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Synthetic molecules that can bind DNA in a sequence specific manner are 

an interesting area of molecular recognition research with the potential to develop 

new therapeutics.  A novel class of polyintercalators, composed of 1,4,5,8-

naphthalene tetracarboxylic diimide (NDI) intercalating units connected via 

peptide linkers, have been developed in the Iverson research group.  A previous 

combinatorial library screen identified two different bis-intercalators with altered 

sequence specificity and subsequent structural studies revealed that these 

molecules have a unique threading mode of polyintercalation, in which the 
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tethering linker can be in either the major or minor groove, depending on the 

peptide linker composition.   

The peptide linkers are believed to play an important role in the 

recognition of target sequences and several analogues were investigated using 

DNase I footprinting experiments.  These results showed that the position of a 

lysine residue in the linker plays a crucial role in recognizing internal sequences 

of 5’-GGNNCC-3’ on DNA.  Among those derivatives, the parent compound 

(1), H2N-Lys-NDI-Gly-Gly-Gly-Lys-NDI-Gly-OH, showed dramatic sequence 

reading ability on 5’-GGNNCC-3’ sequences with the order of GGTACC > 

GGCGCC > GGATCC ~ GGGCCC with Kd ~ 125 nM.   

The previous structural knowledge of the two different bis-intercalators (1, 

and 1.2) served as binding modules that enabled us to design threading 

polyintercalators with sequence specific contacts in both grooves.  A trimer 

(4.1), a hybrid molecule of the two bis-intercalator modules was designed to block 

both grooves and its programmed sequence reading ability was proved in 

footprinting experiments.  As a parallel approach to achieve polyintercalation 

with programmed sequences, a symmetric tetramer (5.1) that is a conjugate of two 

identical bis-intercalator units (1.2) with flexible aliphatic chain linker was 

designed.  1D 1H-NMR titration experiment revealed that this compound binds 

to a 14 bp DNA sequence d(GATAAGTACTTATC)2 with 1:1 stoichiometry.  

2D 1H-NMR studies combined with restrained molecular dynamics confirmed a 



 viii

threading binding mode in the three-dimensional structure of the DNA-ligand 

complex in which β-alanine residues in one type of linker reside in the minor 

groove as expected, while an adipic acid linker resides in the major groove also as 

expected.  This represents the first structural analysis of any DNA intercalating 

molecules larger than a bis-intercalator and confirms that the sequence specific 

binding of longer threading polyintercalators can be predicted from bis-

intercalator modules.  These results will provide the molecular basis for the 

DNA binding properties of a new generation of threading polyintercalators. 
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Chapter 1  

Overview of DNA binding molecules 

1.1 DNA BINDING MOLECULES AS POTENTIAL THERAPEUTICS AND TOOLS 
FOR MOLECULAR BIOLOGY 

 

The ability of certain molecules to interact with DNA is of considerable 

interest not only because they could be used as tools to control gene expression in 

the field of molecular biology, but they also can be applied to therapeutic use, for 

example in cancer treatment (Dabrowiak, 1992; Chaires, 1997).  Genetic 

information is stored in DNA, transcribed to RNA and then translated to protein 

products (Figure 1.1). These protein products such as enzymes and receptors 

control cellular function.  According to “Central dogma of molecular biology”, 

nucleic acid alone can specify the sequence of protein products while proteins 

cannot specify a particular nucleic acid or protein sequence (Crick, 1970).  This 

means control at the DNA level is the highest level of target control and blocking 

at these early steps can provide simple and efficient ways of switching on/off the 

synthesis of protein products of interest.  The number of genes present in a cell is 

far fewer than that of corresponding mRNAs or protein products, which requires 

much smaller doses of the drug targeting DNA.  For these reasons, nucleic acids 

have been a primary target for binding or chemical modification by several 

classes of molecules.  Regulatory proteins that can repress or stimulate the flow 
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Figure 1.1  Illustration of the “Central Dogma of Molecular Biology” (Crick, 
1970).  Copyright 1999 Access Excellence @ the National Health 
Museum (http://www.accessexellence.org/AB/GG/central.html).  
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 of genetic information through DNA or RNA (Ptashne, 1987) control gene 

expression throughout a cell’s lifetime.  Small molecules can also alter the 

activities of nucleic acids, and regulate gene expression by disrupting protein-

DNA interactions in vivo (Baily & Henichart, 1991; Dervan, 1986; Pyle & 

Barton, 1990).  These molecules can be isolated from natural sources or 

synthetically prepared.  The chemical functionality of small molecules can be 

much more diverse than that found in proteins, and the structural simplicity of 

such molecules, combined with facile synthesis, has accelerated work directed 

toward understanding the relationships between molecular structure and DNA 

recognition (Dervan, 1986; White, 1998).  By investigating novel synthetic DNA 

binding molecules, we can expand our ability to probe DNA and develop new 

approaches for DNA-targeting chemotherapeutics. 

1.1.1 Structural features of DNA 

DNA is a long polymer composed of only four subunits- nucleotides 

containing adenine, guanine, cytosine, and thymine bases (Saenger, 1984).  

DNA is a double-stranded helix formed via the assembly of complementary 

antiparallel strands.  Two grooves are formed along the helix as the phosphate-

sugar backbone forms ridges and the depth and width of the major / minor groove 

vary depending on the type of helix formed.   

In a eukaryotic cell, DNA is 2 m in length and tightly packaged into 

chromatin by hierarchical folding and compaction.  Nucleosomes not only serve 
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to compact DNA, but also affect accessibility of specific sequences by having 

interactions with the molecular machinery in the nucleus.  The structure of 

DNA-histone complex is dynamic, and the ability of DNA recognition in 

chromatin is affected by the structure of nucleosomal DNA (Dervan, 2001).  To 

access the sites that are blocked by histone octamer, DNA binding molecules 

should have high binding affinity. 

 

B-form DNA 

The predominant DNA structure under physiological conditions is B form 

(Figure 1.2).  This conformation has two antiparallel strands and the bases are 

connected by Watson-Crick base pairs.  In the B form, DNA adopts a right-

handed helical structure containing a narrow minor groove and a wider major 

groove.  The base pairs are stacked nearly perpendicular to the central axis and 

the distance between the base steps is 3.4 Å.  Each base-pair plane is rotated 

approximately 36º to the previous one, giving a complete right-handed helical 

turn for every 10 base pairs.  The deoxyribose ring conformation adopts a C2’-

endo conformation that pushes adjacent phosphates of one polynucleotide chain 

about 7 Å apart resulting in an overwound helix compared to the A form.  The 

N-glycosidic bond angle is in an anti-configuration.  Even though these 

descriptions are for the general shape of B type DNA, the functional group, on the 

floor of the grooves of the DNA helix varies depending on the composition of  
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Figure 1.2(A) Comparison of the overall structure of A-and B-form DNA and 
their deoxyribose sugar conformation. 
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Figure 1.2(B) Functional groups on the DNA bases that can have hydrogen 
bonding contacts with functional groups on a DNA binding ligand or 
protein. Hydrogen bond acceptors are shown as red color, and 
donors are shown as blue color. 
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base-pair sequences, which provides a platform for sequence selective recognition 

by certain proteins or ligands. 

1.1.2 DNA binding interactions 

The phosphate backbone of DNA is negatively charged, and interacts 

electrostatically with cations such as Na+ or Mg 2+, reducing unfavorable 

phosphate-phosphate repulsive interactions.  This coulombic interaction of 

atoms with opposite formal charges contributes to the stabilization of DNA 

conformation.  The binding of ligand or protein to DNA gives rise to the release 

of these small counter ions from the backbone, which is entropically favorable.  

Although contacts to the phosphate backbone are not a major factor in 

determining the specificity due to chemical uniformity, this interaction is essential 

at the initial stage of the binding of positively charged molecules by giving close 

proximity to the nucleic acid.  This proximity gives rise to increased local 

concentration of a positively charged ligand.   

Functional groups on the DNA bases can be hydrogen-bonding targets 

through complementary contacts with functional groups on a DNA binding ligand 

or protein (Figure 1.2(B)).  The matched sets of hydrogen bonding can provide 

sequence specific binding to DNA, although the energetic contribution of each 

individual interaction is probably small.  

Hydrophobic interaction is a term used to describe how nonpolar surfaces 

minimize their contacts with water by association with each other.  Fitting to the 
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floor of the DNA minor groove or intercalating between the base pair are 

examples of this interaction.  This can be an extremely strong interaction in 

water, providing much of the energy for a small molecule-DNA complex.  

Another category of nonpolar interactions is the van der Waals contact that is an 

enthalpically favorable interaction resulting from dispersion forces between 

nonpolar molecules.  The C5 methyl group in thymine usually plays a major role 

regarding this nonpolar interaction, although the energetic importance of the 

interaction is not clear. 

1.2 DNA BINDING PROTEINS 

Structures of more than 50 sequence specific DNA binding proteins have 

been reported as complexes with their DNA binding site (Larson, 1996).  These 

proteins usually do not disrupt the base pairs of the duplexed DNA when they 

bind.  It is known that typical dissociation constants (Kd) for these complexes are 

10-9-10-12 M and ratios of specific to nonspecific binding usually 103-107.  Most 

of these proteins interact with DNA in the major groove, probably due to this 

groove’s greater accessibility in B-DNA (12 Å width and 8.5 Å depth).  An α-

helix conformation is known to be the common module for binding; the diameter 

of an α-helix with side chains is about 12 Å, which enables them to fit snuggly 

into the major groove.  An α-helix cannot fit into the minor groove without 

causing DNA or protein distortion.  In addition, the variety of functionality at the 
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edges of the bases makes the contacts more favorable in the major groove.  The 

functional groups on the edges of the bases in the major groove are recognized by 

protein side chains through hydrogen bonds or van der Waals contacts.  Despite 

many efforts to set up a correlation matching particular amino acid residues to 

particular bases, there does not seem to be such a predicted recognition code 

(Pabo & Nekludova, 2000).  

1.2.1 Leucine Zipper 

Most DNA binding proteins are transcription factors that bind specific 

sequences of DNA in the promoter region of each gene and modulate gene 

expression.  One of the common binding motifs found in transcription factors is 

the leucine zipper that binds DNA as a dimer (Kodadek, 1992).  A leucine zipper 

is composed of two α−helices, one from each monomer (Figure 1.3).  It was 

found that a regular repeat of leucine residues occurs every seventh amino acid, 

which is about twice the periodicity of a helix (Landshulz, 1988).  These leucine 

repeats were revealed to form extended α−helices where the hydrophobic side 

chains are on one face of the helix.  The two helices are held together by 

hydrophobic interactions between leucine residues, which look like a zipper.  

Deletion analysis of the GCN4 protein, a yeast transcription factor containing a 

leucine zipper motif, showed that this unit plays a major role for sequence-

specific DNA binding.  In addition, the C-terminal 60-amino fragment of GCN4 
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Figure 1.3  The structure of the heterodimer bZIP transcription factor c-Fos-c-
Jun /DNA complex. This transcription factor contains a leucine 
zipper motif where two α helices look like a zipper with leucine 
residues (Glover, 1995). 

 

that contains a highly basic run of 30 residues followed by the leucine zipper is 

involved with DNA recognition (Hope, 1986; Struhl, 1987).  The luecine zipper 

proteins characteristically contain a highly basic region at the N-terminus of the 

zipper.  The X-ray crystal structure of a heterodimeric complex of the bZIP 

domains of c-Fos and c-Jun bound to a DNA duplex (5’-TGAGTCA-3’) 
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confirmed that the carboxy-terminal region forms an asymmetric coiled-coil while 

the amino-terminal regions make base-specific contacts with DNA in the major 

groove (Glover, 1995). 

1.2.2 Zinc finger 

Zinc finger proteins are one of the most common DNA-binding motifs in 

eukaryotic transcription factors.  The Cys2His2 zinc finger unit was first 

identified in TFIIIA, which contains repetitive zinc-binding domains of about 30 

amino acids that include two cysteins and two histidines each (Miller et al 1985).  

Each finger has a conserved ββα domain sharing the sequence (F/Y)-X-C-X2-5-C-

X3-(F/Y)-X5- -X2-H-X3-5-H (X represents any amino acid and  is a 

hydrophobic residue).  The zinc is coordinated between two cysteins at one end 

of the β-sheet and two histidines in the α-helix.  This zinc coordination provides 

structural stability in conjunction with the conserved hydrophobic residues 

flanking the zinc binding sites (Figure 1.4).  The crystal structure of the zinc 

finger protein Zif268 bound to DNA revealed that the α-helical portion of each 

finger fits in the major groove with the base contacts made from position –1, 2, 3 

and 6 of each α-helix (Pavletich & Pabo, 1991).  The amino acids at position –1, 

3 and 6 of the helix make contacts with bases in the primary DNA strand, whereas 

the amino acid at the 2 position makes a contact to the complementary strand of 

the DNA.  The arginine at position –1 of each finger has hydrogen bonding  
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Figure 1.4  (A) The ββα motif of Zif268.  The cysteins and histidines are 
involved in zinc coordination (Wolfe, 2000). (B) Structures of the 
three fingers of Zif268 bound to DNA. α-helical portion of each 
fingers (position -1,2,3 and 6) have base contacts in the major groove 
(Wolfe, 2000). Reprinted, with permission, from the Annual Review 
of Biophysics and Biomolecular Structure, Volume 29, 2000, by 
Annual Reviews (www.annualreviews.org). 
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contacts with the guanine at the 3’ position in the primary DNA strand and it is 

also stabilized by two hydrogen bonds with the aspartate residue at position 2.  

The carboxylate group of this aspartate also forms a hydrogen bond with the 

exocyclic amine of adenine or cytosine on the complementary strand.  The Cγ 

and Cδ carbons of glutamate at position 3 in finger 1 and 3 appear to have a 

hydrophobic interaction with the C5-6 edges of the neighboring cytosine (Elrod-

Erickson, 1996) while Nε of histidine at position 2 in finger 2 has a hydrogen 

bonding contact with N7 or O6 of guanine.  The arginine at position 6 in finger 1 

and 3 makes a hydrogen contact with guanine, whereas the threonine at position 6 

in finger 2 does not have any contacts with the DNA.  Besides this type of 

canonical contacts, a variety of docking arrangements are observed in other zinc 

finger-DNA complexes, which show more diverse patterns of side chain 

interactions with DNA bases.  The proteins containing three fingers such as 

Zif268 usually have dissociation constants between 10-8 M and 10 –11 M with 

good specificity.   

Initial work to change the specificity of zinc finger proteins were focused 

on the comparison of the sequence and structures, while the selection by phage 

display provided another method for finding sequences.  Even though significant 

efforts have been made to predict zinc-finger specificity and some important 

patterns were observed, identification of a recognition code that would correlate 
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specific amino acid residues with specific bases has not been successful.  This is 

partly due to the side chain-side chain interactions, sequence dependent 

conformational flexibility of DNA, the role of water in recognition and the effect 

of neighboring fingers.  So far, it has been shown that the majority of zinc 

fingers recognize GNN triplets, but much additional work with phage display and 

developing a database is required.  Nonetheless, structural data as well as 

biochemical data of zinc finger proteins have provided useful tools for the 

ultimate goal of gene therapy and they appear to be the most promising DNA-

binding domains. 

1.3 DNA-BINDING SMALL MOLECULES 

1.3.1 Minor groove binder 

Based on the structure of DNA and the functionality of the bases, it has 

been suggested that protein recognition is largely through the major groove while 

small molecules generally have a preference for minor groove binding.  It 

appears that small molecules can generate a relatively large contact interface in 

the narrower minor groove. 

Netropsin and Distamycin are biologically active natural products 

derived from Streptomyces netropsis and Streptomycete distallicus.  They 

contain pyrrole rings linked by amide bonds.  The floor of the minor groove at 

AT rich regions of DNA allows deep penetration of these drugs providing 
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extensive desolvation, close van der Waals contacts and hydrogen bonds between 

the drug and DNA.  The crescent shape of these molecules match well the 

curvature of the minor groove with amide protons pointing toward the groove, 

which provides hydrogen bonding contact with the base pairs.  DNA sequence 

specificity is related to the hydrogen bonds between these amide protons and O2 

of thymine or N3 of adenine.  These molecules possess a propylamidine at the 

C-terminus and a formyl group at the N-terminus (distamycin) or a guanidine at 

the N-terminus (netropsin).  The positively charged tails provide an electrostatic 

interaction that contributes to the binding energy.  It is noted that distamycin has 

a binding orientation with the N-terminus of the molecule binding at the 5’ end of 

an A rich sequence while netropsin does not have this property (Wemmer, 1995). 

