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Chapter 1

Introduction
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Deoxyribonucleic Acid (DNA)

Deoxyribunocleic acid is the double-stranded, double-helical biopolymer that 

encodes all heritable information necessary to maintain life and the complex networks of gene 

expression and protein expression that ultimately result from its sequence.  All combinations 

of DNA sequence polymers can be made from four monomers called nucleotides: 

deoxyadenosine (A), deoxycytidine (C), deoxyguanosine (G), and deoxythymidine (T), 

each connected to one another on a phosphodiester-linked deoxyribose sugar backbone.  

For each double-stranded duplex, there are rules that govern pairing of each of the four 

nucleotides: A pairs with T, and T with A; C pairs with G, and G with C.  Several sequence 

and context dependent forms of DNA exist, such as A-form, B-form, and Z-form.1,2  Of 

these, I will focus the discussion on B-form DNA as it will be most relevant to this thesis.

An X-ray crystal structure of B-form DNA is shown in Figure 1.1.1  The three-

dimensional structure of the clefts within DNA can be subdivided into a “major” groove 

and a “minor” groove.  The phosphodiester-linked deoxyribose sugar backbone of DNA is 

highlighted in blue, and the individual bases are shown in a silver color.  Each base pair is 

oriented perpinduclarly to the helical axis of DNA.  Ten base pairs of DNA represent a full 

turn of the DNA helix.  Space-fi lling representations of A·T and G·C base pairs are shown 

in Figure 1.1.  Two hydrogen bonds form between A·T base pairs and three between G·C 

base pairs.  Beneath each base pair is shown the minor groove hydrogen bonding pattern.

Protein-DNA Recognition

 The three billion base pairs of DNA within a human cell nucleus contains the 

information which encodes 20,000 to 25,000 protein-coding genes.3  DNA is transcribed 

into mRNA, which forms the template for the synthesis of proteins, a process called 

translation.  Some of the proteins produced function as transcription factors which regulate 

the expression of genes at the DNA→mRNA level.  These proteins recognize and bind 

specifi c sequences of DNA.  An example of fi ve such proteins is denoted in Figure 1.2.



3

M
ajor G

roove
M

inor G
roove

N
N

N
N

N

N

N H
H

H

O NH
H

O

G C

Major Groove

Minor Groove

A T

Major Groove

Minor Groove

: ::A T

: :

HG C

N
N

N
N

O

H

O

N
H

HN

N

Figure 1.1.  X-ray crystal structure (PDB 1BNA) of double-stranded DNA and examina-
tion of individual DNA base pairs
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NF-κB (p50 / p65 heterodimer) Zif268 (Zinc 
Finger Protein)

LEF-1 (HMG Box)
ETS-1 (winged
helix-turn-helix) TBP (minor groove-

binding protein)

Figure 1.2.  X-ray crystal and NMR structures of fi ve protein–DNA complexes: NF-
κB–DNA (PDB 1VKX), Zif268–DNA (PDB 1ZAA), LEF-1–DNA (PDB 2LEF), ETS-
1–DNA (PDB 2STW), and TBP–DNA (PDB 1TGH)

Transcription factors can be segmented into three recognition groups: a group that 

targets the minor groove of DNA, a group that binds the major groove, and a group that 

binds a hybrid of the two grooves.  Of the proteins shown in Figure 1.2, NF-κB (p50/p65 

heterodimer), Zif268, and Ets-1 recognize the major groove of DNA.4–6  TATA-Binding 

Protein (TBP) and LEF-1 each recognize the minor groove of DNA.7,8  Of these proteins, 

zinc fi nger proteins (such as Zif268) have been evolved to target new sequences of 9–18 

base pairs.9
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5'-TAAATGACATAGGAAAACTGAAAGGGAGAAGTGAAAGTGGGAAATTCCTCTG -3'
3'- TTTACTGTATCCTTTTGACTTTCCCTCTTCACTTTCACCCTTTAAGGAGACA-5'

Figure 1.3.  The interferon beta enhanceosome: a composite model of allosterically-
driven protein–DNA recognition created from overlayed X-ray crystal structures (PDB 
2O6G, 2O61)

Specifi cities of in vitro binding preferences for transcription factors have been 

studied by selective mutation studies to known binding sites and by SELEX (Systematic 

Evolution of Ligands by Exponential Enrichment), which gives rise to a preferred match site 

for the protein.10–13 These in vitro binding data have been cataloged in both the TRANSFAC 

database and the JASPAR database.14,15 More recent work has examined protein-DNA 

specifi city by using fl uorophore-labeled (using both covalent and non-covalent labeling 

schemes) proteins in conjunction with custom DNA microarrays to rank-order sequence 

preferences and extract sequence motifs.16–19
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Allosteric Recognition of DNA

The fi rst example of allosterically modulated protein-DNA specifi city on an enhancer 

was recently observed by Harrison, Maniatis, and co-workers, who used two crystal structures 

of proteins complexed with DNA (ATF-2/c-Jun, IRF-3A, IRF-7B, IRF-3C, IRF-7D, p50, 

and RelA) to create a model structure of the interferon-beta enhanceosome (Figure 1.3).20  

There are no protein-protein contacts between any of the proteins on this DNA sequence.  

