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Abstract

Aptamers are short, single stranded nucleic acid molecules typically 15 to 60 nucleotides
in length with the capacity of binding diverse molecular targets, ranging from small
molecules to whole cells primarily due to their specific three-dimensional structure. The
cocaine binding aptamer is a DNA aptamer that contains 3 stems built around a 3-way
junction. This aptamer was selected by Stojanovic in 2000 using classic SELEX to bind
cocaine, but not for its common metabolites, benzoylecgonine and ecgonine methyl ester.
It is widely used as a model system in the development of a variety of biosensor

applications.

The aim of this research was to gain an insight into understanding how aptamers interact
with their ligands by measuring thermodynamics. Since very little work has been done in
this field using isothermal titration calorimetry (ITC) studies, the thermodynamics of
small molecule binding to the cocaine-binding aptamer was investigated in detail. The
study included both quinine-based and non-quinine based antimalarial compounds. Some
of the results that this study yielded are the importance of a quinoline ring in the ligand,
the second binding site on the aptamer, the new tightest binding ligand for the cocaine
binding aptamer — amodiaquine, and a ligand (artemisinin) that does not contain

quinoline ring but binds tightly to the cocaine-binding aptamer.

In order to determine the selectivity of the antimalarial compounds (amodiaquine,
mefloquine, chloroquine and quinine) for the cocaine-binding aptamer, the investigation

was further expanded to other DNA structures such as three-way junctions and duplex
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DNA of varying length. Results showed that quinine and chloroquine are specific for the
cocaine binding aptamer, while amodiaquine binds DNA in general. Artemisinin, a non-
quinine based antimalarial compound is a generic DNA binder, a previously unknown

property of this antimalarial agent.

Similarly to the cocaine-binding aptamer, the ATP-binding aptamer binds two copies of
its ligand. But unlike the cocaine-binding aptamer, the ATP aptamer binds its ligand in a
cooperative two-site binding manner. In addition, this aptamer must have both sites
functional; otherwise, the ligand will bind very weakly. Studies also showed, that if two
binding sites are separated, the aptamer becomes more structured and stable, and binding

model switches from cooperative to independent for adenosine but not ATP.

iii



Acknowledgments

[ would like to thank my husband Sandro and my sons Filip and Marko to whom this
thesis is dedicated for their unconditional love, support and patience. Thank you for
being there for me and helping me maintain perspective. Without you I would never

be able to reach this stage of my life. You made all my achievements possible.

[ would like to extend my deepest gratitude to my supervisor and mentor Professor
Philip E. Johnson for providing me with this incredible opportunity. From the first
day I met him, Professor Johnson has always been encouraging and enthusiastic. He
gave me the freedom and confidence to approach problems independently yet was
always available for advice. Thank you for your patience, guidance and most

importantly support at every step of this journey.

To my parents, Verica and Dusko Cavic and my parents-in-law Vera and Vlada
Todosijevic who were always there for me. The support you have given me is more
than I could have asked for. Thank you being there when [ needed you and when I

did not know I need you.

To my sister Sanja thank you for being you and listening without comments. [ am

very fortunate to have such a wonderful sister as you.

iv



[ would like to thank my committee members Jennifer Chen and Logan Donaldson
for your time, expertise, support and guidance you have provided throughout this

project.

My sincere thanks to Zach Churcher and Aron Shoara for stimulating discussions.
Thank you for your support and your friendship and doing extra experiments to
make sure my results make sense. Your expertise guided me through many hurdles.
[ would also like to thank many friends and colleagues I have met throughout this
journey whose advice and friendship is greatly appreciated. Thank you for some

truly memorable moments.



Table of Contents

ADSETACE .o ii
ACKNOWIEAGIMENTS.....coiiierecnrismsssssisnssssssissssss s s s m s s E s e R s iv
Table Of CONTENLS.....cciiirsisisnsssrsnssssrsssssss s s s RS vi
LiSt Of TaDIES ..o X
LISt Of FIGUTES ..cveecciisescsmsmssssssssssss s sssss s ss s sns s s n s s s s s st smsassnns xii
LiSt Of ADDreviations ... ————————— Xvi
CRAPLEr 1 APUAMET S...vsisiusisrsisissnsesssisisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssenes 1

I T 5= Ul € 01 1 1
1.2 Systematic Evolution of Ligands by Exponential Enrichment (SELEX)........cccooeueus 3
1.3 APtamer Targets....cucrnmsssmsismssssmssssssssssss s ss s sas s se s e s e E s e nas 6
1.4 Applications Of APLAIMETS ....ccuiscumsmsmsssssmsmsssssssssssssssssssssas s sss s s ss s s s sssnsassens

1.4.1 Aptamers as Therapeutic Agents

1.4.2 APLaMETS S DIOSEINISOT'S .ceurreereeereesreesseesssesssessseesssesssesssessssesssesssassssesssesssssssssssses s sssessses s ssasssassssesssasssssssesas

1.4.3 RIDOSWILCHES ..cvuirvrerrissertsss s s
1.5 The Cocaine-Binding APtamer......cummssmsmsmssssssmssssssssssssssssssssssssssssssssssssssssssssssssssssas 13
1.6 Bioanalytical techniques used to characterize aptamer-target interactions .... 17
1.7 Isothermal Titration Calorimetry ... ————— 19

1.7.1. General SAMPIe PreParation. ... eeeeseeseessesssessssssssesssessssssssssssessssssssessssssssssssassssssssesssasssssssesas 21

1.7.2 General ITC Experimental Setup.....

1.7.3. Cell CLEANING. coeurerrreerresseesseeeseesseesssessseessessssesssesssessssesssasssessssesssasssessssesssasssessssesssassssssssasssassssssssasssassasesssassssssssesas

1.7.4. DAta ANALYSIS. cuveereeurreseesreesseesseessssssseessessssesssesssessssesssesssessssssssassses s s s s s s s s e s s s s arenas 28

1.7.5. TrOUDIESNOOTINE. ..couvreeeeereeneesecsseeesseeseessessseesseessse s s sesssse s s ss e s st 31
BRS04 T T 0 ) o 36

Chapter 2 Methods and MALETIALS .........c.couuvssissesssisissmsssssssssssssssssssssssssssssssssssssssssssssens 37

0 R o ) - [ 37
2.2, Aptamer PreParation ... ss s sss s s sessssssssssnnsas 37
2.3. Ligand PreParation. ... csisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassess

2.3.1. Cocaine, cocaine Analogues, quinine and quinine analogues

2.3.2 Antimalarial COMPOUNAS .....ueereereerreerrersssessserseesseessesseesssessessssssssesssseses

2.3.3 ATP, ADP, AMP, adenosine and AdeNINE .....reeicrreesisssesesssssssssssssesessssssessssssssssssssssssssssssssssssssssssases
2.4. Isothermal titration calorimetry experimental Setup........ccuurmssssnsmsmsnssssnsesssannns

2.4.1 GENETA] ITC SETUP . ceureeureerurermseesseerssesssassssesssesssessssesssassssesssesssessssesssassssssssasssassssssssasssassssesssassssssssesssassasesssassssssssesas

2.4.2. Quinine analogues eXperiments........creeseesssesssesseesees

2.4.3. Cocaine and quinine two-site binding experiments

2.4.4. The ATP-binding aptamer eXperiments ...........ceeseenees

2.4.5. Dangling nucleotide eXPeriMEnts. ... eeeeeeesseerseessessssessssssssssesssassssssssssssssssssssssssssssssesas

2.4.6. Antimalarial compounds binding to the cocaine-binding aptamer experiments..........

2.4.7. Various DNA structures binding to antimalarial compounds experiments........ccceuee..

2.4.8. Artemisinin and 2-deoxyartemisinin binding eXperiments.........oeeeeseesssersseesssessseens

vi



2830 D F: 1 I 1 0 43

Chapter 3 Structure affinity relationship of the cocaine-binding aptamer with

QUININE AETTVALIVES ..ovreriserisesssesssesssesssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 14
B IR0 I o = i o 44
K302 111 0T 11Tt ) 44
B I B0 2T 1 47

3.3.1. Binding affinity and thermodynamics of quinine and cOCaINE. ......coerreerreerreersreeseeesserseesseerseens 47

3.3.2. Cocaine Metabolites. ... s

3.3.3. The importance of fused ring. .....

3.3.4. MELNOXY VATIANLS. ..reureeeureeuseesseeessesssessssesssesssessssesssassssssssesssessssesssassssssssesssassssssssasssassssesssassssssssssssassssssssassssssssesas 51

0 TES TR (57034 ) T 4 PN 52

3.3.6. Effect of saturating the VINY] GroUP. ...ceeeeeerseesessssesssessesssssssssssssssssssessssssssssssssssssssssssssesas 53
B3 3 D) T 011 ) 53
3.5 Concluding remarks ... ——————————— 57

Chapter 4 Salt-Mediated Two-Site Ligand Binding by the Cocaine-Binding

11 11 1 L 58
s B o ] £ U 58
3720 110 o0 7111 Ut 0 1) 4 58
4.3 Results and DiSCUSSION ... sssas 62

4.3.1. Salt-controlled two-site binding 0f COCAINE........overreerreerrrereer et sesssess e 62

4.3.2. Salt-mediated two-site binding of QUININE. ..o ssesssessseseans 64

4.4.3. Salt mediated binding of quinine to MN19 aptamer........

4.4.4. Effect of NaCl concentration in buffer on binding. .....c.ceenseenneesseesseeseeseeesseesseessssesseesseeenns 67
4.4 Concluding REMATKS ... s sssssssssassssssssssssssssssssssssssssasssns 68

Chapter 5 Analysis of cooperative ligand binding by the ATP aptamer................. 69
LS T o ] £ T P 69
LS 101 0T L0 Tt T 69
LS B0 2T 1 72

5.3.1. Ligand binding t0 ATP3 QDTamMeT . ...ccoceermeeeereerseesseesssesssessssssssessssssssssssessssssssesssassssssssssssasssssssassssssssesas 72
5.3.2. Binding Mechanism of Adenosine to ATP3 Aptamer......

5.3.3. Relationship between two binding sites...............
5.3.4. ATP aptamer variants with one binding site. ....
5.3.5. Adenosine binding to ATP6 aptamer.........cccoeeuu..
5.3.6. ATP and adenosine binding to ATP7 aptamer..
5.3.7. Adenosine binding to ATP17 aptamer. .......c........
5.3.8. Hill COETTICIENT ANALYSIS. ciuureeurerureeseerrersreesessssesseessesssesssesssesssessssssssesssas s sssasssss s sssas s sssas s sssassssssssesas

LS 3 D) T 01 ) 85
5.5 Concluding remarks ... s 20

Chapter 6 Designed Alteration of Binding Affinity in Structure-Switching
Aptamers Through the Use of Dangling NUCIEOLIES ...........ccuvesesrsesssesssesssssssesssssssssnas 91

L5 0 B g =Y o 91

vii



(5372 64X 0 00 Y6 10 Ut (o) o Y 91

6.3 RESUILS. ..o ————————————
6.3.1. Cocaine-binding aptamer dangling nucleotide constructs.................
6.3.2. ATP-binding aptamer dangling nucleotide CONSTIUCES......oueeenmeenmeesseersmerseesssersessseessessssessssssseens
6.4 DiSCUSSION cuciiiieisissismiismsms i AR RS S
6.5 Concluding reMarks ... ———————
Chapter 7 Nanomolar Binding Affinity of Quinine-Based Antimalarial
Compounds by the Cocaine-Binding APLAMET ........ccoovsisesisesssesssesssesssesssesssesssesssenss 106
7 T 3 =3 L 106
2 1118 0T 11Tt ) 106
7.3 Results and DiSCUSSION ... s sssssssssssssssssasases 109
7.3.1. Binding affinity and thermodynamics of antimalarial compounds. .......ccmeninseronnns 109
7.3.2. Competition binding €XPeriMeEnts......oceeeneeeseerseesseesserseesssessesssssssssssssssessssssssssssssssssssssssssssssanes 113
7.3.3. Binding at different NaCl CONCENTIAtiONS. ...oc.eureereesseerseeseesseessessssessessssessssssssssssssssssssssssssssssssssssnes 115
7.3.4. Binding of ShOrt StEM 1 CONSIIUCES. ..vuueueerreereeseerseesseessessessseessesssssssssssssssssssssssssssssssssssssssssssssssanes 119
7.4 Concluding remMarks ... ———————— 121
Chapter 8 Antimalarial Compounds: Cocaine-binding aptamer specific or
GENEriC DNA DINACIS?..oisirsisisnsisissssisssisisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 122
8.1 INTrOAUCEION ... e e 122
8.2 ReSUILS...ciiicmmmsms s —————
8.2.1. Binding of chloroquine and quinine. ......c.ccouuuuue...
8.2.2. Binding of amodiaquine........ccccurreueeen.
8.2.3. BInding of MeflOQUINE. ....oeoieeeeeerereeseceseesseesseseseesseessessssesssesssssssess s sssesssss s sssasssss s s s sssasssnees 127
8.3 DiSCUSSION it 128
8.4 Concluding remarks ... ees 132
Chapter 9 Analysis of Artemisinin Binding to the Cocaine-binding Aptamer and
OtNEr DNA SEIUCLUT €S..c.vuvusesesesisissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 133
12 20 0 41 0 T L1 ot () 4 133
0.2 ReSUILS...ciiiimmmmmsmns s 135
9.2.1. Effect of stem length on binding of artemMiSinin. ... erseeseesseesseeseees 135
9.2.2. Binding of artemisinin to three-way jUNCLIONS. ... eeereereeesserseesessseesessssessessesssesssesssasssees 136
9.2.3. Binding of artemisinin to duplex DNA
9.2.4. The cocaine-binding aptamer Stem deletion. ... ceereeeeesnerseessesesesseesssessessessseesssesssassssees 139
9.2.5. Binding at 0 MM NaCl CONCENTIALION. ..cuurreerreureemeeseersreesseesssesssessseessesssessssssssssssessssssssesssessssssssesssassasees 141
9.2.6. Effect of endoperoxide DIIAGE. ... eeeerreeenneeeessesssesssesssesssesssssssesssessssssssssssessssssssssssassssssssssssassasees 143
9.3 DiSCUSSION cuiiiiieismssmsmissmms s AR RS S 144
9.4 Concluding remMarks ... s 148
ConNCluding REMATKS.......ocouiiirisisisisisisisisisssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssenes 149
T0.1 SUIMMINIATY curerrsursssssssssssnssssssssssssssssssssssmsssssassssasssessssesmsssam s s R AR R AR AR AR AR EE RS RE AR R R AR R R AR R R AR R R AR RS 149
10.2. FUtUre WOrK. ... ssssssassssss 150

viii



FL 0] 013 1 1 1 . 152

A1l. Two-site independent binding MOAEl....... et rsess e sssssssesens 153
A2. Two-site cooperative binding MOdel........ e ssesssesssssssesens 154
W2 0] 013 1 1 1 2 156
B1. Hill coefficient determination ... 156
L33 10) U0 1 1) 1, 158

ix



List of Tables

Table 1-1: List of aptamers approved for clinical trials (adapted from Reference 58)
......................................................................................................................................................................... 10

Table 3-1: Binding affinities and thermodynamic parameters of ligands used in this
STULAY. ovueeeeureeeesseeseesseesreseessesseessessse s e s s s £ bR bR E SRR E SRR SRR AR R AR R R 49

Table 4-1: Individual two-site independent fits of cocaine bound to MN4 aptamer..63
Table 4-2: Individual two-site independent fits of quinine bound to MN4 aptamer.64
Table 4-3: Average individual fits and global fits comparison..........oeereeneeneens 65

Table 5-1: Binding affinities and thermodynamic parameters of adenine-based
ligands to the ATP-binding aptamer and comparison of fits .......ceoneenreneesseeseeneens 72

Table 5-2: Individual independent and cooperative fits comparison of adenosine
bIiNding t0 ATP3 QPTAMET ...ccrieeeerreeereereseesesees s sesss s s s s s s s s 74

Table 5-3: Average of the individual fits cCOMPAriSON .....cveeereerceereererreereeseeseeeeeseeseeseeaeens 74

Table 5-4: Global fits for cooperative and independent binding model comparison 75

Table 5-5: ATP9 and ATP10 aptamers binding to adenosine.........ooeneereerseeseesneens 77
Table 5-6: ATP6 binding to adenosine fit COMPATiSON ......ocereeeeereenrerseererreesreeseeeseeseeseesseens 80
Table 5-7: ATP7 binding to adenosine fit COMPATiSON ......ocreeeeureenrerseereeseesreeseesseesseeseesseens 82
Table 5-8: ATP7 binding to ATP fit COMPATISON .....ovureuriereereereeeerreeserseesersees s seesseeeeseens 82
Table 5-9: ATP17 binding to adenosine compariSon fits........oonermeeseemeessesseeseeseesseens 84

Table 5-10: Hill coefficient results for ATP and adenosine binding to ATP-binding
EE 0172100 L) 01 0) 0113 1D o 3PP 85

Table 6-1: Binding affinities and free energy of quinine binding by aptamers used in this
] 1016 | 2PN 95

Table 6-2: Thermodynamic parameters of aptamers used in this study upon binding to
QUITHITIC w.vvuvevusensenssessesssesssess s ses s s s E RS SEEERRSRREEERERAERRRREEEEERARSeERERReRRE 96

Table 6-3: Binding affinities and free energy of adenosine binding by the ATP-binding
aptamers USEd 1N thiS STUAY .. ssenas 99



Table 6-4: Thermodynamic parameters of adenosine binding by the ATP-binding
aptamers USEd 1N thiS STUAY ... ssssnas 99

Table 7-1: Binding affinities and thermodynamic values for the binding between the
MN4 cocaine-binding aptamer and ligands in high salt buffer ... 111

Table 7-2: Binding affinities and thermodynamic values for the binding between the
MN4 cocaine-binding aptamer and ligands in low salt buffer........cc.oumneninniinisnienens 116

Table 7-3: Binding affinities and thermodynamic values for the interaction between
the MN4 cocaine-binding aptamer and amodiaquine at different NaCl
(670) a0 3 010 = 0 0 3 118

Table 7-4: Binding affinities and thermodynamic values for the interaction of
amodiaquine and chloroquine with the short stem 1 aptamers OR7 and ORS........ 119

Table 8-1: Comparison of binding affinities and thermodynamic properties of
amodiaquine by aptamers used in this STUAY ... 127

Table 8-2: Comparison of binding affinities and thermodynamic properties of
mefloquine by aptamers used in this StUAY ... seessesseeens 127

Table 9-1: Comparison of binding affinities and thermodynamic properties of
artemisinin by three-way junctions used in this StuUdY ... 135

Table 9-2: Comparison of binding affinities and thermodynamic properties of
artemisinin by three-way junctions used in this study. ..., 137

Table 9-3: Comparison of binding affinities and thermodynamic properties of
artemisinin by DNA dUPIEXES ....vueueerieeereeeesseesesseesesessssssessesssessssssssssssesssessssssssssssssssssssssens 137

Table 9-4: Comparison of competitive binding of quinine and artemisinin by the
DA 01720 =) o 138

Table 9-5: Comparison of binding affinities and thermodynamic properties of
artemisinin by aptamers used in this StUAY ... seessesseesseeseeens 141

Table 9-6: Comparison of binding affinities and thermodynamic properties of
artemisinin in different buffer conditions........c e —— 142

xi



List of Figures

Figure 1-1: Schematic representation of the classic SELEX protocol.........eenes 4

Figure 1-2: Pie chart representation of various types of aptamer targets that have
been selected between 1990 and 2019. ... 7

Figure 1-3: Structure of the original cocaine-binding aptamer .........ccconeerereecreeseeneens 13

Figure 1-4: Structures of (a) MN4, long stem 1 variant and (b) MN19, short stem 1

variant of the cocaine-binding aptamer proposed by Neves et al. ......ccooeneeereennennees 15
Figure 1-5: Diagram of a typical ITC inStrument............ccoioeereriieenicr e e 20
Figure 1-6: [llustration of the effect of the c-value........ccocco i 22
Figure 1-7: Adjustment of the time between injections..........coceriiiiiriiriiieiie e 25
Figure 1-8: Examples of different possible heats of dilution............cccceevriiirinnnn. 26
Figure 1-9: Titration of water into water is a good check of ITC cleanliness............. 28
Figure 1-10: Examples of potential problems with ITC experiments.............c.ccccu.... 32

Figure 1-11: Baseline wunable to equilibrate during the final baseline

(0 10U 11 o) o= U (o) o USRS 33
Figure 1-12: Example of a mismatch in DMSO concentration..........c.cceverieenierseennn. 34
Figure 1-13: Examples of different solvent effect..........ccocoriiiriin i 34
Figure 3-1: Structure of the MN4 cocaine-binding aptamer ........coeneneenneeseeseeseesneens 45

Figure 3-2: Structures of quinine, cocaine and their analogues used in this study. .. 46

Figure 3-3: Sample ITC data showing the interaction of MN4 with (a) quinine and (b)
U0 (0] 0] o L= 48

Figure 3-4: ITC data showing the interaction of MN4 with (a) quinoline and (b)
DENZO(h)QUINOIINE. ..ottt r s 51

Figure 3-5: Plot for binding enthalpy versus entropy for the ligands used in this
STULAY -eueeeeueeeesseeseesseessesseessesseessessse s ee s s s E R E SRR £ SRR R SRR AR R R 54

Figure 4-1: Secondary structure of the MN4 and MN19 cocaine-binding aptamer and
chemical structures of the cocaine and quinine ligands. ......coneeneerreenreneenneeseesseeseeneens 60

xii



Figure 4-2: Titrations of cocaine into MN4 aptamer with buffer conditions of (a) 140
mM NaCl and (b) 0 MM NACL ..t s s s sesssessesssesssss s sssssssas 62

Figure 4-3: ITC data for MN4 binding quinine acquired at various aptamer
concentrations at 0 MM NaCl.....c s 65

Figure 4-4: Two-site binding of the short stem 1, MN19 cocaine-binding aptamer

1031 0V T 66
Figure 4-5: Ligand binding at the second site is controlled by the concentration of
L 1 N 67
Figure 5-1: Secondary structures of the ATP-binding aptamer constructs........c......... 71

Figure 5-2: Binding of ATP, ADP, AMP, adenosine and adenine by the ATP3 aptamer.

Figure 5-3. Global cooperative fit showing binding of adenosine to ATP3 aptamer
acquired at various aptamer CONCENITATIONS. ... reeeereeresseesreseessesssessesssessesssessssssssssssssssseens 76

Figure 5-4: Global independent fit showing binding of adenosine to ATP3 aptamer
acquired at various aptamer CONCENTTATIONS. .......wreueereesreeseesreseessesssessesssessesssessssssssssssssssesas 76

Figure 5-5: ITC thermograms showing binding of adenosine to (left) ATP9 and

(TIGNT) ATP L0 coueereeeeeseeereeeesreesesseessesseessessses s s s s st nes 77
Figure 5-6: Thermogram showing binding of adenosine to ATP11 aptamer............... 78
Figure 5-7: Structures of one-site ATP aptamer variants.........eenseseesseneens 79

Figure 5-8: Thermograms showing interaction of one-site aptamers binding to

10 (=) 4 101 1 1= N 79
Figure 5-9: Binding of adenosine to the ATP6 aptamer. ......coneoeneemeenseeseesseeseesseeseesseens 81
Figure 5-10: Binding of adenosine to the ATP7 aptamer. .....coeeneneenseeneenseeseesneens 83
Figure 5-11: Binding of ATP to the ATP7 aptamer ... eeneeseensesseesesseesseeseesseens 83

Figure 6-1: Secondary structures of the cocaine-binding aptamers containing
dangling nucleotides as well as the OR8 and MN19 aptamers........ccoeneereenreereesseeseesseens 93

Figure 6-2: ITC data showing the interaction of the different cocaine-binding
aptamers biNdiNg QUININE.. ..o seesesseessesssssesses s sssssse s ssssssessssssssssssssssssas 97

Figure 6-3: Secondary structures of the ATP-binding aptamers containing dangling
nucleotides as well as the ATP1d and ATP1e aptamers. ....coenereemeeseesseessesseessesseesseens 98

xiil



Figure 6-4: ITC data showing the interaction of the different ATP-binding aptamers
interacting With ad@NOSINE. ... s s 100

Figure 6-5: Free energy diagram of ligand binding by selected dangling nucleotide
cocaine-binding aptamer CONSIIUCES. ...oereenreereeresseeseeeessessessesssessesssessssssssssssssssssssseens 101

Figure 6-6: Plot of the predicted AG®37 values of adding a dangling nucleotide versus
the observed change in AG of binding (AAG). ..coeeneemeenserseeserseessesssesseesesssesssssesssssssessssses 104

Figure 7-1: Secondary structure of the different cocaine-binding aptamer constructs
USEA IN ThiS STUAY. ettt s e s e 108

Figure 7-2: ITC analysis of ligand binding by the MN4 cocaine-binding aptamer... 110

Figure 7-3: ITC analysis of the binding of structural pieces of amodiaquine by the
MN4 cocaine-binding aptameT . ... eocneneeneesersresseesesseessessessssssessessssssesssesssssssssssssssssssseens 113

Figure 7-4: ITC-based competition binding experiments.. ......cocoereereeneerreesseeseesseeseenns 115

Figure 7-5: ITC analysis of the binding of primaquine by the MN4 cocaine-binding
aptamer in (a) the presence and (b) the absence of 140 mM NaCl.......cccooererrerrreneenn. 117

Figure 7-6: ITC analysis of the binding of amodiaquine by the MN4 cocaine-binding
aptamer in different concentrations of NaCl......ooneonenseneesseseeseeseesseessesseesseeseeens 118

Figure 7-7: ITC data showing the interaction of two different stem 1 length aptamers
with chloroquine and amOdiaqUINE. ... esee s s seeaes 120

Figure 8-1: Secondary structures of (a) MN4, the cocaine-binding aptamer; (b) SS1
aptamer, a version of the cocaine-binding aptamer where two AG base pairs are
switched to GA base pairs; (c) TW], a generic three-way junction; (d) DDD, a
Dickerson - Drew dodecamer; and (€) heXamer. ... 124

Figure 8-2: Structures of quinine-based antimalarial compounds used in this study.
...................................................................................................................................................................... 125

