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Chapter 1

Introduction
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1.1.  Deoxyribonucleic acid (DNA)

DNA is the biological macromolecule that encodes the genetic information 

necessary for life.  The molecule consists of four different bases on a phosphodiester-

linked deoxyribose sugar backbone.  The intertwined strands of two DNA molecules 

form a double helix with hydrogen bonds between the Watson-Crick base pairs such that 

thymine (T) pairs with adenine (A), and cytosine (C) pairs with guanine (G).  The structure 

of B-form DNA is a right-handed helix containing ten base pairs per turn, and the plane 

of each hydrogen-bonded base pair lies perpendicular to the helix axis.1,2  A wide major 

groove and a narrow minor groove line the helix and are available for binding (Figure 

1.1).2  The human genome contains roughly three billion base pairs that encode 20,000 

Figure 1.1.  The structure of DNA.  (left) The phosphodiester-linked deoxyribose backbone 
is shown in blue, and the Watson-Crick base pairs are shown in gray (PDB accession code:  
1YSA5).  (right) The chemical structures of the DNA bases thymine (T), adenine (A), 
cytosine (C), and guanine (G) are shown as hydrogen-bonded base pairs.40
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to 25,000 protein-coding genes.3  In addition to DNA sequences that code for proteins, 

genes are associated with regulatory regions that control transcription.  In the context of 

the living cell, DNA-binding proteins and the interactions between proteins modulate gene 

expression.4,5  

1.2.  DNA-binding small molecules

Nature has evolved a number of small molecules, including actinomycin, 

echinomycin, and calicheamicin, that bind to specifi c sequences of DNA.  Distamycin A and 

netropsin are A,T-binding oligopeptidic antibiotic drugs of bacterial origin whose structures 

contain three and two N-methylpyrrole (Py) carboxamide units, respectively.6-9  The X-

ray crystal structure of the 1:1 complex between netropsin and 5’-CGCGAATTCGCG-

3’ shows that the crescent-shaped natural product binds in the minor groove of B-form 

DNA by displacing water molecules on the spine of hydration.10,11  The NMR structure of 

the 2:1 complex between distamycin and 5’-CGCAAATTGGC-3’ indicates that the two 

distamycin molecules bind the central 5’-AAATT-3’ region in an antiparallel orientation 

with expansion of the minor groove relative to the 1:1 ligand-DNA complex.12  The 

structures of the 1:1 and 2:1 distamycin-DNA complexes are depicted in Figure 1.2.13,14  

1.3.  Recognition of the DNA minor groove by pyrrole-imidazole polyamides

A modular code for molecular recognition of the four Watson-Crick base pairs has 

been empirically determined using pyrrole-imidazole polyamides.15,16  These synthetic 

ligands recognize the chemical features presented in the minor groove of DNA as a form 

of digital readout  (Figure 1.3).  The N-methylimidazole (Im) analog of distamycin binds 

the fi ve base-pair sequence 5’-WGWCW-3’ (where W = A or T) by formation of a 2:1 

polyamide-DNA complex.17,18  The two ImPyPy molecules are stacked together as an 

antiparallel dimer in the DNA minor groove with Im paired unsymmetrically across from 

Py to recognize the G•C base pair.  Hydrogen bonding between the Im nitrogen and the 
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Figure 1.2.  Structures of distamycin A bound to DNA as 1:1 and 2:1 complexes (PDB 
accession codes:  2DND13 and 378D14). The DNA backbone is shown in blue, the base 
pairs are gray, and distamycin is shown in stick representation.  The chemical structures of 
distamycin A (top) and netropsin (bottom) are shown below the crystal structures.40 

exocyclic amine of guanine helps to confer specifi city for G•C over C•G, A•T and T•A.19  

In this way, the Im/Py pair recognizes G•C and the Py/Im pair codes for C•G, while the 

degenerate Py/Py pair does not discriminate between A•T and T•A.  To complete the task 

of recognizing all four Watson-Crick base pairs, N-methylhydroxypyrrole (Hp) was paired 
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Figure 1.3.  Molecular recognition of the minor groove of DNA.  (top) Minor groove 
hydrogen bonding patterns of Watson-Crick base pairs.  Circles with dots represent lone 
pairs of N(3) of purines and O(2) of pyrimidines, and circles containing an H represent 
the 2-amino group of guanine.  The R group represents the sugar-phosphate backbone of 
DNA.  Electron pairs projecting into the minor groove are represented as shaded orbitals.  
(bottom)  Binding model for the complex formed between ImHpPyPy-γ-ImHpPyPy-β-Dp 
and a 5’-AGTACT-3’ sequence.  Putative hydrogen bonds are shown as dashed lines.16
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across from Py to recognize T•A over A•T.20-22  The X-ray crystal structure of the 2:1 