Thus, it has been proposed that structural alterations to the DNA, such as widening or 

narrowing of the major or minor groove by individual protein-DNA interactions creates 

optimum binding shape and structure for other proteins, in a cooperative interaction.20

Higher Order DNA Structures

 While discussion of DNA to this point has examined its structure in the absence 

and presence of proteins, the structure found inside cellular environments is far more 

complex.  To demonstrate the layers of folding that occur as DNA is compacted inside 

of a cell nucleus, Figure 1.4 shows the progression from naked DNA (Figure 1.4A)1 to 

the nucleosome (Figure 1.4B)21 to the tetranucleosome (Figure 1.4C).22  These are the 

known high-resolution structures.  Packing continues to chromatin fi bre, which has been 

modeled,22 and with more structural proteins, eventually to a single chromosome.  The 

transition of DNA to the nucleosome is facilitated by an histone octamer, consisting of 

two copies each of histones H2A, H2B, H3, and H4.  Duplex DNA wraps twice about the 

histone octamer, forming a 146–147 bp nucleosome.21  Until recently, this was the only 

high-resolution structural data known about the repeating unit in chromatin packing.  An 

X-ray crystal structure of a tetranucleosome solved at 9 Å resolution answered the long-

standing question of how four nucleosomes would pack together.22
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Figure 1.4.  Known X-ray Crystal Structures Demonstrating Higher-order DNA Pack-
ing.  a) X-ray crystal structure of double-stranded DNA (PDB 1BNA).  b) X-ray crystal structure of 147 
bp nucleosome core particle (PDB 1KX5).  c) X-ray crystal structure of tetranucleosome, showing how 
nucleosomes pack (PDB 1ZBB)
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Figure 1.5.  Natural products that recognize DNA: chromomycin, distamycin, actinomy-
cin D, and calicheamicin oligosaccharide

Natural Products that Recognize DNA

 In addition to the nuclear proteins that recognize and bind DNA, there are numerous 

natural products that bind DNA in a sequence-specifi c fashion.  Four are shown in Figure 

1.5: chromomycin, distamycin, actinomycin D, and calicheamicin oligosaccharide.  

Chromomycin recognizes the minor groove of DNA, targets the sequence 5’-GGCC-3,’ 

and binds in a 2:1 ligand:DNA stoichiometry.  Chromomycin is believed to be biologically 

active by interfering with replication and transcription.23  Actinomycin D intercalates DNA 

preferentially at 5’-GC-3’ sequences in a 1:1 ligand:DNA stoichiometry.  It has been used 

as a chemotherapeutic and is known to inhibit transcription and potentially DNA replication 

as well.24,25  Calicheamicin oligosaccharide binds the DNA minor groove as a monomer and 

recognizes 5’-TCCT-3.’26
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Figure 1.6.  X-ray crystal structures showing the molecular recognition of DNA by 
netropsin (PDB 6BNA) and distamycin (PDB 2DND in a 1:1 complex with DNA and 
PDB 378D in a 2:1 complex with DNA), both oligopyrrole natural products

Molecular Recognition of DNA by Distamycin and Netropsin

 Distamycin and netropsin are both low molecular weight oligomers of 

N-methylpyrrole carboxamides, with distamycin containing three monomer units and 

netropsin containing two.27,28  X-ray crystal structures of netropsin and distamycin are 

shown in Figure 1.6.27,29–31  Netropsin and distamycin each recognize A,T tracts of DNA.  