Figure 8-3: ITC thermograms showing binding of antimalarial compounds to a
version of the cocaine-binding aptamer (SS1). ..o ssessseseees 129

Figure 8-4: ITC thermograms showing binding of antimalarial compounds to the
generic three-way junction (TW]). .eeesesessessssseesssssessessssssssssssssssssssssesns 130

Figure 8-5: ITC thermograms showing binding of antimalarial compounds to
Dickerson-Drew dodecamer (DDD). ....eneneeeeeesseeesssesessesssessesssessssssssssessssssssseesns 131

Figure 8-6: ITC thermograms showing binding of antimalarial compounds to the
NEXAIMET. ot 132

Xiv



Figure 9-1: Secondary structures of (a) cocaine-binding aptamer constructs; (b)
different three-way junctions; and (c) different DNA duplexes. .....onenreeneenn. 134

Figure 9-2: Thermogram showing the interaction of artemisinin with the cocaine-
binding aptamer, MIN4 ... sses e s s s ssessss s ssse s ssss st sssssssssssnes 136

Figure 9-3: ITC thermograms showing competition titration. .........coeeeseesseeseenn. 139

Figure 9-4: Secondary structures of (a) MN4 aptamer; (b) SS2 aptamer, the cocaine-
binding aptamer with stem 1 deleted; (c) SS3 aptamer, the cocaine-binding aptamer
with stem 2 deleted; and (d) SS4 aptamer, the cocaine-binding aptamer with stem 3
(0 =] U=] Y P 140

Figure 9-5: Thermograms showing binding of artemisinin to variants of the cocaine-
binding aptamer where (a) stem 1 was deleted (SS2), (b) stem 2 was deleted (SS3),
and (c) stem 3 Was deleted (SS4)...oereererseeresseessessessesssssssessesssssessssssssssssssssssssssssens 141

Figure 9-6: ITC thermograms showing interaction of artemisinin with MN4 aptamer
...................................................................................................................................................................... 143

Figure 9-7: ITC thermogram showing (a) interaction of artemisinin with the MN4
aptamer; (b) interaction of 2-deoxyartemisinin with the MN4 aptamer........cccccou..... 144

Figure B1: Hill plot for adenosine binding to ATP3 aptamer with two sites exhibiting
POSItIVE COOPETATIVILY. .oveieeiieieee ettt st e e e e e e e e en e sre s e sreeeneens 158

XV



ATP#
ADP
AMP
ATP
AuNP
AG
AAG
AH

AS
DCA
DMSO
DNA
DTT
ddH20
HEPES
ITC

Ka

Kq
MN#

nb

List of Abbreviations

ATP-binding aptamer variants
Adenosine diphosphate
Adenosine monophosphate
Adenosine triphosphate

Gold nanoparticles

Change in free energy

Change in free energy of binding
Change in enthalpy

Change in entropy
Deoxycholic acid

Dimethyl sulfoxide
Deoxyribonucleic acid
Dithiothreitol

Double distilled water

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

[sothermal titration calorimetry
Association constant

Dissociation constant
Cocaine-binding aptamer variants

no binding

XVi



nt

OR#

PCR

RNA

SELEX

ssDNA

ssRNA

TCEP

TRIS

UV-Vis

vwb

WC

Nucleotide

Cocaine-binding aptamer variants
Polymerase chain reaction
Ribonucleic acid

Systematic evolution of ligands by exponential enrichment
Single stranded deoxyribonucleic acid
Single stranded ribonucleic acid
Tris(2-carboxyethyl)phosphine
Tris(hydroxymethyl)aminomethane
Ultraviolet-visible

Very weak binding

Watson-Crick

xvii



Chapter 1 Aptamers

1.1. Background

In 1908 German scientist Paul Ehrlich shared the Nobel Prize for Physiology or
Medicine with Elie Metchnikoff for chemical theory to explain the formation of
antitoxins to fight toxins released by the bacterial. He named them “magic bullets”
as they would target only toxins with high specificity and affinity and leave healthy
tissue undamaged?. His work on “magic bullets” led to development of monoclonal

antibodies and eventually aptamers.

Aptamers are synthetic, short, single stranded nucleic acid molecules typically 15 to
60 base nucleotides in length with the capacity of binding diverse molecular targets,
ranging from small molecules to whole cells primarily due to their specific three-
dimensional structure3. They were developed in 1990 by Tuerk and Gold from a
random ssRNA library containing over 65000 possible combinations from which
they selected two hairpins that bind to T4 DNA polymerase gp43 with similar
affinity*. They named this process Systematic Evolution of Ligands by Exponential
Enrichment (SELEX). At about the same time, starting from random ssRNA library,
Ellington and Szostak selected aptamers capable of forming a binding pocket for
small organic dyes®. They derived the term aptamer from Latin “aptus” meaning to
fit and Greek “meros” meaning part. Two years later, the two also selected the first
DNA-based aptamer®. Robertson and Joyce also published a paper in 1990 where

they isolated a mutant form of RNA-splicing Tetrahymena ribozyme that is capable



of cleaving DNA efficiently using similar technique’.

Aptamers can be divided into three groups: DNA, RNA and peptide aptamers, which
have similar properties but are distinctly unique. Specifically, RNA and DNA
aptamers differ in sequence and folding pattern, even though they bind to the same
target, such as ATP-binding RNA aptamer and ATP-binding DNA aptamer®. In early
SELEX protocols, RNA libraries were used to generate RNA aptamers. Soon, it was
discovered that DNA aptamer could also be selected to bind specific targets®t. DNA
aptamers became favoured over RNA aptamers as they are chemically and
biologically more stable making them cheaper and easier to produce. Although RNA
aptamers are able to adopt a wider array of 3D structures?, they require extra
reverse transcription step during RNA SELEX. Peptide aptamers are polypeptide
chains that are selected to bind their target using SELEX process!0. Their targets are
also wide ranging from proteins to nucleic acids and cells. Peptide aptamers are
more chemically diverse compared to DNA and RNA aptamers since they have 20
monomeric base units compared to four for DNA or RNA. Because of this, their
starting library must be larger than the one used for the oligonucleotide aptamer

selection®.

One of the advantages of aptamers is their high stability as they retain their
structure and can bind to target even after many cycles of denaturation and
renaturation. Aptamers are easily modified; can be synthesized in desired quantity;
they are reproducible; and it is possible to introduce flourophores and quenchers.

They bind to a variety of targets with high affinity and specificity for some ligands



that cannot be recognized by antibodies such as toxins, ions, etcl1-13. Aptamers have
low immunogenicity since nucleic acids are not recognized by the human immune
system as foreign agents, for example, the VEGF aptamer is used in the treatment of
ocular vascular disease!®. One of the major disadvantages is their small size, which
results in renal filtration and degradation in biological media. Aptamer half-life in
blood media is two minutes!>. To overcome this, aptamers can be modified to
include substitution of sulfurs for non-bridging oxygens in the phosphate backbone
(i.e. thioaptamers) or modification of deoxyribose at the 2' position with amine,
fluoro, methoxy, and thiol groups, which hinders degradation in serum and

enhances binding affinities16.17.

1.2 Systematic Evolution of Ligands by Exponential Enrichment (SELEX)

The process of selecting aptamers is called Systematic Evolution of Ligands by
Exponential Enrichment (SELEX) and it involves screening desired aptamers from a
large library of oligonucleotides through an in vitro process*>. A SELEX method
(Figure 1-1) consists of three steps: selection, separation and amplification. The
selection begins with random pool of 1013 - 101> sequences. This mixture includes
regions of fixed sequences (the same sequences at the same location) and a region of
randomized sequences. The fixed sequence is chosen to assist in the amplification
step to mimic sequence known to bind target, or to enhance concentration of a given
structural arrangement of the nucleic acids!®. Randomized sequences can be
completely or partially randomized!®. When building a library, several steps should

be considered: backbone modifications, length of random region, primer binding



sites, libraries containing additional constant sequences, predefined structures,

doping strategy or uniformly randomized libraries?0.
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Figure 1-1: Schematic representation of the classic SELEX protocol

During the selection process, the DNA library pool is incubated with the target of
interest under conditions favorable for binding. Purified target is usually
immobilized onto a solid support matrix such as agarose to permit partitioning.
Impure samples can easily yield aptamers for unintended targets and a major goal
of SELEX includes elimination of non-specific binding. After this, DNA-target

complex is separated from the unbound sequences. Non-binding sequences elute



out while sequences with high affinity for the target molecule are removed in a wash
off step using chromatography?1, attraction to a magnetic field??, or centrifugation?3.
Under optimal conditions, non-specific and non-binding sequences can be removed
from the nucleotide pool quite early. The high binding sequences are then amplified
by polymerase chain reaction (PCR) to create a new candidate mixture. This process
is then repeated about 4 - 20 times. Each repetition contains a DNA pool with fewer
unique sequences, which have a relatively high affinity for the target. This is called
positive selection. Over the past three decades, various SELEX methods have been
developed to shorten selection time and increase success rate. In 1992, Ellington
and Szostak® selected oligonucleotides for solid support agarose matrix. The non-
specific binding sequences that bind to agarose were removed during the wash. As a
result, aptamers obtained through the negative selection had affinity about 10-times
higher than that of aptamers without negative selection. Counter SELEX method
was introduced in 1994 by Jenison et al. which has an additional step where
structurally similar targets are incubated with aptamers to discriminate non-

specific sequences?*.

As targets for SELEX advanced from small molecules to whole cells, new SELEX
techniques (i.e. cell-SELEX) have emerged. In cell-SELEX, cancer cell line is often
used as the target to generate aptamers that can distinguish between cancer and
healthy cells?526.27, Various analytical techniques have been merged with SELEX
process to reduce time needed for selection, such as CE-SELEX?28293031 non

SELEX3233, Flu-Mag SELEX??, in silico SELEX34. Modifications have been made to



generate aptamers with different functions (LUFFE-SELEX3°, Capture SELEX3¢) and to
increase process throughput (Sweep-CE-SELEX37). These changes yielded different
aptamers such as spiegelmers383°, SOMAmers*0-42, thioaptamers*? and X-

aptamers*4.

1.3 Aptamer Targets

Aptamers bind with high specificity and affinity, meaning that aptamers
discriminate for their target and bind to it. Unlike antibodies, which require
antigens, epitopes and immune response for their targets, aptamers structurally
conform to wide variety of shapes such as hairpins, bulges, pseudoknots and G-
quadruplexes*>. Aptamers are capable of binding any target as well as distinguishing
between closely related molecules, such as conformational isomers#6, targets
containing different functional groups*’, or even an amino acid mutations*8. Figure
1-2 shows the number of aptamers for various targets selected between 1990 and
2019. The list was generated using aptagen.com/aptamer-index and accessed on

June 9, 2019.
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Figure 1-2: Pie chart representation of various types of aptamer targets that have
been selected between 1990 and 2019.

The most common binding force between aptamers and target molecules is
hydrogen bonding, which is important for stability of the aptamer. This is shown by
Nagatoishi et al. in an example of thrombin binding to the thrombin aptamer#%50.
Electrostatic interaction is another force involved in the binding of a target to an
aptamer. Commonly, the salt concentration of buffer can influence intensity of the
electrostatic interactions as binding affinity decreases when more salt is added to
the solution®!. Other binding forces such as van der Waals forces, © — & stacking and
hydrophobic effect may also affect binding of the aptamers to their target. These
binding forces are affected by many factors such as metal ion strength, pH value,
temperature, and different forces may occur simultaneously in aptamer-target

binding complex.



1.4 Applications of Aptamers

1.4.1 Aptamers as Therapeutic Agents

Aptamers are ideal as therapeutic agents, pharmaceuticals and biosensors since
they are easier and cheaper to make than antibodies and are neither immunogenic
nor toxic52. However, use of aptamers stretches beyond analytical applications.
Aptamers as drugs, target delivery systems and imaging agents are constantly being

investigated.

The first aptamer used as a diagnostic tool was developed by Bruno et al. in 1999 to
detect anthrax spores®3. Wan et al. used aptamers to identify cancer cells with high
sensitivity and specificity using epidermal growth factor receptor that is
overexpressed in many cancer types>*. Aptamers can also be used as targeted drug
delivery system. One example of this is the doxorubicin aptamer. Using 2’-
fluoropyrimidine-modified RNA aptamer that targets prostate specific membrane
antigen (PSMA) Bagalkot et al. showed that doxorubicin aptamer could specifically
target PSMA with high affinity and specificity®>>. Huang et al. linked doxorubicin to
the sgc8c DNA aptamer targeting T-cell acute lymphoblastic leukemia cells, which

resulted in reduced cellular toxicity to the non-target cells>®.

Another manner in which aptamers can be used is as drug delivery tools by linking
them to the gold nanoparticles (AuNPs). Gold nanoparticles are stable,

biocompatible, have low toxicity and are easily modified. For example, Dam et al.



attached AS1411 anti-nucleolin aptamer to the gold nanostar core in order to

deliver a drug to the cancer cell nucleus and cause cancer cell death>’.

A prominent landmark in application of aptamers in therapeutics is drug
Macugen®, a vascular endothelial growth factor (VEGF)-specific aptamer for the
treatment of neovascular age-related macular degeneration (AMD). This drug was
approved by the Food and Drug Administration in 2004. So far only 10 more
aptamers have been approved in clinical trials for treatment of various conditions

including cancer, coagulation, inflammation and macular degeneration (Table 1)38.

Aptamers can also be isolated based on their kinetic parameters (SOMAmers). Their
slow off-rate has helped in isolation of many biological targets with high affinity4..
The major modifications that allow this are substitutions of hydrophobic
components within the base. For example, the C-5 position in uracil is modified to
include groups such as benzylaminocarbonyl, naphthylmethylaminocarbonyl,
tryptaminocarbonyl and isobutylaminocarboniyl>®. SOMAmers interact with their

target through hydrophobic effect and are less polar than standard aptamers#4041.



Table 1-1: List of aptamers approved for clinical trials (adapted from Reference 58)

Name Form Target Condition Phase
Vascular Age - related _
] Approved in
Macugen RNA Endothelial macular
. US and EU
Growth factor degeneration
Age - related
Platalet derived
E10030 DNA araier cerive macular Phase I1/II
growth factor .
degeneration
Phase III
terminated, on
. Acute
Coagulation factor hold due to
REG1 RNA coronary )
[Xa serious
syndrome )
anaphylactic
reactions
Complement Age - related
ARC1905 RNA P macular Phase III
component 5 i
degeneration
Acude
AS1411 G rich DNA Nucleolin myeloid Phase Il
leukemia
A1 domain of von von
\%
ARC1779 DNA _ Willebrand Phase Il
Willebrand factor .
disease
Chroni
L-RNA CCL2 _rome
NOX-E36 _ inflammatory Phase Il
(Spiegelmer®) _
diseases
Multiple
L-RNA myeloma and
NOX-A12 (Spiegelmer®) CXCL12 or SDF-1 non- Phase Il
Hodgkin’s
lymphoma
U dified
NU172 fmodite Thrombin Heart disease Phase Il
DNA
L-RNA Hepcidi tid
NOX-H94 _ epeidin peptide Anemia Phase Il
(Spiegelmer®) hormone
ARC19499 RNA TFPI Hemophilia Phase |
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1.4.2 Aptamers as biosensors

One of the most common uses for aptamers is as sensors to detect and quantify
analytes in solution. Fluorescence, colorimetry and electrochemical detection are
often used as biosensing methods3.¢061. Due to their high affinity and specificity to
targets, antibodies are often used as biosensors, but they are unable to detect small
molecules. Similarly to antibodies, aptamers are used as biosensors to detect
proteins and cells but they are also able to detect small molecules and ions such as
ATP, Na*, cocaine, theophylline®2-64. But unlike antibodies, aptamers can undergo
conformational changes upon binding to their target. The structural change that
occurs upon binding of the aptamer to the target results in signal generation, which
is needed for detection. For example, in fluorescence, an aptamer can have a
fluorophore and/or quencher and binding of the target would result in increased
fluorescence or quenching depending on where the target binds. A change in
aptamer conformation can then be detected using electrochemical detection. For
example, electroactive reporters, such as methylene blue, can be attached covalently

to the aptamer in order to detect binding using signal on/off strategies®>66.

Gold nanoparticles (AuNP) are often employed as colorimetric indicators due to
their excellent extinction coefficients and strongly distance-dependent optical
properties. Aptamers are often immobilized on the AuNP through the use of a thiol
group®’. The target interacts with AuNP-aptamer complex where aptamer is utilized
for binding and AuNP as colorimetric indicator. Upon target binding color change

from red to blue occurs36869,
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1.4.3 Riboswitches

Research conducted in early 2000 revealed that aptamers are also present in
nature’%71, Riboswitches are regulatory segment of mRNA that binds to a small
molecule. They are directly involved in regulating its activity in response to small
molecule concentrations. Most known riboswitches occur in bacteria but have been
discovered in archaea, plants and certain fungi. These sequences fold into different
complex structures, interact with small molecules and control downstream
regions’?. They have transcriptional and translational control in the presence of a
small molecule metabolite and undergo conformational changes upon target
binding. Riboswitches contain two parts: aptamer portion and expression platform,
which is located downstream of the aptamer where it assesses the ligand binding
status of the RNA and regulates gene expression accordingly’3. The aptamer portion
can be structurally preorganized in the absence of ligand, but ligand binding induces
some structural change that influences folding and function of the expression
platform. Such case was observed for most common riboswitch class, coenzyme

thiamin pyrophosphate (TPP), which controls splicing”0.71.74,
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1.5 The Cocaine-Binding Aptamer

The cocaine-binding aptamer is a DNA aptamer that contains 3 stems built around a
3-way junction. This aptamer was selected by Stojanovic et al. in 2000 using classic
SELEX to select for cocaine but not its common metabolites benzoylecgonine and
ecgonine methyl ester’>. Their MNS 4.1 sequence contains 38 nucleotides and binds
to cocaine with the affinity of 5 uM76. It was proposed to be only partially structured
in free state and to fold in the presence of cocaine (Figure 1-3). Stem 2 has only
Watson-Crick base pairs while stems one and three contain non-canonical base

pairs.

Figure 1-3: Structure of the original cocaine-binding aptamer proposed by
Stojanovic et al. The blue circle represents the binding site of cocaine. Dashed lines
represent Watson-Crick base pairs. Dots represent non-canonical base pairs.
(Adapted from Reference 73)

In 2010, Neves et al. used NMR and ITC to study the structure of the cocaine-binding
aptamer’’. Their NMR experiments indicated that the aptamer contains two non-
canonical AG base pairs and T20 was not base paired in the absence of the ligand.

They proposed a new secondary structure that contains three stems built around a

13



three-way junction, which contains the binding site of cocaine. Several ITC studies
by the same group have demonstrated that conversion of the non-canonical base
pairs (except those located at the binding site) in the original MNS4.1 to Watson-
Crick base pairs increases the binding affinity and aptamer stability’8. Using NMR,
fluorescence and ITC studies it has been shown that the binding mechanism is
controlled by stem 17779, If stem one contains 4 or more base pairs, the aptamer
retains its secondary structure both in presence and absence of the ligand (Figure 1-
4a). When stem one is shorted to three base pairs or less, the aptamer is partially
folded in free state and ligand binding induces folding (Figure 1-4b). The variant of
the cocaine-binding aptamer, MN4 has six base pairs in stem 1 and binds cocaine

with affinity of 5 uM.
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Figure 1-4: Structures of (a) MN4, long stem 1 variant and (b) MN19, short stem 1
variant of the cocaine binding aptamer proposed by Neves et al. (Adapted from
Reference 77)

Two research groups determined that the cocaine-binding aptamer binds ligands
other than cocaine. Stojanovic et al. used the original MNS4.1 cocaine-binding
aptamer to build a sensor for hydrophobic ligands including deoxycholic acid®. In
2011, Reinstein et al. have shown that four base pairs in stem 1 long variant of the
cocaine-binding aptamer containing single non-canonical AG base pair binds steroid
deoxycholic acid but not cocaine8l. Although Stojanovic et al. showed that the
cocaine-binding aptamer also binds quinine, Reinstein et al. determined that the
binding affinity of quinine for the cocaine-binding aptamer is about 50-fold tighter
than cocaine®283. Competitive binding studies demonstrated that the two ligands

compete for the same binding site.
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Since its selection, the cocaine-binding aptamer has been used in numerous studies
where fluorescence, colorimetric and electrical signaling were used to detect the
presence of cocaine. In 2001, Stojanovic et al. designed a variant of the cocaine
binding aptamer by attaching a fluorophore on the 5’ end and a quencher on the 3’
end’¢. In the absence of cocaine, fluorescence was observed, while upon binding of
the ligand, quenching occurred indicating that the folding of the aptamer occurs. A
year later, the same group showed that cyanine dye weakly bound to the original
MNS4.1 aptamer could be displaced by cocaine, showing change in the intensity in
visible spectrum®4. Stojanovic et al. also demonstrated that even though aptamer is
split at the stem loops, it would assemble in the presence of cocaine and bind with
affinity of 5 uM7>. The ability to split and assemble the aptamer was also shown by
Sharma and Heemstra who split the cocaine-binding aptamer into two fragments
and using azide-alkyne cycloaddition promoted ligation®. Baker et al created
reagentless biosensor for the detection of cocaine in blood serum, saliva and in the
presence of other contaminants8¢. In 2018, Giilbakan et al. analyzed interaction of
short stem 1 variant of the cocaine-binding aptamer with quinine by native
electrospray ionization mass spectrometry (ESI - MS) and obtained binding affinity
of 8.5 uM®8’. Recently, Qui et al. reported using the original cocaine-binding aptamer
MNS4.1 - invertase biosensor coupled with personal glucose meter to quantify

quinine in reclaimed wastewaster®s.
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1.6 Bioanalytical techniques used to characterize aptamer-target
interactions

There are several methods used to analyze interactions between an aptamer and a
target. The affinity between aptamer and target is usually measured and expressed

as a dissociation constant, Kq, shown in equation (1):

1
Kog="7"~—= (Eq.1)

where [A] represents aptamer concentration, [L] is ligand concentration and [AL] is
aptamer - ligand concentration. There are several methods that can be used to
determine the binding affinity of an aptamer for a selected target through the
measurement of affinity constant, kinetics or conformational changes during the
formation of complexes. The most widely used technique used to probe interactions
between aptamers and their targets is surface plasmon resonance (SPR). Here, an
aptamer is immobilized on a thin gold film. By flowing various concentrations of a
ligand, the change in refractive index is measured as the complex forms. These
experiments provide Ki, Kq, kon, Koff, analyte concentration and stoichiometry. Two
of the most important structure analyzing methods are nuclear magnetic resonance
(NMR) and X-ray crystallography. Both have been used to determine structural
characteristics of aptamers in their free state as well as bound to ligand. For
example, Lin and Patel used NMR to study structure of ATP-binding DNA aptamer
bound to AMP8. Long et al. solved the crystal structure of the thrombin binding

aptamer bound to thrombin at 1.9A resolution®. High performance liquid
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chromatography (HPLC) can also be used to analyze aptamer-target complex. The
binding between the aptamer and a target is shown with different peaks. Deng et al.
have used HPLC to analyze adenosine binding to a DNA aptamer with varying
parameters such as pH, ionic strength and Mg*? concentration®. Other analytical
methods to study aptamer-target complexes include, but are not limited to, capillary
electrophoresis®!, mass spectrometry®’, quartz crystal microbalance®?, fluorescence
spectroscopy?3, small-angle X-ray scattering824, etc. Each of these methods has its
own advantages and disadvantages but this thesis shall focus on the use of

isothermal titration calorimetry (ITC) to study aptamer - ligand interactions.
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1.7 Isothermal Titration Calorimetry

All work presented in this section has been published in the article listed below?>
¢ Slavkovic, S. and Johnson, P.E. “Isothermal titration calorimetry studies of

aptamer-ligand interactions: practicalities and pitfalls.” Aptamers 2, 45-51
(2018)

[sothermal titration calorimetry (ITC) is a versatile technique for performing
binding studies, as it is easy to perform a series of experiments under many
different solution conditions. It is also a non-destructive label-free technique that
provides the stoichiometry of interaction and a complete set of the thermodynamic
binding parameters: the equilibrium binding constant (K. or Kq) and the change in
enthalpy (AH) and entropy (AS) of binding. These benefits do come with the
disadvantages that ITC uses a lot of sample compared with many spectroscopic

methods and it has a low throughput of 2 - 4 runs performed per day.

In a typical ITC instrument (Figure 1-5a) two cells are placed in an adiabatic jacket.
One of these cells is a reference cell while another is loaded with sample. These cells
are maintained at a constant temperature (Figure 5a; AT1=0). During an experiment,
ligand is titrated into the sample cell in known aliquots (Figure 1-5b). In an
exothermic binding event, the temperature in the sample cell increases upon
addition of ligand causing a decrease of power to the heater around the sample cell
that maintains the reference and sample cells at an identical temperature. As a

result, the raw experimental data is comprised of a series of negative spikes, where
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every spike corresponds to one ligand injection (Figure 1-5c, top). For an
endothermic reaction, the opposite occurs and a positive peak results. These ligand
injections are performed repeatedly and upon the ligand binding sites in the
aptamer becoming saturated, the heat signal decreases until only the heat of dilution
of the ligand is observed. Integration of the power supplied per unit time yields the
heat per mole of injectant with respect to the molar ratio (Figure 1-5c, bottom). Data
fitting is performed on the integrated heats to quantify the binding parameters.
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Figure 1-5: (a) Diagram of a typical ITC instrument. AT; corresponds to the
temperature between the two cells. The difference between cell and adiabatic
jacket is referred to as AT2. Both AT: and AT are zero during an experiment. (b)
Depiction of binding during the gradual injection of ligand into the ITC cell
containing aptamer. (c) Thermogram showing interaction of a cocaine-binding DNA
aptamer with its ligand®®. On the top is the heat from each injection with respect to
time with the heat of dilution subtracted. On the bottom are the integrated heats for
each injection (filled squares) fitted to a 1:1 binding model (solid line).
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1.7.1. General Sample Preparation. There are several aspects to be considered in
sample preparation for ITC analysis: optimal aptamer and ligand concentrations,
choice of buffer and if needed, organic solvents. According to the VP-ITC manual
(MicroCal), the optimal aptamer concentration should be 10 to 50 times the
anticipated Kq value. A good starting concentration range for aptamer-small
molecule interactions is 10-20 pM. These concentrations may be adjusted
depending on the binding enthalpy of the interaction between aptamer and ligand,
as well as the binding constant. For the ligand, its concentration should be 15-20
times the concentration of the aptamer in the sample cell. If the ligand concentration
is much larger than the aptamer concentration, saturation will occur too soon
producing a steep curve that saturates quickly and will yield an inaccurate fit. Based
on theoretical analysis, Tellinghuisen®” showed that the final excess of ligand over

aptamer ([Xo/Mo]) could be calculated using equation (2):

6.4 13
c0-2 c

R, = (Eq. 2)
where Ry is the ratio of total concentrations in the cell after the last injection and c
is defined below. When choosing these initial concentration parameters, it also
useful to consider the c-value (Eq. 3). This unitless parameter defines the shape of
the binding curve (Figure 1-6) and is the product of the binding constant K, total
aptamer concentration at the start of experiment M and the stoichiometry
parameter, n:

c=KaMiotn (Eq. 3)
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An optimal c-value lies between 10 and 100, though there is discussion in the
literature about this?8-100.101 Hjgh c-values (over 500) give binding curves too steep
to accurately determine affinity, although stoichiometry and enthalpy are well
determined. Data acquired at c-values below 10 results in a shallow titration curve
where all three parameters (n, K. and AH) are poorly determined. These three fitting
parameters are directly proportional to ligand concentration accuracy, while

aptamer concentration accuracy only affects stoichiometry value.
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Figure 1-6: Illustration of the effect of the c-value on the shape of the titration
curve.