Beneril is an antitrypanosomal agent that binds to the minor groove of 

DNA at AT rich regions.  It contains two phenylamidine rings linked by a 

triazene bridge with slight curvature of a right-handed twist of 9.6° .The binding 

is known to be weaker than netropsin and distamycin (Wegner, 1990).  

Structural study of the beneril complex with d(CGCGAATTCGCG)2 reveals that 

the drug spans the binding site 5’-AAT-3’(Brown, 1990).  One amidinium group 

has hydrogen bonding contacts with N3 of adenine in the complementary strand 

of the binding region.  The other amidinium has hydrogen bonds with water that 

participates in hydrogen bonding with N3 of the adenine 5 and O4’ sugar atom of 

adenosine 6.  The hydrophobic phenyl rings are oriented between the sugar and 
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C5’ atoms of the two backbone strands, while the more polar triazene group is 

positioned between the two phosphodiester groups of the backbone.  
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Figure 1.5  Chemical structures of minor groove binders. 

1.3.2 Sequence specific recognition in the minor groove by synthetic 

polyamides 

The Dervan group has developed synthetic polyamide derivatives of 

netropsin and distamycin by connecting these DNA binding modules or by 

extending the number of pyrrole rings.  A ligand composed of three modules of 

N-methylpyrrole-tetramer (Py)4 with β alanine showed binding to 16 base pairs of 

an AT tract (Youngquist, 1987).  In conjunction with the NMR structure of 

distamycin demonstrating an antiparallel 2:1 complex (Pelton, 1989), 1-

methylimidazole-2-carboxamide netropsin (ImPyPy) showed unique binding at 5'-

(a,t)g(a,t)c(a,t)-3' sequences through a dimeric side-by-side motif (Wade, 1992).  
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An NMR structure of this complex proved that 2-ImN binds specifically to the 

sequence 5'-TGACT-3' as a 2:1 complex.  It was also revealed that the pair of 

Im/Py recognizes GC pairs and Py/Im recognizes CG pairs while the Py/Py pair 

does not distinguish AT or TA pairs (Mrksich, 1992; Wade, 1993).  The 

imidazole nitrogen (N3) proximal to the 2-amino group of guanine was suggested 

to provide a hydrogen bond. 

The hairpin motif linking the antiparallel dimers head to tail with a series 

of aliphatic amino acids was designed (Mrksich, 1993; Mrksich, 1994).  The 

linker length has a dramatic effect on the stability of the complex, and the 

structure with a γ-aminobutyric acid as a linker (2-ImN-GABA-P3) binds the 5’-

TGTTA-3’site in the minor groove with the highest affinity (Kd=~10-8 M) as well 

as sequence specificity (binding to the mismatched 5’-TGACA-3’is 24 times 

lower).  The crystal structure of an ImImPyPy dimer with a GGCC binding site 

reveals that the polyamides are overcurved, which gives rise to a substantial 

energetic penalty if more than four or five rings are bound in the minor groove 

(Kielkopf , 1998).  Incorporating β-alanine units as a flexible spacer minimized 

this strain and reset the optimum fit to the DNA helix, which allowed extended 

hairpin structures to target 11-16 base pairs with highly cooperative binding 

(Trauger, 1998).  

To set up the complete three-dimensional readout of B-type DNA, a third 

aromatic ring, hydroxypyrrole was designed (White, 1998).  The degeneracy in  
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(A) 

 
(B) 

 

Figure 1.6  A) Antiparallel dimer ImPyPy binding 5’-TGTCA-3’.  Im/Py 
distinguishes GC pair and Py/Im recognizes CG pair (Wade, 1992) 
B) The hairpin motif.  The antiparallel dimers are covalently linked 
by g-aminobutyric acid. The pairs of pyrrole/ hydroxy pyrrole 
recognizes AT but not TA (Dervan, 2001). 

Reprinted from Bioorg. & Med. Chem., 9, Molecular Recognition of DNA by Small Molecules, 
Dervan, P. B., 2215-2235, Copyright 2001, with permission from Elsevier 
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Figure 1.7  Pyrrole-Polyamide dimer that recognizes 16 base pairs in the minor 
groove. β-alanine units are incorporated as a flexible spacer 
(Trauger, 1998). Reprinted with permission, from Journal of the 
American Chemical Society, Copyright 2000, American Chemical 
Society. 
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distinguishing TA and AT base pairs is due to the fact that hydrogen bonding 

acceptors, N3 of adenine and O2 of thymine, are almost identically placed in the 

minor groove.  Substitution of hydrogen on the C3 position of pyrrole with a 

hydroxy group provides steric destabilization of binding and/or additional 

hydrogen bonding between Hp and thymine.  This is remarkable from a 

synthetic point of view since this novel design was based on the previous models 

rather than the screening of a library for binding sites.  Based upon an analysis of 

multiple X-ray structures, minor groove binders generally do not distort helical 

structure, in contrast to any other types of DNA binding molecules such as 

intercalators (Ughetto, 1985).  

Certain designed polyamide ligands have shown the ability to regulate 

gene expressions, an ultimate goal of synthetic ligand design.  An eight-ring 

polyamide inhibits the binding of the transcription factor TFIIIA, which 

suppresses the transcription of 5S RNA genes by RNA polymerase III in vitro and 

in cultured Xenopus kidney cells (Gottesfeld, 1997).  This reveals that the 

polyamides are cell permeable without obvious cell toxicity.  In another study, 

the HIV-1 enhancer/promoter region containing multiple binding sites for several 

transcription factors such as LEF-1, Ets-1 and TBP was selected as a target.  In 

cell free assays, two designed ligands specifically bind the targeted sequences and 

also inhibit the viral transcription by RNA polymerase II.  When used in 

combination, these two polyamides inhibit viral replication effectively in isolated 
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human peripheral blood lymphocytes (Dickinson, 1998).  Nevertheless, more 

recent studies indicate the in vivo activity can be variable and efforts are 

underway to better understand these activities. 

1.3.3 Intercalators 

Intercalation is a relatively common DNA binding mode in which a planar 

polycyclic aromatic molecule “slides” in between stacked base pairs (Figure 1.8).  

The driving force for intercalation is the desolvation that occurs when the 

hydrophobic surface area of the intercalating unit exposed to water is reduced 

upon binding.  Because they are in van der Waals contact, the intercalator and 

DNA bases must also have complementary electrostatistics.  DNA bases are 

relatively electron rich due to the ring N atoms, so intercalators tend to be 

relatively electron deficient aromatic rings (Gago, 1998).  This hydrophobic 

interaction between intercalator and adjacent nucleotide are similar to base 

stacking in DNA helix.  Intercalators produce a large degree of structural 

perturbation in the helical polymer because base pairs must separate vertically to 

accommodate intercalation; The sugar-phosphate backbone is distorted, DNA 

helix unwinds and DNA length is increased.  These structural distortions lead to 

changes in the hydrodynamic properties of the DNA, which can be monitored by 

the change in viscosity, sedimentation, and gel electrophoretic mobility.  Since 

nucleotides adjacent to the intercalator are geometrically distorted, a second 

intercalator will not bind to next neighbor intercalation site, which is the basis for 
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the nearest neighbor exclusion principle. In this session, the properties of some 

well-known intercalators will be covered briefly (Figure 1.9). 
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Figure 1.8  Intercalation of planar molecules into DNA double helix. Note that 
base pairs separate vertically and sugar phosphate backbone is 
distorted. 

 

Ethidium bromide (Watkin, 1952) is a synthetic intercalator that has 

been widely used as a probe for studying the structural organization of nucleic 

acids.  The polycyclic aromatic ring with a quaternary ammonium ion allows 

facile intercalation between the base pair.  It binds to DNA nonspecifically, 

unwinding DNA 26 º. 
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Antibiotics such as daunomycin are important in antitumor 

chemotherapy, and their activities arise from the ability to bind DNA inhibiting 

topoisomerase’s ability to unwind DNA.  The anthracycline ring is intercalated 

between the base pairs and daunosamine is located in the minor groove 

(Frederick, 1990).   

Another antitumor drug of the anthracycline family is adriamycin, which 

differs chemically by the additional hydroxy group at the C14 position, and has 

significantly different clinical properties.  Daunomycin is used in the treatment 

of leukemias, whereas adriamycin is more effective in treating solid tumors.  X-

ray structure analysis of daunomycin-oligonucleotide complexes shows the 

protonated amino function of the sugar is not directed at any particular phosphate 

group of DNA while other structural studies reveal that this group forms a 

hydrogen bond with the O2 of thymine (Wang, 1987; Moore, 1989).  

Daunomycin shows specificity for 3 bp binding sites, with highest preference for 

two adjacent G/C base pairs flanked on the 5' side by an A/T base pair.  

Surprisingly, the DNA conformation in the complex does not deviate much from 

the regular B conformation even at the site of intercalation.  Global helical twist 

values for the complexes are very close to B-DNA. 

Actinomycin D is a naturally occurring cyclic peptide that is one of the 

most intensely studied anticancer drugs.  It binds to DNA by intercalation of its 

phenoxazone chromophore via the minor groove of DNA (Muller, 1968; Waring,  



 24

N+
H2N

NH2

CH3
.Br-

ethiduim bromide

actinomycin D

N

N N
H

O

S

N

N

HN

O
N NH

O
N

O

O

O

O

CH3

CH3

CH3

CH3

H3C CH3

H3C CH3
O

O

O

CH3

CH3

O

N

N
H
N

O

S
CH3

O

O OHOH

Me

OMeO
OO

OH

HO
Me

N
Me

Me

H O

O
MeO

H

Me

OMe
H

OMe

Me

nogalamycin

O

O

OH

OHCH3O

OH

O
OH3C

OH
NH3

+Cl-

CH2R

O

R= H     daunomycin
R=OH   adriamycin

echinomycin  
 
 

Figure 1.9  Chemical structures of some DNA intercalators. 
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1970).  It is composed of 2-aminophenoxazine-3-one chromophores and two 

cyclic pentapeptide lactones, and binding causes the DNA helix to unwind by 26°.  

The biological ability of this drug is related to the inhibition of DNA-dependent 

RNA polymerase activity.  The preferred binding site is the dinucleotide GpC, 

due to hydrogen bonding between the 2-amino group of guanine of DNA and the 

carbonyl oxygens of the threonine residue in the cyclic peptide (Sobell, 1972).  

Further studies using quantitative analysis revealed that the GpC site is strongly 

preferred when the 5’ flanking base is a pyrimidine (T or C) and the 3’ flanking 

base is not cytosine (Rill, 1989).  The binding constant is in the range of 1- 6 x 

10 6 M-1 based on various footprinting studies using DNA oligomer or polymeric 

DNA with the binding site embedded.   

Echinomycin is a cyclic octadepsipeptide antibiotic that contains two 

quinoxaline-2-carboxamide chromophores.  The two chromophores are attached 

on the same side of the peptide ring, which allows the chromophores to 

simultaneously bind to DNA by intercalation.  The preferred binding site is 

5’CpG with an actual binding site size of at least four base pairs.  The 

hypersensitivity of AT base pairs to chemical modification next to the binding 

sites suggests DNA conformation is altered (Low et al, 1984; Van Dyke & 

Dervan, 1984).  Specific recognition appears to be due to the formation of three 

hydrogen bonds between the alanine residue and the N3 and 2-amino groups of 

guanine (Waring, 1990).  The crystal structures of echinomycin with the DNA 
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hexamer d(CGTACG)2 shows that echinomycin causes a transition from Watson-

Crick to Hoogsteen base pairing in the central AT sequence adjacent to the 

intercalation site (Ughetto, 1985).  Quantitative footprinting experiment suggests 

that the binding of echinomycin to the sequences ACGTACGT and TCGAACGT 

is highly cooperative depending on the sequences of the binding site and the 

distance between those sites (Baily, 1996).  This might result from altered DNA 

conformation induced by the binding of echinomycin. 

1.3.4 Design of bis-intercalators  

In efforts to increase the affinity as well as sequence specificity over 

mono-intercalators, dimerization of DNA intercalating compounds led to the 

development of several potent antitumor agents (Gago, 1998).  Some well-

known intercalators such as ethidium and acridine, were covalently attached to 

have homo or heterodimers which behave as bis intercalators (Gaugain, 1978).  

The homologous series of diacridine by polymethylene or alkyl amide chains 

(Denny, 1995) showed a change in binding mode.  Spermine or spermidines 

were also adopted as linkers and the structure with two thiazole orange units 

(TOTO) showed site selectivity in DNA binding (Figure 1.10).  This selectivity 

was suggested to result from the thiazole orange chromophores because the 

binding of spermidine derivatives has been known to be nonselective.  On the 

other hand, dimers containing 6H-pyridocarbazole chromophores of ellipticine or 

the related 10-methoxy-7H-pyridocarbazolium showed that the antitumor 
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activities have been related to the nature of the linker chain and its attached 

position on the ring system (Pelaprat, 1980).  Bisnaphthalimides such as LU-

79553 (Figure 1.10) and DNP-840 containing two naphthalimide groups linked by 

a polyamine bridge exhibited an improved pharmacological activity over 

monomeric units.  The footprinting study of LU-79553 suggested GpT and TpG 

as preferred binding sites.   

Three-dimensional structures of a complex with 2:1stoichiometry of 

anthracycline antibiotics on the DNA hexanucleotides led to covalent linkage 

between 3’ amino groups of the daunosamine moieties, which led to a novel bis-

daunorubicin (WP 631) with promising antitumor activity (Chaires, 1997).  The 

binding constant of daunorubicin with herring sperm DNA was 1.6 x 107 M-1 

while the binding constant for the interaction of WP 631 was determined to be 2.7 

x 1011 M-1.  WP 631 was slightly less cytotoxic than doxorubicin toward the 

sensitive MCF-7 cells and it appeared to overcome MRP-mediated multidrug 

resistance.  The structural study with d(CGATCG)2 and d(ACGTACGT)2 

revealed that the chromophores are intercalated at the CpG steps with the linker 

spanning tetranucleotides in the minor groove (Robinson, 1997).   

1.3.5 Design of polyintercalators 

Since the DNA helix is composed of four bases-Adenine, Guanine, 

Cytosine, and Thymine, there are 4 n /2 distinguishable sequences for a binding 

site size of n base pairs (for odd n), and (4n)/2+(4n/2)/2 for even n (Dervan, 1986).  
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A binding site size of two has 10 combinations of base pairs, while the number of 

distinguishable sequence increases to 136 possibilities with a binding size of four.  

A binding site size 10 can have 524,800 possible combinations of specific binding 

sites.  From this calculation, 15-16 base pairs are thought to be the proper size to 

specify a unique single site within the human genome.  In other words, on 

average 15-16 base pair sequences can be unique within the total human genome. 

One of the important strategies to cover longer sequences of DNA is by 

polyintercalation.  To achieve the aim with regard to specificity and to obtain 

compounds of higher DNA binding affinity for use as possible antitumor agents 

or probe of DNA-ligand interaction, synthetic intercalating modules have been 

covalently linked (Wakelin, 1986; Takenaka, 1999).  The affinity of simple 

intercalating drugs has been as weak as 105-107 M-1 while the affinity of RNA 

polymerase or repressor is in the range of 1010-1013 M-1 (Pecq, 1975).  Therefore, 

a new generation of DNA binding molecules should be able to interfere with their 

biological functions by achieving an affinity that is comparable to those of 

enzymes.  When several intercalating units are linked, theoretically the binding 

free energy of each unit could add to the total binding energy.  The resulting 

slow dissociation rates might enhance biological activity.  Polyintercalation can 

also provide probes for DNA dynamics with large amplitudes.  They can induce 

significant changes in DNA conformation over large sequences, which has not 

been possible with simple monointercalators.   
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Many examples of naturally occurring mono- and bis-intercalators with 

well-defined structures have provided the basis for synthetic ligand design.  

However, lack of information of such natural or synthetic molecules with tris- or 

tetra-intercalation has impeded the progress in polyintercalator design.  For this 

reason, relatively few successes have been made beyond bis intercalators in 

achieving significant improvement of affinity.  Usually around a 10 fold increase 

in affinity was observed from bis- to tris intercalation except for the acridine 

trimer (Laugâa, 1985).  It has not been so obvious to describe the binding 

behavior with multiple linkages since much more complexity in biochemical 

analysis results from tethering more than 2 intercalating units.   

