that there were significant chemical
shift perturbations of existing imino pea&sd appearance of®@ strong new peaks
(Figure 7.8), where the peaks in the region of12 ppm were sually indicative of
canonicaWatsonCrick base pas (A:U and G:C base pairings) and upfield chemical
shifting peaks at 02 ppm wereoften indicative of nona#nical base pairs (G:U,

G:A and G:G base pairings).
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Figure 7.7. Imino region of 1D'H NMR spectra of GE88 RNA with 3 mM Mg" at
different tanperatures.

Bound form: 3 mM Mg? / saturated c-di-GMP
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Figure 7.8. The imino region of 10H NMR spectra of GE88 RNA with 3 mM Md" in the
presence or absence eflicGMP.
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Second2D nuclear Overhauser effect spectroscdd@ESY) experiment which
correlates all pairwise protons within A& would further provide us with more
information on base pairing and secondary structure. Fro2Ohmino region of the
NOESY spectra depictingtration of CtE88RNA with ¢-di-GMP, it was found that
there was one necanonical cross peak (G:U or G:A) ab-12 ppm and some
canonical cross peaks (G:C or A:U) at1® ppm in the absence ofdeGMP *°
However, not many morecross peaks were seen whenrdcGMP was added,
indicating somdimited conformational chage and transformatioto a weltfolded

structure. While there were less cross peaks than we expected from SHAPE data

above, it maybe causég the slow tumbling of thelarge RNA structure (83 nt)

A 3 mM Mgzt B 3 mMm Mg?* [/ saturated c-di-GMP

&
.
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Free form:3 mM Mg?* (Black)
Bound form: 3 mM Mg?* / saturated c-di-GMP (Red)
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Figure 79. The imino region of 2ENOESY of RNA with 3 mM Mg" (A) in the presence or
(B) absence of di-GMP. (C) Overlay of (A) and (B). Temperature is at 295K. The new
peaks that appeared in theund form are circled igreen.

Third, uniformly >N i labeled GTP and CTP with unlabeled UTP and ATP
Ct-E88 RNA sample was prepared and heteronuclear single quantum correlation
(HSQC) experiments were recorded. In the free add@VIP bound GEE88 RNA
(Figure 7.10), we respetively observed 5 and 10 guanine imino resonances in the
region between 123.5 ppm of the'H-spectrum for RNA characteristic of G:C
WatsonCrick base pair formation. In the region betweerd19ppm for RNA
characteristic of noncanonical base pairing (G & GG), we found 2 and 4
guanine resonances in the free and boun&&3 RNA respectively. These results
suggested that Mg helped RNA preorganizénto a partial folded form and
c-di-GMP binding stabilized it into a more folded structure. Some overthppeaks
between free and bound forms indicated that some base pair interactions in the free

form persisted in the bound form.
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Figure 7.10. Imino HSQC NMR experiment of theN-GTP, CTP labeled GE88 RNA in
the presence (red) or absence (blue) of uihdbedi-GMP.

Although our preliminary NMR data provided limited information on
conformational change of €88 RNA recognition of liganddetails of hydrogen
bonding interactions in the binding pocket at#l unknown Further heteronuclear
2D HSQC andHNN-COSY with different labeled sample will help to characterize
the peaks and elucidate more details of base pairing and conformational change. Due
to the large size problem of €88 RNA in NMR experiment, we will also make a
new construct with two anated pieces as the one used in smFRET for Vc2 BNA
and specifically label each piece using our new developed labeling tecsifiig{feo
provide greater insights into the nature of secondary and tertiary structure and how

c-di-GMP is recognized by €E88 RNA.
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7.4Conclusiors

In this study, we characterized the-ER8 riboswitch undedifferent folding
conditions using SHAPE, SAXS and NMR. Our preliminary data demonstrates that
Ct-E88 aptamer adopts multiponformationsupon Md* and edi-GMP binding.