The VP-ITC instrument requires a sample volume of ~2 mL of aptamer even though

the cell measures 1.44 mL in volume. The injection syringe volume is 290 uL, but
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600 pL of ligand should be prepared. These larger volumes are necessary in order to
fill both sample cell and syringe in a bubble-free manner. Other ITC instruments
have different cell and syringe volumes, this should be checked prior to sample

preparation.

1.7.2 General ITC Experimental Setup. In a typical ITC experiment, the ligand is
titrated into the aptamer. Reversing the contents of the cell and syringe typically
does not change the fitted parameters but can be done to ensure there are
consistent results. If solubility of the ligand is a concern, the aptamer should be
titrated into ligand, i.e. the least soluble material is used as titrate (in the cell) and
the more soluble as titrant (in the syringe). This is set at the start of an ITC
experiment. Other instrumental parameters set by the user are number of
injections, run temperature, reference power, initial delay, spacing, injection
volumes and concentration of samples. Non-optimal or improper settings can have

great impact on data quality.

The experimental temperature is determined by what the user desires and the
stability of the aptamer. However, binding constants and the enthalpy of binding
(AH) are temperature dependent. The temperature can be set between 2 to 80°C.
Samples should be cooled prior to use to below the experimental temperature as it
reduces ITC equilibration time. The total number of injections should be set to a
total of 15-20 but this will also depend on each injection volume and the total

volume of the syringe. If the aptamer and ligand interact in a 1:1 molar ratio, an
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individual injection volume should be chosen such that this ratio is achieved in 8-12
injections. The volume of each injection is kept constant at 7-12 pL, with the
exception of the first injection, which is usually set at 1-2 pL. Data from the first
injection is discarded prior to data analysis as it has been shown that it results from
a volumetric error due to the backlash in the motorized screw that drives the
syringe plunger!%2. Feedback mode/gain is another parameter that is set by the
user. For a typical ITC binding experiment, it is set to be high as it provides the
fastest response time. For studies involving kinetics, this parameter is set at low or

none.

Spacing refers to the time between consecutive injections. The time should be large
enough to allow the signal to return back to baseline. This delay depends on the size
of the peak - higher sample concentration produces larger peaks, which requires
longer time between injections. Usually 300 second spacing is sufficient, but in some

cases a longer time is required (Figure 1-7).
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Figure 1-7: Adjustment of the time between injections. (a) An example of the
interaction of the MN4 aptamer at 200 uM with quinine with the time between
injections set at 300 s. The heat from an injection does not return to the baseline
before the next injection takes place. In (b) the same experiment is performed with
the spacing set at 480 s.

Reference power is the amount of power that is supplied to the heater in the
reference cell. A typical setting is 25-30 pcal/sec for exothermic reactions.
Endothermic reactions require a lower reference power setting. Stirring speed is
typically set at 300 rpm for aqueous solutions. Faster speeds will increase baseline

noise levels, but it may be necessary if the sample is more viscous than water.

Measurement of the heat of dilution of the ligand is an important aspect of any ITC
experiment as large or non-linear heats of dilution of ligand can sometimes mask
binding. Depending on the ligand, there are two methods that can be used to
perform this correction: external and internal heat of dilution. External heat of
dilution involves performing a separate experiment where ligand is titrated into

buffer using the same conditions as the binding experiment (Figure 1-8a, 1-8b). An
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internal heat of dilution is obtained by extending the experiment by 5-10 injections
after binding is complete (Figure 1-5c). Using a linear extrapolation of the heats of

these injections a correction is applied to whole experiment. This method can be

used only if heats of dilution are small and linear.
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Figure 1-8: Examples of different possible heats of dilution. In (a) is a titration of
quinine in buffer (20 mM TRIS (pH 7.4), 140 mM NacCl, 5 mM KCI) into a sample of
the same buffer. This produces a small heat of dilution. The heat of dilution run in

(b) is a sample of piperaquine into same buffer as in (a) but produces large and non-
linear heat of dilution.
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1.7.3. Cell Cleaning. A critical step in obtaining quality ITC data is cleaning both
sample cell and injection syringe before loading samples. While nucleic acid
aptamers are usually quite soluble and not prone to contaminating the cell (unlike
protein samples), the ligands involved in binding may be less soluble and can
accumulate on the sample cell wall. There are two types of cleaning: standard and

stringent cleaning.

Standard cleaning is performed before every use. It involves flushing both sample
cell and injector syringe with ddH20, washing with 200 mL of 1% Contrad 70
solution and flushing with about 1 L of ddH;0. Loading syringes should also be
cleaned at this time. During an ITC experiment, raw data is plotted as differential
power (DP) versus time. At the beginning of a titration, the user sets reference
power, which is the amount of power continuously supplied to reference cell heater.
If, for example, this value is set at 30pcal/sec, clean cell the baseline should be close
to this value or 1-2 pcal/sec lower. If the initial baseline is different from reference

power, stringent cleaning is performed.

For stringent cleaning, the cell and injection syringe are flushed with 200 mL of 5%
Contrad 70 then the cell is filled with the same 5% Contrad 70 cleaning solution and
left to soak for overnight at 60-70°C. The sample cell and syringe should then be

exhaustively flushed with ddH20 (at least 1.5 L).
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Finally, before filling with samples, both the cell and syringe should be rinsed with
buffer and thoroughly emptied to avoid unwanted dilution. A useful check of
instrument cleanliness is an ITC run of water into water (Figure 1-9). This run

should produce very little heat and have the integrated heats very close to zero.
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Figure 1-9: Titration of water into water is a good check of ITC cleanliness. A clean
ITC sample cell and needle results in a very small heat signal with the integrated
heats of ddH:O titrated into ddH20 being close to zero.

1.7.4. Data Analysis. Data analysis is typically performed with software supplied by
the instrument manufacturer. For MicroCal instruments, the software employed is
Origin. The software normalizes the heat of binding with respect to ligand
concentration. It also sets the baseline and integrates each peak from the baseline.

Most of the time the baseline is set appropriately automatically, but sometimes it
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needs to be set manually to exclude integration of artifacts. The heat of dilution
should then be subtracted and finally the data fitted to the appropriate binding

model.

For ligand binding to an aptamer with single binding site the following equations

are used:

_ f
K= arm (Eq. 4)
[X¢] = [X] + nf[M,] (Eq. 5)

Combining equations (4) and (5) gives

fr-fli+t+——|+2t =0 (Eq. 6)

TlMt TLKMt TlMt
The total heat of binding is given by equation (7), where AH is the molar heat of

ligand binding.

Q =nfM,AHV, (Eq.7)

Solving quadratic equation for fand substituting this into equation (7) gives

Q:Ml1+ﬁ+ 1 _\/(1+ﬁ+;)2_ﬂ| (Eq. 8)
2 TlMt TlKMt TlMt TlKMt TlKMt

The integrated data is then used to determine n, K. and AH by least squares
minimization. Once these values are determined, the Gibb’s free energy (AG) and
entropy (AS) are determined according to the standard relationships (equations 8

and 9):

29



AG = -R T InK, (Eq.9)

AG = AH -TAS (Eq. 10)

where R = 1.987 cal K'1 mol-! is the gas constant, and T represents temperature in K.

For one set of sites binding model, n value should be very close to 1. If n, for a 1:1
interaction, is closer to 0.8 or 1.2 then there is an issue with inaccurate
concentrations of either ligand or aptamer. Provided the concentrations are correct,
but the n value is very low, it indicates a low c-value due to weak binding for the
aptamer concentration used (Figure 1-6). In this case, the concentration of both
aptamer and ligand should be increased to appropriately determine the three fitting
parameters. Sometimes with small molecule-aptamer interactions the affinity of the
interaction is quite weak and working at higher concentrations is not practical. In
this case low-c ITC methods are available, provided the n value is known?8%°. More
complicated binding models such as two-site independent binding and cooperative

binding are also available and equations are shown in Appendix A103.104,

If ligand binding is too tight, the affinity may be difficult to measure directly by ITC.
In that case, it is possible to employ a displacement titration methodology where the
aptamer is pre-bound to a weaker binding ligand and titration of the higher affinity
ligand involves ligand exchange on the aptamer!?4105 This method requires
knowledge of the binding affinity of the weaker ligand in advance. For simple 1:1

interactions, Origin software has a built-in competitive binding model where the
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information for the weaker binding ligand (n, K. and AH) can be entered and

parameters for the tighter ligand determined.

1.7.5. Troubleshooting. The most common problems encountered when running
ITC experiment are low binding heats, buffer mismatch, air bubbles, impurities and
issues with the addition of organic solvents. If the observed binding enthalpy is low,
the experiment can become heat limited. This can be overcome by increasing the
aptamer concentration or injection volume as both will increase the heat detected
per injection. In order to obtain best results, the first few injections should be at
least 10 pcal/injection and have an average of at least 5 pcal/injection. This
corresponds to a peak height of about 0.5 pcal/sec. A low heat of binding produces
an isotherm that is not well defined, as the heats of dilution are comparable to the
binding heats. In this case, a series of experiments using the same aptamer and
ligand and same conditions but at different temperatures can be performed.
Increasing the experimental temperature typically increases the magnitude of the
binding enthalpy. This increases the raw heats, which in turn gives greater signal to
noise and a better-defined binding curve. The experiment can also be performed at a
lower temperature. A measurement of binding enthalpy at several temperatures, in
order to obtain the change in heat capacity (ACy) can be used to predict binding

enthalpy at a particular temperature.

An essential part of sample preparation is the buffer match between the aptamer

and ligand. This is achieved by dialyzing the aptamer in the buffer of choice and
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using the same buffer to prepare the stock solution of ligand. The same buffer must
be used to dilute both aptamer and ligand to appropriate concentrations and fill the
reference cell. The pH value of all components must be matched to avoid additional
heats from pH mismatch. Difference in pH between aptamer, ligand and reference
cell, gives large heat effect that show as artifacts or drift in baseline (Figure 1-10a).
Another issue to consider is the ionization heats of different buffers. If binding
involves protonation or deprotonation, binding enthalpy will vary widely between
buffers1%. It is best to choose a buffer, which give minimal additional heat

contribution such as phosphate, citrate or acetate.
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Figure 1-10: Examples of potential problems with ITC experiments. In (a) there is a
pH mismatch between the aptamer in the sample cell and ligand injection syringe.
In (b) there are large positive spikes indicating air bubbles in the sample cell. The
negative spikes imply a possible impurity in the cell. In (c) there is an erroneous
baseline. This indicates that both the sample cell and syringe require cleaning.

An additional problem that can be observed are large positive or negative spikes in
the baseline (Figure 1-10b). The large positive spikes are usually indicative of air

bubbles in the sample cell. The negative spikes can indicate that there are impurities
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in the sample cell such as leftover cleaning solution from insufficient rinsing during
the cleaning process. Finally, figure 1-10c is an example of a very poor baseline and
results from the cell and syringe needing thorough cleaning. Figure 1-11 is an
example of unstable baseline during final baseline equilibration, which occurs as a

result of worn plastic part of injection syringe or bent needle.
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Figure 1-11: Baseline unable to equilibrate during final baseline equilibration.
Plastic portion of injection syringe is worn (red circle). Blue circle shows plastic

part of the new injection syringe.

Often, small molecule ligands require DMSO in order to solubilize. The final DMSO
concentration should be minimal (up to 5% v/v) and added in the same amount to
aptamer and ligand solution, as well as the reference cell. The heat of dilution run

should also contain identical amounts of DMSO. Any mismatch in DMSO content will

result in large heats produced (Figure 1-12a and 1-12b).

33



(a) Time (min) (b) Time (min)

0 25 50 75 100 125 150 1750 25 50 75 100 125 150 175

0.004 AL TN LI RANIRARAAARARARARE

-5.00 4 - -

ucal/sec

-10.00 — —

0.004 - -

-40.00 4 4 4

-80.00 -

keal mol”" of injectant

-120.00 - L -

T T T T T T T T T T T T T T T
00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35

Molar Ratio Molar Ratio

Figure 1-12: Example of a mismatch in DMSO concentration between the cell and
needle. In (a) is a titration of a ligand into a DNA aptamer where both aptamer and
ligand are prepared in buffer containing 3% (v/v) DMSO. In (b) is the same titration
except there is 6 % (v/v) DMSO in the syringe and 3% (v/v) DMSO in the cell. This
mismatch in DMSO concentration produces very large apparent heats of binding.
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Figure 1-13: Examples of different solvent effect. In (a) is a titration of a
amodiquine into buffer containing 1% (v/v) methanol. In (b) is a titration of
amodiaquine into buffer containing 1% (v/v) acetonitrile. In (c) is a titration of
amodiaquine into buffer containing 1% (v/v) DMSO.
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Other organic solvents can also be used to help solubilize ligands, but their
concentration should be kept to a minimum. As the case with DMSO, these solvents
should be added to both aptamer and ligand solutions and the reference cell at the
same concentration. Different solvents produce non-linear heat of dilution as seen in
Figure 1-13 and external heat of dilution should always be applied to whole
experiment. ITC cells are inert to most solutions, however strong acids must be

avoided, as they will damage instrument cells.
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1.8 Thesis project

Aptamer technology has existed for over three decades; however, it is still poorly
understood how aptamers function. They are selected for a specific target still,
more often than not, they are incapable of selecting between common analogues.
The goal of the work presented in this thesis is to understand aptamer-ligand
interactions. The cocaine-binding aptamer was selected as the model system due to
its ligand binding promiscuity and its ability to optimize length of stem 1 to improve
the ligand selectivity. Isothermal titration calorimetry was chosen as it is a label
free technique capable of determining the binding constant and thermodynamic
parameters simultaneously. The work in this thesis explores binding of various
quinine-based and non-quinine based ligands to the cocaine-binding aptamer in
order to determine which parts of the ligand are essential for binding. The study
included various quinine analogues and antimalarial compounds. Selectivity of the
antimalarial compounds for the cocaine-binding aptamer is also probed. Different
binding models are investigated to show that the ligand biding to the cocaine-
binding aptamer follows independent binding model, while ATP and its analogues
bind to the ATP-binding DNA aptamer cooperatively. Fine tuning of the binding

affinity through use of the dangling nucleotide on either 5’ or 3’ end is also explored.
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Chapter 2 Methods and Materials

2.1 Preface

This chapter includes general and specific methods for all subsequent chapters.

2.2. Aptamer preparation

All aptamer samples for ITC analysis have been purchased from Integrated DNA
Technologies (IDT, Coralville, lowa) with the standard desalting. The identity of
aptamer samples was confirmed by mass spectrometry by the manufacturer. The
DNA is dissolved in ~1 mL ddH20 for a 1 micromole scale synthesis and then
exchanged 3 times against 1 M NaCl using 3 kDa molecular weight cutoff Amicon-
style concentrators to compete off any unwanted substances bound to the nucleic
acid. The sample is then exchanged 4-6 times against ddH20 and the final volume of
this stock solution is ~0.25 mL from a 1 micromole scale synthesis. Aptamer is
finally exchanged 3-4 times against appropriate buffer. The aptamer concentration
is measured using UV spectroscopy and the known extinction coefficient provided

by the manufacturer.

2.3. Ligand preparation
Unless otherwise stated all small molecule ligands were obtained from Sigma
Aldrich. In all experiments, ligand solutions were prepared in the same buffer as the

aptamer. Ligands dissolved in 100% DMSO were diluted to a final concentration
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with appropriate buffer to a final DMSO concentration of 1 - 3% (vol/vol). The pH of

buffers was adjusted at room temperature and not adjusted for temperature effects.

2.3.1. Cocaine, cocaine Analogues, quinine and quinine analogues

Stock solutions of compounds for binding experiments were prepared by dissolving
the appropriate weight of each analogue in buffer containing 20 mM TRIS (pH 7.4),
140 mM NaCl, 5 mM KCIl. Stock solutions of quinoline, 6-methoxyquinoline, 6-
hydroxyquinoline, 6-aminoiquinoline, acridine and benzo(h)quinoline were
prepared by dissolving the appropriate weight of each analogue in buffer containing

1% DMSO, 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCI.

2.3.2 Antimalarial compounds

Stock solutions of compounds for binding experiments were prepared by dissolving
the appropriate weight of each antimalarial compound into either 100% DMSO or
buffer containing 20 mM Tris (pH 7.4), 140 mM NacCl, 5 mM KCl. Amodiaquine,
mefloquine, pyrimethamine, dapsone, artemisinin and 2-deoxyartemisinin were
diluted to experimental concentrations with buffer to a final DMSO concentration of

2-3% (v/v).

2.3.3 ATP, ADP, AMP, adenosine and adenine
Stock solution of ATP and its analogues for binding experiments were prepared by

dissolving the appropriate weight into buffer consisting of 20 mM acetate (pH 5.5),

120 mM NacCl.
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Adenosine used for dangling nucleotide study was dissolved in buffer containing 10

mM HEPES (pH 7.6), 100 mM NaCl, 2 mM MgCl,.107

2.4. Isothermal titration calorimetry experimental setup

2.4.1 General ITC setup

ITC binding experiments were performed using a MicroCal VP-ITC instrument in a
manner similar to what was previously described?>. Samples were degassed before
analysis with a MicroCal Thermo Vac unit for 5 minutes to avoid large spikes in the
ITC baseline due to air bubble formation during the experiment. All experiments
were corrected for the heat of dilution of the titrant. Titrations were performed with
the aptamer samples in the cell and the ligand as the titrant, in the needle. All
aptamer samples were heated in a 95°C water bath for 3-5 minutes and cooled in an
ice water bath for at least 10 minutes prior to use in a binding experiment to allow
the DNA aptamer to anneal in an intramolecular fashion (NOTE: aptamers where
separate strands need to anneal should be left to cool to room temperature slowly).
Unless otherwise noted, all binding experiments consisted of an initial delay of 60 s,
first injection of 2 pL and 300 s delay. Subsequent 34 injections were 8 uL, spaced
every 300 s. The first point was removed from all data sets due to the different

injection volume and delay parameters.

2.4.2. Quinine analogues experiments
Binding experiments were performed at 15°C with the aptamer solution set at 20

uM and the small molecule concentration at 0.312 mM in a buffer of 20 mM TRIS
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(pH 7.4), 140 mM NaCl, 5 mM KCl or 1% DMSO, 20 mM TRIS (pH 7.4), 140 mM NacCl,

5 mM KCL

2.4.3. Cocaine and quinine two-site binding experiments

Cocaine binding experiments. These experiments were performed at 15°C with
MN4 aptamer solutions of 56, 80 and 130 puM using ligand concentrations of 0.7, 1.4
and 2.8 mM in a buffer of 20 mM Tris (pH 7.4) with either 10 mM or 140 mM NacCl

with a first injection of 30 pL.

Quinine binding experiments with varying c values. Experiments were
performed at 15°C with MN4 and MN19 aptamer solutions of 11, 19, 42, 56, 80 and

130 pM using ligand concentrations of 0.156 to 3.12 mM in 5 mM Tris (pH 7.4).

Quinine binding experiments with varying NaCl concentrations. Experiments
were performed at 15°C with MN4 aptamer solutions of 20 uM using a ligand
concentration of 0.312 mM in 20 mM Tris (pH 7.4) with NaCl concentrations of 0,

25,50, 75 and 140 mM.

2.4.4. The ATP-binding aptamer experiments

ATP3 binding experiments. The binding experiments used for global fitting were
performed at 20°C with the aptamer solution at 10 to 100 uM using adenosine
concentration of 0.312 to 2.8 mM. ATP, ADP and AMP binding experiments were
performed at 70 uM aptamer concentration with 7 mM ligand concentration in 20

mM acetate (pH 5.5), 120 mM NaCl buffer. Adenine binding experiments were
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performed at 70 uM aptamer concentration with 2.18 mM ligand concentration in

the same buffer.

ATP6 binding experiments. All binding experiments were performed at 20°C with
the aptamer solution at 100 uM using adenosine concentration of 5.4 mM in the

above buffer.

ATP7 binding experiments. All binding experiments were performed at 20°C with
the aptamer solution at 100 uM using ATP and adenosine concentration of 7 mM in

the above buffer.

ATP9 and ATP10 binding experiments. All binding experiments were performed
at 20°C with the aptamer solution at 100 uM using adenosine concentration of 2.18

mM in the above buffer.

ATP11 binding experiments. Binding experiments were performed at 20°C with
the aptamer solution at 70 uM using adenosine concentration of 2.9 mM in the
above buffer.

ATP17 binding experiments. All binding experiments were performed at 20°C
with the aptamer solution at 100 puM using adenosine concentration of 3.12 mM in

the above buffer.

2.4.5. Dangling nucleotide experiments
All ITC binding experiments were performed at 15°C. ITC experiments involving the

cocaine-binding aptamer were performed with an aptamer concentration 98 uM
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and using a quinine concentration of 1.12 mM. ITC experiments involving the ATP-
binding aptamer were performed with an aptamer concentration 100 uM and using

an adenosine concentration of 3.12 mM.

2.4.6. Antimalarial compounds binding to the cocaine-binding aptamer
experiments.

The binding experiments were performed at 15°C with the aptamer solution at 20 -
60 uM using an antimalarial compound concentration of 0.312 to 0.936 mM.
Chloroquine and primaquine were prepared in buffer containing 20 mM TRIS (pH
7.4), 140 mM NaCl, 5 mM KCl Amodiaquine, mefloquine, pyrimethamine and
dapsone were prepared in 100% DMSO and diluted to experimental concentrations
with above mentioned buffer to a final DMSO concentration of 3% (v/v). Same
concentration of DMSO was added to the aptamer solution and the reference cell to

avoid buffer mismatch.

2.4.7. Various DNA structures binding to antimalarial compounds
experiments.

The binding experiments were performed at 15°C with the aptamer solution at 20
uM using ligand concentration of 0.312 mM. Chloroquine and quinine were
prepared in buffer (20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCl). Amodiaquine
and mefloquine were prepared in 100% DMSO and diluted to experimental

concentration with above buffer to a final DMSO concentration of 3% (v/v). DMSO
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was added to the aptamer solution and the reference cell at the same concentration

to avoid buffer mismatch.

2.4.8. Artemisinin and 2-deoxyartemisinin binding experiments.

The binding experiments were performed at 15°C with the aptamer solution at 20
uM using artemisinin and 2-deoxyartemisinin concentration of 0.312 mM. Both
ligands were diluted to experimental concentration with 20 mM TRIS (pH 7.4), 140
mM NaCl, 5 mM KCI buffer to a final DMSO concentration of 2 - 3% (v/v). DMSO was
added to the aptamer solution and the reference cell at the same concentration to

avoid buffer mismatch.

2.5 Data fitting

ITC data following two-site binding model was fit to both cooperative and two-
independent sites binding models developed by Freiburger et al.1%3 using Matlab 14
software. Data following one-set of sites model was analyzed using manufacturer

provided Origin 7.0 software.
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Chapter 3 Structure affinity relationship of the cocaine-
binding aptamer with quinine derivatives

3.1 Preface
All work presented in this chapter has been published in the article listed below?®.
e Slavkovic S, Altunisik M., Reinstein O., and Johnson P.E. “Structure-affinity

Relationship of the Cocaine-Binding Aptamer with Quinine Derivatives.”
Bioorg. Med. Chem. 23, 2593-97 (2015)

3.2 Introduction

Ever since they were first developed, aptamers have been widely investigated and
are used in numerous applications including medical treatments, pharmaceuticals
and biosensors>2. They bind to a variety of different ligands ranging from small
molecules to whole cells3. However, it is not well understood how aptamers work.
To study their structure and interaction with other molecules as well as biosensor
applications7>76:84108-114  the cocaine-binding aptamer is often used as a model
system. An important reason why the cocaine-binding aptamer has gained such
wide usage is that it can be engineered to follow a structural switching or ligand-
induced folding mechanism?7681115116, The cocaine-binding aptamer is a DNA
aptamer that contains 3 stems built around a 3-way junction containing a
dinucleotide TC bulge with an adjacent pair of non-canonical GA base pairs. When
stem 1 is shortened to three base pairs the free aptamer is loosely folded or
unfolded and becomes more structured when it binds its target ligand’’. However,
when stem 1 is longer the aptamer has its secondary structure formed in both the

free and bound form?’. In addition, the aptamer can also be split into two or three
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separate DNA strands with the annealing of the strands coupled with ligand
binding7885. Of the many cocaine-binding aptamer constructs that have been
studied, MN4 (Figure 3-1) is frequently used for detailed study as it displays
excellent NMR spectra and binds cocaine slightly tighter than the originally reported

aptamer”’.
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Figure 3-1: Structure of the MN4 cocaine-binding aptamer. Dashes indicate
Watson-Crick base pairs while dots indicate non Watson-Crick base pairs.