Polyintercalator design requires the ligand backbone to adopt a 

conformation that allows simultaneous intercalation of all chromophores.  The 

structure of the linking chain turns out to be critical (Gaugain, 1984; Atwell, 

1986).  Most early work focused on polyintercalators binding from one groove, 

due to a design having connecting aromatic units in parallel along a central 

backbone.  Such an arrangement might cause serious self-stacking problems of 

the aromatic units or restrict full intercalation due to distortion in the backbone.  

As an alternative strategy in design, the aromatic units were linked like beads on a 

string (Takenaka, 1993; Lokey, 1997) and a threading binding mode was 

proposed.  Striking balance between a flexible linker and a rigid linker is 

important as well.  A flexible linker allows the best intercalation geometry of 
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each aromatic unit to DNA bases but gives rise to self stacking of flat aromatic 

units.  On the contrary, a rigid linker prevents self stacking of the intercalators, 

but structural constraints on the linking chain could lower the affinity if not 

perfectly accommodating to DNA structure.  As a possible compromise, the 

rigid and flexible pairs should be balanced to gain improved affinity and 

specificity with longer ligands. 

 

1.3.6 Threading intercalators 

Nogalamycin (Figure 1.9) is an antibiotic known as a threading 

intercalator that contains two bulky substituents located in the opposite side of the 

intercalating unit.  X-ray crystallographic analysis showed a dumbbell-like 

structure where nogalose and amino sugar residue are attached to the opposite 

sides of the anthraquinone chromophore (Arora, 1983).  To form a complex, a 

bulky sugar substituent has to pass through the space between the base pairs of 

double stranded DNA, which appears to be unfavorable.  Structural analysis 

showed that this molecule is threaded between the phosphodiester backbone of 

the duplex; the nogalose sugar and methyl ester substituents is sitting in the minor 

groove and bicycloamino sugar sitting in the major groove while the 

anthraquinone chromophore intercalates between base pairs (Williams, 1990). 

Threading intercalators can provide a useful tool to probe DNA dynamics 

such as base pair opening processes.  Watson and Crick base pairing is open and 
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closing at the room temperature, sometimes rapidly under physiological 

conditions.  For AT pairs, base pair life time is between 0.8-7 ms and for GC 

pairs it is 7-40 ms (Kochoyan, 1987).  The open state is very unstable with a 

lifetime of ~10 ns, so it provides only a temporary opportunity for bulky 

substituents to penetrate.  After regeneration of the base pairs, the bulky 

substituent is anchored in the DNA, often stabilizing the bound form.  The small 

dissociation rate constant (kd = 0.001 s-1) of the nogalamycin-DNA complex 

compared to ethidium bromide (kd = 13.4 s-1) might be related to its biological 

activity. 

Wilson et al. investigated symmetric naphthalene diimide monomers with 

alkyl amino substituents using spectroscopic as well as kinetic studies (Tanious, 

1991; Yen, 1982).  With the assumption that a threading mechanism requires 

significant distortion of DNA double helix in intermediate states, stopped flow 

kinetic experiments revealed that both association and dissociation rates of 

diimide are significantly slower than those of classical intercalators with similar 

binding constants; this result supports a threading mechanism.  It was also 

suggested that the rate determining step in dissociation involves only one ion pair 

to be broken, then the free side chain slides between base pairs to have both side 

chains in the same groove, which is followed by fast dissociation of the 

naphthalene diimide unit.  
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1.3.7 Serpentercalators 

The Iverson group has developed a novel class of DNA binding 

molecules, called “serpentercalators”, that use repeated 1,4,5,8-

naphthalenetetracarboxylic diimide (NDI) intercalating units connected with 

flexible peptide linkers (Figure 1.11; Lokey, 1997).  The intercalating units are 

attached in a head-to-tail manner by peptide linkers on the solid phase peptide 

resin.  These molecules showed full intercalation on double-stranded DNA based 

on viscometric titration and the unwinding studies.  The unwinding angles for 

bis, tris and tetra intercalators measured from the helix extension parameter were 

multiples of that of monomer respectively.  Kinetic studies using UV/Vis 

revealed that these molecules have a dramatic preference for poly(dGdC) over 

poly(dAdT).  For example, in the case of a tetramer, the dissociation from 

poly(dAdT) are complete within 200 s while the dissociation from poly(dGdC) 

has a half-life of about 48 h.  DNAse I footprinting experiment which used 

synthetic oligonucleotides containing GC rich binding sites with the size of four 

to eight base pairs also supported the GC sequence preference.  The number of 

intercalating units has been extended up to eight, and the octamer spans more than 

16 bp GC rich binding sites on the footprinting experiment (Murr, 2001).  The 

binding constants (Kd) of mono, bis, tetra, and octa intercalators estimated from 

the footprinting data were 5x10-6, 2.5x10 –7, 1.25x10-7, and 1.56x10-8 M, 

respectively.   
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Binding properties of the peptide linker composition were investigated 

using a combinatorial library of bis-intercalators.  The library using a 231 bp 

restriction fragment of pBR 322 showed that modification of the linker gives rise 

to altered sequence specificity (Guelev, 2000).  Two bis-intercalators 

recognizing different sequences were identified and their interesting binding 

modes were suggested.  Compound 1 with a lysine-tris-glycine linker showed 

high affinity for the repeated sequence 5’-TGCCGGTACTGCCGG-3’ while 

compound 1.2 with a lysine-tris-β-alanine linker showed high affinity for an 12bp 

palindromic site 5’-AGCTTATCATCGATAAGCT-3’.  It was remarkable that 

compound 1.2 showed a preference for a non GC rich sequence.  Footprinting 

data revealed sub-micromolar binding affinities for the preferred binding sites, 

although showed a specificity ratio of less than ten-fold when compared to all 

other DNA sites.  Cooperativity was suggested due to the large binding site size 

and symmetrical nature of the preferred binding sites.   

However, 1D-NMR titration studies with several fragment sequences of 

the big binding sites revealed that d(CGGTACCG)2 is a binding site for a single 

molecule of compound 1 showing well resolved spectra as a 1:1 complex.  

Further NMR studies of compound 1 bound to d(CGGTACCG)2 confirmed a 

threading mode of intercalation with the sequence specific peptide contacts in the 

major groove (Guelev, 2001).  NDI units are intercalated between GG steps with 

the connecting peptide linker spanning four base pairs rather than two (Figure 



 35

1.12 (A)).  It was remarkable that sequence specificity was observed for such a 

flexible molecule.  Structural studies of compound 1.2 with the oligonucleotide 

d(CGATAAGC)⋅d(GCTTATCG) showed that NDI units are intercalated at the 

ApG and GpA steps with the tris-β-alaninyl linker spanning four base pairs in the 

minor groove (Guelev, 2002; Figure 1.12 (B)).  These structural studies verified 

that the polyintercalation strategy is capable of placing peptide linkers in both the 

major and minor grooves selectively and this accumulated knowledge can be used 

for design of the next generation of polyintercalators that recognize both grooves 

in an alternating fashion with programmable sequence specificity. 
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Figure 1.11 (A) Polyintercalators containing 1,4,5,8-naphthalenecarboxylic 
diimide chromophore show preference for GC rich region in DNase I 
Footprinting (Lokey, 1997). (B) The combinatorial library work 
identified different binding sites for two different molecules 
(Guelev, 2000). 
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Figure 1.12 Spacefill models of the ligand-DNA complex based on the NMR 
data. (A)* compound 1-d(CGGTACCG)2 complex (Guelev, 2001)  
(B) compound 1.2-d(CGATAAGC)⋅d(GCTTATCG) complex 
(Guelev, 2002).  

*Reprinted from Chemistry & Biology, 8, Peptide bis-intercalator binds DNA via threading mode 
with sequence specific contacts in the major groove, Guelev, V., et al., 415-425, Copyright 2001, 
with permission from Elsevier 
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Chapter 2. 

Synthesis and determination of optimal linker length of 
polyintercalators 

2.1 CHAPTER SUMMARY 

2.1.1 Goals 

To determine the optimum number of amino acid units in the linker 

segment between the naphthalene diimide units. 

2.1.2 Approach 

A series of bis-intercalators with different linker size was created by 

changing the number of glycine units between naphthalene diimides.  They were 

synthesized using Fmoc-based solid phase peptide chemistry and their binding 

properties were analyzed using UV/Vis as well as DNase I footprinting 

experiments. 

2.1.3 Results 

A bis-intercalator with 4 amino acids was found to be optimum.  5 amino 

acids (G4K) as a linker segment also showed reasonably slow off-rates among the 

series from the DNA as well as slightly improved binding affinity in GC rich 

sequence.   
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2.2 INTRODUCTION 

This chapter describes the synthesis of several bis-1,4,5,8-tetracarboxylic 

naphthalene diimide (NDI) analogues and their kinetic properties observed during 

interactions with several different types of DNA.  In the threading poly-

intercalator design, a linker segment with four amino acids is placed between the 

intercalating NDI units.  Prior to extending specific recognition to larger binding 

sites, the optimal length of linker for poly-intercalators needed to be determined.  

A short linkage between the intercalating units would give rise to unfavorable 

conformational constraints upon binding while unnecessarily long linkages would 

preclude tight contacts with the minor or major groove.  To investigate the effect 

of peptide linker length for the optimal binding, dissociation kinetics using 

UV/Vis and DNase I footprinting experiments were performed. 

 

Dissociation Kinetics 

When a ligand molecule binds to DNA, optical changes provide a useful 

tool to monitor the binding process.  The UV-visible absorption value of the 

DNA-bound ligand decreases upon binding, which is called the hypochromic 

effect.  Sequestering of free ligand by the anionic detergent sodium dodecyl 

sulfate (SDS) is an efficient method for facilitating ligand dissociation without 

perturbing the anionic DNA molecule.  Upon addition of 2% SDS to disrupt the 

interaction between intercalator and DNA, the absorbance at 386 nm increases 
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due to the unstacking of chromophores and isolation from the DNA base pairs.  

To measure dissociation kinetics this way, intercalator/DNA complex is combined 

with equal volume of 4% SDS buffer to have 2% SDS as a final solution, and the 

absorbance on the UV/Vis spectrometer is measured over time. 

 

DNase I footprinting 

DNase I footprinting is a useful method for evaluating the binding 

properties of DNA binding ligands because it provides an analysis of binding site 

size, sequence specificity and affinity.  In these experiments, DNase I is used to 

carry out a limited digest on a DNA fragment that has been labeled at one end of 

one strand with a radioactive tracer.  Experiments are run in the presence and 

absence of ligand.  Binding of ligand inhibits the enzymatic cleavage of DNA.  

When the products of this enzyme reaction are separated on a denaturing 

polyacrylamide gel, the position of the ligand can be seen as a gap among the 

continuous ladder of cleavage bands (Figure 2.1). 

2.3 RESULT AND DISCUSSION 

2.3.1 Synthesis  

A series of bis-intercalators with different length linkers were synthesized 

according to Fmoc-based solid phase peptide synthesis protocols.  The solution 

phase synthesis of 1,4,5,8-naphthalene tetracarboxylic diimide unit (2.4) and  
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Figure 2.1  Illustration of DNase I footprinting technique. 
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Figure 2.2  Series of bis-intercalators with different linker lengths. 
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Fmoc protected diglycine unit (2.6) are illustrated in Figure 2.3 (Lokey, 1997).  

The NDI module and peptide linker unit were elongated on Fmoc-Lys(BOC) 

functionalized Tenta Gel resin as a solid support (Figure 2.4).  The number of 

glycine units was increased up to seven in order to change the linker length 

between the NDI intercalating units without affecting the total number of charges. 

2.3.2 Kinetics 

The dissociation kinetics of bis-intercalators from three different types of 

DNA were measured spectrophotometrically.  The alternating sequence polymer 

poly(dAdT)2 , poly(dGdC)2 and calf thymus DNA were used in this study.  The 
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kinetic traces are shown in Figure 2.5.  There is a marked difference in the 

dissociation rate between DNA types.  With poly(dAdT)2, the dissociation rates 

are extremely fast being completed within 30 seconds while the dissociations with 

poly(dGdC)2 were completed after several hours consistent with previous results 

(Lokey, 1997).  The dissociation rate of calf thymus DNA was a blend of these 

two types of DNA, which can be explained by the sequence heterogeneity of 

natural DNA.  The analysis of kinetic data was performed using nonlinear least-

squares curve fitting (Chen, 1997).  The data was fit using A=A01e-k1t +B as a 

single exponential model and A=A01e-k1t + A02e-k2t +B as a double exponential 

process.  All of the dissociation profiles with poly(dGdC)2 were best described 

by the single exponential model, as there was no improvement in the residual plot 

by adding more exponentials.  For CT DNA, the full set of data was adequately 

described by the double exponential model.  The kinetic parameters obtained 

from curve fitting are shown in Table 2.1.  

For dissociation with CT DNA, compound 5 with G4K as a linker shows 

the slowest off-rates followed by 4 and 6, while compound 2 with G1K which is 

the shortest linker, shows the fastest off-rates.  A linker that is shorter than 

optimum would be expected to have faster off rates due to non-optimum binding.  

For poly(dGdC)2, compound 5 and 6 shows the slowest off-rates and compound 2 

with G1K again shows fastest off-rates.  However, the differences observed in 

this experiment were not so remarkable and dissociation rates appeared to be  
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linker k ( s-1)
G1K (2) 16.9 x10 -3

G2K (3) 9.9 x10 -3

G3K (4) 8.4 x10 -3

G4K (5) 5.3 x10 -3

G5K (6) 5.3 x10 -3

G7K (8) 7.7 x10 -3

linker k ( s-1)
G1K (2) 16.9 x10 -3

G2K (3) 9.9 x10 -3

G3K (4) 8.4 x10 -3

G4K (5) 5.3 x10 -3

G5K (6) 5.3 x10 -3

G7K (8) 7.7 x10 -3

linkerlinker k ( s-1)k ( s-1)
G1K (2)G1K (2) 16.9 x10 -316.9 x10 -3

G2K (3)G2K (3) 9.9 x10 -39.9 x10 -3

G3K (4)G3K (4) 8.4 x10 -38.4 x10 -3

G4K (5)G4K (5) 5.3 x10 -35.3 x10 -3

G5K (6)G5K (6) 5.3 x10 -35.3 x10 -3

G7K (8)G7K (8) 7.7 x10 -37.7 x10 -3

linker k 1(s-1) A 1(%) k2(s-1) A2(%) kapp

G1K (2) 2.5 x 10-2 46 15.5 x 10-3 54 2.0 x 10-2*
G2K (3) 3.5 x 10-2 49 15.5 x 10-3 51 2.2 x 10-2

G3K (4) 1.8 x 10-2 45 5.3 x 10-3 55 1.1 x 10-2

G4K (5) 1.3 x 10-2 49 3.3 x 10-3 51 0.8 x 10-2

G5K (6) 2.1 x 10-2 36 4.5 x 10-3 64 1.0  x 10-2

G7K (8) 2.0 x 10-2 46 5.4 x 10-3 54 1.2 x 10-2

linker k 1(s-1) A 1(%) k2(s-1) A2(%) kapp

G1K (2) 2.5 x 10-2 46 15.5 x 10-3 54 2.0 x 10-2*
G2K (3) 3.5 x 10-2 49 15.5 x 10-3 51 2.2 x 10-2

G3K (4) 1.8 x 10-2 45 5.3 x 10-3 55 1.1 x 10-2

G4K (5) 1.3 x 10-2 49 3.3 x 10-3 51 0.8 x 10-2

G5K (6) 2.1 x 10-2 36 4.5 x 10-3 64 1.0  x 10-2

G7K (8) 2.0 x 10-2 46 5.4 x 10-3 54 1.2 x 10-2

linker linker k 1(s-1)k 1(s-1) A 1(%)A 1(%) k2(s-1)k2(s-1) A2(%)A2(%) kappkapp

G1K (2)G1K (2) 2.5 x 10-22.5 x 10-2 4646 15.5 x 10-315.5 x 10-3 5454 2.0 x 10-2*2.0 x 10-2*
G2K (3)G2K (3) 3.5 x 10-23.5 x 10-2 4949 15.5 x 10-315.5 x 10-3 5151 2.2 x 10-22.2 x 10-2

G3K (4)G3K (4) 1.8 x 10-21.8 x 10-2 4545 5.3 x 10-35.3 x 10-3 5555 1.1 x 10-21.1 x 10-2

G4K (5)G4K (5) 1.3 x 10-21.3 x 10-2 4949 3.3 x 10-33.3 x 10-3 5151 0.8 x 10-20.8 x 10-2

G5K (6)G5K (6) 2.1 x 10-22.1 x 10-2 3636 4.5 x 10-34.5 x 10-3 6464 1.0  x 10-21.0  x 10-2

G7K (8)G7K (8) 2.0 x 10-22.0 x 10-2 4646 5.4 x 10-35.4 x 10-3 5454 1.2 x 10-21.2 x 10-2

(A)

(B)

 

 

 

 

Table 2.1   Kinetic parameters were obtained from non-linear least-square curve 
fit. (A) Dissociation rates from poly(dGdC)2  (B) Dissociation rates 
from calf thymus DNA. 
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similar regardless of the linker size when the linker length was three amino acids 

or longer. 