Mg?* ion, as an essential cofactor, facilitates RNA -prganized folding for
c-di-GMP binding. However, ligand binding furthstabilizes the wiary structure

into compact fold to regulate the downstream gene. The details of hydrogen bonding
interactions inthe binding pocket still remaimo be investigated by NMR. By
combining futue NMR experiments with present SHAPE and SAXS data, we will
obtain greater insights into the nature of secondary and tertiary structural
rearrangement of RNA in the presence of’Mand edi-GMP and perhaps better
understand the mechanism of ligand bindiig induced fit or comformational

selection.
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ChapterB: Conclusionsand future work C-di-GMP riboswitch

8.1 Conclusions

The second part of this dissertation focused on the studylieG&1P riboswitch
RNA. C-di-GMP riboswitch is the regulatory RINA f ound i Aorbacteri
5 @TRs (untranslated regionand itcan directly sense the secondary messenger
c-di-GMP using its aptamer domain to modulate downstream gene expréésioe.
to the central role that-di-GMP plays in bacterial biofilm formation and virulence,
there is interest in inhibiting-di-GMP signaling pathways in specific bacteria in
polymicrobial systems through riboswitch regulatidlle hypothesized that even
within the same classdljfferent riboswitches would use different recognition elements
to sense -di-GMP. Therefore there is an opportunity to selectively target different
bacteria, which harbor different-di-GMP riboswitches, wh selective small
molecules. To test this hypothesis, we designed and synthesized diftelieGtVi
analogs and investigated whether they would be differentially recognized by
riboswitches that belong to different class€hdpter 5) or within the samelass
(Chapter 6). We also used a panel of biophysical techniques (NMR, SAX, SHAPE,
gel shift) to gain some insights into the conformations of class | riboswitches
(Chapter 7).

In Chapter 5, we denonstrated, using molecular docgirand equilibrium
microdialysis e e r i me n t-GH, modifiedaahalogs ®@f-di-GMP are probes to
tell apartc-di-GMP class Il ribosviches from class I. IIlChapter 6, we further

demonstratethat, within the same da |, the binding affinities of-di-GMP analogs

128



to the RNAs cald also be very different. However, more optimized analogs to
selectively target one particular classsubclass of riboswitches to inhibHde:-GMP
signalling in some pathogenic but not symbiotic bacteria still remde teveloped.
Secondly, we ch@one sukclass | edi-GMP riboswitch flom Clostridium tetani
(Ct-E88), which has large differences in binding affinities afiedGMP analogs to the
known class | Vc2 RNA, fostructuralstudy. Such a study will help us understand
how the ligand finds itdinding pocket and triggers the conformational change to
modulate the downstream genes in the expression region of the riboswitch. To this
end, we usethreedifferentb i oc hemi cal and bi omywsgli c al
acylation analyzed by primer &nsion (SHAPE)to characterize the secondary
structure of free or bound forms, smatigle Xray scattering (SAXS) to explore the
global shape of the RNA in the free or bound forms, and nuclear magnetic resonance
(NMR) to study the Fbonding interaction étween the RNA andthe ligand. Our
results showed thahe RNA is preorganized for efficient ligand bindingh the
presence of Mg ion. Subsequently ligand binding stabilizes the tertiary structure and
formation of P1 stem to regulate the downstream gelogvever, further details of
hydrogen bonding interactions in the binding pocket alleustknown, and NMRuwill
be needed to fill in these critical gaps in knowledgeill not only provide details in
the nature of secondary and tertiary structuraragement of the RNA but also help

us better understand the mechanism of ligand recognition.
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8.2 Future work

This work has demonstrated that it is indeed possible to differentiate between
c-di-GMP riboswitches with small molecules. Future work could itigate how to
specifically target @i-GMP riboswitches in pathogenic, but not symbiotic, bacteria.
Towards this end, two approaches could be adopted: a) modiRdrGMP into a
pathogerselective edi-GMP analog and converting this analog into a-pelineable
pro-drug; b) designing nen-di-GMP small molecule inhibitor of riboswitches, using
structural data obtained from NMR andry crystallography. It would therefore be
fruitful to structurally characterize the new class-di«GMP riboswitches (CE88
and CBbE43) that were experimentally verified to bind talieGMP. The structural
characterization of these analogs, with and withodi-GMP or analogs, would
provide atomistic details of the binding site, which could be used to design

nextgeneratioranti-biofilm agents.

130



Appendices

Appendix 1:Spectra folPG-alkyne Chapter 2)

'H NMR spectrum (400 MHz, CDCL) recorded for PC alkyne
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13C NMR (400 MHz, CDCL) recordedfor PC alkyne
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ESI-MS [M+H] * recorded for PC alkyne
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Appendix 2:Spectrdor PG-alkyne GMP Chapter 2)

'H NMR (400 MHz, D,0) recordedfor PC alkyne GMP
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13C NMR (400 MHz, D,0O) recordedfor PC alkyne GMP

135











































