Despite being selected for cocaine affinity, the cocaine-binding aptamer binds
alternate molecules, including other alkaloids as well as steroids. Studies where the
identity of the nucleotides at the three-way junction have been changed have taken

advantage of this changed binding selectivity to build a sensor array8%117,
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Figure 3-2: Structures of quinine, cocaine and their analogues used in this study. In
(a) cocaine and its analogues are presented. In (b) quinine and its analogues are
presented.

Even though it was selected for cocaine, the cocaine-binding aptamer exhibits
almost 30-fold stronger affinity for quinine than cocaine®283. This adaptability in

ligand specificity is not common among aptamers and prompted investigation to
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determine what regions in the structure of the ligand are important for aptamer
binding. To achieve this, isothermal titration calorimetry (ITC) technique is used to
compare the binding affinity and thermodynamics of thirteen quinine analogues, a
set of cocaine metabolites and the alkaloid atropine (Figure 3-2) for the MN4
cocaine-binding aptamer to that of quinine and cocaine. Results suggest that the
presence of the fused aromatic rings and methoxy group in the quinine structure
play an important role in the tight binding of ligands to the cocaine-binding

aptamer.

3.3 Results

3.3.1. Binding affinity and thermodynamics of quinine and cocaine. [sothermal
titration calorimetry was used to determine which regions of the cocaine-binding
aptamer ligands are important for high-affinity binding. To achieve this, binding
affinity and thermodynamics of thirteen quinine analogues along with four cocaine
metabolites for the cocaine-binding aptamer MN4 was compared to that of quinine
and cocaine. Figure 3-3 provides a sample ITC thermogram of the MN4 aptamer
binding to quinine as well as an example of a case, for atropine, where no detectable
binding to MN4 was observed. The binding affinity and the thermodynamic
properties of all ligands used in this study for the MN4 aptamer are shown in Table
3-1. The data presented here for the binding of quinine and cocaine to MN4 agree

with the results published previously7882.
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Figure 3-3: Sample ITC data showing the interaction of MN4 with (a) quinine and
(b) atropine. On top is the raw titration data showing the heat resulting from each
injection into the aptamer solution. On the bottom is the integrated heat after
correcting for the heat of dilution. In (a) the binding experiment was performed at
15°Cin a buffer of 20 mM TRIS (pH 7.4), 140 mM NacCl, 5 mM KCI. In (b) the binding
experiment was performed at 15 °C in the same buffer as (a) that also contained 1%
DMSO.

Both cocaine and quinine consist of an aromatic and an aliphatic region (Figure 3-2).
As a first guess as to what may be required for binding by the cocaine-binding
aptamer alkaloid atropine (Figure 3-2a) was assayed for binding to MN4. Despite
containing both aromatic and aliphatic regions, atropine is not bound by the MN4

aptamer (Table 3-1).
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Table 3-1: Binding affinities and thermodynamic parameters of ligands used in this

Ecgonine Methyl Ester

study.

Ligand Ka (uM) AH (kcal mol'") —TAS (kcal mol )
Cocaine 55104 -112+1.1 42+ 1.2
Norcocaine 44+ 1.2 -11.3+03 43404
Quinine 0.11 £0.04 -13.61+0.5 44+ 0.6
Quinine (1% DMSO) 0.16+£0.04 -12.7+£1.3 4.7+0.9
Quinidine 0.25+0.04 -23540.1 147+ 0.1
Hydroquinine 0.10+0.04 -13.0%x2 3.7+ 1.6
Cinchonidine 1.2+0.5 9.0+2 12+14
Cinchonine 33+0.1 -7.9+£0.2 0.7+0.2
(99_§Izl-gémethoxycmchonan- 13404 117404 39401
(8A,9S)-6'- 1.7+ 0.1 -11.2+0.4 3.6+ 04
methoxycinchonan-9-amine
Quinoline 35+0.1 -10.2 £ 0.7 3+1
6-methoxyquinoline 05+0.1 -16.72 + 0.01 8.5+ 0.1
6-hydroxyquinoline 1.4 +£0.1 -12.1 £ 0.7 44+ 0.8
6-aminoquinoline 2.6+0.5 -11.2+ 1.6 39415
Atropine NB
Quinuclidine NB
Acridine NB
Benzo(h)quinoline NB
Ecgonine NB
Benzoyl Ecgonine NB

NB

'Data acquired at 15°C in buffer containing 20 mM TRIS (pH 7.4), 140 mM NacCl, 5
mM KCI. Data for quinoline and its analogues collected at 15°C in the same buffer
containing 1% DMSO. The values reported are averages between 2 — 6 individual
experiments. NB denotes no binding.
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Table 3-1 also shows that DMSO does not affect binding of quinine to the cocaine-
binding aptamer as binding affinities and thermodynamic properties are within the

experimental error both in presence and absence of DMSO.

3.3.2. Cocaine metabolites. ITC was also used to determine which regions of
cocaine are important for aptamer recognition. To study binding, four cocaine
metabolites were used: ecgonine, benzoyl ecgonine, ecgonine methyl ester and
norcocaine (Figure 3-2). Results show that all metabolites, except for norcocaine, do
not exhibit affinity to the cocaine-binding aptamer MN4. In contrast, norcocaine

exhibits slightly tighter binding to the MN4 aptamer than cocaine (Table 3-1).

3.3.3. The importance of fused ring. To study the role that the aromatic ring plays
in quinine binding by MN4, the aliphatic region is separated from the aromatic
portion and affinity measured. Initially, quinine was divided roughly in half with a
molecule representing the aliphatic region, quinuclidine (Figure 3-2b), showing no
detectable binding. Quinoline, on its own, binds to the cocaine-binding aptamer
about 30-fold weaker than quinine (Figure 3-4a, Table 3-1). Surprisingly, a molecule
representing the aromatic portion of quinine, 6-methoxyquinoline (Figure 3-2b),
was bound by MN4 with significant affinity. The affinity of MN4 for 6-
methoxyquinoline was 0.5 + 0.1 uM (Table 3-1), only 5 times weaker than for intact
quinine. To further test the impact of fused aromatic rings on the binding affinity of

the MN4 aptamer, aromatic ligands with three fused 6-membered rings, acridine
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and benzo(h)quinoline (Figure 3-2b), were tested. Neither of the two molecules are

bound by MN4 (Figure 3-4b, Table 3-1).
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Figure 3-4: ITC data showing the interaction of MN4 with (a) quinoline and (b)
benzo(h)quinoline. On top is the raw titration data showing the heat resulting from
each injection into the aptamer solution. On the bottom is the integrated heat after
correcting for the heat of dilution. Both binding experiment were performed at 15°C
in a buffer of 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCl that also contained 1%
DMSO.

3.3.4. Methoxy variants. The importance of the methoxy group on the aromatic
ring of quinine for aptamer binding was investigated. The affinity of compounds
with the methoxy group was compared to those that had methoxy group replaced
by hydrogen, an alcohol group, and an amino group. In each case studied, changing
the methoxy group reduced ligand affinity. First, the methoxy group was replaced

with hydrogen in intact quinine and studied the binding of cinchonidine (Figure 3-
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2b). The affinity of MN4 for cinchonidine is ~10 fold weaker than MN4 for quinine.
Additionally, binding of quinoline (Figure 3-2b) was compared to that of 6-
methoxyquinoline. For this pair of ligands, replacing the methoxy with a hydrogen
reduces the affinity seven-fold (Table 3-1). Next, the methoxy group on 6-
methoxyquinoline was replaced with an alcohol and an amino group. The affinity of
the MN4 aptamer for both 6-hydroxyquinoline and 6-aminoquinoline (Figure 3-2b),
was reduced by 3 and 5 fold, respectively, when compared with the affinity for 6-

methoxyquinoline (Table 3-1).

3.3.5. Isomerism. The effect of changing the position around the stereogenic
carbon connecting the aliphatic and aromatic portions of quinine was studied using

three pairs of optical isomers.

In the first pair, quinine and quinidine (Figure 3-2b), changing the stereochemistry
at position 2 from S in quinine to R in quinidine results in a 2.3 fold reduction in
MN4 binding affinity (Table 3-1). Similarly, changing the stereochemistry at the
same location from S in cinchonidine to R in cinchonine reduces the ligand affinity

by MN4 by 2.8 fold (Table 3-1).

Binding of another pair of optical isomers, (9R)-6'-Methoxycinchonan-9-amine and
(80,95)-6'-Methoxycinchonan-9-amine (Figure 3-2b) to the MN4 aptamer was
studied. This pair of molecules has an amino group instead of an alcohol group at

the carbon between the aliphatic and aromatic parts of quinine. At the pH studied,
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7.4, this amino should be protonated. Making the switch from an -OH to the -NHz*
reduces the affinity of MN4 for the ligand by approximately 10-fold (Table 3-1) with

binding by the 9S isomer 1.3 fold weaker than for the 9R isomer.

3.3.6. Effect of saturating the vinyl group. The final quinine analog tested has a
change in the aliphatic portion of the molecule. Hydroquinine differs from quinine in
that the double bond in quinine has been saturated to a methyl group in
hydroquinine (Figure 3-2b). This change has no significant effect on the affinity of

the ligand by MN4 (Table 3-1).

3.4 Discussion

All the compounds studied here that are bound by MN4 have binding driven by
favorable enthalpy contribution that is balanced by an unfavorable binding entropy
(Table 3-1). It is worth noting that all ligands have a lower logP value, suggesting
that binding is not strongly dominated by the hydrophobic effect. When the
enthalpy is plotted against entropy for the ligands that bind the data follow a
straight line (Figure 3-5). There are different views on what an observed linearity of
enthalpy-entropy compensation means!18-121, However, having a correlation does
show that the correlated ligands follow a similar binding mechanism. Ligands that
are bound by MN4 are expected to follow a similar binding mechanism, which is
consistent with previous finding that both quinine and cocaine compete for the

same binding site in MN482,
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Figure 3-5: Plot for binding enthalpy versus entropy for the ligands used in this
study that are bound by the MN4 cocaine binding aptamer with error bars for both
axes.

The ability of the cocaine-binding aptamer to bind quinine tighter than the molecule
it was originally selected, cocaine, for is unusual. A clear similarity between these
ligands is that there is an aromatic portion of the molecule and an aliphatic region
containing basic nitrogen. In order to see if having these two components is the sole
requirement for aptamer binding, the ability of MN4 to bind atropine (Figure 3-2a)
was examined. Like quinine and cocaine, atropine has an aromatic and aliphatic
region that contains basic nitrogen. Unlike cocaine and quinine, atropine is not
bound by MN4 (Figure 3-1). This indicates that there are some other features in
ligands necessary for binding to MN4 than having an aromatic and nitrogen-

containing aliphatic portion.
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Cocaine metabolites binding to MN4 were also studied. Binding of these metabolites
has previously been studied, though not by ITC methods. Apart from norcocaine,
which is bound by MN4 with the same affinity as cocaine, ecgonine, ecgonine methyl
ester and benzoyl ecgonine are not bound by MN4 (Table 3-1). These results are
consistent with previously published studies”576:84109,110,112122 The minor change of
removing a methyl group from cocaine to give benzoyl ecgonine (Figure 3-2a)
results in the loss of binding. This removal of a methyl results in creating a
negatively charged carboxylate that likely interferes with binding by the negatively
charged DNA aptamer. Nevertheless, this subtle change reflects the high specificity
of the MN4 aptamer for cocaine over modified cocaine molecules and is striking in

light of the high affinity MN4 has for quinine and related compounds.

The ability of the cocaine-binding aptamer to bind a molecule tighter than the one it
has been selected for is an unusual feature for an aptamer. The tight binding of
quinine by MN4 has been reported previously8283123.124 The aim of this study is to
determine what structural and chemical features of the ligand are important for
recognition. From the analysis of the binding results for different compounds
investigated (Fig 3-2; Table 3-1) a number of conclusions can be made about what

regions of quinine are important for high affinity binding.

Firstly, the aromatic region of the ligand is the key for tight binding. The non-
binding of quinuclidine, the aliphatic region of quinine and observation that the

change in the aliphatic portion of quinine to hydroquinine does not result in any
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significant change in affinity. The importance of the aromatic ring portion is
emphasized by the fact that 6-methoxyqyinine alone is bound at an affinity of 0.5 *

0.1 uM, a level still 10-fold tighter than MN4 has for cocaine.

This demonstrates that the bicyclic aromatic portion of quinine alone can be bound
by MN4. However, when the ligand was expanded to 3 fused rings, such as in
acridine and benzo(h)quinoline, there was no detectable binding, likely because the
ligand is now too large to fit into the binding site. This importance of the aromatic
region of an MN4 ligand is consistent with the thermodynamic signature of binding
falling into the intercalating region as defined by Chaires!?5. These data also
indicate that the optimum ring size for MN4 binding is two fused six-membered

rings as the aptamer does not bind ligands with three fused aromatic rings.

The substituents on the aromatic rings are also important for recognition. Having a
methoxy group at the 6-position, as found in quinine and 6-methoxyquinoline,
appears to be the optimum configuration. Removing the methoxy group reduces
affinity as seen in cinchonidine and quinoline when compared to quinine and 6-
methoxyquinoline, respectively (Table 3-1). Additionally, substitutions of a
hydroxyl and an amino group at the 6 position in quinoline reduce affinity
compared to having a methoxy group, but do not reduce affinity as much as having a
hydrogen only in this position. This indicates that retaining some sort of hydrogen

bond acceptor is important at this position.
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Finally, the importance of the stereogenic center at carbon 9, the carbon that
connects the aromatic and aliphatic rings in quinine, was investigated. In all cases
studied, the 9R configuration, as found in quinine, results in the tightest binding.
This is shown when comparing the pairs quinine and quinidine, cinchonidine and
cinchonine and 9R-6’-methoxycinchonan-9-amine and (80,95)-6'-
methoxycinchonan-9-amine (Table 3-1). It is interesting to also note in this last pair
that when an amino group is introduced into the molecule and this amino should be
protonated at the pH studied, that binding is reduced 10-fold from that of quinine.
This indicates that adding an extra positive charge at position 9 does not add to
affinity and that removing the hydrogen bond acceptor results in a decreased

affinity.

3.5 Concluding remarks

In summary, presence of fused aromatic ring and methoxy group on the aromatic
ring are important for tight binding of ligand to cocaine-binding aptamer. 6-
methoxyquinoline on its own is bound tightly by the MN4 aptamer, while the
aliphatic portion of quinine, represented by quinuclidine, does not show detectable
binding. Larger aromatic molecules that contain three fused rings are also not
bound by the aptamer. The presence of a methoxy group at the 6-position of the
quinoline ring is important for binding as changing it to hydrogen, an alcohol or an
amino group all result in lower binding affinity. For all ligands that bind, association

is driven by a negative enthalpy compensated by unfavorable binding entropy.
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Chapter 4 Salt-Mediated Two-Site Ligand Binding by the
Cocaine-Binding Aptamer

4.1 Preface
All work presented in this chapter has been published in the article listed below26.
e Neves, M. A. D.*, Slavkovic, S.*, Churcher, Z. R. & Johnson, P. E. "Salt-
mediated two-site ligand binding by the cocaine-binding aptamer." Nucleic

Acids Res. 45,1041-1048 (2017).

Note: * denotes co-first authorship

4.2 Introduction

Controlling biomolecular function is an important area of chemical biology. In
nature, there are many ways in which the activity of proteins and nucleic acids are
controlled including genetic control, allosteric effectors and covalent modification.
For rationally designed biosystems, having control over the function of molecules is
a desired, but difficult to achieve capability. Aptamers have been used in a modular
manner to control nucleic acid-based enzymes and molecular devices'27.128 typically
in a fashion where aptamer binding leads to a structural change that activates an
associated enzyme or receptor molecule. However, more subtle examples of
biomolecular control where, for example, changes in solution composition leading to

a change in activity or function, are rare or not currently known.

The cocaine-binding aptamer, originally reported in the early 2000s, has become a

model system routinely implemented in the study and development of small
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molecule sensing and aptamer-based technologies”>76.13284-86,111,114129-131  The
widespread use of the cocaine-binding aptamer continues despite the fact the
aptamer was revealed to bind quinine and quinine analogs with up to 50 fold higher
affinity than cocaine, the target the aptamer was initially selected to bind828396.133,
The reason for the continued utilization of the cocaine-binding aptamer likely lies in
the ability to engineer the aptamer with a structure switching binding mechanism.
The secondary structure of the MN4 aptamer (Figure 4-1) is pre-formed in the
absence of ligand and upon binding its target there is no observable change in
secondary structure’’. However, if the length of stem one is shortened to three base
pairs, such as MN19 (Figure 4-1), the aptamer is loosely structured in the absence of
target and upon binding the secondary structure rigidifies in a ligand-induced
folding process’%77. This ligand-induced folding mechanism is retained with quinine
binding and when the sequence is altered to allow for binding of the steroid
deoxycholic acid (DCA)8182. The cocaine-binding aptamer has also been shown to
function when separated into two strands, referred to as a split-aptamer?>7885, The
majority of published cocaine-aptamer based technologies rely on the use of the

structure-switching or split-aptamer sequence variants.
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Figure 4-1: Secondary structure of the MN4 and MN19 cocaine-binding aptamer
and chemical structures of the cocaine and quinine ligands. Dashes between
nucleotides indicate Watson-Crick base pairs while dots indicate non-Watson-Crick
base pairs.

Multisite ligand binding is commonly observed in proteins but less frequently
observed in functional nucleic acids such as aptamers and riboswitches. Multisite
ligand binding can be independent or cooperative, with both positive and negative
cooperativity possible. A classic example of multisite binding occurring in nature is
the binding of oxygen to hemoglobin, which occurs in a positively cooperative
manner. Despite the prevalence of multisite ligand binding in proteins and enzymes,

it is rare to find examples of multisite binding among functional nucleic acids. One
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example is the tetrahydrofolate (THF) riboswitch that binds two ligands in a
cooperative manner!34. Another example is the ATP-binding DNA aptamer that
binds two ATP molecules at separate sites®135. An RNA aptamer for neomycin B was
demonstrated to bind one neomycin B ligand at a high affinity site and have two
additional low affinity sites at which binding can be disrupted by addition of NaCl13¢.
In a slightly different example the activity of a ribozyme was controlled by
engineering an FMN and a theophylline aptamer into the structure of the
hammerhead ribozyme to produce a ribozyme whose activity was controlled by the

binding of these two different ligands37.

In this study we show that the cocaine-binding aptamer binds two molecules of its
ligand in buffer conditions of low NaCl concentration. Additionally, we demonstrate
that binding at the second site can be controlled by varying the NaCl concentration
of the buffer, a feature that, to the best of our knowledge, has not been observed in
any other aptamer. Ligand binding at the first site continues to occur in all buffer
conditions studied. Buffer-controlled binding could be utilized in applications
employing this aptamer where an increased affinity or aptamer rigidity could be
beneficial, such as in sensing, by simply changing the NaCl concentration of the

buffer.
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4.3 Results and Discussion

4.3.1. Salt-controlled two-site binding of cocaine. The ability of the cocaine-
binding aptamer to bind more than one ligand is clearly demonstrated by the shape
of the ITC thermogram when cocaine is titrated into a solution of aptamer in the
absence of NaCl (Figure 4-2). The non-sigmoidal-shaped binding curve observed
when MN4 binds cocaine with no NaCl present contrasts sharply with the binding
thermogram for MN4 in the presence of 140 mM NaCl and indicates that more than
one binding event is taking place. The ITC data indicates that the stoichiometry of
this multi-site interaction is two-site binding as the thermogram saturates after the

addition of two molar equivalents of cocaine.
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Figure 4-2: Titrations of cocaine into MN4 aptamer with buffer conditions of (a)
140 mM NaCl and (b) 0 mM NaCl. The non-sigmoidal nature of the binding curve in
(b) indicates that more than one binding event is occurring. On top is the titration
data showing the heat resulting from each injection of cocaine into an aptamer
solution. On bottom are the integrated heats after correcting for the heat of dilution.
Both binding experiments were performed at 15°C and also contained 20 mM TRIS
(pH 7.4).
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This two-site binding data was then fit to a two-independent site binding model in
order to determine the affinity and binding enthalpy of each of the two sites38. A
feature of this binding model is that the ITC isotherms analyzed vary as a function of
aptamer concentration. Results are presented in Table 4-1, which includes the
average of the fits from ITC experiments performed at three different MN4

concentrations.

Table 4-1: Individual two-site independent fits of cocaine bound to MN4 aptamer!

g/f)l:: Ka1 AH; —TAS; Kaz AH; —TAS;
(M) (M)  (kcal mol') (kcal mol!) (uM) (kcal mol') (kcal mol?)
50 1.2+0.1 -11.3+0.1 3.5+0.1 8+3 -18 £32 11+32
86 09+05 -10.7+0.5 27+0.3 16 £3 21 +£8 15+8
130 1.3+04 -89+0.1 1.3£03 23+6 20+3 13£3
Average 13+04 -103+1.2 25+1.2 16 £ 8 20+ 2 13£2

Data collected at 15°C in 20 mM TRIS (pH 7.4).

The other potential binding models of identical independent and identical
cooperative binding!3® were not considered as it is not possible to have two
identical binding sites within the monomeric cocaine-binding aptamer. The high
affinity site is slightly tighter with no added NaCl than previously reported in 140
mM NaCl (5.5 £ 0.4 uM) at the same pH value and temperature®®. This higher affinity
in the absence of NaCl is consistent with electrostatic interactions playing a role in
the affinity of the positively charged ligand to the polyanionic DNA7882 as reducing
the salt concentration will decrease shielding of the charge-charge interactions,

increasing the electrostatic attractions yielding higher affinity.
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4.3.2. Salt-mediated two-site binding of quinine. The low NaCl-dependent two-
site binding phenomenon of the cocaine-binding aptamer was assayed for quinine
binding. MN4 was previously shown to bind quinine about 50 fold tighter than
cocaine828396 The K4 value for MN4 binding quinine in 140 mM NacCl is 0.20 £ 0.05
uM with a AH of -14 * 1 kcal mol-! also at a temperature of 15 °C. This higher affinity
makes it possible to perform ligand binding experiments at a wide range of c-values
(c=[aptamer]/Kq) in order to better define the independent two-site binding model
using global fitting, where all c-values are fit to the same parameters
simultaneously!38. Results of six ITC experiments at varying aptamer concentrations

ranging from 11 to 130 pM are presented in Table 4-2.

Table 4-2: Individual two-site independent fits of quinine bound to MN4 aptamer!

MN4

Conc Ka1 AH; —TAS; Kaz AH; —TAS;

(uM). (LM) (kcal mol')  (kcal mol?) (uM) (kcal mol'')  (kcal mol ™)
11 0.05 +0.02 -9.1+£0.3 -0.6+04 0.34 £ 0.07 -19+£16 10+ 16

19 0.14 +0.09 -11.9+0.1 29403 2.29+0.76 -60 + 26 53+£26
42 0.28 +£0.09 -10.5+0.1 1.9+0.2 2.58 £ 0.47 -35+92 28 £92

56 0.57+020 -10.6=+0.1 23+0.2 6.80 +1.06 -23+28 16 £ 28
80 0.41+0.13 -10.2+0.1 1.8+0.2 4.52+0.68 -29+22 22 +£22
130 0.33+0.14 -114+0.1 29+03 4.26 = 0.66 20+ 4 13+4

Data collected at 15°C in 20 mM TRIS (pH 7.4).

Using global fitting, the affinity of MN4 for quinine at both sites has been
determined and results agree within the error range with the average of the

individual fits (Table 4-3)
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Table 4-3: Average individual fits and global fits comparison!

Fit Ka1 AHl —TAS1 Ka2 AHz —TASz
(uM) (kcal mol'') (kcal mol'l)  (uM)  (kcal mol!) (kcal mol!)

Average 0.3+0.2 -10.6 £0.9 1.9+£0.5 3+£2 -31+15 24+ 4

Global 0.2+0.1 -10.8 £0.5 1.9+0.8 1.2+0.6 -26+3 19+9

Data collected at 15°C in 20 mM TRIS (pH 7.4).
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Figure 4-3: ITC data for MN4 binding quinine acquired at various aptamer
concentrations at 0 mM NaCl. Shown in blue circles are the experimental data with
the global fit of the data to an independent sites model shown as a solid grey line.

4.4.3. Salt mediated binding of quinine to MN19 aptamer. Many of the
applications of the cocaine-binding aptamer rely on the structure-switching binding

mechanism of a short stem 1 sequence variant. We analyzed the interaction of the
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cocaine-binding aptamer construct MN19 (Figure 4-1) in order to assess a short
stem 1 variant for two-site binding. ITC experiments were performed at both high
and low NaCl concentrations and, as seen with the long stem 1 construct, MN19
binds two quinine molecules at 0 M NaCl (Figure 4-4). The affinity of MN19 for
quinine at 20 mM Tris pH 7.4, 0 mM NaCl has a Kq1 value of 0.28 + 0.12 uM and an
enthalpy of -8.5 # 0.2 kcal mol! at the high affinity site; while the low affinity site
has a Kq2 value of 5 £ 1 uM and an enthalpy of -68 *+ 42 kcal mol-. At 140 mM NaCl,
MN19 binds quinine only at a single site with an affinity of 0.38 + 0.09 puM and a AH
of -15.2 + 3.2 kcal moll. These values match within the error range with what we
reported earlier for quinine binding with the same buffer conditions, though at

slightly different temperatures (17.5°C versus 15 °(C)82.

