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Abstract

Polyamides composed of N-methylpyrrole (Py), N-methylimidazole (Im),
and 3-hydroxypyrrole (Hp) amino acids linked by beta-alanine (f) bind in the
minor groove of DNA in 1:1 and 2:1 ligand:DNA complexes. Although the
energetics and structure of the 2:1 motif have been explored extensively, there is
remarkably less understood about 1:1 recognition beyond the initial studies on
netropsin and distamycin. Laemmli and coworkers used -linked polyamides,
which bind in a 1:1 motif, to effect phenotypic changes in Drosophila melanogaster.
The thesis work described here investigates Laemmli's 1:1 motif in order to
further understand and exploit this novel mode of DNA recognition.

By selectively replacing Py residues with f it was found that the Im-f-Im
subunit is important for high-affinity binding in 1:1 and 2:1 modes. This study
also demonstrates that a single ligand can target very different DNA sequences
based on 1:1 or 2:1 binding. This ambiguity of sequence targeting based on
stoichiometry was addressed. It was discovered that hairpin and 1:1 binding
modes, which are dependent on ligand conformation, are controlled by changing
the linker between polyamide subunits.

The possibility of developing a 1:1 recognition code was explored by
selectively mutating polyamide residues and DNA base pairs and comparing the
association constants for the resulting complexes. It was found that Im residues
tolerate all four Watson-Crick base pairs; Py and § residues are specific for AT
and TeA base pairs; and Hp specifies a single base pair, A®T, in the sequence
context 5'-AAAGAGAAGAG-3'. Attempts to improve upon this recognition

code using novel heterocyclic amino acids, such as furan, thiophene, thiazole,
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and hydroxythiophene, are presented. The sequence-dependence of ligand
orientation and the effect of ligand size on binding affinity were also explored.

The NMR structure of a 1:1 polyamide:DNA complex was determined. It
reveals B-form DNA with a narrow minor groove and large negative propeller
twist, which are shown to be stabilized by bifurcated hydrogen bonds between
polyamide NH groups and purine N3 and pyrimidine O2 atoms. The first direct
evidence is provided for hydrogen bond formation between Im-N3 and guanine

NH2 in the 1:1 motif, thus confirming the original lexitropsin model.



1X

Table of Contents
page

ACKNOWIEAZEIMENLS ......etiieiiie ettt ettt ettt e et e et e e steeesbeeesssaeessseeensseeennseeennseennns v
AADSTIACT ...ttt ettt ettt et ettt s bt e bt e eab e e bt e et e enaeeeas vii
TaDIE Of CONENES .....eiutiiiiiiiie ettt et sa e et e bt e s abeesbeeeabeenbeeeanean ix
List of Figures and TabIes..........ccoovuiiiiiiiiiiieciie ettt eeevee s xii
INTRODUCTION ...ttt ettt st sat e et esate e beesaeeas 1
DINA STIUCTUTE ..ottt ettt ettt e et e e e sat e e e sbeeesbeeesaneee 2
Native DINA RECOZNITION. ....ccccuiiiiiieeiiieeiiieeiieeertee et e eiteeeaeeesaaeesteeesnsaeensseeennseesnns 4
Minor Groove Recognition by Designed Ligands...........cccceevvieeniieeniiieinciee e 6
LAMIEALIONS 1.ttt ettt ettt e b e st e bt e et e e beesate e bt e eabeenbeesaneens 11
The 111 MO ...ttt sttt enaee st 11
Description Of thisS WOTK.......cccuiiiiiiiiiiiciie et eeaaee e 12
RESULTS AND DISCUSSION .....cotitiiiieeieete ettt sttt 14
The Importance of 3-Alanine for Recognition in the Minor Groove of DNA ............ 15
PUIPOSE. ..ottt ettt 15
APPIOACK ...ttt st st 15
SYNERESIS ..ttt ettt st 17
MPE-Fe(II) Footprinting and Affinity Cleaving...........cccccecevvievirrinieeneeicnienens 18
Quantitative DNase I Footprint TItrations .........cocceeevieeinieeinieeniieenieeniee e 21

IS CUSSION -ttt ettt e e e e et e e e e eee e e e e e ae e e e e e e e enaaeeeenanans 22



Toward Rules for 1:1 Polyamide:DNA Recognition...........ccccueeervieerieeenieennieeennenns 23
PUIPOSE .ottt e et e e e et e e s st e e s s abteeeeenns 23
Specificity of Py, Im, Hp, and B ......cocuvveriiieiieeeeeeeeeeee e 23