2.3.3 DNase I footprinting 

In order to characterize the thermodynamic aspects of the designed 

compounds, DNase I foot printing experiments were conducted.  A 231bp 

EcoRI-Nhe I restriction fragment of plasmid pBR322 was chosen, which is the 

same fragment used during our previous library work (Guelev, 2000; sequences 

are shown in Figure 3.1).  The footprinting results appear to be similar among 

the series of compounds indicating this fragment does not contain the right 

sequences to show the binding difference of various linker lengths.  Since 

several trials with different restriction fragments from pBR322 could not identify 

the sequences of interest, a synthetic fragment containing several binding sites 

was designed.  Two GC rich regions (GGCC/GGGCGCCG) and the one 

identified in the library (GGTACC) and its similar sequence (GGATACC) were 

combined with the AT rich flanking sequences to create a 77bp synthetic 

fragment (see experimental section for the entire sequence).   

Compound 1, for which the preferred binding site is known to be 5’-

GGTACC-3’ from the previous library, was used as a control compound to 

calibrate the footprinting.  Figure 2.6 shows the footprinting results.  The 

control compound 1 starts binding to 5’-GGTACC-3’ at 125 nM while none of 

the series with various linker lengths (G2K-G5K) bind in this sequence with full  
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Figure 2.6  DNase I Footprinting of 77mer DNA with the (-)strand labeled on its 
5’end.  Lane A represents Adenine-specific sequencing reaction.  
Lane Co contains DNA without DNase I.  Lane C contains DNA 
with DNase but no compound.  Concentrations are 0.125, 0.25, 0.5, 
1 µM compound respectively.  The blank lane of compound 1 was 
due to the loss of DNA pellet during lyophilization. 
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intercalation.  Rather, these compounds show a preference for 5’-CGGCGCCC-

3’; G4K appears to bind tightly at 125 nM and the other compounds (G2K, G3K, 

and G5K) bind at higher concentration.  Binding on this sequence starts at 250 

nM covering 3~4 bases and the binding size is increased to 6-7 bases at 500 nM.  

It appears that full intercalation does not occur below 500 nM and only one NDI 

unit is intercalated at 250 nM.  On the contrary, compound 1 starts binding on 

5’-GGTACC-3’ with full intercalation at 125 nM.  None of the compounds bind 

to 5’-GGCC-3’ until 500 nM, which is due to the small binding size for 

bisintercalators.   

These footprinting results indicate G4K, a bis-intercalator with 5 amino 

acids as a linker segment, has the optimal linker length for the GC rich sequence.  

However, more detailed sequence information such as specificity should be 

established prior to determination of optimal linker length.  The more striking 

features related to altered sequence specificity between two types of molecules 

(compound 1 vs the GnK series) urged us to elucidate the recognition element on 

DNA binding depending on the ligand structure.  Further study on this matter as 

well as the specificity of compound 1 will be described in chapter 3. 

2.4 CONCLUSIONS 

According to the dissociation kinetic results, designed compounds need at 

least 4 amino acids as a linker segment to have the slowest off-rates from the 

DNA.  Results with the shortest linker (G1K) indicated that the NDI units are not 
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fully intercalated in the bound state.  In addition, the compound with the longest 

linker (G7K) showed faster off-rates than G3K-G5K, indicating that increasing the 

linker length beyond 6 amino acids does not improve dissociation rates.  

Footprinting data showed that compound 5 (G4K) has slightly improved 

binding affinity among the series in GC rich sequence (GGGCGCCG), which is 

consistent with kinetic data indicating that 5 amino acid linker is more favorable 

to this sequence.  In other words, we have found that any optimum linker length 

will likely be dependent on the exact sequence studied.  Looking ahead, this is 

probably because different sequences are bound with different geometries, i.e. 

minor groove vs. major groove.  More work to identify the right sequences for 

each compound should be carried out before we can decide the overall best linker 

size.  Importantly, the footprinting experiments revealed that compound 1 is very 

sequence specific with the preference for 5’-GGTACC-3’, while others in the 

series of bis-intercalators (2-8) have preference for GC rich sequences.  In other 

words, it is clear that the linker can play an important role in overall sequence 

specificity. 

2.5 MATERIALS AND METHOD 

General.  NMR spectra were obtained on a Varian Inova 500MHz 

instrument.  Electrospray ionization (ESI) mass spectra were obtained on a 

Finigan LCQ (San Jose, CA).  All amino acids, Fmoc-Lys(BOC)- functionalized 

NovaSyn® TGA resin and PyBOP were purchased from NovaBiochem (La Jolla, 
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CA).  N,N-Dimethylformamide (DMF, 99.8%), N,N-Dimethylacetamide (DMA, 

99.8%) and N-Methylmorpholine (NMO, 99.8%) were purchased from Aldrich as 

the anhydrous grade and stored under Argon.  All other organic chemicals were 

purchased from Aldrich. 

N-(2-tert-Butoxycarbonylaminoethyl)-N’-(2-carboxyethyl)-1,4,5,8-

napthalene-tetracarboxylic Diimide (2.3)  1,4,5,8-Napthalenetetracarboxylic 

dianhydride (2.9 g, 11.0 mmol) was suspended in i-PrOH, followed by adding β-

alanine benzyl ester p-toluenesulfonate salt, mono-tert-butoxycarbonyl 

aminoethylamine and N,N-diisopropylethylamine.  The reaction mixture was 

heated at reflux for 12 hours.  The solvent was removed in vacuo and CH2Cl2 

and 0.1M sodium citrate buffer (pH 4.5) was added.  The organic layer was 

extracted with buffer (2x), saturated NaHCO3 (2x) and brine and dried over 

sodium sulfate and concentrated in vacuo.  The resulting solid was suspended in 

absolute ethanol purged with nitrogen and Pd on C (10%, 5g) was added.  The 

flask was charged with H2 and stirred for 48 hours.  The solution was 

concentrated, 10% triethylamine in CH2Cl2 was added, and the solution was 

filtered through a pad of celite then washed with 10% triethylamine.  The filtrate 

was concentrated in vacuo and purified by column chromatography with 0-10% 

MeOH gradient in 10% Et3N in CH2Cl2.  The product fraction was concentrated 

and 20 mL of HOAc was added to the redissolved solution in 10 % 

MeOH/CH2Cl2 to neutralize the product.  Filtration followed by rinsing with 
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MeOH and drying in vacuo yield the product (1.4 g, 27%) as a tan solid. 1H NMR 

(DMSO-d6) δ 8.58 (s, 4H), 6.9 (br t, 1H), 4.25 (t, J=7.5 Hz, 2H), 4.12 (br t, 2H), 

3.27 (br q, 2H), 2.62 (t, J=7.4 Hz, 2H), 1.20 (s, 9H); HRMS (FAB) m/z 482.1547 

(482.1563 calcd for C24H24N3O8). 

N-2-(Nα-9-Fluorenylmethoxycarbonylglycyl)aminoethyl-N’-(2-

carboxyethyl)-1,4,5,8-napthalenetetracarboxylic Diimide1 (2.4 )  Compound 

2.3 (1g, 2.1 mmol) was suspended in CH2Cl2 and 1:1 mixture of TFA:CH2Cl2 was 

added slowly.  After 30 min the solvent was removed in vacuo and the residual 

TFA was removed by azeotropic evaporation with heptane.  The resulting solid 

was triturated with ether and filtered.  The solid was suspended in DMF and N- 

9-fluorenylmethoxy carbonylglycine pentafluorophenyl ester was added, followed 

by 1-hydroxybenztriazole and 2,6-lutidine.  After stirring for 4 h, the mixture 

was poured into stirred H2O (150 mL).  The mixture was filtered and rinsed with 

H2O and dried in a vacuum desiccator that contains P2O5 overnight.  The crude 

product was triturated with Et2O several times to remove the residual 1-

hydroxybenztriazole and pentafluorophenol, filtered, and dried in vacuo to yield 

the product (70%) as a yellow powder. 1H NMR (DMSO-d6) d 8.58 (s, 4H), 6.90 

(br t, 1H), 4.25 (t, J =7.5 Hz, 2H), 4.12 (br t, 2H), 3.27 (br q, 2H), 2.62 (t, J =7.4 

Hz, 2H), 1.20 (s, 9H); HRMS (FAB) m/z 482.1547 (482.1563 calcd for 

C24H24N3O8). 
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N-9-Fluorenylmethoxycarbonylglycyl glycine (2.6)  Glycylglycine (1g, 

7.6 mmol) was dissolved in 20 mL of 50% acetone in aqueous solution and 

sodium bicarbonate(1.3 g, 15.2 mmol) dissolved in 10 ml water was added to the 

amino acid solution.  Succinimidyl 9-fluorenyl methyl carbonate was added to 

the reaction mixture resulting in a white foaming suspension.  1N-HCl solution 

was added to neutralize the reaction mixture and a foamy white solid was 

obtained just after the end point.  Filtration of the reaction mixture followed by 

recrystallization with ethanol yield 770 mg (32%) of white solid. 

 

Solid Phase Peptide Synthesis:   

FMOC-Lys(BOC) functionalized NovaSyn® TGA Resin (NovaBiochem, 

360 mg, 0.0468mmol, 0.13 mmol/g loading capacity) was added to a fritted filter 

flask with Teflon stopcock.  The resin was allowed to swell for 30 min in DMF, 

and then deprotected with 5 mL of 20% piperidine in DMF for 20 minutes.  The 

resin was washed with DMF (3 x 5 mL), iPrOH (3 x 5 mL) and DMF (3 x 5 mL).  

A 0.4 M stock solution of PyBOP in DMF and a 0.8 M solution of N-methyl 

morpholine (NMM) in DMF were prepared as stock solutions.  Compound 2.4 

(92.6 mg, 0.14 mmol) or Fmoc protected glycylglycine unit 2.6 (49.6 mg, 0.14 

mmol) was dissolved in 350 µL of the PyBOP stock solution (0.14 mmol) and 

350 µL of the NMM stock solution (0.28 mmol ).  Each coupling was carried out 

for 45 minutes and the resin was washed with DMF/iPrOH/DMF.  The resin was 
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deprotected with 5 mL of 20% piperidine in DMF for 20 minutes, then washed 

with DMF/iPrOH/DMF.  This coupling-deprotection process was repeated until 

a desired product was synthesized.  After the final piperidine deprotection, the 

resin was washed with DMF (3X), CH2CH2 (3X), and MeOH (3X) before being 

dried under high vacuum for several hours.  The product was then cleaved off 

the resin with 95% TFA/5% water for 2 hours and the resin beads were filtered 

off.  The filtrate was concentrated in vacuo and ether was added to precipitate 

the product.  This suspension was centrifuged and washed with 50 ml (3X) of 

ether.  The resulting reddish brown solid was purified by reverse phase C18 

column (PrepRPC 15m, Pharmacia) with a two-hour gradient (0-100% 0.1% TFA 

in AcCN in 0.1% TFA in water).  The product fractions were combined and 

lyophilized to yield the product (1.5-2% yield) as a light white solid.  

HRMS (FAB)   

Compound 3 (G2K) 1172.447054 C56H62N13O16 ; compound 4 (G3K) 

1229.466001 C58H65N14O17 ; Compound 5 (G4K) 1286.487678 C60H68N15O18 ; 

Compound 6 (G5K) 1344.517607 C62H72N16O19 

ESI-MS   

Compound 2 (G1K) 1115.4 (MH+); Compound 8 (G7K) 1457.4 (MH+) 

Dissociation kinetics:  

A 0.5 mM of DNA stock solution 500µl was incubated with 40µl of 

0.5mM compound stock solution dissolved in 460 µl TE Buffer with 50mM NaCl 
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(pH 7.0) for 2 hours.  The resulting 1 ml of DNA/Compound complex solution 

was mixed with 1 ml of 4% SDS solution into quartz cuvettes with a 1 cm path 

length and the UV absorbance was monitored at 386 nm by a Hewlet-Packard 

8453 Multitransport UV-Vis Spectrophotometer.  

 

Preparation of DNA fragment from plasmid  The DNA fragment with 

231 bp was obtained from bacterial plasmid pBR 322.  Incubation of Escherichia 

coli followed by harvesting, lysis with SDS-NaOH and purification on the 

Diethylaminoethanol (DEAE) resin produced pure plasmid.  This pBR 322 (10 

µg) was digested with NheI (purchased from Amersham, 4 µl, 10 units/µl) at 37 

˚C for 3 hours and the cleavage was monitored by 1.1 % agarose gel under UV.  

Ethanol precipitation was carried out to give pure DNA pellet, which was 

dephosphorylated with Calf Intestine Alkaline Phosphatase (purchased from 

Amersham, 10 µl, 0.01 units/µl) at 37 ˚C for 30 min.  Enzyme reaction was 

stopped by heating the tube at 75 ˚C for 10 min and phenol extraction was carried 

out to remove any proteins.  5’-end labeling was carried out by adding [γ-32P] 

ATP (10 µl, purchased from NEN life science, 1.7 pmol/µl), T4 polynucleotide 

kinase (purchased from Amersham, 1.5 µl, 10 units/µl), and 5X Forward Reaction 

Buffer.  These reaction mixtures were incubated at 37 ˚C for 15 min and then 

stopped at 70 ˚C.  After ethanol precipitation, second digestion with EcoRI 

(purchased from GIBCO, 1 µl, 10 units/µl) was carried out at 37 ˚C for 90 min to 
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give 5’-32P-end labeled 231 bp restriction fragment.  Pure fragment was obtained 

by electrophoresis on 8% non-denaturing polyacrylamide gel (250 volt, 2.5 

hours).  The desired DNA band was cut out, crushed using pipette tip, extracted 

in water by overnight shaking, and then the pure DNA pellet was isolated by 

ethanol precipitation.  This 5’-end labeled DNA was dissolved in 20 mM sodium 

phosphate buffer (pH 7.5) containing 2 mM MgCl2 as a stock solution. 

Preparation of Synthetic DNA of 77bp  77 base pairs of double 

stranded synthetic DNA was purchased from Midland (Gel Filtration grade).  

The sequence for two complementary strands is as follows.  

(+) strand: 

5’-GGTAATTTATTATGGTACCATATTAAAGGATACCAATAAATTAGG 

GCGCCGATTATTAGGCCTATTATAATTATTGG-3’ 

(-) strand:  

3’-CCATTAAATAATACCATGGTATAATTTCCTATGGTTATTTAATCC 

CGCGGCTAATAATCCGGATAATATTAATAACC-5’ 

These two complementary strands were quantified by measuring UV 

absorbance at 260 nm and 1 O.D. was loaded for each lane of 10% preparative 

denaturing polyacrylamide gel.  The electrophoresis was carried out (1300 volt, 

80 watt, for 3 hours) and desired band marked under UV was extracted using a 

crush-soak method described above.  Purified DNA strands were labeled at the 

5’-end by incubating with [γ-32P] ATP (5 µl, 6000 Ci/mmol) and T4 
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polynucleotide kinase (1.5 µl, 10 units/µl) for 20 min and the residual ATP was 

removed by gel filtration using Bio-Spin®P-30 Tris chromatography columns 

(purchased from BIO-RAD).  The complementary strands were added to the 

each DNA filtrate, heated at 95 ˚C for 5 min, and then slowly cooled down to 

room temperature to be annealed into double stranded DNA.  Purification of 

double stranded DNA was performed using non-denaturing 10% polyacrylamide 

gel (250 volt, 2.5 hours), followed by crush-soak extraction and ethanol 

precipitation.  The 5’-end labeled DNA pellet was dissolved in 20 mM sodium 

phosphate buffer (pH 7.5) containing 2 mM MgCl2. 

DNase I footprinting  50 µL of DNA stock solution (~1mREM 

radioactivity checked by Geiger counter for each tube) was incubated with 10 µL 

of various concentration of ligand stock solution for 90 min at room temperature.  