Netropsin is known to bind in a 1:1 ligand:DNA complex,29 whereas distamycin can bind 

both in a 1:1 and 2:1 ligand:DNA stoichiometry.30,31  The positively charged tails at the N- 

and C- termini of netropsin likely prevent 2:1 binding stoichiometry.  
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Binding in 1:1 and 2:1 ligand:DNA stoichiometries alters the width and depth of 

the minor groove of DNA.  In the 1:1 ligand:DNA binding cases, the minor groove of 

DNA narrows and deepens upon ligand binding.27,29,30  In the 2:1 ligand:DNA binding case, 

distamycin binds as an antiparallel dimer and widens the minor groove.  The hydrogen 

bonding patterns present in the minor groove are presented more closely to the distamycin, 

making a shallower groove.31  Through the X-ray crystal structures of these ligands, it 

was originally suggested that the minor groove-protruding exocyclic amine of guanine 

in G·C base pairs may be accommodated by utilizing N-methylimidazole in place of 

N-methylpyrrole.27,29 This substitution32–34 lead to the beginnings of a pairing code for 

binding of synthetically modifi ed distamycin-like molecules, which have been called 

polyamides.35,36

Polyamide Recognition of the DNA Minor Groove

The incorporation of N-methylimidazole (Im) into a distamycin-like polymer: Im-

Py-Py-Dp yielded not a 5’-SWW-3’ (S = G,C; W = A,T) recognition sequence but rather 

5’-WGWCW-3,’ from which it was proposed that a 2:1 ligand:DNA binding stoichiometry 

could account for the observation.32,33,35  These side-by-side minor groove ring pairings 

would form the basis for recognition of all four DNA base pairs.  G·C, C·G, and A·T/T·A 

could be targeted using N-methylimidazole (Im) and N-methylpyrrole ligands (Py) bound 

side-by-side.  When Im was adjacent to Py (Im / Py), G·C was read.  Py / Im reads C·G, 

and Py / Py reads A·T or T·A.  The specifi city problem between A·T and T·A minor groove 

recognition was soon resolved with the introduction of the N-methyl-3-hydroxypyrrole 

monomer (Hp).  In this case, Hp / Py reads T·A, while Py / Hp reads A·T.37  When 

lengthening oligomers to read more base pairs, it was hypothesized that the polyamides 

were overcurved relative to the minor groove of DNA.  Beta-alanine (β) was introduced 

as a substitute for Py that enables the curvature of the polyamide to be reset to better 

align with longer sequences of DNA, while maintaining the same recognition properties as 
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Figure 1.7.  Recognition of all four base pairs of DNA by designed ligands based on the 
natural product distamycin.  a) X-ray crystal structure of a 2:1 ligand:DNA decamer complex bound 
by the polyamide ligand Im-Hp-Py-Py-β-Dp (PDB 407D).  Filled circles represent Im; orange circles 
with white H, Hp; hollow circles, Py; greyed diamonds, β; and half-circle with plus sign, Dp.  b) Putative 
hydrogen-bond contacts made between polyamide monomers and individual base pairs.  c) Polyamide 
pairing code for minor groove recognition of duplex DNA.  A “+” denotes a favored interaction, and a “–” 
denotes a disfavored interaction.

Py.38,39  Each of these monomers is shown in Figure 1.9B.

X-ray crystallography enabled the full structural understanding of DNA minor-

groove recognition by polyamides, fi rst for the basis for the G·C specifi c recognition40 and 

then for A·T specifi c recognition (Figure 1.7).41  The 2:1 binding polyamides generally 

orient themselves from N-terminus to C-terminus relative to DNA read 5’ to 3.’42

While the 2:1 binding stoichiometry enabled all four base pairs to be read, linear beta-
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Figure 1.8.  Molecular recognition of narrow, minor groove DNA tracts by linear beta-
alanine linked polyamides.  a) Average NMR structure of Im-Py-β-Im-β-Im-Py-β-Dp (PDB 1LEJ).  
In the ball-and-stick polyamide structure, fi lled circles represent Im, hollow circles Py, greyed dia-
monds β, and half-circle with a plus sign, Dp.  b) Observed specifi city of polyamide monomers in a 1:1 
polyamide:DNA complex.  A “+” indicates a favored interaction, and a “–” indicates a disfavored interac-
tion.

AA

+
5'-C C A A A G A G A A G C G-3'

3'-G G T T T C T C T T C G C-5'

B
Ring G·C C·G T·A A·T

Im

Py

β

Hp

+

–

+

+

+ + +

+

+

+–

–

– – –

–

alanine linked (β-linked) polyamides enable the targeting of narrow minor groove tracts, 

typically purine-rich strands of DNA, such as 5’-AAAGAGAAG-3’ in a 1:1 ligand:DNA 

stoichiometry (Figure 1.8).43–45  Im, Py, β, and Hp have been studied in the linear β-linked 
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Figure 1.9. DNA minor groove hydrogen bond recognition elements. a) Minor groove 
hydrogen bond donors and acceptors for all four base pairs.  b) Monomers found in polyamides.  The ball-
and-stick symbols as well as abbreviations are listed below the chemical structures.  c) Potential hydrogen 
bonds formed between 5’-WTACGW-3’ and a hairpin polyamide, Ct-Py-Py-Im-(R)H2Nγ-Py-Im-Py-Py-β-Dp.  
d) Potential hydrogen bonds formed between 5’-AAGAAGAAG-3’ and a linear β-linked polyamide, Im-
Py-β-Im-Py-β-Im-β-Dp
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polyamide class—Im is degenerate for all four base pairs, Py and β prefer W (A,T) over S 