complex between ImHpPyPy and 5’-CCAGTACTGG-3’ provides structural verifi cation 

of the pairing rules (Figure 1.4).     
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Figure 1.4.  Crystal structure of the 2:1 complex formed between ImHpPyPy-β-Dp and the 
5’-CCAGTACTGG-3’ sequence (PDB accession code:  407D21).  Polyamides are shown at 
right in a ball-and-stick model, where a black circle represents Im, a red circle with an H 
represents Hp, a gray circle represents Py, a white diamond represents β-alanine, and a half 
circle with a plus represents Dp.  
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1.4.  Hairpin polyamide motif

The pre-organization of two polyamide subunits by a covalent linkage improves 

the binding affi nity and sequence specifi city of these ligands.23-26  While several different 

binding motifs have been explored, the hairpin motif provides excellent affi nity and 

specifi city for DNA and can be accessed through a facile synthetic route.23  In the hairpin 

motif, a γ-aminobutyric acid (γ) covalently links the carboxylic terminus of one polyamide 

with the amino terminus of the other.  Eight-ring hairpin polyamides bind their six base-

pair DNA match sequences with subnanomolar affi nities.27,28

Structural features of the hairpin motif contribute to sequence-specifi c DNA 

recognition (Figure 1.5).  The γ residue that forms the turn of the hairpin recognizes A•T 

and T•A base pairs.  A chiral 2,4-diaminobutyric acid improves affi nity while retaining 

specifi city for A•T and T•A.29  The increased binding affi nity can be attributed to electrostatic 

interactions between the negatively charged DNA backbone and the positively charged free 

amine on the turn.  Furthermore, the chiral turn allows stereochemical control, enforcing 

the N→C polyamide alignment with respect to the 5’→3’ orientation of the adjacent DNA 

strand.29,30

The microstructure of DNA is sequence-dependent, and polyamides composed of 

Py and Im rings are overly curved compared to the DNA minor groove.  Aliphatic β-

alanine residues have been incorporated at internal positions to reset the register between 

contiguous aromatic ring pairings.31  The β/Py and Py/β pairs, as well as the β/β degenerate 

pair, recognize A•T and T•A base pairs.31,32  The β-alanine residue on the tail, as well as 

the 3-(dimethylamino)propylamine (Dp) tail itself, both code for A•T and T•A.33  Hairpin 

polyamide design typically includes an Im/Py pairing at the hairpin N-terminus in order to 

impart G•C specifi city at this position.  However, when 3-chlorothiophene (Ct) is paired 

across from Py at the N-terminus, the Ct/Py pair exhibits specifi city for T•A.34   In this way, 

the eight-ring hairpin polyamide CtPyPyIm-(R)RHNγ-PyImPyPy-β-Dp recognizes the seven 

base-pair sequence 5’-WWTWCGW-3’ in the DNA minor groove.
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Figure 1.5.  Binding model for the complex formed between CtPyPyIm-(R)RHNγ-PyImPyPy-
β-Dp and a 5’-TATACGT-3’ sequence.  A ball-and-stick model is shown at bottom, where a 
blue square represents Ct, a black circle represents Im, a white circle represents Py, a white 
diamond represents β-alanine, a half circle with a plus represents Dp, and the chiral 2,4-
diaminobutyric acid turn residue is shown as a semicircle connecting the two subunits with 
a solid wedge linking a half-circle with a plus.  

Methods for solid-phase synthesis of hairpin polyamides have been developed 

using standard Boc coupling chemistry.35,36  Aminolysis furnishes the polyamide, which 

can be further derivatized on the turn or tail residues.  The selection of either β-Ala-PAM 

or Kaiser oxime resin yields different C-terminal groups following cleavage with a primary 
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Figure 1.6.  Synthesis of polyamides on solid support.  β-Ala-PAM resin and Kaiser oxime 
resin yield different C-terminal groups following cleavage with a primary amine.  Z = H, 
Ac, or Boc, if further derivatization is required.16  

amine (Figure 1.6).  The use of β-Ala-PAM resin leaves a residual A,T-specifi c β-alanine 

moiety at the C-terminus, while oxime resin produces a shorter polyamide.  Access to a 

diverse range of polyamide binding motifs and linkers has proven valuable for experiments 

in cell culture.  