The DNA-ligand solution was exposed to DNase I (purchased from Amersham as 

stock solution) dissolved in phosphate buffer (pH 7.5) containing 2 mM MgCl2 

for 3 min and stopped by liquid nitrogen and lyophilized overnight.  Formamide 

loading buffer was added to the DNA pellet and heated to 100 ºC for 5 min and 

placed on ice prior to loading.  For a sequencing lane, an A-specific chemical 

reaction based on Pd2+ was used as described (Iverson, 1993).  The 8% 

denaturing sequencing gel was run for 2h at 70 volt and exposed on 

phosphorimager screen for 16-24 h and analyzed on ImageQuant 4.1 software 

(Molecular Dynamics). 
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Chapter 3. 

Further Investigation of sequence specificity of bis-intercalators 

3.1 CHAPTER SUMMARY 

3.1.1 Goals 

To investigate the sequence specificity of bis-intercalator 1 in order to 

elucidate the recognition elements of its preferred 5’-GGTACC-3’ sequence. 

3.1.2 Approach 

A strategy of parallel synthesis of the bis-intercalator analogues was used 

to make bis-intercalators 1) with the two lysine residues at various positions, 2) 

with one lysine residue, 3) with D lysine residues, 4) with 5 amino acid residues 

as a linker .  The binding properties of these analogues were examined using 

DNase I footprinting. 

3.1.3 Results 

The parent compound 1 was identified as the most sequence specific 

molecule among the derivatives recognizing the GGNNCC motif.  It has a 

specific preference for the sequence 5’-GGTACC-3’ with Kd ~100 nM (estimated 

from the footprints).  Lysine at position 5 on the peptide backbone was found to 

play a major role in recognition. 
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3.2 INTRODUCTION 

Previous combinatorial library work (Guelev, 2000) identified a preferred 

DNA binding sequence for the bis-intercalator 1 (Figure 3.1).  However, 

previous studies had also revealed a general preference of for GC specificity 

based on kinetic studies and DNase I footprinting experiments using the original 

linker design of 4 (Lokey, 1997).  When these two types of bis-intercalators 

were analyzed on the same DNA fragment, they indeed showed distict 

specificities (chapter 2).  Structural comparison of compound 1 with compound 

4 shows that the only difference is the lysine position (Figure 3.2).  Based on 

these findings, it is important to investigate in a more systematic fashion how 

changing the position or configuration of lysine residues alters DNA specificity. 

We used a strategy of parallel synthesis of the bis-intercalator analogues 

listed in Table 3.1.  In the design of these compounds, the following factors were 

considered.  First, the influence of positively-charged lysine side chains was 

examined.  The variants synthesized for this study include 1) the analogues with 

differently positioned lysine residues on the peptide backbone, 2) the analogues 

with the altered configuration of lysine side chain from L to D- form, 3) the 

analogues with only one lysine residue to see if deleting one positive charge can 

affect binding specificity.  Second, a comparison of monomer vs. dimer was 

carried out to see the difference in binding properties.  Third, the linker length 

between the two intercalating units was analyzed for optimal binding.  For the  
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Figure 3.1 DNase I footprinting result with the entire sequences that shows 
altered specificity of two bis-intercalators depending on the linker 
composition. Compound 1a has tris-glycine unit with one lysine as a 
linker between the NDI units while compound 2 has tris β-alanyl 
unit with one lysine as a linker. Compound concentrations are 130, 
250, 500, 1000 nM (Guelev, 2000) 

Reprinted from Chemistry & Biology, 7, Altered sequence specificity identified from a library of 
DNA-binding small molecules, Guelev, V., et al., 1-8, Copyright 2000, with permission from 
Elsevier 
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Figure 3.2  Comparison of chemical structures of two bis-intercalators that 
showed different specificity. 
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 Compound Structure (N  C) 
Lysine position K1,5 (1) K-NDI-GGGK-NDI-G 

 K2,6 (4) G-NDI-KGGG-NDI-K 
 K1,6 (9) K-NDI-GGGG-NDI-K 
 K1,2 (10) K-NDI-KGGG-NDI-G 
 K5,6 (11) G-NDI-GGGK-NDI-K 
 K2,5 (12) G-NDI-KGGK-NDI-G 

D-, L- isomer 1D,5D (13) D-NDI-GGGD-NDI-G 
 1L,6D (14) K-NDI-GGGG-NDI-D 
 1D,6L (15) D-NDI-GGGG-NDI-K 
 5L,6D (16) G-NDI-GGGK-NDI-D 
 5D,6L (17) G-NDI-GGGD-NDI-K 
 2D,6D (18) G-NDI-DGGG-NDI-D 

1 lysine K1 (19) K-NDI-GGGG-NDI-G 
 K5 (20) G-NDI-GGGK-NDI-G 
 K6(21) G-NDI-GGGG-NDI-K 

monomer (22) K-NDI 
5 amino acids linker LG4K (23) K-NDI-GGGGK-NDI-G 

 
 

Table 3.1.  Bis-intercalator analogues with varying lysine positions and their D-
lysine isomers. Letter K represents L-lysine , D represents D-lysine, 
G represents glycine, and NDI represents the naphthalene diimide 
unit. 
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previous study of linker length described in chapter 2, detailed sequence 

information was not yet available.  Since the binding sequence was subsequently 

identified as 5’-GGTACC-3’ for compound 1, it is necessary to confirm that a 

four amino acid linker is an optimal size for this binding site.   The analogue 

studies described in this chapter were undertaken to give more detailed 

information to understand the recognition mechanism of NDI bis-intercalators. 

3.3 RESULTS 

The bis-intercalator derivatives synthesized for this specificity study are 

summarized in Table 3.1.  For convenience, the amino acids in the molecules 

were numbered from the N-terminal residue to the C-terminal without counting 

NDI units.  For example, the parent bis-intercalator (1) is named as K1,5 because 

the lysine residues are in the 1 and 5 position in the backbone.  The other dimers 

are named in the same way.   

A newly designed synthetic 76 bp DNA contained four binding sites with 

a change of the central sequence on the GGNNCC motif. (GGTACC / GGATCC 

/ GGGCCC / GGCGCC).  The first task performed with footprinting 

experiments on this new DNA was to compare the binding properties of the two 

bis-intercalators in chapter 2 that already showed differences in binding sites.  

To review, compound 1 (K1,5) showed specific binding at 5’-GGTACC-3’ while 

compound 4 (K2,6) showed a preference for 5’-CGGCGCCC-3’.  Footprinting 
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results with this newly designed DNA (Figure 3.3) was consistent with the 

previous data by showing fine specificity of K1,5.  Even though the sequence 

difference among the four binding sites is subtle, the recognition of these two 

compounds was quite different.  K1,5 already starts to bind on GGTACC around 

125 nM while K2,6 does not bind to this sequence even at 500 nM.  Instead, 

K2,6 shows rather non-specific binding on all binding sites at 250 nM.   

This interesting binding mode of K1,5 that specifically binds GGTACC at 

125 nM urged us to investigate further its derivatives which have two lysine 

residues in different positions.  Combinations of the 1, 2, 5 and 6 positions gave 

four more derivatives of the parent compound (Table 3.1).  Figure 3.4 represents 

their differences on binding in the GGTACC regions based on footprints.  

Compounds K1,6 and K5,6 show better binding affinity than K1,5 on this region 

while K1,2 and K2,5 do not bind.  It appears that a lysine residues in position 2 

impedes binding to 5’-GGTACC-3’ and placing a lysine residue in position 6 

gives rise to increased binding affinity.   

Stimulated by these interesting results, we synthesized a second generation 

of derivatives.  We hypothesized that the stereochemistry of the lysine side chain 

would give different binding selectivity since this bulky side chain with D-

configuration might preclude proper fitting into DNA bases.  A change in 

binding affinity and/or selectivity due to the altered D-, L-configuration would 

identify the important lysine residue involved in the recognition of the sequence.  
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Figure 3.3  Comparison of two bis-intercalators on DNase I footprinting of 
76mer DNA. Lane A represents adenine-specific sequencing 
reaction. Lane Co contains DNA without DNase I cleavage and lane 
C contains DNA with DNase I but no compounds.  Each compound 
lane contains 62.5, 125, 250, 500 and 1000 nM compound. 
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Figure 3.4.  Comparison of K1,5 derivatives containing 2 lysines in different 
positions on DNase I footprinting. Each compound lane contains 
62.5, 125, 250 and 500 nM compound. 

Reprinted from Chemistry & Biology, 8, Peptide bis-intercalator binds DNA via threading mode 
with sequence specific contacts in the major groove, Guelev, V., et al., 415-425, Copyright 2001, 
with permission from Elsevier 
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Since K5,6 and K1,6 showed improved or similar binding affinity for 5’-

GGTACC-3’, the D-amino acid analogues for these compounds were synthesized.   

These analogues (Table 3.1) and their footprinting results are shown in 

Figure 3.5.  K5,6 shows enhanced binding to GGTACC, but this molecule binds 

to other similar sequence as well showing rather decreased specificity.  K1,6 also 

shows decreased specificity at 250 nM for these sequences.  This result reveals 

that the improved affinity obtained by placing the lysine residue at the 6 position 

comes at the price of decreased selectivity.   

Changing the stereochemistry of the lysine side chain at 1, 5, 6 positions 

produced similar results with the exception of the isomers of the K5,6 (Figure 

3.5A, B).  The 3D-model of D isomers at the 5 position with the DNA sequence 

d(CGGTACCG)2 indicates that the D form may actually be in DNA with a minor 

twisting of the linker (Figure 3.5C).  In compound 1, carbonyl groups are aligned 

toward the outside along the backbone.  On the other hand, the amide protons of 

the Lys-5D derivative are pointed outward and the carbonyl group is toward the 

inside.  Even though the hydrogen bonding contacts between amide protons in 

the linker and the O6 of G3 residues suggested in original model (Figure 3.9) 

were disrupted, new hydrogen bonding contacts were created in the 5D-isomer 

model.  The carbonyl groups of the glycine 3 and 5 are oriented toward the DNA 

bases giving possible contacts with NH2 protons of adenines in the internal  
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Figure 3.5 (A) DNase I footprinting of D-derivatives on (+) strand of 76 mer 
DNA labeled on its 5’ end. Compound concentrations are 0.125, 
0.25, 0.5 and 1µM respectively. 
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Figure 3.5 (B) Comparison of K1,6 and its D-lysine derivatives on DNase I 
Footprinting of (-) strand of 76mer DNA. Concentrations are 0.125, 
0.25, 0.5 and 1µM. 
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Figure 3.5 (C) 3-D moldels calculated in molecular dynamics simulations using 
the MM+ force field with DNA sequence d(CGGTACCG)2.  Note 
that the amide protons in the linker are flipped in the Lys-5D 
derivative. 
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sequence.  The ammonium side chain still has close contact with the same 

phosphate residue, which is possible due to the flexibility of the peptide linker. 

In order to trace the specificity of K1,5 further, bis-intercalators with one 

lysine residues at the 1, 5, or 6 position respectively were synthesized and their 

footprinting results are shown in figure 3.6.  Deleting one positive charge was 

believed to give better specificity at the cost of affinity due to the less non-

specific electrostatic interaction between the ammonium side chain on the lysine 

and the negatively charged phosphate backbone.  Foootprinting result showed 

that K1 and K6 have a preference for GGGCCC as well as GGTACC.  On the 

contrary, K5 showed similar sequence preference with the parent compound 1.  

However, K5 binds 5’-GGTACC-3’ specifically at 250-500 nM, which was 2-4 

times lower in affinity than compound 1 as we expected.  This result suggests 

that lysine at position 5 plays a major role in the recognition of 5’-GGTACC-3’, 

which is consistent with the previous hypothesis that peptide conformation 

required for proper linker backbone amide hydrogen bonding may be stabilized 

by the electrostatic interaction between the ammonium side chain on lysine 5 and 

the phosphate oxygen on the DNA.   

The monomer footprinting in comparison with compound 1 was 

performed on the same sequence to see how the binding affinity and specificity 

has been changed by connecting two intercalating units with the peptide linker 

(Figure 3.7).  The monomer, H2N-Lys-NDI-COOH, binds to any of the 5’-GG-
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3’ sites, with binding affinity approximately 1000-fold lower than the dimer.  

This confirms that the peptide linker is involved with the specificity of the dimer 

for central TA steps of 5’-GGTACC-3’. 

Since K1,5 was identified as the most sequence specific molecule among 

the derivatives, it was interesting to establish that the linker with four amino acids 

is optimum.  Preliminary molecular modeling based on the NMR structure 

revealed that one fewer amino acids in the linker could not span 4 bases.  

However, one more amino acid might be interesting.  A bis-intercalator with one 

more glycine residue between NDI units (LG4K) was synthesized and its 

footprinting result was compared with compound 1.  As shown in Figure 3.8 (A), 

LG4K (compound 23) does not bind well in the 5’-GGTACC-3’ region, revealing 

the dramatic difference in binding caused by adding one more amino acid in the 

linker.  This indicates that four amino acids (GGGK) between the NDI units are 

the optimal size for 5’-GGTACC-3’ sequence recognition.  The 3D model of -

(Gly)4Lys- linker (Figure 3.8(B)) indicated that adding one more glycine residue 

made the linker longer than the diagonal distance to span 4 base pairs, which 

resulted in a loose fit to the major groove.  Especially, the methylene units in the 

glycine residues are far away from the hydrophobic cleft of thymine methyl 

groups (~6 Å). 
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Figure 3.6  DNase I footprinting of 76mer DNA with the (+) strand labeled on 
its 5’ end with K1, K5, K6 and K1,5. Lanes labeled A represent 
adenine-specific sequencing reaction. Lane Co contains DNA 
without DNase I. Lane C contains DNA with DNase but no 
compound. K1, K5, K6 contain 0.125, 0.25, 0.5, 1, 2, and 4 µM 
compound respectively. K1,5 contains 0.0625, 0.125, 0.25 and 0.5 
µM. 
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Figure 3.7  DNase I footprinting of compound 1 and the monomer on a 76 bp 
nucleotide containing four different 5’-GGNNCC-3’ sites.  Lane 
Co contains DNA without DNase I cleavage and lane C contains 
DNA with DNase I but no compounds.  The monomer 
concentration is 0.5, 2.5, 13, 62.5 and 313 µM and the dimer 
concentration is 62.5, 125, 250, 500 and 1000 nM. 

Reprinted from Chemistry & Biology, 8, Peptide bis-intercalator binds DNA via threading mode 
with sequence specific contacts in the major groove, Guelev, V., et al., 415-425, Copyright 2001, 
with permission from Elsevier 
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Figure 3.8 (A) DNase I footprinting of compound  23 which has GGGGK as a 
linker segment between the NDI units. Compound concentrations are 
0.0625, 0.125, 0.250, 0.500 and 1.0 µM. Comparison with parent 
compound 1 is shown in a differential cleavage plot. 
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Figure 3.8  (B) 3D model of 23 calculated in molecular dynamics simulations 
using the MM+ force field with DNA sequence d(CGGTACCG)2. 
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Figure 3.9  Model of the dimer 1-GGTACC complex based on the NMR data. 
The postulated hydrogen bonds are shown (Guelev, 2001). 

Reprinted from Chemistry & Biology, 8, Peptide bis-intercalator binds DNA via threading mode 
with sequence specific contacts in the major groove, Guelev, V., et al., 415-425, Copyright 2001, 
with permission from Elsevier 
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3.4 DISCUSSION 

The previous modeling based on the NMR studies of compound 1(K1,5)-

d(CGGTACCG)2 complex showed that the peptide linker of compound 1 extends 

diagonally in the DNA major groove with the Lys-5 side chain oriented toward 

the phosphate backbone of strand A, probably interacting with the phosphate 

group of nucleotide A5A or the N7 of the same adenine.  Other possible 

hydrogen bonding contacts were suggested between L3NH and O6 of G3B and 

between the amide proton of Gly3 and O6 of G3A (Figure 3.9).  In addition, the 

methylene units of Gly4 and Gly5 residues of the linker are positioned between 

the methyl groups of the thymidine residues that line a hydrophobic cleft in the 

major groove of this sequence. 