Time (min)
0 25 50 75 100 125 150 175
T T T T T T T T

ucal/sec

204

kcal mol™ of injectant

2304

T T T T T T T T
00 05 10 15 20 25 30 35
Molar Ratio

Figure 4-4: Two-site binding of the short stem 1, MN19 cocaine-binding aptamer
using ITC. Shown is the titration of quinine into a 20 pM solution of the MN19
aptamer with buffer conditions of 0 mM NaCl, 20 mM TRIS (pH 7.4). On top is the
titration data showing the heat resulting from each injection of quinine into an
aptamer solution. On the bottom are integrated heats after correcting for the heat of
dilution. The binding experiment was performed at 15°C.
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4.4.4. Effect of NaCl concentration in buffer on binding. In order to investigate
the effect of NaCl concentration on MN4-quinine binding, ITC experiments were
performed at NaCl concentrations ranging from 0 to 140 mM. Figure 4-5 shows the
raw thermograms acquired at different concentrations of NaCl. The shape of the
thermograms clearly demonstrates the shift from two-site to one site binding as the
concentration of NaCl increases. Presumably, at higher Na* concentrations the
cation shields electrostatic interactions between the negatively charged DNA
aptamer and the positively charged quinine (or cocaine) ligand. It is likely that
electrostatic interactions play a greater role in ligand binding at the low affinity site
as Na* reduces binding at high concentrations. This increased role of electrostatics
at the low affinity site is consistent with the ITC determined enthalpy at this site
being more exothermic than at the high affinity site.
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Figure 4-5: Ligand binding at the second site is controlled by the concentration of
NaCl. Shown are the ITC data for the titration of MN4 with quinine at different NaCl
concentrations. Represented in red is data at 0 mM; green at 25 mM; purple at 50
mM; blue at 75 mM and black at 140 mM NaCl. Experiments were performed at 15°C
and also contained 20 mM TRIS (pH 7.4).
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4.4 Concluding Remarks

It can be concluded that the cocaine-binding aptamer has the ability to bind two
copies of its ligand at low NaCl concentrations. Both cocaine and quinine binding at
the second site have a lower affinity than at the first site and increasing the
concentration of NaCl can eliminate binding at the second site. Previous studies
have looked at binding by the aptamer at relatively high NaCl concentrations and
consequently binding at this second site was not previously observed. A benefit of
this second binding site to biosensor design could be to extend the dynamic range of
a cocaine sensor. By working at a low NaCl concentration the two sites with two
different binding affinities should act in a similar fashion as using oligonucleotide
inhibitors to alter the dynamic range of the cocaine-binding aptamer!49. The ability
to control ligand binding at the second site by adjusting the NaCl concentration is
unique among aptamers. What is demonstrated here is the first NaCl controlled
binding by an aptamer to ligands not known to bind nucleic acids nonspecifically.
Other functional nucleic acid molecules, such as the ATP DNA aptamer®135 and the
aptamer domain from the THF riboswitch34 bind two copies of their ligand, but
they do not have the ability to control the switch from single to two-sited binding by
such a simple change, as the buffer concentration of NaCl, that is seen with the
cocaine-binding aptamer. This ability to one of two binding events by changing the
NaCl concentration may prove useful in different biotechnology applications such as
aptamer controlled cargo releasel#! and aptamer based materials and sensing
applications. This work also demonstrates that in vitro selected molecules can have

as complex a function as those found in nature.
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Chapter 5 Analysis of cooperative ligand binding by the
ATP aptamer

5.1. Preface
e The work presented in this chapter is taken from the manuscript titled
“Thermodynamic Analysis of Cooperative Ligand Binding by the ATP-binding
Aptamer” by Sladjana Slavkovic, Yanrui Zhu, Zachary Churcher, Aron A.

Shoara and Philip E. Johnson. Currently awaiting submission to a peer
reviewed journal.

5.2 Introduction

One of the most studied aptamers since its development is the 27 nucleotide long
ATP DNA aptamer selected by Huizenga and Szostak in 1995 that binds ATP with
micromolar affinity!3>. This ATP aptamer has a highly recurring sequence and has
been re-developed using different selection method in biosensor development42. [t
has been used as model study and many studies have been employed to understand
binding dynamics and cooperativity!43-146, In 1997, Lin and Patel have solved the
structure of the ATP aptamer by nuclear magnetic resonance (NMR) using AMP as
the binding ligand®. The structure shows two binding pockets each one binding one
molecule of AMP. The binding site is in a zipped up internal loop formed by a
sheared GeA, and a reverse Hoogsteen GeG mismatch with the unpaired G at the
binding site pairing with the AMP ligand (Figure 5-1a). Interestingly, the ATP-
binding DNA aptamer binds two molecules unlike the ATP-binding RNA aptamer
selected to bind only one AMP molecule even though the two aptamers have the

same mode of binding even though they have different architectures*’. The ATP-
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binding aptamer has been used for an effector binding domain of allosteric sensors
and deoxyribozymes'4? and for probe sensing adenine nucleotides by fluorescence
labeling!4’. It has been shown that it also binds ADP, adenosine as well as
adenine813>148, Methods for binding detection of ATP, AMP and adenosine to the
ATP DNA aptamer have been developed previously and include chromatography,
fluorescence, bioluminescence and electrochemical biosensors!46149150, Here we
use isothermal titration calorimetry and global fitting method of ITC datal03138
obtained over a range of ATP aptamer concentrations to determine whether
adenosine binding to ATP aptamer follows independent or cooperative binding

model.
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Figure 5-1: Secondary structures of the (a) original ATP-binding aptamer and (b-g)
variants. (b Self-complementary 14mer (ATP6) (c) and (d) ATP aptamer variants
that have inosine substitution at position 22 (ATP9) and position 9 (ATP10). (e)
One site removed (ATP11). (f) ATP-binding aptamer with two sites removed by
extra three base pairs (ATP17). (g) ATP-binding aptamer with two sites separated

by extra four base pairs (ATP7).
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5.3 Results

5.3.1. Ligand binding to ATP3 aptamer. The originally selected 27-nucleotide
long ATP-binding aptamer!3> (Figure 5-1a) was chosen to look at binding of the
aptamer to a variety of adenine-based ligands. Binding of the ATP3 aptamer to ATP,
ADP, AMP, adenosine and adenine was observed (Figure 5-2). The ITC data for these
ligands were fit to both a cooperative and an independent binding model with the
model that provided the lowest residual sum of squared differences (RSS) between
the experimental and calculated data points being judged as the best fit (Table 5-1).
Adenosine was then chosen for more detailed analysis as it provided the best quality

ITC data in terms of signal to noise.

Table 5-1: Binding affinities and thermodynamic parameters of adenine-based
ligands to the ATP-binding aptamer and comparison of fits!.

Aptamer Kar AHi i —TAS: ; Ka (k(‘ﬁfll:lol' —TAS: ; RSS
(LM) (kcal mol")  (kcal mol") (1LM) 1y (kecal mol™)
Cooperative ATP 133 £55 -1.8+0.1 -34+03 498 +123  -6.0+£1.7 1.5+1.6 9.69 x 10°
Independent 19+19 -0.83+0.02 -6.8+£0.6 186 +28 -1.3+0.1 -3.7+0.1 2.85x 10"
Cooperative ADP 101 £33 -2.7+0.1 -2.7+£0.2 254 +37 -13+1 8+1 1.02 x 107
Independent 1.3+0.8 -1.5+0.1 -6.4+2.6 87+10 -2.8+£0.2 -2.6+0.1 2.15x 10"
Cooperative AMP 86 £26 -6.7+0.1 1.2+0.1 127+9 -16£1 15+1 1.27x 107
Independent 0.8+0.4 -3.7+0.1 -45+0.3 89+3 -6.7+£0.2 09+04 437 x 10"
Cooperative ] 42+13 -11+£3 49+32 43+2 27+2 21+£2 5.63 x 107
Independent Adenosine 0.7+0.3 -4.5+1.2 -3.7+13 24+1 -10+1 41+02 2.87 x 10"
Cooperative Adenine 39+ 14 -5.5+0.2 -0.5+0.3 218+114 -35+18 30+ 18 3.32x 108
Independent 09+04 -24+0.2 -5.8+0.3 37+6 -5.0+04 -1.0+04 2.58 x 10"

Data collected at 20°C in 10 mM acetate (pH 5.5), 120 mM NaCl, at 70 uM aptamer concentration and 1.96 mM ligand

concentration.
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Figure 5-2: Binding of ATP, ADP, AMP, adenosine and adenine by the ATP3
aptamer. On top is the titration data showing the heat resulting from each injection
of ligand into an aptamer solution. On the bottom are integrated heats after
correcting for the heat of dilution. The binding experiment was performed at 20°C in
10 mM acetate (pH 5.5), 120 mM NacCl.
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5.3.2. Binding Mechanism of Adenosine to ATP3 Aptamer. In order to confirm
that ATP3 binds two molecules of ligand in a cooperative and not independent
manner, ITC binding data was acquired at six aptamer concentrations ranging from
10 - 100 uM. Data were fit both individually and globally to an independent and a
cooperative binding model with the model providing the lowest sum of residual
squared differences (RSS) between the experimental and calculated data points
being judged as the best fit. For all six aptamer concentrations, the cooperative

model provided the best fit of the experimental data to the calculated fit (Table 5-2).

Table 5-2: Individual independent and cooperative fits comparison of adenosine
binding to ATP3 aptamerl.

Agtoa;c'.er Kai AH; —TAS; Ka: AH; —TAS: RSS?
(M) (LM) (kcal mol!)  (kcal mol™) (uM) (kcal mol!)  (kcal mol™)
Cooperative 0 6.1+14 -1.7+0.1 -5.3+0.2 50+£33 -17+£11 11£12 1.29x 10°
Independent 1.5+£25 -0.2+0.6 -7.5+1.1 21+32 -4.7+4.4 -2.1+45 1.33x 102
Cooperative 20 17+9 -3.5+0.2 -29+0.3 32+11 -24+6 19+6 9.79 x 108
Independent 0.6+£0.5 03+17 -8.7+17 12+1 -52+0.6 -1.4+0.6 1.61x 102
Cooperative 15+2 -4.1+0.7 -24+0.1 26+ 2 21+1 15+1 1.80x 10®
Independent 30 0.7£0.3 -1.9+04 -6.4+0.5 I5+1 -74+04 09+04 3.40x 10!
Cooperative 26+3 -5.2+0.6 -0.9+0.6 57+18 -23+2 18+2 1.60 x 107
Independent >0 1.9+0.9 -1.9+2.7 -5.8+2.8 35+1 -8.2+0.7 22+0.2 2.28 x 101!
Cooperative 42+ 13 -11+£3 49+32 4342 27+2 21+2 5.63 x 107
Independent & 0.7£0.3 -45+1.2 -3.7+1.3 24 + 1 -10+1 41+0.2 2.87x 10!
Cooperative 100 45+4 -11+£2 48=+1.5 507 -26+2 20+2 6.02 x 107
Independent 0.6+£0.2 -44+1.0 39+£1.0 35+1 -8.7+0.1 2.7+0.1 1.86 x 102

Data collected at 20°C in 10 mM acetate (pH 5.5), 120 mM NaCl. 2RSS value obtained from MATLAB.

Table 5-3: Average of the individual fits comparison!
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Ka AH; —TAS: Ka: AH: —TAS:

RSS?
(LM) (kcal mol’)  (kcalmol') (uM)  (kcal mol') (kcal mol?)
Cooperative 25+ 15 -6+3 -0.3+04 43+ 12 -23+4 17+4 2.6x10°
Independent 1.0+ 1.0 2.1£2.1 -6+2 24+9 -8+3 1.1+2.4 42x 10"

Data collected at 20°C in 10 mM acetate (pH 5.5), 120 mM NaCl. 2RSS value obtained from MATLAB.

The ITC data from the experiments performed at the six different concentrations
were also analyzed using a global fit to both the independent and cooperative
binding models (Figures 5-3 and 5-4). Again, the cooperative model provided the
best fit as judged by the lowest RSS values (Table 5-4). The thermodynamic
parameters for adenosine binding at each aptamer concentration are shown in
Table 5-2 with the average of the individual fits shown in Table 5-3. The
thermodynamic binding parameters from the global fit are shown in Table 5-4.
There is an agreement between the average of the individual fits and the global fits

to within the reported error range for all values except for the -TAS; value.

Table 5-4: Global fits for cooperative and independent binding model comparison

Kai AH; —TAS: Ka2 AH, —TAS: RSS
(LM) (kcal mol)  (kcal mol') (uM)  (kcal mol'')  (kcal mol?)
Cooperative 28+5 -7.0+0.3 1.0£0.3 364 22+1 16 +1 420 x 107
Independent 1.2+0.7 47+02 -12+£04 45+18 S11+11 5+ 11 2.23x 10"

Data collected at 20°C in 10 mM acetate (pH 5.5), 120 mM NaCl. RSS value obtained from MATLAB
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Figure 5-4: Global independent fit showing binding of adenosine to ATP3 aptamer
acquired at various aptamer concentrations. Shown in green circles are the
experimental data. Blue solid line shows global fit of the data to a cooperative
binding model.
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5.3.3. Relationship between two binding sites. To study how two binding sites

are affected by mutations, guanine at positions 9 and 22 was replaced with inosine

(Figure 5-1c and 5-1d). Thermograms for two ATP constructs are shown in Figure

5-5 and indicate that only one site is bound when guanine is replaced with inosine.

Results presented in Table 5-5 indicate that adenosine binds to ATP9 and ATP10

weakly to the active site of the aptamer. Data was fit to a one site binding model.
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Figure 5-5: ITC thermograms showing binding of adenosine to (left) ATP9 and

(right) ATP10.

Table 5-5: ATP9 and ATP10 aptamers binding to adenosine!

Ka1 AH1 —TAS1

(uM) (kcal mol-1) (kcal mol-1)
ATP9 212 £ 69 -1.7+0.1 -3.9+0.2
ATP10 188 £ 37 -2.1+0.1 -3.9+0.2

'Data collected at 20°C in 10 mM acetate (pH 5.5), 120 mM NaCl.
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5.3.4. ATP aptamer variants with one binding site. To compare to two-site ATP
aptamer, three one-site ATP-binding aptamers were engineered (Figures 5-1e and
5-7). In the case of ATP11 (Figure 5-1e), new base pairs were introduced, and non-
canonical base pairs replaced by Watson-Crick base pairs. This resulted in a binding
affinity of 12 + 4 uM, an enthalpy of -133 # 1 cal mol! and -TAS of -7 *+ 1 kcal mol!

(Figure 5-6).
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Figure 5-6: Thermogram showing binding of adenosine to the ATP11 aptamer. On
top is the titration data showing the heat resulting from each injection of ligand into
an aptamer solution. On the bottom are integrated heats after correcting for the heat
of dilution. The binding experiment was performed at 20°Cin 10 mM acetate (pH
5.5), 120 mM NaCl with aptamer concentration of 70 pM and adenosine
concentration of 2.18 mM.

Next, a different one-site ATP aptamer, ATP1d was studied. This aptamer has been

used in previous studies and binding affinity obtained matches the one obtained by
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Zhang et al.197 Replacing G16 with C16 (Figure 5-7b) and A7 with C7 (Figure 5-7c)

disrupts binding as evident in ITC thermograms (Figure 5-8).
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Figure 5-7: Structures of one-site ATP aptamer variants.

Time (min) Time (min) Time (min)
0 25 50 75 100 125 150 175 O 25 50 75 100 125 150 1750 25 50 75 100 125 150 175
T T T T T T T T T T T T T T T TTT T T T T T T T T T T T T T T
0 — ], Ju“.uuu b L gLtk
YTV Yy Yy Ty " s v r| y
O 54 -
Q
2
[
£
-10 4 -
ATP1d ATP1d-GC1 ATP1d-GC2
15 T T T T T T T T T T T T T T T T T T T T T
04 4 4 4
5
5 5 7] 7] 7]
@
g
%5 -10 4 4 4
Q@
o
g -154 B B B
[
&}
x
-20 - - - -
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6

Molar Ratio Molar Ratio Molar Ratio

Figure 5-8: Thermograms showing interaction of one-site aptamers binding to
adenosine. On top is the titration data showing the heat resulting from each
injection of ligand into an aptamer solution. On the bottom are integrated heats after
correcting for the heat of dilution. The binding experiment was performed at 20°C in
10 mM HEPES (pH 7.6), 100 mM NacCl, 2 mM MgCl; with aptamer concentration of
100 uM and adenosine concentration of 2.9 mM.
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5.3.5. Adenosine binding to ATP6 aptamer. Another ATP aptamer variant, ATP6
(Figure 5-1b) was tested for binding to adenosine. This ATP aptamer variant
consists of two palindromic strands and is 14 base pairs long. Each strand base
pairs with its homologous strand to form a double helix conformation. ATP6
aptamer binds to adenosine and data was fit to both independent and cooperative
binding model. Results best fit the cooperative binding model based on RSS value
determined (Table 5-6). Figure 5-9 shows ITC thermogram of adenosine binding to

ATP6 aptamer and MATLAB fits for both models.

Table 5-6: ATP6 binding to adenosine fit comparison!

Kar AH; —TAS: Ka2 AH: —TAS: RSS
(UM) (kcal mol!)  (kcal mol™) (LM) (kcal mol!)  (kcal mol™)
Cooperative 91 +£42 -3.0£0.1 -29+0.3 279+ 18 -57+21 =50+ 21 438x 108
Independent 0.9 +0.8 -3.7£0.1 -4.5+0.6 226 £ 27 9+1 3+1 1.05x 10"

Data collected at 20°C in 10 mM acetate (pH 5.5), 120 mM NaCl. RSS value obtained from MATLAB

80



(@ Time (min) (b)
0 25 50 75 100 125 150 175

T T T I T T T
-1000
Y
0004, T
1 4 'gg 2000
o -2.00 ] i 3
3 £ -3000
2 B
® 1 j
o
= 400+ | 400
g
-6.00 . . ; . . . © Molar Rati
1S Illl........
c
8 gut "
5 -2.00 o~ i
§ .. g
N ] %
o u £
u °
T ™ [} _-d
S -4.00 " | s
IS ] :
E .' 00000
£
604
0 2 4 6 8 10 12
Molar Ratio Molar Ratio

Figure 5-9: (a) ITC figure showing binding of adenosine to the ATP6 aptamer.
MATLAB figure showing (b) independent binding fit and (c) cooperative binding fit.
Black circles represent experimental data obtained by ITC. Blue solid line
represents MATLAB fit.

5.3.6. ATP and adenosine binding to ATP7 aptamer. From binding results of the
ATP-binding aptamer to the adenine-based ligands (Table 5-1) it can be noticed
that, as the number of phosphates on the ligand is reduced, the affinity at both
binding sites increases. Additionally, in the structure of the ATP3 aptamer the two
binding sites are adjacent on the same side of the helical structure®. The binding
probably became tighter with fewer phosphate groups present due to electrostatic
repulsion between the ligands, and this repulsion could be minimized if the binding
sites were on opposite sides of the helical structure. In order to test this, ATP7
aptamer was introduced, where three GeC base pairs and GeA mismatch between

the 2 binding sites (5-1g). These 4 new base pairs should position the 2 binding sites
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on opposite sides of the B-form helix. Binding results show that ATP7 aptamer binds
two molecules of adenosine (Figure 5-10) with the data best fitting an independent

binding model (Table 5-7).

Table 5-7: ATP7 binding to adenosine fit comparison!

Ka AH, —TAS: Ka2 AH: —TAS:

RSS
(LM) (kcal mol')  (kcal mol?) (LM) (kcal mol!)  (kcal mol™)
Cooperative 0.6+0.3 -71.7+0.1 -1.1+0.2 48+ 6 -11+£2 4+2 4.44 x 10"
Independent 1.3£0.5 -6.4+£0.1 -2.0+0.6 32+1 -12+1 4+1 9.33x 10"

Data collected at 20°C in 10 mM acetate (pH 5.5), 120 mM NaCl. RSS value obtained from MATLAB

Separating the two binding sites by 4 base pairs does not change the binding model
in case of ATP binding to ATP7 however it affects binding affinity of one of the sites.
Two molecules of ATP are bound by this aptamer (Figure 5-11) with the data best

fitting a cooperative binding model (Table 5-8).

Table 5-8: ATP7 binding to ATP fit comparison?!

Ka AH; —TAS: Ka2 AH: —TAS: RSS
(LM) (kcal mol')  (kcal mol?) (UM) (kcal mol!)  (kcal mol™)
Cooperative 131 -1.3£0.1 -5.1£0.1 61597 -15+£2 10+1 1.93 x 107
Independent 4£2 -0.6+0.9 -7.1+£0.3 145 £ 52 3+1 31 1.28 x 10'°

Data collected at 20°C in 10 mM acetate (pH 5.5), 120 mM NaCl. RSS value obtained from MATLAB
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Figure 5-10: (a) ITC figure showing binding of adenosine to the ATP7 aptamer.
MATLAB figure showing: (b) independent binding fit; (c) cooperative binding fit.
Black circles represent experimental data obtained by ITC. Blue solid line
represents MATLAB fit.
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Figure 5-11: (a) ITC figure showing binding of ATP to ATP7 aptamer. MATLAB
figure showing: (b) independent binding fit; (c) cooperative binding fit. Black circles
represent experimental data obtained by ITC. Blue solid line represents MATLAB fit.
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5.3.7. Adenosine binding to ATP17 aptamer. In order to determine the minimum
number of base pairs between the two sites necessary to switch the binding model
from cooperative to independent for adenosine, ATP17 aptamer was introduced.
Here, the two binding sites are separated by two GeC base pairs and GeA mismatch
(5-1f). Binding results show that ATP17 aptamer binds two molecules of adenosine

(Figure 5-12) with the data best fitting a cooperative binding model (Table 5-9).

Table 5-9: ATP17 binding to adenosine comparison fits.!

Ka AH; —TAS: Ka: AH; —TAS: RSS?
(UM) (kcal mol')  (kcal mol?) (UM) (kcal mol'!)  (kcal mol?!)
Cooperative 44 +8 -1.0+£0.1 -4.7+0.1 12971 -12+2 7+2 3.71x 107
Independent 122 0.1+0.5 -7+1 624 + 206 -1.7+£0.3 -25+0.5 1.33x 1010

Data collected at 20°C in 10 mM acetate (pH 5.5), 120 mM NaCl. 2RSS value from MATLAB
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Figure 5-12: (a) ITC figure showing binding of adenosine to ATP17 aptamer.
MATLAB figure showing (b) independent binding fit; (c) cooperative binding fit.
Black circles represent experimental data obtained by ITC. Blue solid line represents
MATLAB fit.
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5.3.8. Hill coefficient analysis. ITC binding data acquired for ATP3, ATP7, ATP15
and ATP17 was analyzed to determine the Hill coefficient (ng) for these aptamers

and results presented in Table 5-10. Detailed calculation is shown in Appendix B.

Table 5-10: Hill coefficient results for ATP and adenosine binding to the ATP-
binding aptamer constructs.

Aptamer Ligand nH Ligand nH
ATP3 ATP 1.19+0.05  Adenosine 1.29+0.08
ATP17 ATP N/A Adenosine 1.09 £0.02
ATP7 ATP 1.06 £0.02  Adenosine 1.01 £0.03

5.4 Discussion

Isothermal titration calorimetry (ITC) is a useful tool used in determination of
binding constants and thermodynamic parameters of binding from a single
experiment!25151-153  ITC is often applied in the study of systems where an aptamer
has a single binding site and only one molecule of ligand is bound. However, it can
be applied in study of systems in which ligand binds to multiple sites independently
or cooperatively103126154155  Determining which binding model is the correct one by
ITC can be a challenge as different binding models can give the identical fit to the
same set of data. If the biding mechanism is not known it can be difficult to
determine which model is the correct one. In ITC, Wiseman parameter “c” plays an
important role. This parameter is the product of aptamer concentration, binding

affinity, K. and stoichiometry parameter, n156. An optimal c-value lies between 10

and 100 where thermodynamic parameters are most accurately determined?>157.
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Different aptamer concentrations will give different shape of the curve. Low
aptamer concentrations (c value close to 1) will give shallow curve from which
affinity can be determined, but not enthalpy; while high concentrations of aptamer
will give sigmoidal shape (in case of one site binding) and “u” or “v” shaped curve in
case of two-site binding mechanism. Therefore, it is important to have some data
sets at higher concentrations because if an aptamer possesses second binding site,
at low aptamer concentrations second binding site may not be visible. In case of

fitting, changing concentration of the aptamer should not affect the binding model,

i.e. data should fit to the correct model regardless of the aptamer concentration.

Here, isothermal titration calorimetry is used to determine whether two molecules
of adenosine bind cooperatively or independently of each other to ATP3 aptamer.
Using a method developed by Freibureg at al.193, ITC experiments were performed
on six different samples of ATP3 aptamer with concentrations ranging from 10 to
100 puM. Each data set was fit individually to both independent and cooperative
model with different binding parameters obtained for each sample. Lower
concentrations of ATP3 aptamer did not provide good fit using independent model
and had large uncertainties in values (Table 5-1), which was not evident in
cooperative model. In order to determine which fit corresponds better to the
binding mechanism, the residual sum of squared deviations (RSS) was determined.
This value represents discrepancy between experimental data and an estimation
model. Small RSS value indicates a tight fit of the model to the data and is used as

criterion in model selection. Results indicate that cooperative global fitting model of
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adenosine binding to ATP3 aptamer has lower RSS values (4.2 x107) compared to
independent model (2.23 x1011) (Table 5-3). Individual data fits were also averaged
for each binding model and average individual cooperative fits agree within
experimental errors with results obtained by global cooperative fitting model. The
binding parameters for cooperative model are presented in Table 5-3 and although
two adenosines bind with similar affinities (Kq1 = 28 + 5 uM and Kqz2 = 36 + 4 uM)
they have different enthalpy and entropy of binding (AH1 = -7.0 * 0.3 kcal mol-, -
TAS1 = 1.0 £ 0.3 kcal mol!, AHz = -22 + 1 kcal mol-1, -TAS; = 16 + 1 kcal mol)-L. In
case of independent model large errors have been obtained for both enthalpy and

entropy values of the second site (Table 5-3).

To further investigate the validity of the cooperative model, base substitution using
inosine instead of guanine was performed. Guanine to inosine substitution is often
used to study properties of nucleic acid. Inosine differs by loss of the N2 amino
group, so this substitution is suited to probe structural and thermodynamic effects
of single H-bonds!>8. In the ATP3 aptamer, one of the binding sites was mutated by
changing guanine at positions 9 and 22 (guanine that interacts with the ligand) with
inosine (ATP9 and ATP10). It has been shown that inosine in this position inhibits
binding as these two bases, G9 and G22, are part of binding pocket, a recognition
alignment that involves AMP ¢ G mismatch formation through a pair of hydrogen
bonds between Watson-Crick edge of adenosine and minor groove edge of guanine?.
Both ATP9 and ATP10 retain only very weak binding to adenosine (Table 5-5). In

these aptamers the ligand does not bind at the mutated binding site, but the
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unbound aptamer retains its disordered nature at the entire binding site. With
binding at the one remaining site still possible, more of the binding free energy from
that single ligand binding event needs to go into folding the aptamer with much

weaker binding being observed.