(G,C), and Hp prefers A·T in the homo-purine strand, although at lower binding affi nity.44  

The linear β-linked polyamides orient themselves from N-terminus to C-terminus relative 

to DNA read from 3’ to 5’ on the purine-rich strand of DNA.43–45  The NMR structure of a 

linear β-linked polyamide in complex with DNA has been solved.45  Figure 1.9D shows an 

example of the hydrogen bond recognition between a polypurine tract of DNA and a linear 

β-linked polyamide that targets 5’-AAGAAGAAG-3.’

 Polyamides that are currently used are generally derived from 2:1 binding class 

and less frequently from the 1:1 binding class.  To prepay the entropic costs of polyamide 

dimerization, a hairpin “turn-unit,” γ-aminobutyric acid, was used to covalently attach 

the two polyamide oligomers in an antiparallel fashion (Figure 1.9C).46  This covalent 

modifi cation allowed subnanomolar concentrations of ligands to target 5’-WGTACW-3.’47  

Other covalent linkages have been utilized: the H-pin polyamide motif,48 the U-pin 

polyamide motif,49 and the cyclic polyamide motif,50 although the hairpin motif has 

been most widely studied.  Because hairpin polyamides occasionally align N-terminus 

to C-terminus against DNA read 3’ to 5,’ the γ-aminobutyric acid linker was modifi ed 

to an (R)-2,4-diaminobutyric acid, which increased binding affi nity and enforced an N 

to C terminus alignment with DNA read 5’ to 3.’42,51  Hairpin polyamides typically are 

constructed from eight aromatic heterocycles, or “rings,” and target six base pairs.

Recent work has completed a library of all possible eight-ring hairpin polyamides 

that have an N-terminal N-methylimidazole monomer.52  Much of the scope of known 

sequences that hairpin polyamides can target is shown in Table 1.1.52
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General (5’→3’) Polyamide Ka (M 1) Sequence context

1 WWGWWWW + 3 l09 5’-TAGTATT-3’

2 WWGGWWW + 5 l08 5’-CTGGTTA-3’

3 WWGWGWW + + 4 l09 5’-TAGTGAA-3’

4 WWGWWGW + + 9 l09 5’-TAGTAGT-3’

5 WWGWWCW + 3 l010 5’-TAGTACT-3’

6 WWGWCWW + + 2 l09 5’-GAGTCTA-3’

7 WWGCWWW + + 5 l09 5’-ATGCAAA-3’

8 WWGGGWW + 3 l08 5’-AAGGGAA-3’

9 WWGGWGW + + 1 l010 5’-TAGGTGT-3’

10 WWGGWCW + 1 l010 5’-ATGGTCA-3’

11 WWGGCWW + 4 108 5’-AAGGCAT-3’

12 WWGWGGW + + 4 1010 5’-TAGTGGT-3’

13 WWGWGCW + + 2 l09 5’-ATGAGCT-3’

14 WWGCGWW + + 2 l09 5’-ATGCGTA-3’

15 WWGCWGW + + 2 l09 5’-TAGCAGT-3’

16 WWGCWCW + + 9 l09 5’-ATGCTCA-3’

17 WWGWCGW + + 1 l010 5’-ATGACGT-3’

18 WWGWCCW + 2 l09 5’-TAGACCA-3’

19 WWGCCWW + + 7 l08 5’-ATGCCTA-3’

20 WWGGGGW + + 2 l08 5’-GAGGGGT-3’

21 WWGCGGW + + 9 l08 5’-ATGCGGT-3’

22 WWGGCGW + + 2 l08 5’-CAGGCGT-3’

23 WWGGGCW + + 1 l08 5’-CTGGGCA-3’

24 WWGCCGW + + 2 l09 5’-ATGCCGT-3’

25 WWGGCCW + 9 l09 5’-ATGGCCA-3’

26 WWGCGCW + 3 l09 5’-ATGCGCA-3’

27 WWGCCCW + + 1 l09 5’-ATGCCCA-3’

Table 1.1. Imidazole-capped eight-ring polyamides recognize a diverse library of DNA 
sequences
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Polyamides for Control of Gene Expression