The footprinting results described here revealed that one of the recognition 

elements for the sequence reading mechanism is the lysine position in the peptide 

backbone.  Consistent with the previous NMR structure, analysis of the 

positional derivatives indicates that compound 1 has the optimum position for a 

linker lysine residue, presumably by allowing ammonium ion contact with the 

phosphate anion without disturbing other key hydrogen bonding contacts between 

the linker and the DNA.  The footprinting of derivatives with single lysine 

residues also supports that lysine in the 5-position is a significant recognition 

element of this series of bis-intercalators.  Interestingly, altering the 
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configuration of the lysine residue from L- to D- was accommodated fairly well, 

perhaps by a twisting of the peptide linker. 

Footprinting result further revealed that adding one more glycine residue 

in the linker changed binding preference and affinity from the parent compound 1.  

The 3D model showed that the glycine residues in the linker do not fit to the 

hydrophobic pocket created between the methyl residues of thymidines.  This 

might explain why 23 showed decreased specificity in recognizing internal 

sequences in the GGNNCC motif.   

These footprinting results so far confirmed that K1,5 can discriminate 

between even very similar binding sequences.  It binds specifically to the 

sequence 5’-GGTACC-3’ (Kd estimated from the footprints is ~100 nM).  

Binding the 5’-GGATCC-3’, 5’-GGCGCC-3’ and 5’-GGGCCC-3’ only occurred 

at higher concentration.  In addition, the binding affinity of 1 at nanomolar 

concentrations is noteworthy compared with other DNA binding drugs such as 

Actinomycin and Echinomycin that bind at micromolar concentration 

(Dabrowiak, 1992). 

Barton et al. has shown that single amino acid modifications perturbed the 

DNA sequence selectivity of a metallointercalator–peptide conjugate (Barton, 

1999).  Moving the glutamate at position 10 to position 6 in the peptide sequence 

changed the sequence preference from 5’-CCA-3’ to 5’-ACA-3’.  They 

accounted for this result by explaining that the glutamate side chain carboxylate 
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contacts with N4 of Cytosine via hydrogen bonding as a recognition motif based 

on a crystal structure of protein-DNA complexes.   

Even though our studies will require more work to establish complete 

structure-activity relationship in terms of any potential direct read out mechanism, 

our results have revealed some crucial aspects of the bis-intercalators for DNA 

recognition.  In particular, our bis-intercalator systems present high affinity 

binding at nanomolar concentrations as well as sharp discrimination of similar 

sequences.  Importantly, the accumulated knowledge based on bis-intercalators 

provided a useful set of tools with which to design modular poly-intercalators 

with programmable sequence specificity as described in the remaining chapters of 

this thesis. 

3.5 CONCLUSIONS 

The derivative studies of compound 1 revealed that the lysine position in 

the peptide backbone plays a crucial role in recognition.  In particular, deletion 

of the lysine at position 1 while keep lysine at the 5-position retains the specificity 

of the parent compound.  These results combined with the previous structural 

study of the complex with d(CGGTACCG)2 can be a useful tool designing 

polyintercalators as well as elucidating the recognition elements in DNA binding. 

3.6 MATERIALS AND METHODS 

Synthesis. 
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The NDI units synthesis and solid phase peptide synthesis are described in 

the experimental section of chapter 2.  Parallel solid phase synthesis for peptide 

coupling was performed on a Domino Block (purchased from Torviq, Tucson, 

AZ) according to standard Fmoc–based peptide synthesis protocol.   

1H-NMR (D2O) 

Compound 11 (K5,6)  δ 8.44 (d, 2H, J=7.5 Hz), 8.40 (d, 2H, J=8.0), 

8.37 (d, 2H, J=8.0), 8.3 (d, 2H, J= 8.0), 4,46-4.32 (m, 4H), 4.21-4.17 (m, 4H), 

4.16-4.13 (m, 2H), 4.109 (s, 1H), 4.02 (dd, 2H, J= 5.5, 20), 3.99 (s, 1H), 3.97 (d, 

1H, J= 1.8), 3.87 (d, 1H, J= 17.0), 3.70 (s, 2H), 3.59-3.50 (m, 4H), 2.95 (dt, 4H, 

J= 7.5, 3.5Hz), 2.90 (t, 2H, J= 7.0), 2.73 (t, 2H, J= 7.0), 1.77-1.57 (m, 8H), 1.39-

1.30 (m, 4H) 

Compound 20 (K5)  δ 8.44 (d, 2H, J=8.0 Hz), 8.40 (d, 2H, J=8.0), 8.35 

(d, 2H, J=7.5), 8.3 (d, 2H, J= 8.0), 4,46-4.32 (m, 4H), 4.18-4.15 (m, 4H), 4.12 (d, 

2H, J=9.5), 4.01 (d, 2H, J= 17.5), 3.96 (d, 2H, J=17.5), 3.86 (d, 1H, J= 16.0), 

3.84 (s, 2H), 3.70 (s, 2H), 3.58-3.49 (m, 4H), 2.94 (t, 2H, J= 8.0Hz), 2.92-2.89 

(m, 2H), 2.762 (t, 2H, J= 6.5), 1.69-1.65 (m, 2H), 1.63-1.56 (m,2H), 1.39-1.30 

(m, 2H) 

Compound 21 (K6)  δ 8.44 (m, 8H), 4,44-4.33 (m, 4H), 4.29-4.20 (m, 

4H), 4.05 (d, 2H, J=4.5), 4.00 (s, 2H), 3.98 (s, 2H), 3.86 (d, 2H, J= 11.5), 3.72 (d, 

3H, J= 11.0), 3.65-3.62 (m, 2H), 3.61 (t, 2H, J= 6.5), 2.96-2.89 (m, 4H), 2.70 (t, 

2H, J= 6.0), 1.65-1.59 (m, 4H), 1.34-1.27 (m, 2H) 
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HRMS (FAB)  

Compound 9 (K1,6)  1229.465253 C58H65N14O17  

Compound 10 (K1,2)  1229.467263 C58H65N14O17 

Compound 12 (K2,5)  1229.466665 C58H65N14O17 

Compound 11 (K5,6)  1229.464883 C58H65N14O17 

Compound 1 (K1,5)  1229.464156 C58H65N14O17 

Compound 21 (K6)  1158.388884 C54H56N13O17 

Compound 19 (K1)  1158.389761 C54H56N13O17 

Compound 20 (K5)  1158.396064 C54H56N13O17 

Compound 18 (2D,6D)  1229.464655 C58H65N14O17 

Compound 17 (5D,6L)  1229.464662 C58H65N14O17 

Compound 14 (1L,6D)  1229.464009 C58H65N14O17 

Compound 15 (1D,6L)  1229.465073 C58H65N14O17 

 

DNA preparation & DNase I Footprinting 

76 base pairs of double stranded synthetic DNA was purchased from 

Midland (Gel Filtration grade).  The sequences for two complementary strands 

are as follows.  

(+) stand: 

5’-GGTAATTTATTATGGTACCATATTAAAGGATCCAATAAATTAGGG 

CCCATTATTAGGCGCCTATTATAATTATTGG-3’ 
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(-) strand: 

3’-CCATTAAATAATACCATGGTATAATTTCCTAGGTTATTTAATCCC 

GGGTAATAATCCGCGGATAATATTAATAACC-5’ 

Purification of this DNA and footprinting methods are described in the 

experimental section of chapter 2. 

 

Molecular modeling of bis-intercalator derivatives with DNA 

Molecular dynamics and geometry optimizations were performed in 

HyperChem 7.0 (HyperCube, Inc) with the MM+ force field.  Pdb coordinates 

from the compound 1-d(CGGTACCG)2 was used and the linker segment was 

modified as needed.  DNA and ligand NDI units were fixed and molecular 

dynamics were performed on the linker part to anneal the system to obtain a lower 

energy minimum.  Initial structures were subjected to 15 picoseconds of 

molecular dynamics at 1000 K to allow high degree of randomization of the initial 

model, then the temperature was slowly lowered to 300 K over 10 picoseconds.  

Structures were then refined by unrestrained geometry optimization (conjugate 

gradient, 0.01 kcal/mol).  This procedure was repeated until the total energy is at 

minimum value. 
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Chapter 4. 

Toward longer molecules that bind to DNA sequence specifically: 
Trimer 

4.1 CHAPTER SUMMARY 

4.1.1 Goals 

To investigate hybrid trimers composed of elements from two bis-

intercaltors. 

4.1.2 Approach 

DNase I footprinting experiments were used to screen DNA sequences for 

the designed trimers.  A 1D 1H-NMR titration experiment was used to confirm 

the full intercalation with the best DNA sequence identified from the footprinting 

experiment. 

4.1.3 Results 

One of the tris-intercalator designs (compound 4.1), which was based on 

bis-intercalator modules was found to bind a 10 bp binding site (5’-

GGTACTTATC-3’) with full intercalation.  1D-1H NMR titration experiment 

confirmed the full binding with a 1:1 stoichiometry. 
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4.2 INTRODUCTION 

Ultimately, chemists want to achieve a high degree of programmable 

sequence specificity as well as affinity comparable to that of DNA-binding 

proteins.  With this goal in mind, an extended number of intercalating units (up 

to eight) was incorporated into our first generation polyintercalators (Lokey, 

1997; Murr, 2001).  The modular nature and facile synthesis of our 

polyintercalation system enabled us to construct these molecules easily.  The 

octamer was expected to cover at least 16 base pairs based on the nearest neighbor 

exclusion principle and the DNase I footprinting showed a large binding site with 

a preference for GC-rich sequences. 

The previous library work and NMR studies showed that sequence 

specificity can be altered by changing the composition of the linker segment 

(Guelev, 2001; Guelev, 2002).  Compound 1 recognizes 5’-GGTACC-3’ placing 

the sequence specific peptide linker in the major groove, while compound 1.2 

binds specifically to 5’-GATAAG-3’ placing the linker segment in the minor 

groove (Figure 4.1).  It was also revealed that four amino acids between 

intercalators actually span four base pairs instead of two.  With this accumulated 

knowledge of bis-intercalators, it was now possible to construct a new generation 

of polyintercalators that are expected to recognize both grooves in an alternating 

fashion.  In addition, the binding site size and the sequences for these 

polyintercalators should be predictable. 
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Combining the major and minor groove specific modules in one molecule 

would provide threading molecules capable of binding with high affinity to DNA 

sequences as well as slow dissociation rates.  To the best of our knowledge, this 

special mode of binding with an alternating blockade of both grooves based on 

our bis-intercalator study is unique in DNA binding molecule design. 
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Figure 4.1 Two bis-intercalators with different linker composition.  
Combinatorial library work identified different binding sites for 
these molecules. (Guelev, 2000) 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Design of ligand and DNA sequence 

Hybridization of the two previously studied bis-intercalators recognizing 

different grooves gives two possible linkages if N to C direction of the peptide 

backbone is considered (Figure 4.2).  One trimer has the major groove linker 

(GGGK) between NDI 1 and NDI 2 and then the minor groove linker (βββK) 

between the NDI 2 and NDI 3 (trimer 4.1).  The other possible design a trimer 

places the minor groove linker between NDI 1 and NDI 2 and the major groove 

linker between NDI 2 and NDI 3 (trimer 4.2).  

Choosing the proper DNA binding site for the trimers requires balancing 

several considerations.  NMR and footprinting analysis of 1 bound to 5’-

GGTACC-3’ indicates that this molecule has 1) a preference for a G-G 

intercalation site with the GG bases on the opposite strands at the ends of the 

binding site.  2) There is a specific H-bond between the linker and G2 at each 

end of the binding site.  3) The TA step in the middle provides the most 

complementary surface for binding in the major groove.  NMR and footprinting 

analysis of 1.2 to bound to 5’-GATAAG-3’ indicates that this molecule 1) prefers 

a G-A step at both intercalation sites, with the G-A sequence at each end of the 

same strand of the binding site.  2) There are specific H-bond between the linker 

and the A residues at each end of the binding site. 
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With the above general notion of binding site specificity, several potential 

binding sites were designed for the trimers 4.1 and 4.2.  No binding site can take 

into account all of the preference for both molecules, because the intercalation 

steps are not compatible.  Making hybrid sequences leads to 4 possibilities as 

listed in Figure 4.3.  The first two (AB1 and AB2) are designed to bind 4.1, and 

the second two (BA1 and BA2) are designed to bind 4.2.  The differences 

between the four are the 5’ to 3’ orientation of the binding sequences as well as 

identity of the central intercalation step.  In order to accommodate all of these 

sites, two synthetic 74mer duplexes were ordered, listed as strand AB and BA.  

Note that the identity of the central intercalation step is a big issue, because it not 

only contacts the NDI when intercalated, but these bases also take part in specific 

H-bonds that are thought to be important for either linker. 

4.3.2 Synthesis 

The synthesis of trimers followed the same solid phase synthesis strategy 

used for all our polyintercalators (Guelev, 2001b).  However, after the second 

NDI unit was attached, the shrinkage/swelling of the resin during the washing 

step appeared to be problematic, which was confirmed by HPLC analysis with 

ESI-MS.  In the final crude mixture, the major side product of this reaction was 

that derived from the incomplete coupling of the 3rd NDI unit.  The interaction 

between aromatic units lightly forms a secondary conformation on the resin, 

which might prevent complete coupling reaction as the peptide length increases. 
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5'-GGTACC-3'
3'-CCATGG-5'

5'-CTTATC-3'
3'-GAATAG-5'

5'-CTTATC-3'
3'-GAATAG-5'

5'-GGTACC-3'
3'-CCATGG-5'

5'-GGTACCTATC-3'
3'-CCATGGATAG-5'

K-NDI-GGGK-NDI-βββK-NDI-G

5'-GGTACTTATC-3'
3'-CCATGAATAG-5'

5'-CTTATCTACC-3'
3'-GAATAGATGG-5'

K-NDI-βββK-NDI-GGGK-NDI-G

5'-CTTAGGTACC-3'
3'-GAATCCATGG-5'

(4.1)

(4.2)

(AB1)

(AB2)

(BA1)

(BA2)

A

B

B

A

(A)

 

 

Figure 4.3  (A) Schematic representation of sequence design that combines two 
binding sites of dimer into 10 bp binding sites for trimer.  
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5'-GGTAATTTATTATATGGTACTTATCAATAAATTAGGTACC 
ATTATTAATGGTACCTATCTATTATAATTATTGG-3'
3'-CCATTAAATAATATACCATGAATAGTTATTTAATCCATGG
TAATAATTACCATGGATAGATAATATTAATAACC-5'

5'-GGTAATTTATTATATCTTATCTACCAATAAATTAGGTACC
ATTATTAATCTTAGGTACCTATTATAATTATTGG-3'
3'-CCATTAAATAATATAGAATAGATGGTTATTTAATCCATGG
TAATAATTAGAATCCATGGATAATATTAATAACC-5'

Strand AB

Strand BA

(+)

(-)

(+)

(-)

(B)

 

 

 

Figure 4.3  (B) Sequence of the 74mer DNAs that have several binding sites 
with flanking AT bases. 
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4.3.3 DNase I Footprinting 

Figure 4.4 shows the footprinting results on the AB (+) DNA strand and 

the opposite AB (-) strand.  The most striking contrast between the two trimers is 

observed in 5’-GGTACTTATC-3’ (Figure 4.4 (A)).  Trimer 4.1 binds to this 

sequence with full binding at ~100 nM while trimer 4.2 does not show full 

binding even at 1µM.  According to the binding size, trimer 4.2 shows a similar 

binding mode with dimer 1, which suggests it may be binding as a dimer with the 

3rd NDI unit not intercalated.  These results are consistent with the hypothesis 

used in the trimer design.  Timer 4.1 is expected to recognize 5’-

GGTACTTATC -3’ with the Gly3Lys linker spanning GTAC in the major groove 

and the (β-Ala)3Lys linker spanning TTAT in the minor groove.  However, 4.2 

should only be able to bind one or the other site, apparently the triglycine linker 

dominates. 

Another interesting feature observed in the footprints is that trimer 4.1 

even differentiates one base change in a 10 bp binding site (5’-GGTACTTATC -

3’ / 5’-GGTACCTATC -3’).  In Figure 4.4 (B), trimer 4.1 shows full binding on 

5’-GGTACTTATC -3’ (complementary to 5’-GATAAGTACC-3’) while it does 

not show full binding on 5’-GGTACCTATC -3’ (complementary to 5’-

GATAGGTACC-3’).  For the 5’-GATAGGTACC-3’ sequence, the binding of 

both trimer 4.1 and 4.2 are shifted toward the 3’ side by 3~4 bases.  This 
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indicates that they bind to the 3’ side flanking sequence (5’-GGTACCatta-3’) 

rather than bind to the designed binding sites with full intercalation.  For this 

reason, it appears that 5’-GATAGGTACC-3’ (complementary to 5’-

GGTACCTATC-3’) is not an appropriate sequence for the designed trimer.   