APPIOACH ...ttt st 23
DNA Binding Affinity and Sequence SpecifiCity.........cccovveeriirieiniiniieeneenne 24
DISCUSSION ...ttt et 28
Specificity of Novel Heterocyclic Amino Acids .........ccoceeeervieniinencienicneenicnnene 29
APPIOACH ..ot e 29
SYNERESIS ...ttt 30
DNA Binding Affinity and Sequence SpecifiCity.........cccovverviinieinienieeneene 31
CalCulatioNS. .....coiiiiiieie e e 37
DISCUSSION ...ttt et e 38
Sequence Dependence of Polyamide Orientation...........c.cceevveevieeieenieenieeniennneens 40
APPIOACH ...t st s 40
DNA Binding Affinity and Ligand Orientation............ccecceevvieeinieeniieennneen. 40
DISCUSSION ...ttt e 42
Ligand Size Limitations in the 1:1 MoOtif.........cccooiiiiiiiiiiiiiiccceee 42
APPIOACH ...ttt s 42
DNA Binding Affinity and Sequence SpecifiCity.........cccovveriiiriieinieniieeneenne 43
DISCUSSION ...ttt e 44

NMR Structure of a 1:1 Polyamide-DNA CompleX.......ccccceevieriiiniiniinnieniiiienneens 45
PUIPOSE. ..ot sttt 45
APPIOACK ...t sttt et 45
DNA Binding Affinity and Ligand Orientation............cccocceeevieeiiieeinieennieennneenne 46
Titration to 1:1 Polyamide:DNA Stoichiometry.........cccccovoeenieniiiiniiniieenieeeeee. 48

Spectral ASSIZNMENTS.....c..eeoviriiriieiieiirteetenterteete ettt et sbe et et sbeeaeeae 49



DisStance CONSIIAINES ......ccueriiriiiiiiieniieieetenit ettt ettt e 53
Structure CalCulations..........coceiieiiiiiiiiinieieee e 53
DISCUSSION ...ttt ettt et sttt s 55
Confirmation of Oriented 1:1 Binding..........cccccvveriiieniiieniieeieeeiee e 55
Characterization of the COmMPIEX ........ccceeeriieiriiieeiiieeiee e e 57

Minor Groove Width and Propeller TWist........cccccveeriiieriiieirieeeieeeiee e, 57

Ligand SHIUCTUTE. .......eoiuiiiiiiiiieeiie ettt s 59

Amide — DNA INEractions .......c..ccceevuerieniieienienenieneeneeeeeeesie e 60

The LeXitropsin MOdEl.........cooiiiiiiiiiiiieeieeeeeeeee et 62

The Importance of B-Alanine...........cccvveeeiieeriieeniieeeiee e e 64

The Sequence-Dependence of Ligand Orientation.............cceeeeeeeerieniieennenne 66

SUMIMATY ..ttt ettt et e s be e bt esate e bt e eabeeeeas 68
Linker-Dependent Conformational Control of Polyamide-DNA Binding Modes.......70
PUIPOSE. ..ot sttt s 70
APPIOACK ...ttt st st 70

DNA Binding Affinity and Sequence SpecifiCity.........cccovviriiiniiiiniiniieeiieeeeee, 73
BiInding Ste SIZ€......coiiuiiiiiiiiiiiiieee et 76
DISCUSSION ...ttt e et e st esbte e s bt e e sbeeesabeeenas 77
CONCLUSIONS ...ttt ettt sttt sttt st sbe et st sbe et s e bt eae e 81
EXPERIMENTAL .....ootiitiiiiteieee ettt sttt st 86
REFERENCES. ... ..ottt sttt nae e 108
APPENDICES ...ttt sttt ettt sttt s saeeae e 124
Appendix A — NMR SPeCtra......coccueeiiiiiiiiiiiiiiiiieeeeeet e 124
Appendix B — Distance CONSTaINES..........cooveriiieiieriieiieneeeeeieesee e 146

Appendix C — DNA Helical Parameters...........ccoceevieriiiiiiiniienieiiieeeneceeeceeeen 159



INTRODUCTION page
Figure 1 Structures of the Watson-Crick Base Pairs...........coccceoeeeiiniiniinicenccnenne. 2
Figure 2 Structure of B-form DNA ..o 3
Figure 3 X-ray Crystal Structures of Protein-DNA Complexes.........ccoceeveenieeneenneene 5
Figure 4 Examples of DNA-Binding Natural Products.........c...cceceevieniiniiincnneenen. 5
Figure 5 Minor Groove Hydrogen Bonding Patterns...........cccoevveevviienniiennieenieeee. 6
Figure 6 1:1 Netropsin-DNA and 2:1 Distamycin-DNA Complexes ........cccccevueeneenee 8
Figure 7 Pairing Rules for 2:1 RecOgNItioN.........cccceeviiiiiiniiiniiiiienienieeeceeeeeeeene 9
Figure 8 Restoration of Binding Affinity by Incorporation of $-Alanine................... 10
Figure 9 Laemmli Model for 1:1 Polyamide-DNA Recognition ............cccecvveeruveennnee. 12
RESULTS AND DISCUSSION