 The selective modulation of gene networks by programmable oligomers that specify 

short DNA sequences holds promise for new approaches to molecular medicine.  The DNA 

minor groove-binding-polyamides have been utilized in several instances to modulate gene 

expression in cell culture (Figure 1.10).  This ability did not come without three key studies 

on nuclear localization of polyamides in live cell culture.53,54  Hypoxia inducible factor 1α 

(HIF-1α) is a transcription factor that drives the expression of vascular endothelial growth 

factor (VEGF), a gene responsible for the vascularization of tumors.  HIF-1α targets the 

Hypoxic Response Element (HRE) consensus sequence, 5’-TACGTG-3,’ a subset of which 

is recognized by Ct-Py-Py-Im-(R)-H2Nγ-Py-Im-Py-Py-Dp-IPA (1).  HeLa and U251 cells 

have been dosed with 1 and induced with deferoxamine (DFO).  HIF-1α-modulated genes 

have much lower inductions in the presence of polyamide 1.  In the presence of a polyamide 

that does not bind the HRE (2), a statistically insignifi cant change in VEGF expression 

occurs.  Microarray experiments have shown that polyamide 1 downregulates a subset 

of genes upregulated by DFO induction.  Furthermore, chromatin immunoprecipitation 

(ChIP) experiments demonstrated a reduced occupancy of HIF-1α at the VEGF HRE in the 

presence of polyamide 1, suggesting that the polyamide acts in a sequence programmed, 

specifi c manner.55–57

Gene expression regulated by androgen receptor (AR) is critical in the development 

and progression of prostate cancer.  Prostate specifi c antigen (PSA) is a well-studied 

marker gene that correlates with the presence of prostate cancer.  Androgen receptor binds 

as a homodimer to the androgen response element (ARE), 5’-GGTACAnnnTGTTCT-3,’ a 

sequence which can readily be targeted by an eight-ring Py/Im hairpin polyamide, Im-Py-

Py-Py-(R)-H2Nγ-Im-Py-Py-Py-Dp-IPA (3). In the presence of dihydrotestosterone (DHT) 

induction, LNCaP cells dosed with polyamide 3 exhibit suppressed PSA induction.  A 

mismatch control polyamide targeting 5’-WGWCGW-3’ (Im-Py-Py-Im-(R)-H2Nγ-Py-Im-

Py-Py-Dp-IPA, 4) has a much smaller effect on mRNA transcript levels of PSA.  Microarray 
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experiments on 3 and 4 showed 3 to disrupt induction by DHT for a subset of the DHT-

induced genes.  ChIP experiments on 3 and 4 again suggest the disruption of a protein-

DNA interface as a potential mechanism for polyamide activity.58

Scope of this Thesis

In Chapter 2, we explore the use of a linear β-linked polyamide for upregulation 

of frataxin expression in cell culture.  We also explore binding properties of other linear 

β-linked polyamides by DNase I footprint titrations (also in Appendix B).59  In Chapter 

3, we utilize DNA microarrays to examine the binding preferences of the linear β-linked 

Figure 1.10. Examples of polyamides used for modulation of gene expression in living 
cell culture. a) Structure of VEGF promoter showing inhibition of HRE binding by the HIF-1α/HIF-1β 
dimer inhibits gene transcription.  b) HRE enhancer binding sequence shown with match polyamide 1.  c) 
Match (1) and mismatch (2) polyamides utilized to target the HRE.  d) Model of the androgen receptor 
transcription complex.  e) Consensus ARE targeted by match polyamide 3.  f) Match (3) and mismatch (4) 
polyamides utilized to target the ARE.
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polyamide that modulated frataxin expression in Chapter 2.  We also examine the binding 

preferences of the hairpin polyamide utilized to disrupt HIF-1α binding (1).  Because 

the microarrays necessitate a fl uorophore label, we study the ramifi cations of different 

labeling positions, terminal and internal.  We fi nd that the polyamide core, and not the 

label position, drives DNA binding specifi city of the polyamide (Appendix C).  Finally, in 

Chapter 4, we move from in vitro preferences of synthetic ligands to in vivo preferences of 

protein transcription factors.  We study androgen receptor binding preferences in a living 

cell (LNCaP cells) using ChIP-Seq, chromatin immunoprecipitation followed by high-

throughput DNA sequencing.  We map the genome-wide binding landscape of androgen 

receptor.  This marks a fi rst step toward creating a negative occupancy map of genomic 

regions polyamide 3 prevents androgen receptor binding.
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