1.5.  Nuclear localization of hairpin polyamide conjugates in cell culture studies

Confocal microscopy has been used to determine the uptake profi les of polyamide-

fl uorophore conjugates in a range of cell lines.37-40  A brief excerpt is presented in Figure 

1.7.  Polyamide 1 localizes to the nucleus, while polyamide 2 is excluded from the nucleus, 

which reveals that uptake is core-dependent.  Removal of the β-alanine residue to produce 
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polyamide 3 rescues uptake, suggesting that the incorporation of β-alanine may be lethal for 

uptake.  The poor nuclear localization of polyamide 4 indicates that fl uorophore selection 

is crucial.41  Based on these results, fl uorescein has been the fl uorescent dye of choice in 

recent experiments.  

The gained insights into cellular uptake properties of polyamides have proven 

instrumental in the successful design of gene regulation studies.  A polyamide-fl uorescein 

conjugate has been shown to decrease hypoxia-inducible transcription of vascular 

endothelial growth factor (VEGF) in cultured HeLa cells.42,43  The binding of this polyamide 

to the hypoxia response element (HRE) disrupts the binding of hypoxia-inducible factor to 

the HRE.  Inhibition of VEGF expression has been used to assay the nuclear localization 

of HRE-targeted polyamides.  These studies have shown that the fl uorescein dye can be 

minimized to a isophthalic acid moiety, yielding higher-affi nity conjugates that exhibit 

comparable biological activity.44  A hairpin polyamide-isophthalic acid conjugate has been 

shown to downregulate prostate-specifi c antigen (PSA) expression in prostate cancer cells 

by binding the androgen response element in the PSA promoter.45  This prevents the binding 

of androgen receptor (AR) and inhibits androgen-induced PSA expression.  

Figure 1.7.  Uptake profi le of polyamide-fl uorophore conjugates 1-4 in 13 cell lines.38  ++ 
indicates that nuclear staining exceeds that of the medium; +, nuclear staining less than 
or equal to that of the medium, but still prominent; –, very little nuclear staining, with the 
most fl uorescence seen in the cytoplasm and/or medium; – –, no nuclear staining.38,39  In 
the ball-and-stick model, a black circle represents Im, a white circle represents Py, a white 
diamond represents β-alanine, “(+)” represents the 3,3’-diamino-N-methyldipropylamine 
linker, and a half-circle represents the γ-aminobutyric acid turn residue.
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1.6.  Scope of this work

In Chapter 2, we complete a library of 27 hairpin Py-Im polyamides that bind 

7-base-pair sequences of the general form 5’-WWGNNNW-3’ (where W = A or T, N = 

W, G, or C).  A table of binding affi nities and sequence contexts for this completed 27-

member library has been assembled for the benefi t of the chemical biology community 

interested in molecular control of transcription.  In Chapter 3, quantitative fl uorescence-

based methods have been developed to determine the nuclear concentration of polyamide-

fl uorescein conjugates in cell culture.  Confocal laser scanning microscopy and fl ow 

cytometry techniques are utilized to plot calibration curves, from which the nuclear 

concentration can be interpolated.  Although confocal microscopy and fl ow cytometry 

generate disparate values, taken together these experiments suggest that the polyamide 

concentration inside the cell nucleus is lower than it is outside the cell.  In Chapter 4, 

to further our understanding of C-terminal tail linkage effects on sequence specifi city, 

the equilibrium association constants of hairpin polyamide conjugates were measured by 

quantitative DNase I footprint titration experiments.  These results indicate that linkers 

and functional R groups on the tails of hairpin polyamide conjugates have recognition 

properties that should be considered in the design of these molecules to target DNA binding 

sites.  Furthermore, these β-alanine-C3-linked polyamide conjugates are shown to decrease 

hypoxia-inducible transcription of vascular endothelial growth factor (VEGF) in cultured 

HeLa cells.  In Chapter 5, polyamide conjugates designed to target the Oct4 octamer DNA 

element modulate the expression levels of Oct4-driven genes in P19 mouse embryonal 

carcinoma cells and R1 mouse embryonic stem (ES) cells.
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