To determine whether binding is retained after completely removing one site,
several ATP aptamer variants were studied. In the case of ATP11 (Figure 5-1e), one
binding site has been removed by incorporating Watson-Crick type base pairs in
order to retain structural stability. This aptamer also binds adenosine with Kq = 12
*+ 4 uM and enthalpy -133 * 13 cal mol-l. Long stem provides stability giving tighter
binding but introducing Watson-Crick base pairs decreases enthalpy suggesting that
free energy went into folding of the aptamer and only little into binding. ATP1d
aptamer also retains structural stability, although it binds slightly weaker than

ATP11, with Kq = 21 * 2 uM and enthalpy -23.6 * 0.4 kcal mol-.

As a further test of reducing the disorder at the binding site, two aptamers Aptld-
GC1 and Aptld-GC2 were analyzed. These aptamers were constructed by changing
the mismatched base pairs immediately adjacent to the G that interacts with the
ligand to be Watson-Crick paired. This further reduction in binding site mobility
resulted in no binding being observed. This indicates that these mismatched base
pairs are required for binding, likely due to structural reasons, and consistent with
Ge G mismatched base pairs being found in both the DNA and RNA forms of AMP-

binding aptamers8159.
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A palindromic version of this aptamer can be generated through base pairing of two
self-complementary strands that contain 14 base pairs. Binding of adenosine to
ATP6 aptamer has been originally studied by Lin and Patel as it provided improved
IH-NMR spectra compared to ATP3160. Binding of adenosine to this self-
complementary ATP6 still follows cooperative model with thermodynamic
parameters shown in Table 5-6. Cooperative fit agrees better with experimental
data unlike independent model as RSS value obtained for cooperative model (4.38 x
108) is lower compared to the one obtained for independent binding model (1.05 x

1012).

In all ATP aptamer versions with two binding sites studied, the two sites are
adjacent to each other. When two sites are separated by an additional four base
pairs, as in ATP7 aptamer, they point away from each other. In this case, two
adenosines bind independently of each other. Affinity of one site is about 20-fold
higher than for ATP3 aptamer; however, binding affinity of the second site remains
unchanged. Results are presented in Table 5-7 and RSS value obtained for
cooperative model (4.44 x 1011) is higher than one obtained for independent model
(9.33 x 1019). Also, Figure 5-10 shows that independent fit agrees better with the
experimental data. On the other hand, ATP binds cooperatively to the ATP7
aptamer with RSS value for cooperative model (1.93 x 107) smaller than the one
obtained for the independent model (1.28 x 1019). Binding affinity of one site is
about 10-fold tighter than for the ATP3 aptamer, while affinity of the second site

remains the same (Table 5-8).
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In order to determine how many base pairs are required to switch binding model
for adenosine from cooperative to independent, ATP17 aptamer is introduced.
Separating two binding sites by three base pairs does not change the binding model
for adenosine. Results are presented in Table 5-11 with RSS value for the
cooperative fit (3.71 x 107) being smaller than for independent fit (1.33 x 1019).
These findings show that for adenosine at least four base pairs are necessary to

switch the binding model from cooperative to independent.

5.5 Concluding remarks

ATP-binding aptamer consistently follows a cooperative binding mechanism
whether it is the original 27 nucleotide sequence or the duplex version and
whatever ligand the aptamer binds (Table 1). What factor(s) in the aptamer that
gives rise to the cooperativity is unknown, however the two binding sites need to be
close together and this results in the two ligands binding on the same side of the
helix. When the two sites are separated, as in ATP7, the two adenosine ligands bind
independently (Table 6). It may be possible that the two binding sites need to be
close for them to somehow communicate with each other or that the two ligands
interact during the binding process. As first ligand binds, it organizes the second
binding site, then second ligand binds this preorganized site higher than it would,

which is evident in positive hill coefficient for both adenosine and ATP binding.
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Chapter 6 Designed Alteration of Binding Affinity in
Structure-Switching Aptamers Through the Use of
Dangling Nucleotides

6.1 Preface
All work presented in this chapter has been published in the article listed below.
e Slavkovic, S., Eisen, S., and Johnson, P.E. “Designed Alteration of Binding

Affinity in Structure-Switching Aptamers Through the Use of Dangling
Nucleotides.” Biochemistry 59 (5), 663 - 671 (2020).

6.2 Introduction

The ability to alter the function of biomolecules in a designed manner is an
important goal in biotechnology. For functional nucleic acids, altering nucleic acid
structure and thereby its function, is greatly aided by the known thermodynamic
contributions to stability of adding or changing base pair identity'®l. Important
class of functional nucleic acids are structure-switching aptamers. For these
aptamers, ligand binding is coupled with a structural transition from an unfolded or
loosely folded ligand-free structure, to a folded ligand-bound structurel62163,
Structure-switching aptamers are important in biosensor development where the
structural change is converted into a measurable signal of the binding event to a
folded have the advantage are more amenable to introducing controlled changes in

their function144.164-166

The cocaine-binding aptamer 1is a wuseful model system for aptamer

design6+4758586115167 This aptamer is structured as a three-way junction centered
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near a tandem AG mismatch (Fig. 1)77. Two facets of this aptamer that make it
particularly interesting are that it transitions between having a ligand-induced
folding mechanism when stem 1 is three base pairs long or shorter and being pre-
structured with a four base pair or longer stem 177.79. Additionally, the cocaine-
binding aptamer has substantial binding promiscuity in that it binds quinine-based
ligands much tighter than cocaine, the ligand it was originally selected for8296.168,
Previously, we introduced binding selectivity for tighter binding ligands into this
aptamer by altering the length of stem 1. By shortening stem 1 to have two base
pairs (ORS8, Figure 6-1) instead of three (MN19, Figure 6-1), more free energy from
ligand binding is needed to fold the aptamer with only the tighter binding ligand,
quinine, able both fold and bind the OR8 aptamer while cocaine is not capable of

binding ORS.
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Figure 6-1: Secondary structures of the cocaine-binding aptamers containing
dangling nucleotides as well as the OR8 and MN19 aptamers. The numbering of the
nucleotides matches what we have used previously and is derived from the MN4

construct. Dashes between nucleotides indicate Watson-Crick base pairs while dots
indicate non-Watson-Crick base pairs.
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In this study, the binding affinity of the structure switching cocaine-binding aptamer
is fine tuned in a designed manner by introducing unpaired, or dangling 3’ or 5’
nucleotides. Unpaired nucleotides can stack against the terminal base pairl69-171
and stabilize, or even destabilize, a nucleic acid structure by a known AG®37 valuel’2.
For structure-switching aptamers, or aptamers that undergo a ligand-induced
folding mechanism, adding a stabilizing dangling nucleotide should reduce the free
energy needed to fold the molecule, as this free energy is obtained from the ligand-
binding free energy, more free energy would be left over for the apparent AG of

binding, and observed in the K4 value measured.

6.3 Results

6.3.1. Cocaine-binding aptamer dangling nucleotide constructs. The quinine
binding thermodynamics of eight different cocaine-binding aptamer constructs
(Figure 6-1) with dangling nucleotides were determined using ITC methods. For
comparison, both the OR8 and MN19 constructs, comprised of stem 1 lengths of 2
and 3 base pairs, respectively, were also measured. These dangling nucleotide
constructs were chosen to give as large a range of AG® values as possible while
preserving the terminal AT base pair of OR8. The terminal AT base pair must be
maintained as switching the AT base pair to be a TA base pair causes reduction in

affinity for cocaine to 31 uM from 7 uM77.
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The thermograms for all ten constructs are shown in Figure 6-2. With the exception
of MN19 all binding curves were fit to a 1:1 binding model. For MN19, the
thermogram shows a distinct non-sigmoidal shape indicative of two-site binding as
observed previously at lower aptamer and NaCl concentrations?6. The data for
MN19 were therefore fit to a two-site independent binding model. The
thermodynamic binding parameters for these cocaine-binding aptamer constructs

are shown in Tables 6-1 and 6-2.

Table 6-1: Binding affinities and free energy of quinine binding by aptamers used in this

study.!
Ka (uM)  AG (kcal mol')  AAG (kcal mol!)  AG (cal mol?)?
ORS 111 +4 -52+0.2 - -

OR8 -3C 66 £4 -5.5+04 -0.29+£0.43 -190
ORS8 -3T 57+ 1 -5.6+0.1 -0.38 £0.23 -290
OR8 - 5C 43+ 1 -5.8+0.1 -0.55+0.23 -420
ORS8 -3A 22+1 -6.2£0.1 -0.94 £0.23 -0.48
ORS8 -3G 211 -6.2+£0.2 -0.94 +£0.27 -0.50
ORS8 - 5A 8.7+0.3 -6.7+0.2 -1.46 £ 0.38 -510
ORS8 -5G 8.3+0.1 -6.7+0.1 -1.49 +0.22 -620
OR8 - 5T 7.2+0.1 -6.8 £ 0.1 -1.57£0.21 -710

MN19? 0.4+0.1 -84+1.2 -3.22+1.25 -1150

Data acquired at 15°C in 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCI. The values
reported are averages of 2 to 5 individual experiments. ?Data were fit to a 2-site
independent binding model with the fits for the high affinity site reported here. *Values
from Bommarito et al.(28).
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Table 6-2: Thermodynamic parameters of aptamers used in this study upon binding to

quinine.!
AH (kcal mol ™) —TAS (kcal mol™)

ORS -10.1 £0.1 49+0.3
OR8 -3C -15.2+£2.1 9.7+2.1
OR8 -3T -16.9+£0.2 11.3+0.2
OR8 - 5C -16.4£2.8 10,6 £2.9
ORS8 -3A -16.6 £ 0.1 10.5+0.1
OR8 -3G -19.8 £0.1 13.6+0.2
ORS8 - 5A -20.2+£2.7 13.5+2.8
OR8 -5G 210+ 1.5 143+1.5
OR8 - 5T -25.7+0.1 19.0+ 0.1
MN19? -174 £ 1.1 89+1.6

"Data acquired at 15°C in 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCI. The
values reported are averages of 2 to 5 individual experiments. 2Data were fit to a 2-
site independent binding model with the fits for the high affinity site reported here.
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Figure 6-2: ITC data showing the interaction of the different cocaine-binding
aptamers binding quinine. On top is the raw titration data showing the heat
resulting from each injection of ligand into aptamer solution. The bottom shows the
integrated heat plot after correcting for the heat of dilution. Data were acquired at
15°Cin 20 mM Tris (pH 7.4), 140 mM NacCl, 5 mM KCl.

6.3.2. ATP-binding aptamer dangling nucleotide constructs. In order to test the
generality of introducing dangling nucleotides into structure-switching aptamers to
alter binding affinity, dangling nucleotides were introduced into a single site version
of the ATP-binding aptamer (Figure 6-3)1%7. The adenosine binding thermodynamics
of two different ATP-binding aptamer constructs with dangling nucleotides were

determined using ITC methods.
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Figure 6-3: Secondary structures of the ATP-binding aptamers containing dangling
nucleotides as well as the ATP1d and ATP1e aptamers. Dashes between nucleotides
indicate Watson-Crick base pairs while dots indicate non-Watson-Crick base pairs.

To provide a comparison with the dangling nucleotide constructs, both the ATP1d
and ATP1le aptamers, comprised of stem lengths that differed by 1 base pair were
also analyzed (Figure 6-3). The two dangling nucleotide constructs were chosen as
their unpaired nucleotides are the most stabilizing and destabilizing possible
combinations for a terminal TA base pairl’2. These two dangling nucleotide
constructs have a stability difference of 1213 cal mol! which is similar to the 1150
cal mol! range of stability in the cocaine-binding aptamer dangling nucleotide
constructs analyzed. Additionally, the dangling 5’-G in ATP1e-5G against a TA base
pair is the most destabilizing possibility reported of all potential combinations. The
thermograms for all four ATP-binding aptamer constructs are shown in Figure 6-4.
All binding curves were fit to a 1:1 binding model. The thermodynamic binding
parameters for the ATP-binding aptamer constructs for adenosine are shown in

Tables 6-3 and 6-4.
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Table 6-3: Binding affinities and free energy of adenosine binding by the ATP-binding

aptamers used in this study.!

Ka (uM)  AG (kcal mol!)  AAG (kcal mol')  AG®37(cal mol!)?

ATPle 57+5 -5.6+0.5 - -
ATPle-5A 37+£3 -59+0.5 -0.3+0.8 -500
ATPle-5G 817 -5.5+0.2 0.1+0.6 480

ATP1d 21+£2 -6.2+ 0.6 -0.6 £0.8 -733

"Data acquired at 15°C in 10 mM HEPES (pH 7.6), 100 mM NaCl, 2 mM MgCl..
The values reported are averages of 2 to 3 individual experiments. ?Values from

Bommarito et al.'”2.

Table 6-4: Thermodynamic parameters of adenosine binding by the ATP-binding

aptamers used in this study.!

AH (kcal mol ™) —TAS (kcal mol ')
ATPle -8.1+£0.8 3+1
ATPle-5A -17.3£0.2 11.5+0.2
ATPle-5G -8£2 3+2
ATP1d -23.6+0.4 174+ 04

"Data acquired at 15°C in 10 mM HEPES (pH 7.6), 100 mM NaCl, 2 mM MgCl..
The values reported are averages of 2 to 3 individual experiments.
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Figure 6-4: ITC data showing the interaction of the different ATP-binding aptamers
interacting with adenosine. On top is the raw titration data showing the heat
resulting from each injection of ligand into aptamer solution. The bottom shows the
integrated heat plot after correcting for the heat of dilution. Data were acquired at
15 °Cin 10 mM HEPES (pH 7.6), 100 mM NaCl, 2 mM MgCl..

6.4 Discussion

The addition of dangling nucleotides to structure-switching aptamers increases or
decreases the affinity of the aptamer depending on whether the dangling nucleotide
stabilizes or destabilizes the DNA structure (Tables 6-1 and 6-3). All the different
constructs of the same aptamer type bind the ligand with the same amount of free
energy. For the cocaine-binding aptamer binding quinine, this amount is AGgn bind
(Figure 6-5). This binding free energy is the same for the different constructs as the
nucleotide composition at the ligand binding site is the same in all aptamers while
the changes to the aptamer that effect stability are located away from the binding
site. Interaction of quinine with an aptamer results in some of the AGgnpina going

into folding the aptamer, with the remaining binding free energy manifesting itself
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as an apparent binding affinity, AGaPPonpina (Figure 6-5). This apparent AG value is

what is measured by the ITC and manifested in the observed affinity.
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Figure 6-5: Free energy diagram of ligand binding by selected dangling nucleotide
cocaine-binding aptamer constructs. Each aptamer has solid blue, dotted black and
solid red line representing the unfolded free state, the hypothetical folded free state
and the folded bound state, respectively.

Similar concept was demonstrated with the cocaine-binding aptamer by altering the
length of stem 1 in order to obtain an aptamer (OR8) that only bound the tighter-
binding ligand quinine, and not the weaker-binding ligand cocaine’®. This
demonstrated that quinine binding is tight enough to both fold and bind ORS8, but
the binding of cocaine does not have enough free energy to fold OR8, so no binding
is observed. This analysis was extended for the quinine derivative amodiaquine, the
tightest binding ligand for the cocaine-binding aptamer reported to datel®8.

Amodiaquine can fold and bind a cocaine-binding aptamer (OR7) comprised of only
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one base pair in stem 1, therefore requiring even more free energy from ligand
binding to fold than does OR8 which has 2 base pairs in stem 1. Quinine, a weaker

binding ligand than amodiaquine, does not bind OR?7.

Incorporation of dangling nucleotides into a structure-switching aptamer alters the
binding affinity in a more fine-grained manner than by adding or removing base
pairs (Figure 6-5). Dangling nucleotides can stabilize or destabilize a nucleic acid
structure in a known manner depending on the identity of the 5 or 3’ added
nucleotide and the identity of the terminal base pair!72173, If the dangling nucleotide
is stabilizing, as almost all possibilities are, less free energy from the binding affinity
is needed to fold the aptamer and consequently the observed binding affinity
increases (Figure 6-5). This is what is observed with all the cocaine-binding aptamer
dangling nucleotides constructs (Table 6-1). The binding thermodynamics for the
OR8 and MN19 aptamers match what was observed previously when corrected for
temperature. Additionally, two-site binding for the MN19 construct at 140 mM NacCl
concentration is not observed at low aptamer concentrations. However, at the high
aptamer concentration used here, 98 uM, binding of quinine at the weaker second

site is observed.

As a confirmation of the trend seen with the cocaine-binding aptamer, and to extend
results to include a destabilizing dangling nucleotide construct, dangling nucleotides
were incorporated into the single-site version of the ATP-binding aptamer

developed by Zhang and Liul%7. The ATP aptamer is also recognized as undergoing a
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structure switching transition from an unstructured, or loosely structured free state
to a structured bound state8. A large change in affinity between the 2 and 3 base
pair aptamers ATP1d and ATP1e represent a limitation of the amount of free energy
available from adenosine binding to fold the destabilized aptamer ATPle being
reached. Therefore, this construct was chosen to which to add dangling nucleotides.
Adenosine binding results for ATP1d (Tables 6-3 and 6-4) match what was
previously reported!?’. For ATP1e, affinity is significantly tighter than previously
reported for the same conditions due to working at a much higher aptamer
concentration of 100 uM rather than 10 uM. The biding curve is better defined

“o_n

because of the higher Wiseman “c” parameter (c-value)152.156,

The binding affinity of the two dangling nucleotide ATP-binding aptamers were
measured using ITC methods and match the trends observed with the cocaine-
binding aptamer. ATP1e-5A, which is more stable than ATP1e has a tighter affinity
for adenosine than ATPle (Table 6-3). ATP1le-5G, which has the destabilizing

dangling 5’G has a weaker affinity for adenosine than ATP1e (Table 6-3).
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Figure 6-6: Plot of the predicted AG°3; values of adding a dangling nucleotide
versus the observed change in AG of binding (AAG). The blue filled squares are the
data for the cocaine-binding aptamer series while the open red circles are for the
ATP-binding aptamers.

For both the cocaine-binding and ATP-binding aptamers, dangling nucleotides with
the largest contributions to stabilization display the largest increase in observed
binding affinity (Tables 6-1 and 6-3). Figure 6-6 shows the difference in the free
energy of binding (AAG), obtained from the Kq values, against the predicted AG®37
values for the added dangling nucleotide. Also plotted are the data for aptamer
constructs extended by a base pair. Both the cocaine-binding aptamer and ATP-
binding aptamer data follow separate straight-line relationships. Neither data set
has a slope of 1 likely arising from the fact that the predicted stabilization data are

tabulated for 37 °C while both binding data sets were acquired at 15 °C.
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6.5 Concluding remarks

In conclusion, the two data sets do not fall on the same straight line as the addition
of a dangling nucleotide in these two separate aptamer systems results in different
contributions to decrease the required free energy of folding for each system. One
difference between these two aptamers is that the ligand binding sites in the
aptamers are at a different distance from the site of stabilization by the dangling
nucleotide. For the cocaine-binding aptamer, the high affinity ligand binding site is
at the three-way junction close to nucleotides T19, C20, G30 and G3177. This is 2-3
bp from the site of stabilization by the addition of dangling nucleotides at the
terminal base pair in OR8 (Figure 6-1). For the ATP-binding aptamer, the binding
site is at the sole unpaired G nucleotide (G7; Figure 6-3) located 5 bp away from
where the addition of dangling nucleotide stabilizes the free aptamer structure.
Another factor that could contribute to the different effect of adding dangling
nucleotides would be the different three-dimensional structure formed by the two
aptamers. Other factors that may influence how the addition of dangling nucleotides
affects these two systems differently could involve the difference in the nature of
how the two ligands interact with the aptamers due to factors such as the size and
shape of the ligand and the role played by the different non-covalent forces involved
in ligand binding. Finally, different types of forces could drive the folding of the two
different aptamers, with the added dangling nucleotides affecting the different
folding events in different ways. It is likely that a combination of these factors
results in the different effect on ligand affinity that adding dangling nucleotides has

in the cocaine-binding and ATP-binding aptamer systems.
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Chapter 7 Nanomolar Binding Affinity of Quinine-Based
Antimalarial Compounds by the Cocaine-Binding Aptamer

7.1 Preface

All work presented in this chapter has been taken from the article listed below.168

¢ Slavkovic, S., Churcher, Z.R. and Johnson, P.E. “Nanomolar Binding Affinity of
Quinine-Based Antimalarial Compounds by the Cocaine-Binding Aptamer.”
Bioorganic & Medicinal Chemistry 26(20), 5427-5434 (2018).

7.2 Introduction

Aptamers are usefully employed in many biosensor and biotechnology applications
for a number of reasons including their stability compared to protein-based
antibodies, the cost effectiveness of their manufacture and the fact that, once
selected, they are usually highly specific for a particular ligand!74-178. The advantage
of binding specificity is only partly true for the cocaine-binding aptamer. While this
aptamer binds cocaine, it binds very weakly to the common cocaine metabolites

ecgonine, benzoyl ecgonine and ecgonine methyl ester”576:8496,129,133 The cocaine-

binding aptamer also displays high affinity for quinine and several quinine
analogues8283.9396133 Thijs “off-target” binding is unusual as it is approximately 50-
fold tighter than for cocaine, the ligand used in selection of the aptamer. The ability
of this aptamer to bind quinine has recently been exploited to develop a biosensor

for quinine in wastewater®s.
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The cocaine-binding aptamer was originally reported by Stojanovic et al in 20007>
and has subsequently become a model system for both developing new applications
of aptamers in biotechnology and for aptamer-focused functional studies. The
secondary structure of the aptamer contains three stems arranged around a three-
way junction that contains a tandem AG mismatch (Figure 7-1)77. This AG mismatch
is essential for binding, as making any sequence change, even to a GA mismatch
eliminates ligand binding81.93. The aptamer contains two binding sites for its ligand,
a high-affinity and a low-affinity sitel2¢. Ligand binding at the low-affinity site is
often not observed as its affinity decreases as NaCl concentration increases. Two
variations of the cocaine-binding aptamer are often studied. In the first, stem 1
(Figure 7-1) has 6-7 base pairs and the secondary structure is formed in the ligand-
free state. In the second form, stem 1 is shortened to have 3 base pairs and the
ligand-free form is dynamic or unstructured and the aptamer becomes structured
upon ligand binding”7.79.179.180_ [t is this second “structure switching” version of the
cocaine-binding aptamer that is most often wused in biosensor

development86111,114181,182,
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Figure 7-1: (a) Secondary structure of the different cocaine-binding aptamer
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Chemical structures of the compounds investigated in this study.
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Quinine is found in the bark of some trees of the genus Cinchona, and extracts from
the bark have been traditionally used in South America to stop shivering, which lead
to its use as a treatment for malaria. The use of quinine as an antimalarial agent has
led to the development of a series of compounds derived from quinine such as
amodiaquine, mefloquine and chloroquine. The mode of action of this set of
compounds is not yet fully understood, but is thought to inhibit heme
polymerization through an association with heme!83. Often, one of these quinine-
based compounds is used in conjunction with artemisinin in antimalarial

combination treatment184,

Here, the range of ligands bound by the cocaine-binding aptamer is expanded to
include a number of quinine-based antimalarial compounds. Using isothermal
titration calorimetry (ITC) it can be demonstrated that all of the quinine-based
compounds are bound by the cocaine-binding aptamer, that these compounds share
common high and low-affinity binding sites and that some compounds, such as
amodiaquine, are bound by the cocaine-binding aptamer in the single-digit

nanomolar range. This affinity is much tighter than previously observed for quinine.

7.3 Results and Discussion

7.3.1. Binding affinity and thermodynamics of antimalarial compounds. ITC
experiments were performed to determine if the quinine-based antimalarial
compounds primaquine, amodiaquine, chloroquine and mefloquine (Figure 7-1) are

bound by the cocaine-binding aptamer. As seen by their thermograms (Figure 7-2)
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all of these compounds are bound by the MN4 cocaine-binding aptamer and their
binding affinity and thermodynamics are given in Table 7-1. It is notable that, with
the exception of primaquine, these compounds bind 5-29 fold tighter than quinine.
Amodiaquine binds the tightest of all currently known cocaine-binding aptamer
ligands, having an affinity of (7+4) nM. Also reported in Table 7-1 are binding

results for MN4 to both cocaine and quinine acquired at the same conditions.
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Figure 7-2: ITC analysis of ligand binding by the MN4 cocaine-binding aptamer. On
top is the titration data showing the heat resulting from each injection of ligand into
an aptamer solution. On bottom are the integrated heats corrected for the heat of
dilution. Binding experiments were performed at 15°C in 20 mM Tris (pH 7.4), 140
mM NaCl, 5 mM KCI.
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Table 7-1: Binding affinities and thermodynamic values for the binding between the
MN4 cocaine-binding aptamer and ligands in high salt buffer (140 mM NaCl, 5 mM KCl,
20 mM Tris, pH 7.4).

Ligand Ka1 AH1 —TAS: Kaz AHz —TAS:z
(M) (kcal mol-1) (kcal mol1) (uM) (kcal mol?t) (kcal mol1)
Cocaine2 5504 -11.1£1 2408 - - -
Quininea 0.20 £ 0.05 -14.1+1 57%0.7 - - -
Primaquine 048 0.1 -9.5+0.1 1.2+0.2 - - -
Amodiaquineb 0.007 £ 0.004 -28+£09 -8.0x1.1 2.1%0.5 -51+1.6 -24+1.6
Chloroquine 0.037 £ 0.002 -3.5+£1.8 -6.3+1.8 1.6+0.4 -74+1.1 -0.2+0.1
Mefloquineb 0.035£0.005 -6.3+1.8 -3.5+£1.8 1531 -29.0+x1.1 22+1.1
Dapsoneb NB
Pyrimethamineb NB

The values reported are averages between 2 - 3 individual experiments. NB denotes no binding detected at these
experimental conditions. Data acquired at 15°C.2Data taken from Neves et al.126 PData acquired in the same buffer
with 3% DMSO.