Figure 10  Stoichiometry-Dependent Sequence Targeting ...........ccccceevveeieeniensieennnenne 16
Figure 11  Selective Py — [ Substitutions for Polyamides 1-3...........cccccceviirinnnnne 17
Figure 12 Footprinting and Affinity Cleavage of Polyamides 1-3 on pAUO9 ............... 19
Figure 13 Sequence Specificity of Im, 3, Py, and Hp in the 1:1 Motif........................ 24
Figure 14  DNase I Footprinting of Polyamides 2 and 4 on pAUS.........c.ccccoierieennnnne 26
Figure 15  Family of Five-Membered Aromatic Heterocycles.........ccccceviinicineenncnnne. 29
Figure 16  Specificity of Novel Heterocycles and Structures of Polyamides 5-12 ....... 31
Figure 17  DNase I Footprinting of Polyamides 5—8 on pAUS.........cccceeveieeiiiiennnenns 32
Figure 18  DNase I Footprinting of Polyamides 9-12 on pAUS.......cccccccevvveervveennnennns 34
Figure 19  Geometric and Electrostatic Profiles for Heterocyclic Residues.................. 37
Figure 20  Sequence-Dependent Polyamide Orientation ..........ccccceecveeveenieenienieeneenne 41
Figure 21  Effect of Ligand Size on 1:1 DNA Binding Affinity.......c.cccooceniniinnennee. 43
Figure 22 Nomenclature for the 1:1 Polyamide-DNA Complex Studied by NMR ......45

Figure 23

Xil

List of Figures and Tables

Footprinting and Affinity Cleavage of Polyamide 2 on pAU20................... 47



Figure 24
Figure 25
Figure 26
Figure 27
Figure 28
Figure 29
Figure 30
Figure 31
Figure 32
Figure 33
Figure 34
Figure 35
Figure 36
Figure 37
Figure 38
Figure 39

Table 1
Table 2
Table 3
Table 4
Table 5
Table 6
Table 7

xiil

1D HNMR Titration to 1:1 Polyamide:DNA Stoichiometry...........ccccouee. 48
NOESY Spectrum of the 1:1 Polyamide-DNA CompleX..........ccceveerurennne. 51
Intermolecular CONtaCtS..........cooueeiiiriiiiienieeieeeee e 52
Stereo View of the Final Ensemble of 12 Structures..........c.cccceceeeveenienneen. 56
Propeller Twist and Minor Groove Width..........cccccoevviiiiiiiiinniienieecieeee, 58
View of Complex Looking Down the Helical AXiS........ccccueeveeniienienuennee. 59
Polyamide NH to Purine N3 and Pyrimidine O2 Contacts............ccccceeuunee. 61
Imidazole to Guanine Hydrogen Bonding .........cccccceeveiieiniiinniiieiniiee e 63
Polyamide Ring — 3 — Ring Dihedrals..........ccccceeeviiiiniiiiniiiiiieeiee e 65
Model for G/C-Dependence of Polyamide Orientation........c...cceceeevueenunennee. 67
Equilibrium Between Hairpin and Extended 1:1 Binding Modes ................ 71
Structures of Polyamides 17-21 .........ccoooiieiiiieiiieeieeeeeeeee e 72
Designed 1:1 and Hairpin Binding Sites in pAU27........ccocevviinieenieniennee. 73
Footprinting of Polyamides 2 and 17-19 on pAU27 .......ccceeviiniiinieneennn. 74
Footprinting of Polyamides 20 and 21 on pAU27 ......ccccceeviiniiniienienieenee. 75
Control of Polyamide-DNA Binding Modes .........ccccceeeviieerieennieenieeeen. 80
Equilibrium Dissociation Constants for Polyamides 1-3 on pAU?9.............. 21
Equilibrium Association Constants for 2 and 4 on pAUS.........cccccevieeieenee. 27
Equilibrium Association Constants for 2 and 5-12 on pAUS............cc..c...... 36
DNA Proton Chemical Shift ASSIZNMENLS.........ceevveerriieerieeniieeiee e 49
Polyamide Proton Chemical Shift Assignments ........cc.cceceeveenieeneenneenee. 50
Statistics for Final Structural Ensemble of 1:1 Complexes ..........cccccveeeneen. 54

Equilibrium Association Constants for Polyamides 2, 17-20 on pAU27.....76