A 6 bp binding site 5’-GGTACC-3’ was incorporated to test if these 

trimers bind to this small binding sites as a dimer with the 3rd NDI unit hanging 

off the DNA.  As expected, both trimers bind to 5’-GGTACC-3’ by using two 

intercalating units.  However, the enzyme cleavage was not complete at the 3’ 

side AT rich sequence (ATTTA), which makes the estimation of binding size 

difficult.  This cleavage problem related to DNase I on the AT rich region is 

known to be a limitation of this enzymatic cleavage method (Dervan, 1986). 

The footprinting results confirm that the sequence specific binding of 

longer threading polyintercalators can be predicted to some extent from bis-

intercalator modules.  Several possible binding sites for the two possible trimers 

were rationally designed and the reasonable binding site for 4.1 was identified 

from the footprinting experiment.  However, the footprinting results with trimer 

4.2 did not show a clear preference.  Apparently, neither binding site in strand 

BA is the proper sequence for the 4.2, presumably due to mutually exclusive 

requirements in the internal intercalation sequence. 

The binding site size of trimer 4.1 with full binding was consistent with 

the programmed design.  However, the increase in binding affinity by adding  
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Figure 4.4  (A) DNase I footprinting of 74mer DNA strand AB(+) labeled at its 
5’ end.  Lanes labeled A represents adenine-specific sequencing 
reaction.  Lane Co contains DNA without DNase I.  Lane C 
contains DNA with DNase but no compound. Concentrations for 
compounds are 7.8, 15.6, 31.3, 62.5, 125, 250, 500 and 1000 nM. 
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Figure 4.4  (B) DNase I footprinting of 74mer DNA strand AB(-) labeled at its 
5’ end.  Lanes labeled A represents adenine-specific sequencing 
reaction.  Lane Co contains DNA without DNase I. Lane C contains 
DNA with DNase but no compound.  Concentration for trimers are 
7.8, 15.6, 31.3, 62.5, 125, 250, 500 and 1000 nM, and concentration 
for dimer are 125, 250, 500 and 1000 nM. . 
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Figure 4.5  1D H-NMR spectra of trimer titration into d(CGGTACTTATCG)· 
d(GCCATGAATAGC) in H2O with 30 mM Na phostate buffer (pH 
7.5, 27oC). 
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one more intercalating unit from either dimer does not give significant 

improvement.  From monomer to dimer, the binding affinity was increased by ~ 

1000 times (see Figure 3.7), but going from dimer to trimer shows similar binding 

affinity.  This might be related to the propensity of the NDI units to stack with 

each other, since self-stacking is likely to inhibit binding to DNA.  Alternatively, 

there might be some energetic losses related to binding in both sites 

simultaneously.  For example, the binding of the major groove linker with NDI 1 

and 2 intercalated on G|GTAC|T may cause structural distortion that affect the 

contacts of neighboring minor groove linker position (CTTATC) and vice versa. 

4.3.4 1D-NMR titration 

The footprinting experiment successfully showed initial evidence for 

programmed specificity of trimer 4.1, and further analysis to confirm this unique 

binding mode was pursued.  A 1D-NMR titration was carried out by adding 

trimer 4.1 into the 12 bp DNA oligomer containing binding site 

(d(CGGTACTTATCG)·d(GCCATGAATAGC)) (Fig 4.5).  This binding 

sequence was selected from the footprinting experiment.  One additional base 

was used in both termini to mitigate end-fraying effect.  The 1D NMR titration 

shows well-resolved spectra.  A single set of new signals appears in the NMR 

spectrum upon adding 1 eq. of trimer 4.1 with concomitant decrease of the 

resonances of the free DNA.  This is evidence of unique complex formation with 

a 1:1 stoichiometry.  The upfield shifts of the imino proton resonances are 
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indicating that they are involved in intercalation.  The appearance of some bound 

state ligand protons with similar chemical shifts supports that they retain some 

resonances that were observed in bis-intercalators.  The NMR spectrum of the 

4.1-DNA complex was not analyzed in detail, but will be pursued soon. 

4.4 CONCLUSIONS 

A tris-intercalating molecule that recognizes both DNA grooves in an 

alternating fashion was designed based on the major groove and minor groove 

specific modules.  DNase I footprinting screened compound 4.1 binding to a 10 

bp binding site (5’-GGTACTTATC-3’) with full intercalation.  1D-1H NMR 

titration experiment confirmed the full binding with a 1:1 stoichiometry.  This 

information was used to design the tetra-intercalator that is the subject of the next 

chapter. 

 

4.5 MATERIALS AND METHODS 

Synthesis 

The peptide synthesis is described in chapter 2 and 3 in detail except the 

trimer synthesis involves longer step for peptide elongation. 

ESI-MS 1934 (MH+) 

DNase I Footprinting 
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Two sets of 74 base pairs of synthetic DNA was purchased from IDT 

DNA (Coralville, IA) as PAGE purification grade.  Purification of DNA and 

footprinting methods are described in the experimental section of chapter 2. 

NMR sample preparation & 1D NMR titration 

The DNA purchased from Midland as Gel filtration grade was diluted in 

water and quantified by UV absorption at 260 nm (strand A 5’-

CGGTACTTATCG-3’, ε = 113,200 M-1cm-1 ; strand B; 5’-CGATAAGTACCG-

3’, ε = 112,200 M-1cm-1).  Both stands are combined and the duplex formation 

was monitored by 1D NMR spectroscopy.  Duplexed DNA samples were diluted 

with 5 ml of water, and then a ligand stock solution (quantified by UV absorption 

at 386 nm, ε = 39200 M-1cm-1 ) (Lokey, 1997) in water was added slowly to the 

DNA.  DNA-ligand complex was lyophilized from H2O and finally dissolved in 

650 µl of 90% H2O/ 10% D2O to have a 0.5 mM solution as the final 

concentration for spectrum.  This titration and lyophilization process was 

repeated to obtain various ratios of ligand-DNA complex.  NMR experiments 

were performed using a Varian INOVA 500 MHz spectrometer.  1D spectra in 

90% H2O/ 10% D2O solvent were obtained at 27 ºC using a jump-return solvent 

suppression method.  
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Chapter 5. 

Threading Polyintercalation: The Synthesis and NMR Structural 
Studies of a Modular Threading Tetra-intercalator Complexed 

with d(GATAAGTACTTATC)2 

5.1 CHAPTER SUMMARY 

5.1.1 Goals 

To synthesize and structurally characterize a new topology for a tetra-

intercalator that binds to 14 bp DNA sequences and to elucidate the unique 

threading DNA binding mode. 

5.1.2 Approach 

Based on results of the trimer studies, a tetra-intercalator was designed 

and synthesized.  2D-1H NMR analysis of tetramer bound to its preferred 14 bp 

DNA sequences was carried out.  Restrained molecular dynamics based on the 

NMR was performed.  1D-1H NMR titration methods was used to investigate a 

preliminary sequence specificity of this molecule. 

5.1.3 Results 

The NMR analysis has verified threading polyintercalation for the tetra-

intercalator bound to d(GATAAGTACTTATC)2, with linkers alternating in the 
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order minor groove, major groove, minor groove.  Structural calculation was 

successful to show convergence to a family of structures consistent with the NMR 

derived restraints. 

5.2 INTRODUCTION 

The study of synthetic molecules that specifically bind to DNA is a 

challenging area of molecular recognition research.  Such molecules have the 

potential to elucidate mechanisms underlying DNA recognition and ultimately 

modulate gene expression in vitro and in vivo.  An important challenge is to 

develop new molecular scaffolds with which to explore sequence specific DNA 

recognition.  Particularly successful and well-studied examples include the 

minor groove binding polyamides of Dervan (Dervan, 1986; White, 1998) and 

various nucleic acid based approaches (Moser, 1987; Gowers, 1999) to triple-

strand formation.  Both of these approaches have achieved sequence specific 

recognition of relatively long sequences in programmable fashion by establishing 

a direct readout between DNA recognition elements and complementary 

functional groups.  Intercalation is a well-studied mode of small molecule 

binding to DNA, however few examples of recognition of long DNA sequences 

have been reported based on intercalation. 

Around 15-16 base pairs of DNA should be of sufficient size to specify a 

unique site within the human genome (Dervan, 1986).  One approach to 

achieving this degree of specificity involves the linking together of two or more 
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modular units to achieve recognition of longer sequences.  A modular approach 

to long sequence recognition was reported for a polyamide that demonstrated the 

ability to recognize specifically 16 base pairs of DNA at sub-nanomolar 

concentration (Trauger, 1998).  A poly-intercalator approach has also been 

investigated in which the modular units consisting of flat intercalating moieties 

that are tethered by flexible linkers (Wakelin, 1986; Takenaka, 1999).  

Generally, the polyintercalation approach has resulted in longer molecules that 

have failed to exhibit significant improvement in affinity and sequence specificity 

(Wakelin, 1986).  An important exception is the work of Chaires, in which a 

relatively rigid carbohydrate linker was designed to fit between two intercalating 

units.  The resulting bis-intercalator bound to the expected sequence with 

exrtraordinary affinity (Chaires, 1997). 

Our group has been developing a novel class of DNA binding 

polyintercalators in which 1,4,5,8-tetracarboxylic naphthalene diimide (NDI) 

units are connected with flexible peptide linkers (Lokey, 1997).  NDI has been 

classified as a threading intercalator, in that attachment of functional groups to 

both diimide nitrogen atoms creates a situation in which one functional group will 

reside in the major groove, and the other in the minor groove.  Based on kinetic 

analysis, NDI monomers derivatized with groups as large as adamantly showed 

evidence of threading intercalation (Yen, 1982).  A reasonable assumption is that 

DNA breathing must occur to allow groups as large as adamantyl to penetrate the 
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helix.  As a result, threading intercalation is accompanied by characteristically 

slow association and dissociation rates (Tanious, 1991).   

By attaching flexible linkers of the appropriate lengths between several 

NDI units, it should be possible to create threading polyintercalators in which 

linkers alternate between the minor and major grooves (Lokey, 1997; Takenaka, 

1993; Lamberson, 1991; Tanious, 1991).  This design has a number of potential 

advantages including 1) interactions with functional groups in both grooves, 

providing greater opportunity for sequence recognition, 2) potentially very slow 

off-rates considering the large molecular rearrangements required for dissociation, 

and 3) recognition of relatively long DNA sequences with a relatively low 

molecular weight molecule (assuming an extended conformation when bound). 

Previous work has shown that NDI-based polyintercalators with peptide 

linkers indeed bind DNA with high affinity (Lokey, 1997), and molecules with up 

to 8 intercalators have all of the NDI units inserted in the DNA helix (Murr, 

2001).  Takenaka et al. (Takenaka, 1993), and Zimmerman (Lamberson ,1991) 

have also reported threading polyintercalator designs, although no structural 

studies have appeared for these systems.  Library studies using peptide linked 

NDI dimers identified linkers with different DNA sequence preferences (Guelev, 

2000), and footprinting indicated recognition on the order of six DNA base pairs 

per NDI dimer.  Two dimers were analyzed by NMR bound to their preferred 

sequences (Guelev, 2001; Guelev, 2002).  These studies generated models of 
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bound complexes that were consistent with the expected threading mode of 

intercalation.  Importantly, the dimer with a -Gly3-Lys- linker (compound 1) was 

found to have the linker in the major groove (Guelev, 2001), while the dimer with 

a –βAla3-Lys- linker (compound 1.2) was found to have the linker in the minor 

groove (Guelev, 2002).   

A threading polyintercalator requires linkers alternating between the minor 

and major grooves.  Herein is reported the synthesis and characterization by 

NMR of a tetraintercalator designed to have linkers that alternate grooves based 

on the previous dimer NMR structural studies.  An NMR analysis of the 

tetraintercalator bound to its predicted 14 base pair high affinity site is consistent 

with threading intercalation, and indicated the linkers alternate between grooves 

as predicted.  This represents the first example of a threading polyintercalator 

beyond a dimer that has been characterized structurally, and will lay the 

groundwork for the next generations of threading polyintercalators that bind 

relatively long stretches of DNA sequence specifically. 

5.3 RESULTS 

5.3.1 Design   

The tetraintercalator linker design was based on the structural studies of 

two different NDI dimers (Figure 5.1).  In particular, the –βAla3-Lys- linker of 

1.2 was used as a minor groove binding element based on its location in the 
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previous NMR study (Guelev, 2002).  This linker places a total of 10 methylene 

units in the minor groove and is the proper length to span four base pairs when 

fully extended (Figure 5.1B).  It thus can be thought of as a classical, relatively 

hydrophobic minor groove binding element (Bailly, 1998) similar to the role 

proposed by Dervan and co-workers for hairpin polyamides containing a β-Ala 

unit (Wemmer, 2000).  In the previous NDI dimer study, specific hydrogen 

bonds were proposed between the linker amide NH groups closest to both NDI 

rings and the T residue O2 atoms of the DNA (Guelev, 2002). 

A novel major groove binding linker, namely adipic acid between Lys 

residues, was designed based on the key elements of the -Gly3-Lys- linker from 1 

studied earlier (Guelev, 2001).  Note that this linker is three atoms shorter than 

the minor groove binding –βAla3-Lys- linker, consistent with -Gly3-Lys- spanning 

4 base pairs through a shorter, diagonal orientation in the wider major groove 

(Figure 5.1A).  The minor groove is too narrow to allow a similar diagonal linker 

orientation.  For the -Gly3-Lys- linker, specific hydrogen bonds were proposed 

between the amide NH groups closest to each NDI ring and two G residue O6 

atoms.  Steric and electrostatic complementarity between the linker and floor of 

the major groove in the preferred 5’-GGTACC-3’ sequence was thought to 

contribute to specificity as well. 

Computer modeling indicated that the proposed hydrogen bonds to G 

residue O6 atoms and overall linker length would be retained with a major groove 
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binding linker composed of adipic acid between two Lys residues.  In addition, 

such a linker has C2 symmetry like the 5’-GTAC-3’ DNA binding site.  Using 

the adipic acid approach also greatly facilitates synthesis, because it allows for the 

construction of the large tetramer through a final adipic acid cross-linking step 

directly on the solid phase synthesis resin between the N-termini of two NH2-Lys-

NDI-βAla3-Lys-NDI-Gly dimers.   

The predicted DNA binding site for the tetramer 5.1 is the self-

complementary 14 base pair sequence 5’-GATAAGTACTTATC-3’, duplex 

5.2 (Figure 5.2), with proposed sites of NDI intercalation indicated with a vertical 

bar.  This is a hybrid of the preferred sites for the component dimers.  An 

important consideration here is that both the tetramer and double-stranded DNA 

binding site share C2 symmetry, simplifying by one half the number of peaks that 

must be assigned in the NMR analysis.  In addition, both the tetramer and DNA 

binding site share many common elements with the previous NMR dimer studies 

(Guelev, 2001; Guelev, 2002), greatly facilitating initial peak assignments.   

5.3.2 Synthesis   

Synthesis of the tetraintercalator 5.1 was carried out on solid phase.  

Using an FMOC-based strategy and Rink Amide resin (Novabiochem), a NH2-

Lys-NDI-βAla3-Lys-NDI-Gly-NH-Resin dimer was synthesized as described 

(Guelev, 2001).  Prolonged incubation with limiting adipic acid resulted in 
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Figure 5.1  View from the major groove of (A) the 1-d(CGGTACCG)2 complex 
(Guelev, 2001) (B) the 1.2-d(CGATAAGC)·d(GCTTATCG) 
complex (Guelev, 2002). 
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Figure 5.2  Structure and naming convention of compound 5.1 and the DNA 
oligonucleotide 5.2 used in the NMR study. 
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Figure 5.3  (A) A cartoon of threading tetra-intercalator that covers 14 bp DNA.  
(B) The synthesis of tetra-intercalator (5.1) on the Rink Amide resin.  
Two dimer units on the resin were cross-linked using adipic acid. 
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extensive cross-linking directly on the resin to produce the desired tetramer 

structure.  HPLC analysis indicated a ~4:1 ratio of 5.1:adipic acid terminated 

dimer.  By carrying out the synthesis based on assembly of two dimers, 

purification of the tetramer was relatively straightforward using preparative 

HPLC, resulting in analytically pure material. 