The binding thermodynamics for amodiaquine, chloroquine and mefloquine by MN4
show that these ligands bind with both a favorable enthalpy and entropy. For
cocaine, quinine and primaquine binding is enthalpically favorable, but
counterbalanced by an unfavorable binding entropy (Table 7-1). Having both
enthalpy and entropy as a driving force for binding likely contributes to the reason
why amodiaquine, chloroquine and mefloquine bind so much tighter than quinine.
The reason why these ligands are entropically favorable may be due to their higher
hydrophobicity as their logP values (octanol/water partition coefficient) are higher
than for the ligands that have an unfavorable binding entropy. However, there are
likely other factors involved including molecular shape as well as hydration and
solvation effects.

The non-sigmoidal nature of the ITC thermograms for amodiaquine, chloroquine
and mefloquine are due to these three compounds binding at both the high and low-

affinity sites in the cocaine-binding aptamer at 140 mM NacCl at 20 uM DNA aptamer
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concentration. This behaviour is in contrast to that seen with quinine and
primaquine that display no significant amount of second site binding at 140 mM
Na(l, also at 20 uM aptamer concentration. The data for amodiaquine, chloroquine
and mefloquine were fit to a two-site independent binding model in a similar
fashion as described previously for cocaine and quinine two-site binding in low salt
bufferl26. The thermodynamic parameters for binding at the second, low-affinity,

site are provided in Table 7-1.

As a control for ligand binding the ability of the cocaine-binding aptamer to bind
dapsone and pyrimethamine was assayed. Both of these compounds have been used
as antimalarial agents and both of these compounds have two 6-member aromatic
rings, like cocaine, but not the quinoline ring system (Figure 7-1). Neither of these

compounds displays binding by MN4 as observed by ITC (Figure 7-2; Table 7-1).

Due to the very tight binding of amodiaquine by MN4 the binding of two structural
components of amodiaquine, 7-chloroquine and triethylamine (Figure 7-1) was
analyzed. The thermogram of 7-chloroquine titrated into MN4 shows that this
bicyclic ring is bound by MN4 with a Kq value of (0.92 + 0.04) uM (Figure 7-3) In
contrast, no binding of triethylamine by MN4 was observed (Figure 7-3). These
results mirror what we observed previously with quinine where we looked at the
binding of the aromatic (6-methoxyquinoline) and the aliphatic (quinuclidine)
portions individually and binding of (0.5 + 0.1) uM and no binding were observed,

respectively. We note that even though amodiaquine binds much tighter than
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quinine, 6-methoxyquinoline binds tighter than 7-chloroquine. Similarly, for this
and our previous study®®, we observe no binding for the aliphatic portion of the
ligand, even though the triethylamine would be positively charged at the pH value
studied. These results are consistent with our proposed mechanism of binding being
driven by stacking interactions between the aromatic portion of the ligand and a

base or base pair(s) in the aptamers?3.
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Figure 7-3: ITC analysis of the binding of structural pieces of amodiaquine by the
MN4 cocaine-binding aptamer. In (a) is the binding of 7-chloroquinoline and in (b)
is the addition of triethylamine to MN4 where no binding is observed. On top is the
titration data showing the heat resulting from each injection of ligand into an
aptamer solution. On bottom are the integrated heats corrected for the heat of
dilution. Binding experiments were performed at 15°C in 20 mM Tris (pH 7.4), 140
mM NaCl, 5 mM KCI.

7.3.2. Competition binding experiments. In order to see if quinine and these
quinine-based compounds share a common binding site on the cocaine-binding

aptamer an ITC-based competition binding experiment with amodiaquine and
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quinine was performed. In the first experiment, quinine was bound to the cocaine-
binding aptamer (3:1 molar ratio ligand:MN4) and then titrated in amodiaquine
(Figure 7-4a). In this case, the tighter binding ligand, amodiaquine, displaces
quinine and two-site binding is observed. In a second experiment, amodiaquine was
bound to the cocaine-binding aptamer (3:1 molar ratio ligand:MN4) and quinine
was titrated. As seen in Figure 7-4b, no binding was observed for the addition of
quinine into amodiaquine-bound aptamer. These results show that both ligands
share the same high-affinity binding site. Previously, both ITC and NMR-based
competition experiments showed that cocaine and quinine compete for the same
binding site in MN482 and it can be concluded that all the quinine-based antimalarial
compounds here compete for the same high affinity binding site in the cocaine-

binding aptamer.
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Figure 7-4: ITC-based competition binding experiments. Shown are the interaction
of (a) amodiaquine with quinine-bound MN4 and (b) quinine into amodiaquine-
bound MN4. On top of each part is the raw titration data showing the heat resulting
from each injection of ligand into aptamer solution. On the bottom is the integrated
heat plot after correcting for the heat of dilution. All binding experiments were
performed at 15 °C in a buffer of 20 mM Tris (pH 7.4), 140 mM NaCl, 5 mM KCL

7.3.3. Binding at different NaCl concentrations. The two-site binding of
amodiaquine, chloroquine and mefloquine by MN4 at 20 uM aptamer and 140 mM
NaCl distinguishes the binding of these ligands from the observation of one-site
binding of cocaine, quinine and primaquine at the same NaCl concentration (Figure
7-2). To further investigate this difference binding data at different NaCl

concentrations was acquired. First, binding data in 20 mM Tris buffer with no added
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NaCl (Table 7-2) was obtained. Primaquine behaves similarly to cocaine and quinine
and binding becomes slightly tighter and binding at the low affinity site is observed
in the absence of added NaCl (Figure 7-5). In contrast, amodiaquine, chloroquine

and mefloquine are bound weaker at both the high-affinity and low-affinity site by

MN4 with no NaCl added.

Table 7-2: Binding affinities and thermodynamic values for the binding between the
MN4 cocaine-binding aptamer and ligands in low salt buffer (20 mM Tris, pH 7.4).

ligand Ka1 AH; —TAS: Kaz AH; —-TAS:
(uM) (kcal mol1)  (kcal mol-1) (uM) (kcal mol'1) (kcal mol-1)

Cocainea 1.3+04 -108+1 25+1.1 16+8 202 13+2

Quininea 0.17 £ 0.07 -10+1 1.9+0.8 1.2+0.6 -26+2 19+9

Primaquine 0.30 £ 0.02 -69+19 -1.7+£0.9 8+2 -20+3 13+3

Amodiaquineb 0.21 £ 0.05 -09+0.1 -7.9+0.3 5609 -3.7+21 -3.2+21

Chloroquine 0.39+0.13 -53+1.1 -31+1.1 197 202 14+2

Mefloquineb 1.7 0.7 -104+£1.4 28+1.5 vwb

The values reported are averages between 2 - 3 individual experiments. vwb denotes very weak binding
observed that was not quantifiable. Data acquired at 15°C.2Data taken from Neves et al.126 PData acquired
in the same buffer with 3% DMSO.

NaCl concentration was increased and amodiaquine binding at 500 mM and 750 mM
NaCl was measured (Table 7-3; Figure 7-6). At both these concentrations, binding

affinity at both the high and low affinity sites decreased as the NaCl concentration

increased.
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Figure 7-5: ITC analysis of the binding of primaquine by the MN4 cocaine-binding
aptamer in (a) the presence and (b) the absence of 140 mM NaCl. As shown by the
non-sigmoidal binding curve in (a), two-site binding is observed. In (b) binding
follows a 1:1 model. On top is the titration data showing the heat resulting from
each injection of ligand into an aptamer solution. On bottom are the integrated heats
corrected for the heat of dilution. Binding experiments were performed at 15°C in
20 mM Tris (pH 7.4) with the concentration of NaCl indicated.
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Table 7-3: Binding affinities and thermodynamic values for the interaction between
the MN4 cocaine-binding aptamer and amodiaquine at different NaCl
concentrations.

[NaCl] Kdl AH1 —TAS1 Kdz AHZ —TASZ
(mM) (uM) (kcal mol-1) (kcal mol-1) (pM) (kcal mol-1) (kcal mol-1)
0 0.21 £0.05 -09+0.1 -79+0.3 5609 -3.7x2.1 -3.2+21
140 0.007 = 0.004 -28%09 -80+1.1 2105 -51+1.6 -24+1.6
500 0.23+0.11 -23+0.1 -6.4 £0.5 182 -6.8 0.6 0.5+0.2

7502 1.5+04 -3.2+£0.2 -45+0.3 vwb

Data acquired at 15°C in 20 mM Tris (pH 7.4), 3% DMSO at NaCl concentrations indicated with an
aptamer concentration of 60 uM. The values reported are averages of between 2 - 3 individual
experiments. vwb denotes very weak binding observed but not quantified. 2Aptamer
concentration used was 20 puM in order to best define binding at high-affinity site.
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Figure 7-6: ITC analysis of the binding of amodiaquine by the MN4 cocaine-binding
aptamer in different concentrations of NaCl. As shown by the non-sigmoidal binding
curves, two-site binding is observed in all conditions. On top is the titration data
showing the heat resulting from each injection of ligand into an aptamer solution.
On bottom are the integrated heats corrected for the heat of dilution. Binding
experiments were performed at 15°C in 20 mM Tris (pH 7.4) with the concentration
of NaCl indicated.
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7.3.4. Binding of short stem 1 constructs. The affinity of two different cocaine-
binding aptamer constructs (OR7, OR8; Figure 7-1) with stem 1 lengths of 1 and 2
base pairs for amodiaquine and chloroquine were analyzed using ITC. Chloroquine
was bound at both the high and low-affinity site by OR8 but no binding of
chloroquine was observed by the OR7 aptamer (Figure 7-7; Table 7-4). In contrast,
the tighter binding ligand, amodiaquine, is bound by OR7 at both the high and low-

affinity sites (Figure 7-7; Table 7-4).

Table 7-4: Binding affinities and thermodynamic values for the interaction of
amodiaquine and chloroquine with the short stem 1 aptamers OR7 and ORS.

Ka AH, —TAS, Kaz AH; —TAS;
uM) (kcal mol")  (kcalmol') (uM)  (kcalmol®)  (kcal mol™)

amodiaquine

OR7 0.08+0.04 -1.8+0.2 -7.6+0.5  20+7 5.6+1.1 -0.6+£0.3

ORS N/A
chloroquine

OR7 NB

ORS8 0.12+0.09 -09+0.1 -10+0.8 189  -38+24 25+1.5

'Data acquired at 15°C in 20 mM Tris (pH 7.4), 140 mM NaCl, 5 mM KCI, 3% DMSO. N/A denotes
data not acquired. NB denotes no binding detected at these experimental conditions

These experiments were performed to expand on our previous studies where we
destabilized the folded structure of the cocaine-binding aptamer by shortening stem
1 and using these destabilized aptamers to improve ligand selectivity for tight
binding ligand’?. Previous study showed that OR8 (2 bp stem 1) could bind quinine,
but not cocaine. The idea behind this is that the weaker binding ligands do not

supply enough free energy (AG) from binding to both fold the aptamer and be bound
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while tighter binding ligands supply enough free energy to both fold the aptamer

and use the remaining AG from binding as an “effective” binding affinity.
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Figure 7-7: ITC data showing the interaction of two different stem 1 length
aptamers with chloroquine and amodiaquine. On top is the raw titration data
showing the heat resulting from each injection of ligand into aptamer solution. The
bottom shows the integrated heat plot after correcting for the heat of dilution. Data
were acquired in 20 mM Tris (pH 7.4), 140 mM NaCl, 5 mM KCI.

In this study the high affinity of amodiaquine is used to bind and fold the OR7, a
cocaine-binding aptamer that contains only one base pair in stem 1 (Figure 7-1).
The affinity of amodiaquine to OR7 is reduced compared to binding by MN4 with
this reduction in affinity reflecting the contribution from the binding free energy to
the folding of OR7. The next tightest binding ligand, chloroquine, was not bound by
OR7 and binding by OR7 reflects a way distinguish between these two ligands.
Similarly, chloroquine is bound by ORS8 (Figure 7-1; 2 bp stem 1) as this aptamer

needs less free energy from binding in order to fold compared with OR7.
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7.4 Concluding remarks

In conclusion, the cocaine-binding aptamer tightly binds an even wider range of
ligands than previously known, with amodiaquine the tightest binding ligand
currently known. Binding of the three tightest ligands (amodiaquine, chloroquine
and mefloquine) is both entropically and enthalpically favorable while the binding
of cocaine, quinine and primaquine are enthalpically driven, with unfavorable
entropy, at the conditions studied. The binding of these antimalarial compounds by
the MN4 aptamer may have practical uses in drug delivery by using an aptamer-
based DNA delivery mechanism. Also, it may be possible to use aptamer binding as a
way of stabilizing or preserving a quinine-based antimalarial compound. Another
use could be through the use of cocaine-binding aptamers with different lengths of
stem 1. It should be possible, given the variation in affinity, to distinguish the
binding of quinine (by MN19) from chloroquine/mefloquine (by MN19 and ORS8)

and amodiaquine (by MN19, OR7 and OR8) (Fig. 5).
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Chapter 8 Antimalarial Compounds: Cocaine-binding
aptamer specific or Generic DNA binders?

8.1 Introduction

Nucleic acids play an important role in biological activities such as gene storage,
replication, transcription and translation as well as anticancer and antiviral
processes!?185186, Nucleic acids are broadly categorized as having three major
forms: A, B and Z duplex forms that differ from each other in helical sense, pitch,
groove width, base orientation and sugar pucker. Moreover, nucleic acids can also
be diverse in terms of three-dimensional structures, such as tree-way or four-way
junctions or triplex or quadruplex — DNA. Several studies have been done studying
small molecule interacting with threeway junctions!®7-189 and DNA duplex

structures190-192,

Junctions in nucleic acid structures occur when three or more helices meet at a
junction point. Three-way junctions are comprised of three helical arms and a
junction point with defined and stable Y-shaped three-dimensional structure!?3-195,
These tertiary structures of nucleic acids occur in RNA, where they are involved in
splicing, translation, gene regulation and expression, as well as DNA, where they are
formed during DNA replication196-198, [n addition to biological functions, three-way
junctions are used in DNA nanotechnology including self-assembly of nanometer-

scaled molecular fragments!®?. Since threeway junctions are the smallest and
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simplest type of junctions, they are often used as model system to study how multi-

branched junction structures function (Figure 8-1a-c).

Another DNA oligomer that has been widely investigated is the Dickerson - Drew
dodecamer (Figure 8-1d). It is a prototypic B-DNA molecule with the sequence
d[CGCGAATTCGCG]; and is one of the earliest DNA structures whose crystal
structure was solved200.201, Similarly to generic threeway junction, the dodecamer is
a model system as it has canonical B-form of DNA and has been studied extensively

both experimentally and by molecular dynamics simulations202-204,
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Figure 8-1: Secondary structures of (a) MN4, the cocaine-binding aptamer; (b) SS1
aptamer, a version of the cocaine-binding aptamer where two AG base pairs are
switched to GA base pairs; (c) TW], a generic three-way junction; (d) DDD, a
Dickerson - Drew dodecamer; and (e) hexamer. Dashes indicate Watson-Crick base
pairs while dots indicate non Watson-Crick base pairs.

Antimalarial drugs such as chloroquine, amodiaquine and mefloquine (Figure 8-2)
have been used to study drug action both in vitro and in vivo. Since its development
in 1930s chloroquine (4-aminoquinoline) has been used as a therapeutic agent for
treatment of malariaZ%5. Safety, stability, low cost and ease of manufacture have

made chloroquine a widely used antimalarial drug. However, chloroquine
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resistance has been detected in the 1960s and demand for new effective drugs
showed that mechanism of action is not understood though it is thought that they
inhibit hematin polymerization?%. Many quinine-analogues have been synthesized
over the years with different chemical modifications such as position and nature of
the substituents on the quinoline ring, for example amodiaquine and
mefloquine?07.208,  Mefloquine exists as enantiomers and both conformations have
equal antimalarial activity unlike cinchona alkaloids, whose R enantiomer is more
active than its S counterpart?05. The first observation of chloroquine binding to
DNA was made in mid 20% century, and several studies were published stating
dissociation constant?%?. These values varied depending on experimental technique
used. Both chloroquine and amodiaquine are found to intercalate into DNA through
the classical model of intercalation introduced by Lerman20>210, Davidson et al.
showed that unlike chloroquine and amodiaquine, mefloquine does not strongly

bind to DNA by intercalation?11.

Z 7
-~ ® . .
N’ Cl N Cl N

Quinine Amodiaquine Chloroquine Mefloquine

Figure 8-2: Structures of quinine-based antimalarial compounds used in this study.
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Previous studies showed that quinine-based antimalarial compounds (Figure 8-2)
bind to MN4, a long stem 1 version of the cocaine-binding aptamer at two sites
under high NaCl conditions!®8. This chapter explores if quinine-based antimalarial
compounds prefer the cocaine-binding aptamer or if they bind to different DNA
structures, such as different three-way junctions or DNA duplex and whether duplex

length plays a role in binding (Figure 8-1).

8.2 Results

8.2.1. Binding of chloroquine and quinine. Both chloroquine and quinine bind
only to MN4, a long stem 1 cocaine-binding aptamer construct, and do not bind to
any other DNA structure used in this chapter (Figure 8-1). The Kq value for MN4
binding quinine in 140 mM NaCl is 0.20 * 0.05 uM with a AH of (-14 + 1) kcal/mol
and —TAS of (5 *+ 1) kcal/mol at a temperature of 15 °C8296.126_ Chloroquine binds to
both high and low affinity site under the same buffer and temperature conditions.
Binding affinity of high affinity site (Ka41) was determined to be (0.037 * 0.002) uM,
the enthalpy (-3.5 # 1.8) kcal/mol, and —TAS; is (-6.3 £ 1.8) kcal mol1; while the
binding affinity of the low affinity binding site (Kaz) is (1.6 * 0.4) uM, enthalpy (-7.4

* 1.1) kcal mol1, and —-TAS: is (-0.2 * 0.1) kcal mol-1168,

8.2.2. Binding of amodiaquine. ITC has been used to determine binding selectivity
of amodiaquine for different DNA structures. Results in Table 8-1 show that this

antimalarial compound binds to all oligonucleotides studied.
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Table 8-1: Comparison of binding affinities and thermodynamic properties of
amodiaquine by aptamers used in this study?.

Ka1 AH; —TAS; Kaz AH; —TAS;
(nM) (kcal mol-1)  (kcal mol1) (uM) (kcal mol-1) (kcal mol1)
MN4:2 7+4 -2.8+0.9 -79+1.1 2.1+£05 52 32
SS1 26+4 -1.5+0.1 -85+0.2 6.9 +0.5 -15+1 8+1
TW]J 51+14 -1.8+0.1 -7.8+0.3 24+ 4 -13+2 72
DDD 16+6 -0.6+0.1 -9.7+0.4 69+1.1 9+1 2+1
Hexamer 6+3 -1.9+0.2 9+1 2.7+0.5 -17+1 10+1

1Data collected at 15°C in 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCI.
2Data taken from Slavkovic et al. (2018)1¢8

8.2.3. Binding of mefloquine. Unlike amodiaquine, mefloquine does not bind to all
three-way junctions studied. It is selective for MN4, a long stem 1 cocaine-binding
aptamer, but does not bind to the SS1 aptamer or the generic three-way junction,
TW] (Table 8-2). Mefloquine binds both DNA duplexes studied regardless of the
length. However, duplex length impacts the binding affinity of both molecules, i.e.

binding of mefloquine to hexamer is tighter than to dodecamer (Table 8-2).

Table 8-2: Comparison of binding affinities and thermodynamic properties of
mefloquine by aptamers used in this study?.

Ka1 AH; —TAS: Kaz AH; —TAS;
(M) (kcal mol-1) (kcal mol-1) (uM) (kcal mol-1) (kcal mol1)
MN4:2 0.035 + 0.005 -6.3+1.8 -3.5+1.8 15+3 -15+1 231
SS1 NB
TW] NB
DDD 0.21 £ 0.08 1.3+0.1 -10+1 19+5 -12+5 6+5
Hexamer 0.022+0.013 0.6+0.1 -11+1 4+1 31 5+1

1Data collected at 15°C in 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCIl. NB denotes no binding.
2Data taken from Slavkovic et al. (2018)1¢8
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8.3 Discussion

In this chapter, the selectivity of quinine, chloroquine, mefloquine and amodiaquine
for the cocaine-binding aptamer over different three-way junctions and duplex
structures of different length is explored (Figure 8-1). In order to determine how
changes at the binding site affect binding of the ligands of interest, the SS1 aptamer
was designed. This aptamer has the same sequence as MN4 except that the AG
bases (A21/G29, A7/G30) are switched to become GA base pairs (G21/A29,
G7/A30) (Figure 8-1). Binding of quinine, chloroquine and mefloquine is inhibited
by this change (Figure 8-3), which is indicative of importance of the AG mismatch
for binding. However, two molecules of amodiaquine bind to the SS1 aptamer,
although the affinity at both sites is decreased three-fold compared to the MN4
construct. Binding is enthalpically and entropically driven at the high affinity site

but has favorable enthalpy and unfavorable entropy for the low affinity site.
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Figure 8-3: ITC thermograms showing binding of antimalarial compounds to a
version of the cocaine-binding aptamer (SS1). On top is the raw titration data
showing the heat resulting from each injection of ligand into aptamer solution. The
bottom shows the integrated heat plot after correcting for the heat of dilution. Data
for quinine and chloroquine were acquired in 20 mM Tris (pH 7.4), 140 mM NaCl, 5
mM KCl, while data for mefloquine and amodiaquine was acquired in the same
buffer with addition of 3% (v/v) DMSO at 15°C.

To further study the selectivity of amodiaquine for the cocaine-binding aptamer,
binding to generic three-way junction, TW] was examined. Two molecules of
amodiaquine bind to TW] and binding is weaker at both sites compared to both
MN4 and SS1 aptamers. Again, quinine, chloroquine and mefloquine do not bind to

the TW] DNA structure (Figure 8-4).
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Figure 8-4: ITC thermograms showing binding of antimalarial compounds to the
generic three-way junction (TWJ]). On top is the raw titration data showing the heat
resulting from each injection of ligand into aptamer solution. The bottom shows the
integrated heat plot after correcting for the heat of dilution. Data for quinine and
chloroquine were acquired in 20 mM Tris (pH 7.4), 140 mM NaCl, 5 mM KCl, while
data for mefloquine and amodiaquine was acquired in the same buffer with addition
of 3% (v/v) DMSO at 15°C.

ITC thermograms show that quinine and chloroquine do not bind duplex DNA
structures regardless of the duplex length (Figures 8-5 and 8-6). However, two
molecules of both amodiaquine and mefloquine bind to the duplex DNA regardless
of the length. Shortening the length of the duplex from twelve to six base pairs
increases the binding affinity of DNA for the ligand. A possible source of the
difference in the affinity for ligand binding could be the different sequences of the

two DNA duplexes.
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Fluorescence studies! show blue shift upon titration of amodiaquine into hexamer
solution, which is indicative of intercalation®3. Chloroquine is also a known
intercalator, but its binding is not evident from the ITC thermogram. It could
possibly bind, but with a much weaker affinity, which is not detectable at 20 uM

aptamer concentration and these buffer conditions.
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Figure 8-5: ITC thermograms showing binding of antimalarial compounds to
Dickerson-Drew dodecamer (DDD). On top is the raw titration data showing the
heat resulting from each injection of ligand into aptamer solution. The bottom
shows the integrated heat plot after correcting for the heat of dilution. Data for
quinine and chloroquine were acquired in 20 mM Tris (pH 7.4), 140 mM NacCl, 5 mM
KCl, while data for mefloquine and amodiaquine was acquired in the same buffer
with addition of 3% (v/v) DMSO at 15°C.

1 Performed by Aron Shoara from Johnson lab, added here to further clarify results
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Figure 8-6: ITC thermograms showing binding of antimalarial compounds to the
hexamer. On top is the raw titration data showing the heat resulting from each
injection of ligand into aptamer solution. The bottom shows the integrated heat plot
after correcting for the heat of dilution. Data for quinine and chloroquine were
acquired in 20 mM Tris (pH 7.4), 140 mM NacCl, 5 mM KCI, while data for mefloquine
and amodiaquine was acquired in the same buffer with addition of 3% (v/v) DMSO
at 15°C.

8.4 Concluding remarks

Quinine and chloroquine are selective only for the structure of the cocaine-binding
aptamer. On the other hand, of all the three-way junctions studied, mefloquine
interacts with the cocaine-binding aptamer and removal of the tandem AG base
pairs from the binding site hinders binding. Mefloquine also binds to duplex DNA
regardless of length, while amodiaquine binds to all DNA structures studied. The
selectivity of these antimalarial drugs for different DNA structures may have
benefits in further studies to understand the binding mechanism and possibly
selecting an aptamer to detect one antimalarial compound with a high specificity for

that compound.
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Chapter 9 Analysis of Artemisinin Binding to the Cocaine-
binding Aptamer and other DNA structures

9.1 Introduction

Used in China for over 2000 years in the form of concoctions or teas, artemisinin
was isolated in early 1970s from plant Artemisia annua and was found to be
effective against chloroquine resistant Plasmodium falciparum strain?12213,  Since
then, several derivatives of artemisinin have been synthesized, which together with
artemisinin are used in antimalarial combinatorial therapy?14-220, Recently, it was
found that artemisinin shows anticancer activity in both in vitro studies and in vivo
models of colorectal cancer?21-223, It also shows activity against other parasites such
as Toxoplasma gondii, Schistosoma and Lishmania?24. Although, the mode of action of
artemisinin is not fully known, studies show that the endoperoxide bridge plays an

important role in anti-parasitic activity?225-227,

Aptamers have generated great interest as biosensors as their selection process
allows them to bind a wide variety of ligands often with high affinity and specificity.
An aptamer that is an exception to this rule is the cocaine-binding aptamer as one of
the unique features of this aptamer is its ligand-binding promiscuity. Despite being
selected for cocaine, the cocaine-binding aptamer binds quinine, its analogues and
quinine-based antimalarial compounds (amodiaquine, chloroquine and mefloquine)
with much higher affinity than cocaine8296168, The second unique feature of this

aptamer is the salt-controlled two-site binding mechanism?26.
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Figure 9-1: Secondary structures of (a) cocaine-binding aptamer constructs; (b)
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Structures of ligands used in this study.
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Previous studies showed that ligands containing bicyclic aromatic ring bind to the
cocaine binding aptamer®396.168_Surprisingly, artemisinin (Figure 9-1) binds to the
cocaine-binding aptamer tighter than quinine. In addition, the interaction of the
artemisinin with different three-way junctions and DNA duplexes is also explored in

this chapter.

9.2 Results

9.2.1. Effect of stem length on binding of artemisinin. ITC binding experiments
show that two molecules of artemisinin bind to the cocaine-binding aptamer tighter
than either quinine or cocaine. Two molecules of artemisinin are bound by the
cocaine-binding aptamer regardless of the length of stem 1 as evident in a non-
sigmoidal binding curve (Figure 9-2). Data is fit to two independent sites binding
model and results are presented in Table 9-1.

Table 9-1: Comparison of binding affinities and thermodynamic properties of
artemisinin by three-way junctions used in this study?.

Kdl AH] —TASl Kdz AHz —TASZ

(uM) (kcal mol))  (kcal mol™) (uM) (kcal mol")  (kcal mol™)
MN4 0.03+0.01 44402 S5+1 13+4 15+ 1 9+1
MN19 0.02 £0.01 -0.9£0.1 9+1 5+1 11+ 1 4+1
OR7 0.03+0.01 0.4+0.1 9+1 5+ 1 22+1 16+ 1

Data collected at 15°C in 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCl, 2.4% (v/v) DMSO.
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Figure 9-2: Thermogram showing the interaction of artemisinin with the cocaine-
binding aptamer, MN4 in buffer containing 20 mM TRIS (pH 7.4), 140 mM Nac(l, 5
mM KCl, 2.4% DMSO at 15°C.

9.2.2. Binding of artemisinin to three-way junctions. Isothermal titration
calorimetry was also used to explore whether artemisinin is specific for the cocaine-
binding aptamer or if it interacts with other three-way junctions. As examples of
three-way junctions, a slightly modified version of the cocaine-binding aptamer, SS1
and generic three-way junction aptamer, TW] were chosen (Figure 9-1). The SS1
cocaine aptamer has the same sequence as MN4 except that tandem AG base pairs
are switched to become GA base pairs. This change resulted in an aptamer that does
not bind to quinine as shown previously by ITC methods®3. Quinine does not bind to
a generic TWJ] aptamer as demonstrated in Chapter 8. However, artemisinin binds

to all three-way junctions studied. Results presented in Table 9-2 indicate that
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binding is the tightest for SS1 aptamer and weakest for TW], a generic three-way

junction.

Table 9-2: Comparison of binding affinities and thermodynamic properties of

artemisinin by three-way junctions used in this study?.

Ka AH; —TAS, AH, —TAS;
uM) (kcal mol™) (kcal mol™) (uM) (kcal mol")  (kcal mol™)
MN4 0.029 £ 0.014 -44+0.2 S5+1 13+4 -15+1 9+1
SS1 0.004 = 0.002 0.5+0.1 -12+1 7+1 -0.8+04
TWJ 0.064 = 0.021 -0.1+0.1 9+1 10+3 -14+6 74+6

'Data collected at 15°C in 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCl, 2.4% (v/v) DMSO.

9.2.3. Binding of artemisinin to duplex DNA. The specificity of artemisinin for

three-way junctions is further explored by studying its interaction with DNA

duplexes, a self-complementary dodecamer and a self-complementary hexamer

(Figure 9-1). Two molecules of artemisinin bind to both duplexes. ITC binding

experiments show that artemisinin binds tighter to the hexamer than the

dodecamer (Table 9-3).

Table 9-3: Comparison of binding affinities and thermodynamic properties of

artemisinin by DNA duplexes!.

Ka AH, —TAS, Ka2 AH, -TAS;
(nM) (kcal mol'")  (keal mol™) (uM) (kcal mol'")  (kcal mol™)
DDD 0.097 £0.028 -0.22 £0.03 9+1 31+8 -12+4 6+4
Hexamer 0.007 = 0.004 0.7+0.1 -11+1 3+1 -6+1 2+1

'Data collected at 15°C in 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCl, 2.4% (v/v) DMSO.
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Competition binding results. In order to determine whether quinine and
artemisinin share the same binding site, competition titration binding experiments
were performed. The MN4 cocaine-binding aptamer was chosen as it is the only
DNA structure in this study that binds quinine. In the first experiment, artemisinin
was bound to MN4 in a 3:1 molar ratio, and quinine titrated in excess. Results
(Table 9-4) show that quinine binds to the cocaine-binding aptamer with Kg, app of
(1.1 £ 0.1) uM. In the second experiment, quinine was bound to MN4 in a 3:1 molar
ratio, and artemisinin titrated in excess. In this case, a non-sigmoidal curve is

observed indicating that two molecules of artemisinin bind to MN4 (Figure 9-3).

Table 9-4: Comparison of competitive binding of quinine and artemisinin by the

MN4 aptamer.
Ka AH, —TAS, Ka2 AH, —TAS;
(M) (kcal mol’)  (kcalmol™)  (uM)  (kcal mol')  (kcal mol™”)
MN4 -Q + ART 0.09+0.04 -1.4+0.1 -7.9+0.6 15+9 9+4 -15+5
MN4 -ART+Q 1.06x+0.1 -48+0.1 -5.7+0.1 - - -

'Data collected at 15°C in 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCl, 2.9% (v/v) DMSO.
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Figure 9-3: ITC thermograms showing competition titration. (a) MN4 bound to
artemisinin and quinine was titrated. (b) MN4 bound to quinine and artemisinin
was titrated. Data collected in buffer containing 20 mM TRIS (pH 7.4), 140 mM
NaCl, 5 mM KCl, 2.4% DMSO at 15°C.

9.2.4. The cocaine-binding aptamer stem deletion. Three variants of the cocaine-
binding aptamer have been constructed to study effect of stem deletion on
artemisinin binding and possibly discern binding location of the two bound

molecules (Figure 9-3).

139



G--C
stem 3 "I' A
| 0
(I;.A /T
SO'G' N ,T\ 2
stem 1 T/G\ / A'\ /C\étem
/C/ +, C G\ 4 "11‘5
35 .G ‘GaAs 1&;\ A
/C ‘C/ A !
3'C\ \G/ A/A
G MN4
25 25
o g ©  atg @ 2
/
G--C G--C A6
[ Vol \ |/ 0
T4 &0 T & Q'A/(‘Z"T
(l;.A/ ‘T (l}-A/ T 30,G-A\ .I’.
30G-A 4 30,G-A / G » \C
G N /T\ G / AN T\A /T\ N / A\G/ \C\ !
A_ N T A | _C \A/ s T
G /C\ 5 C/“ /C A/A 35 ,Q ‘G, 5 18;\/ A
~ 7= A /C < A !
1§y A 35. -G "B 3¢ . -C ‘A
A | /C‘ C/ \ /G A
A/A 3'C\ /G/ 5'G
SS2 G SS3 SS4

Figure 9-4: Secondary structures of (a) MN4 aptamer; (b) SS2 aptamer, the cocaine-
binding aptamer with stem 1 deleted; (c) SS3 aptamer, the cocaine-binding aptamer
with stem 2 deleted; and (d) SS4 aptamer, the cocaine-binding aptamer with stem 3
deleted.

Results presented in Table 9-5 show that deletion of stem 1 (SS2 aptamer)
decreases the binding affinity of both molecules of artemisinin compared to the
MN4 aptamer. Binding enthalpy also decreases, as more energy is needed to fold the
aptamer. Removal of stem 2 (SS3 aptamer) has no effect on binding of either
artemisinin molecule, as binding parameters are comparable to those of MN4 (Table
9-5). The SS4 aptamer has stem 3 removed, which in turn greatly reduces the
binding affinity of the second molecule. These results suggest that stems 1 and 3 are
necessary for tight binding of both molecules of artemisinin. Binding thermograms

are shown in Figure 9-5.
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Table 9-5: Comparison of binding affinities and thermodynamic properties of
artemisinin by aptamers used in this study?.

Kdl AH] —TASl Kdz AHz —TASz

(M) (kcal mol™) (kcalmol)  (uM)  (kcal mol™)  (kcal mol™)
MN4 0.03+£0.01 -44+0.2 S+1 8+1 -16 £2 9+2
SS2 0.10 £ 0.04 -1.8+0.1 7T+1 15+1 9+5 -16+5
SS3 0.02+£0.01 -3.2+0.1 7T+1 5+£2 21 +4 15+4
SS4 0.06 +0.03 -1.6+0.1 -8 +2 vwb

'Data collected at 15°C in 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCl, 2% DMSO. vwb
denotes very weak binding.
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Figure 9-5: Thermograms showing binding of artemisinin to variants of the
cocaine-binding aptamer where (a) stem 1 was deleted (SS2), (b) stem 2 was
deleted (SS3), and (c) stem 3 was deleted (SS4). Data collected in buffer containing
20 mM TRIS (pH 7.4), 140 mM NacCl, 5 mM KCl, 2.4% (v/v) DMSO at 15°C.

9.2.5. Binding at 0 mM NaCl concentration. As seen in chapter 7, decreasing salt
concentration in buffer increases the binding affinity of quinine, cocaine and
primaquine and decreases affinity for amodiaquine, chloroquine and
mefloquine!?6.168, [TC was used to investigate how artemisinin interacts with the
MN4 aptamer in buffer with low salt concentration. In this buffer, the affinity of

artemisinin for the aptamer is decreased about 100-fold (Table 9-6) and only one
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molecule of artemisinin is bound (Figure 9-6). Enthalpy becomes more favorable,
while entropy becomes unfavorable (Table 9-6). This is in agreement with behavior
of amodiaquine, chloroquine and mefloquine whose binding becomes weaker,
enthalpy more favorable and entropy less favorable with decreasing salt
concentration!8. However, this behaviour is opposite from the one seen for cocaine
and quinine, where with decreasing salt concentration affinity for the ligand
increases and second binding site is observable!26.

Table 9-6: Comparison of binding affinities and thermodynamic properties of
artemisinin in different buffer conditions?.

Ka AH, —TAS: Ka2 AH, -TAS;
(uM) (kcal mol'")  (keal mol™) (uM) (kcal mol'")  (keal mol™)
140 mM NaCl 0.03+£0.01 -44+0.2 S+1 13+4 -15+1 9+1
0 mM NaCl 3.7+0.3 -95+0.3 23+10.3 - - -

'Data collected at 15°C in buffer that also contains 20 mM TRIS (pH 7.4), 5 mM KCl, 2.4% (v/v) DMSO.
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Figure 9-6: ITC thermograms showing interaction of artemisinin with MN4 aptamer
in buffer containing 20 mM TRIS (pH 7.4), 5 mM KCl, 2% (v/v) DMSO and in (a) 140
mM Nac(l, in (b) 0 mM NacCl at 15°C.

9.2.6. Effect of endoperoxide bridge. It has been shown that the removal of the
endoperoxide bridge reduces the activity of artemisinin against malaria??8. ITC
thermogram shows only very weak affinity of the cocaine-binding aptamer for 2-
deoxyartemisinin (Figure 9-1d), a ligand that contains one oxygen instead of two in

the bridge (Figure 9-7b).
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Figure 9-7: ITC thermogram showing (a) interaction of artemisinin with the MN4
aptamer; (b) interaction of 2-deoxyartemisinin with the MN4 aptamer. Data
collected in buffer containing 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCl, 2%
DMSO at 15°C.

9.3 Discussion

Previous investigation showed that ligands possessing bicyclic aromatic rings bind
to the cocaine-binding aptamer. Artemisinin, a sesquiterpene lactone containing a
peroxide bridge, is an unusual ligand that binds to the cocaine-binding aptamer.
Actually, two molecules of artemisinin bind to the cocaine-binding aptamer tighter
than quinine in high salt buffer at both sites. When stem 1 of the cocaine-binding

aptamer is shortened, quinine, cocaine and quinine-based antimalarial compounds
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have decreased affinity for the aptamer’7.7°. However, the length of stem 1 does not
seem to significantly affect the binding affinity of artemisinin for the aptamer as
results agree within the experimental error (Table 9-1). These results suggest that
quinine and artemisinin may not share the same binding site. Enthalpy becomes
less favourable with decreasing stem length, as more energy is required to fold the

aptamer.

Interestingly, artemisinin binds to different three-way junctions as well as DNA
duplexes. Binding is about 7-fold tighter for the SS1 aptamer where the AG base
pairs are switched to become GA base pairs and about 2-fold weaker for a generic
three-way junction compared to the MN4 aptamer. In case of the DNA duplex
molecules, artemisinin binds tighter to hexamer than dodecamer. Binding in all
cases is both enthalpically and entropically favourable for the high affinity site. This
is unusual when compared to quinine and cocaine, where binding to the cocaine-

binding aptamer is enthalpically favourable with an unfavourable entropy.

Affinity of artemisinin for the cocaine-binding aptamer in low salt buffer conditions
was also explored. Other antimalarial compounds, such as chloroquine, mefloquine
and amodiaquine showed decreased affinity at low salt concentrations!®8. The
affinity of artemisinin for the aptamer is reduced as the sodium concentration in
buffer decreases. This is likely due to impact of ionic concentration on hydrophobic
effect, i.e. increasing ionic concentration increases hydrophobic effect?2°. Since

hydrophobic effect governs binding of artemisinin, decreasing the concentration of
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sodium in buffer reduces binding. At 0 mM NaCl only one molecule of artemisinin is
bound with an affinity about 100-fold weaker than at 140 mM NacCl. These findings
are in agreement with studies which show that artemisinin interactions with
parasite have favourable entropy, suggesting that binding is governed by

hydrophobic effect 230-232,

To determine whether artemisinin shares the same binding site with quinine, a set
of ITC-monitored competitive binding titrations were performed. From fitting data
to a single-site binding model, a Kqapp value of (1.1 = 0.1) uM and enthalpy of (-4.8
0.1) kcal mol-! were obtained. The presence of artemisinin in the complex decreases
binding affinity of quinine to MN4 aptamer (Kq of 0.20 = 0.05 uM and enthalpy of -14
+ 1 kcal mol1). Next, artemisinin was titrated into quinine-bound MN4 and a non-
sigmoidal binding curve was observed, suggesting that two molecules of artemisinin
bind to the MN4-quinine complex (Figure 9-3). In this case, having quinine bound to
the cocaine-binding aptamer changes the titration of artemisinin. The affinity of one
artemisinin molecule for the aptamer remains unchanged, while the affinity of the
second molecule decreases in the presence of quinine. These results are suggestive
of partial competition and that the binding site of artemisinin and the binding site of

quinine most likely overlap to some extent.

To further examine the binding location of artemisinin, three different variants of
the cocaine-binding aptamer have been constructed. Each new construct had one of

the stems deleted and binding parameters have been determined. Results indicate
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that deletion of stem 2 (SS3 aptamer) has no impact on binding of artemisinin, as
results are comparable to those of artemisinin binding to MN4 (Table 9-4). Deletion
of stem 1 in SS2 aptamer decreases the biding affinity of both artemisinin molecules,
while deletion of stem 3 in the SS4 aptamer has the greatest impact on the binding
of the second molecule. Figure 9-5c does not show characteristic non-sigmoidal
binding curve suggesting that only one molecule of artemisinin binds to the SS4
aptamer with detectable affinity. These results indicate that stems 1 and 3 play an
important role in binding of artemisinin. Interestingly, MN4-bound quinine upon
titration of artemisinin gives similar results as removal of stem 1 suggesting that
one artemisinin molecule binds close to the quinine binding site. Previous results
show that G31 is one of the bases most impacted upon quinine binding to MN482.
Artemisinin NMR results? show that G31 (stem 1, close to mismatch), T18 (part of
bulge) and T28 (stem 3) are also affected by artemisinin binding. Artemisinin and
quinine could partially compete for the binding site. Titration of quinine into the
MN4-bound artemisinin complex also results in binding with decreased affinity for
quinine. Most likely, both ligands bind to the cocaine-binding aptamer with either
partial competition for one site or artemisinin hinders binding of quinine due to its

size, hence decreased affinity for quinine.

Many studies have confirmed that artemisinin is not a DNA intercalator like quinine-
based antimalarial compounds but interacts with parasite through its endoperoxide

bridge217.225230,232233 In order to test if artemisinin interacts with the cocaine-

2 Performed by Zach Churcher from Johnson lab, added here to further clarify
results. Data in this chapter has not been published yet.
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binding aptamer in the same manner, affinity of the 2-deoxyartemisin for the
aptamer was tested. This ligand is structurally very similar to artemisinin except
that it has only one oxygen in the bridge instead of two (Figure 9-1d). With the
removal of one oxygen from this peroxide link binding affinity is reduced indicating
that artemisinin interacts through this peroxide bridge with the cocaine-binding

aptamer.

9.4 Concluding remarks

Currently it is not known how artemisinin works as an antimalarial agent. It is not
previously shown that it binds DNA, however in presence of ferrous ion
endoperoxide bridge is cleaved generating reactive oxygen species??6. Results
presented here show that artemisinin binds to different DNA structures regardless
of three-dimensional structure or length. Artemisinin is an unusual compound that
binds two molecules to the cocaine-binding aptamer using endoperoxide link. Two
molecules of this antimalarial compound also bind to other DNA structures with
high affinity. Binding is mostly entropically driven with a favorable enthalpy.
Artemisinin and quinine possibly do not share the same binding site. Binding of
artemisinin to the cocaine binding aptamer could be useful in better understanding
how this aptamer functions and what factors are important for binding. As the
mechanism of action of artemisinin is not fully understood, its interaction with
different DNA structures could possibly lead to a better understanding how it works

as an antimalarial agent.
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Concluding Remarks

10.1 Summary

The study of how aptamers function is still relatively unexplored field of study. The
work presented in this thesis has brought another step closer into understanding
how aptamers function and how they bind to their ligands. The results in Chapter 3
illustrate that the cocaine-binding aptamer not only binds quinine but its analogues
as well. Findings in this chapter show importance of quinoline ring for ligand
detection. Other features of the ligand such as R-isomers binding tighter than S-
isomers and 6’-methoxy substituent on the quinoline ring increase binding affinity.
Chapter 4 added information about second binding site where the binding to the
this second, weaker site can be salt controlled, i.e. increasing NaCl concentration in
buffer decreases the binding affinity of the second site for the ligand. In Chapter 5,
this two-site binding was expanded to the ATP-binding aptamer and the appropriate
binding model was determined. ATP and its analogues bind to the ATP-binding
aptamer in the cooperative manner. However, if the two sites are separated by at
least four base pairs mode of binding switches from cooperative to independent for
adenosine. This is not true for ATP as the binding remains cooperative. In Chapter
6, the cocaine-binding aptamer is revisited and binding affinity to quinine fine-tuned
using dangling nucleotide at either 5’ or 3’ end. Last three chapters focused on
binding of quinine-based and non-quinine based antimalarial compounds to the

cocaine-binding aptamer and different DNA structures. From the results, it can be
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concluded that amodiaquine is the tightest known ligand that binds to the cocaine-
binding aptamer and is a generic DNA binder. Surprisingly, artemisinin, which is a
non-quinine based antimalarial compound binds not only to the cocaine binding
aptamer but to all DNA structures studied. On the other hand, quinine and
chloroquine are specific for the cocaine-binding aptamer. The research in this thesis
was primarily based on isothermal titration calorimetry (ITC) techniques, although
other techniques such as NMR, DSC and fluorescence were used to confirm ITC

results.

10.2. Future work

One of the primary goals of this research is to better understand how the cocaine-
aptamer functions and why does it bind ligands for which it was not selected. Thus
far a great amount of insight into the cocaine-aptamer binding has been gained.
Moving forward, more cocaine-binding aptamer-small molecule systems should be
evaluated in order to determine what drives binding. It would be interesting to
further study artemisinin binding to the cocaine-binding aptamer as it is a non-
quinine based ligand that binds to the cocaine-binding aptamer. One of the goals
would be to determine if artemisinin is reacting with DNA to form a covalent link

and how important is the presence of ferrous ion for artemisinin binding to DNA.

A major goal would be to determine the three-dimensional structure of the aptamer

both free and bound to the various ligands explored in this thesis. These findings
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will give more insight into aptamer - ligand binding, such as binding location,

number of binding site and nature of binding.

The cocaine-binding aptamer is often used in development of many different
detection applications but not as a drug delivery “vehicle”. The ability of this
aptamer to be split into overlapping strands and create multi-chain structure could
be utilized to create aptamer-drug conjugate, which would deliver drug of interest
to damaged cells. Of course, chemical modifications on the aptamer would have to
be introduced in order to enhance the stability of the aptamer. These studies would
broaden the use of the cocaine-binding aptamer not only in biosensor studies but

possibly in therapeutic and diagnostic studies.
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Appendix A

Isothermal titration calorimetry isotherms have been fitted to either one set of
identical sites or two-set of independent sites or two sets of cooperative sites using

a heat function Q, defined by following expression:

AQ() = Q)+ (*E=) e - 1) (A1)

2
which takes into consideration the sample displaced from the working volume of
the cell by the injections?34. Here V; represents volume after ith injections and V. is
the working volume of the sample cell. Since concentrations of each chemical
speices are not known, binding equations are expressed in terms of total
concentrations. The total concentration of ligand, X; and aptamer concentration, M

is given in Equations (A2) and (A3)235:

Ve

[X.] = [X,] (1 -(a —ﬁ)> (A2)

Vi L
(M) = [Mo] (1-7) (A3)
where Xp is the initial concentration of ligand in the syringe, My is the initial aptamer

concentration in the cell.
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A1l. Two-site independent binding model

This binding model defines n; site with dissociation constant K; and n; site with
dissociation constant K. Fractions of each site, f; and fz, that are populated by

ligand can be expressed as:

_ _ Ix]

= e (A4)
_ _ Ix]

f2= (A5)

Total concentration of ligand can be calculated using equation (11) where X is

concentration of free ligand.

[Xe] = [X] + M J(ni fy + naf?) (A6)

Solving equations (A5) and (A6) for f; and fz and then substituting into equation

(A6) the third order polynomial is obtained

a+b[X]+c[X]?+d[X]?=0 (A7)
where
a = —Kp1 Kpy[X]
b = (Kpony + Kpina)M; — (Kpy + Kpp)[X¢] + Kp1Kp;
¢ = Kpy + Kpy + (ng + np) [M] — [X,]
The concentration of free ligand [X] for any combination of [X¢] and [P¢] and binding

affinities corresponds to the positive real root of equation (A7), which can be
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determined by using the bisection method?3¢. The values of f; and f2 can be

determined by substituting [X] into equations (A6) and (A7). Finally, the heat

function for the independent site model is given by equation (A8)

Q = [M.]V.(n,fiAH; + n,f,AH,)

A2. Two-site cooperative binding model

(A8)

This model describes an aptamer with two cooperatively dependent sites. First

ligand binds to the either site of the aptamer with dissociation constant K41 and

second ligand binds the second, unoccupied site of the singly bound aptamer with

dissociation constant Kg2. Both dissociation constants can be calculated by

equations (A9) and (A10), while fractions of each occupied site on the aptamer is

given by the expressions (A11) and (A12)

_[M][x]
KDl - [MX]
_ [Mx][x]
Kbz = [MX]
f — 2KDZ[X]
L KpiKpa+2Kpa[X]+[X]2

_ [X]2
fa = Kp1Kpa+2Kpa[X]+[X]?2

Total aptamer concentration is given by equation (A13)

[Xe] = [XT+ M ](fy + 2f2)

(A9)

(A10)

(A11)
(A12)

(A13)
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Substituting equation (A11) and (A1l2) into equation (A13), a third-degree

polynomial is obtained (A14)

a+b[X]+c[X]?+d[X]?=0 (A14)
where
a = —Kp1Kps[X]
b = Kp1Kps + 2Kpa ([M] — [X¢])
c = 2Kp, + 2[M,] — [X,]
The positive real root of equation (A14) gives the concentration of free ligand, [X]
which substituted into equations (A9) and (A10) provide values for f; and f2. The

heat function for this model can then be expressed as
Q= [Mt]Vc(flAHl + f2(AH; + AHz)) (A15)

Data is then fit by adjusting binding parameters to minimize the sum of residual
squared differences (RSS) between experimental data points and those calculated

using equation (1).

RSS = Zi(AQ(i)calc - AQ(i)exp) (Al6)
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Appendix B

B1. Hill coefficient determination

Cooperative binding can be further analyzed by examining binding isotherms in
terms of the Wyman'’s Hill plot139237.238, Here, a method developed by Cattoni et

al.238 is used to determine Hill coefficient, nu.

From equations A2 and A3 total aptamer and total ligand concentration can be
determined. Using equations A9 to A13, a third-degree polynomial is obtained
(equation A14). The positive real root gives the free ligand concentration. Knowing
the free ligand concentration, X and binding affinities for both binding sites K; and

K3, the binding saturation parameter, n.g can be determined (equation B1).

K1X+2K,X?
1+ K1 X+ Ky X2

(B1)

Nyp =

Plotting In(nis/(2-n18)) vs In(X) a binding isotherm can be generated (Figure B-1).
This plot has two regions at low and high free ligand concentrations. It also has a
transition region which can be fitted to the third order polynomial function:

y = asx3 + a,x? + a;x + a (B2)
The Hill coefficient is calculated as the maximum (or minimum) value of the first

derivative of equation B1.

Z—z = 3azx? + 2a,x + a4 (B3)
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Equaling the second derivative to zero, value of x can be calculated.

d2

— = 6azx +2a, =0 (B4)
_ 24

X = 60.3 (BS)

Replacing thus calculated value of x in equation B3, Hill coefficient can be estimated

y=0.9663x - 4.4397

In[X]

Figure B1: Hill plot for adenosine binding to ATP3 aptamer with two sites
exhibiting positive cooperativity. Binding isotherms were generated as described
on page 152. Blue dots represent lowest ligand concentration region with slope of
1. In this case, there is no high ligand concentration region as final ligand
concentration is not high. Red dots represent the transition region fitted to the third
order polynomial the fitting parameters az = -0.0067, az = -0.0299, a; = 1.1621, ap =-
4.6727. The Hill coefficient for this example is ng = 1.2.
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