5.3.3 Titration of the 5.2 duplex with 5.1 

Titration of the d(GATAAGTACTTATC)2 DNA duplex 5.2 with tetramer 

5.1 was monitored using 1-D 1H NMR spectroscopy (Figure 5.4).  As 5.1 was 

added to the DNA, a single set of new signals appeared in the NMR spectrum due 

to the formation of the complex.  After adding one equivalent of ligand, the 

imino proton resonances of the free DNA disappeared, indicating a 5.1-DNA 

complex formed with a 1:1 stoichiometry.  During the titration, new resonances 

from the complex appeared as a separate set of upfield shifted signals, indicating 

that exchange between free and complexed DNA occurs slowly on the NMR time 

scale.  The number of observed resonances in the spectrum of the complex did 

not change compared to uncomplexed 5.2, indicating that C2 symmetry is 

retained upon formation of the 5.1-5.2 complex.   

5.3.4 NMR assignments 

Each signal of the free DNA and complex with 5.1 were assigned using 

standard 2-dimensional homonuclear NMR methods (Hare, 1983).  The 
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individual residue nomenclature for the tetramer 5.1 and duplex 5.2 are described 

in Figure 5.2 and chemical shifts for the 5.1-5.2 complex are shown in Table 5.1.  

The aromatic protons in the NDI groups of 5.1 were well resolved in the complex.  

The NOE connectivities between sequential DNA nucleotides should be 

interrupted or weak for all steps where the NDI units are intercalated, and such 

interruptions are seen between G1/C14:A2/T13 and A5/T10:G6/C9.   

NOE cross peaks between the protons of the NDI groups and those of the 

DNA were observed at the intercalating sites (Figure 5.6A).  Most of the NDI-

DNA intermolecular NOEs involved the central bases (A5, G6, C9 and T10).  

Fewer intermolecular NOE cross peaks were observed for nucleotides A2, T13 

and C14, presumably due to fraying of the terminal bases.  No NOEs could be 

confirmed between NDI and G1, likely for the same reason.  

Strong NOE cross peaks were observed between the methylene protons of 

each β-Ala residue of 5.1 and the H2 protons of nucleotides A4, A5 and A12 as 

well as the imino protons of T3 and T11 (Figure 5.6B).  These NOE cross peaks 

are consistent with the β-Ala residues being in the minor groove of the DNA 

duplex.  In contrast, the methylene protons of the adipic acid group of the 5.1 

exhibit NOE cross peaks with the methyl protons of T7, consistent with their 

being located in the major groove (Figure 5.6C).  Table 5.2 summarizes 

additional NOEs observed between 5.2 and 5.1.  They are summarized in 

graphical form in Figure 5.7. 
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Figure 5.4  1D 1H-NMR spectra of tetramer titration into d(GATAAGTACTTA 
TC)2 in H2O with 30 mM Na phostate buffer (pH 7.5, 27oC). 
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Figure 5.5  Titration of tetramer with (A) d(CATTTGATAAGTACTTATCAA 
ATG)2 and (B) d(AACAACATGTTGTT)2 ,monitored by imino 
resonances of 1D-NMR spectra (pH 7.5, 27oC). The free DNA imino 
protons are marked as *, new peak appeared upon ligand addition are 
marked as ^. 
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Figure 5.6  (A) Expansion of NOESY spectrum (mixing time 60 ms, pH 7.5, 27 
oC) of tetramer 5.1-DNA complex. Sequential aromatic to H1' 
connectivities are shown as blue line. 
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Figure 5.6  (B) Expansion of NOESY spectrum (mixing time 60 ms, pH 7.5, 27 
oC) of tetramer 5.1-DNA complex. Adenine H2 protons have NOEs 
with beta alanine residues of the ligand (shown as red line). Other 
NOEs between tetramer and DNA are labeled as green. 
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Figure 5.6  (C) Expansion of NOESY spectrum of tetramer-DNA complex.  
Methyl protons of Thymine7 have NOEs with ADP9 residue of the 
ligand (shown as red line).    
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 G1 A2 T3 A4 A5 G6 T7 
H1' 6.22 6.08 5.36 5.51 5.40 5.32 5.67 
H2' 2.27 2.64 1.61 2.30 2.55 2.24 1.92 
H2'' 2.19 2.81 2.07 2.62 2.81 2.47 2.3 
H3' 4.50 4.86 4.56 4.89 4.95 4.61 4.75 
H4' 4.05 4.38 4.19 3.85 3.99 4.33 4.08 
H6/8 7.81 8.23 6.90 8.04 7.98 7.47 6.91 
H2/5/CH3  6.81 1.21 6.23 6.28  0.87 
NH imino   12.89   11.09 12.39
NH2  6.20   5.92 

6.78 
6.55 
7.12 

 

 A8 C9 T10 T11 A12 T13 C14 
H1' 6.02 5.89 5.71 5.33 5.95 5.62 5.42 
H2' 2.41 2.11 2.03 2.12 2.53 2.36 2.36 
H2'' 2.72 2.45 2.30 2.39 2.75 2.51 2.53 
H3' 4.88 4.86 4.61 4.76 4.96 4.96 4.79 
H4' 4.21 3.88 4.11 3.68 4.27 3.91 4.02 
H6/8 7.94 7.25 7.56 7.29 8.21 7.18 7.81 
H2/5/CH3 7.12 5.35 1.72 1.50 7.03 1.37 6.04 
NH imino   12.74 13.30  12.49  
NH2  7.38      

 
 
 

Table 5.1  (A) Chemical shifts (ppm) table of DNA in DNA 5.2- tetramer 5.1 
complex with 30 mM Na phosphate buffer (pH 7.5, 27 ºC)  
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Residue Atom Chemical Shift Residue Atom Chemical Shift 
ADP 9 HX/HW 1.83 LYS 8/10 HA 4.00 
ADP 9 HY/HZ 1.19 LYS 8/10 HB 1.68 
ADP 9 HY'/HZ' 1.13 LYS 8/10 HB' 1.49 

BAL 4/14 HA 3.55 LYS 8/10 HE 2.87 
BAL 4/14 HB 2.49 LYS 8/10 HN 8.08 
BAL 4/14 HN 8.34 NDI 2/16 HA 3.55 
BAL 5/13 HA 3.60 NDI 2/16 HB 4.02 
BAL 5/13 HA' 3.57 NDI 2/16 HN1 7.77 
BAL 5/13 HB 2.29 NDI 2/16 HN3 7.53 
BAL 5/13 HB' 2.87 NDI 7/11 HA 3.39 
BAL 6/12 HA 2.40 NDI 7/11 HA' 3.28 
BAL 6/12 HA' 2.77 NDI 7/11 HB 4.05 
BAL 6/12 HB 1.30 NDI 7/11 HD 3.38 

GLY 1 HA 3.80 NDI 7/11 HN 8.84 
GLY 1 HN 8.74 NDI 7/11 HN1 7.77 

LYS 3/15 HB 1.46 NDI 7/11 HN2 7.07 
LYS 3/15 HB' 1.60 NDI 7/11 HN3 7.51 

      NDI 7/11 HN4 8.02 
 
 

 
 

Table 5.1  (B) Chemical shifts (ppm) table of tetramer 5.1 in DNA 5.2- tetramer 
5.1 complex with 30 mM Na phosphate buffer (pH 7.5, 27 ºC)  
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residue  proton DNA  proton intensity 
ADP 9 hx*/hw* T7 CH3 M 
ADP 9 hy*/hz* T7 CH3 S 

BAL 6,12 hb* A5 H2 S 
BAL 6,12 ha' A5 H2 M 
BAL 6,12 ha'' A5 H2 M 
BAL 5,13 hb' A12 H2 S 
BAL 5,13 hb* A12 H1' S 
BAL 5,13 hb* A4 H2 S 
BAL 5,13 hb'' A12 H2 W 
BAL 5,13 ha* A12 H1' W 
BAL 4,14 hb* A12 H2 S 
BAL 4,14 ha* A12 H2 W 
NDI 7,11 hd* A5 H2 W 
NDI 2,16 hb* C14 H1' S 
LYS 8,10 ha G6 H8 W 
LYS 8,10 ha T7 CH3 W 
LYS 3,15 hb* A2 H2 S 
NDI 7,11 hn1 C9 H5 W 
NDI 7,11 hn2 C9 H5 W 
NDI 7,11 hn4 A5 H2 W 
NDI 7,11 hn3 A5 H1' S 
NDI 7,11 hn1 T10 CH3 W 
NDI 7,11 hn2 T10 CH3 W 
NDI 7,11 hn2 C9 H6 W 
NDI 7,11 hn3 A5 H2'' M 
BAL 5,13 hb* T11 NH M 
BAL 5,13 hb* T3 NH M 
BAL 4,14 hb* T3 NH M 
BAL 4,14 hn A12 2H M 
NDI 7,11 hn G6 H8 W 
LYS 8,10 hn T7 CH3 W 
NDI 7,11 hn1 T10 NH W 
NDI 7,11 hn1 G6 NH M 
NDI 7,11 hn1 G6 NH2 M 
NDI 7,11 hn1 C9 NH2 M 
NDI 7,11 hn2 T10 NH W 
NDI 7,11 hn2 G6 NH W 
NDI 2,16 hn1 A2 H2 M 
NDI 2,16 hn3 T13 NH W 

Table 5.2  Intermolecular ligand-DNA NOEs (60ms in D2O and 200 ms in H2O) 
used in the rMD calculation. 
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Figure 5.7  Diagram of the observed NOEs.  The strong NOEs are shown as 
thick dotted line, the medium NOEs are shown as solid line, and the 
weak NOEs are shown as thin dotted line. 
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5.3.5 Titration of different DNA sequences with the tetramer 

Despite the presence of sharp signals, it was still possible that the 

tetraintercalator 5.1 was binding to the 14mer 5.2 without specific sequence 

recognition.  A DNA duplex of 14 base pairs is only long enough to allow one 

form of bound polyintercalator if one assumes four base pairs between each 

intercalated NDI unit, and one base pair on each end.  In order to confirm that 

the observed complex between 5.1 and 5.2 indeed involved sequence recognition, 

two more NMR titrations were carried out with different DNA sequences.  First, 

the self-complementary sequence d(CATTTGATAAGTACTTATCAAATG)2, 

duplex 5.3, was used in which the sequence of 5.2 (indicated in bold type) is 

embedded within a longer DNA sequence (Figure 5.5A).   

Unfortunately, due to the extremely high signal density seen in key 

regions of the spectra for samples containing free 5.3, not all signals could be 

assigned unambiguously.  However, when 5.1 was added to the 5.3 duplex in a 

1:1 stoichiometry, the same new set of upfield shifted signals appeared due to 

complex formation as were seen with 5.2.  The one exception is the G residue 

(G6 in 5.3) at the end of the binding site that was present in the 5.1-5.3 complex, 

but not the 5.1-5.2 complex.  It is presumed that the terminal G1 residues are 

frayed or otherwise conformationally mobile in the 5.1-5.2complex due to being 

on the end of the complex.  In both the 5.1-5.2 and 5.1-5.3 complexes, the 
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upfield shifted signals were fully assigned and were shown to correlate perfectly 

between spectra, verifying that similar complexes are formed in both cases.  In 

particular, the same signatures of intercalation sites were present, verifying NDI 

intercalation in 5.3 between G6/C19:A7/T18 and A10/T15:G11/C14.  This 

titration experiment confirmed that the tetra-intercalator 5.1 was indeed binding to 

the intended site in 5.3 due to specific recognition, and by analogy, sequence 

recognition of the original 14mer duplex 5.2 can be assumed.  

In a second control experiment, a 14mer DNA of sequence 

d(AACAACATGTTGTT)2,  duplex 5.4, was used (Figure 5.5B).  This duplex 

does not contain a predicted binding site for 5.1.  As 5.1 was titrated with the 5.4 

duplex, signal broadening occurred.  New broad peaks were observed in the 

imino resonance region of the spectrum, but they were much greater in number 

than would be expected for simple 1:1 complex formation.  Multiple species 

likely exist in the 5.1-5.4 interaction or the C2 symmetry of the complex is 

broken.  In either case, the difference between this result and that obtained with 

the predicted recognition sequence 5.2 is again consistent with specific 

recognition occurring in the original 5.1-5.2 complex, as opposed to recognition 

based solely on duplex length. 

5.3.6 DNA sugar conformation analysis 

The sugar conformations of DNA are related to the endocyclic torsion 

angles that can in principle be correlated with the vicinal proton-proton coupling 
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constants in the sugar ring.  However, line broadening of the COSY spectra of 

the 5.1-5.2 complex precluded unambiguous analysis of these coupling constants 

in our case.  Instead, the ribose conformations were predicted on the basis of 

NOE peak intensities between the protons within each nucleotide.  In the 

qualitative analysis of cross peak intensities in 2D NOESY spectra (Table 5.3), 

H3’-H6/8 cross peaks with weak or medium intensity indicate an S-type (C2’-

endo) sugar pucker, while strong intensities for the H3’-H6/8 cross peak indicate 

an N-type (C3’endo) pucker (Wijmenga 1993).  The NOE data for the 5.1-5.2 

complex reveal that the majority of nucleotides are in an S-type (C2’-endo sugar 

pucker) conformation.  However, nucleotides to the 5’-side of the intercalating 

sites (G1, A5, C9 and T13) are in an N-type (C3’ endo) conformation, presumably 

induced by NDI intercalation.  This conclusion is also supported by the strong 

intranucleotide H2”-H4’ NOE cross peaks between H6/8 and H2’/H2’’ inside 

these same four nucleotides, as well as those to the residue on the 5’-side (Wang, 

1992).  C3’ endo sugar pucker in the nucleotides on the 5’-side of an 

intercalation site has been observed in other DNA-intercalator complexes 

(Saenger, 1984).  Overall, the preponderance of S-type C2’-endo pucker of 

ribose rings point toward an overall B-form DNA helix, except those nucleotides 

to the 5' side of the intercalation sites (G1, A5, C9 and T13), where the ribose 

rings appear to have an N-type conformation, or at least are in equilibrium 

between conformations. 
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 G1 A2 T3 A4 A5 G6 T7 
H3'-H6/8 S M W M M(broad) W M 

H2"-H6/8(n+1) x S S S x S S 

H2'-H6/8(n+1) x M M overlap overlap M M 

H2"-H4' S W W M(br) S W x 

H1'-H4' S S S M S S S 

Sugar pucker N-type S-type S-type S-type N-type S-type S-type 
 A8 C9 T10 T11 A12 T13 C14 

H3'-H6/8 M S W M M S overlap

H2"-H6/8(n+1) S x S S S x  

H2'-H6/8(n+1) overlap overlap M W overlap x  

H2"-H4' W S overlap M(br) W overlap overlap

H1'-H4' S S S S M S overlap

Sugar pucker S-type N-type S-type S-type S-type N-type S-type 
 
 
 
 
 

Table 5.3  Qualitative analysis of DNA sugar conformation from NOE 
intensities observed in NOESY spectrum in D2O. (mixing spectrum 
60 ms, pH 7.5, 27 ºC ) S = strong, M = medium, W = weak, x =no 
peak observed. 
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5.3.7 Further Evidence for Sites of Intercalation 

Besides the interruption of base-to-base NOEs and direct NDI to base 

NOEs mentioned above, sites of NDI intercalation are indicated by a loss of fast 

exchange of the protons on certain bases.  In the 2D NOESY/H2O spectra of 

DNA duplexes, amino protons on adenine are usually not observed since they 

have a fast solvent exchange rate due to the relatively frequent opening of AT 

base pairs.  Under physiological conditions, the AT base pair lifetime is between 

0.8-7 ms while that for GC pairs is 7-40 ms (Kochoyan, 1987).  In either case, 

the open state is very unstable with a lifetime of ~10 ns.  No adenine amino 

group signals are seen in the spectrum free 5.2.  Upon complexation with 5.1, the 

amino protons on A5 appear as a pair of sharp peaks at 5.92 and 6.78 ppm, 

indicating that hydrogen bonding within the AT base pair has been stabilized 

(Figure 5.8).  Similarly, the amino protons of A2 appear as a strong peak at 6.2 

ppm in complex with 5.1.  Finally, the amino H resonance of guanine in free 

DNA are usually hard to detect due to rotation around the C-N axis, but binding 

by 5.1 appears to prevent this fast rotation, giving two sharp amino resonances at 

6.55 ppm and 7.12 ppm for G6.  Lack of fast exchange for these amino protons 

on A2, A5, and G6 apparently arise due to base pairing stabilization induced by 

NDI intercalation at these sites. 

Even further collaborative evidence for the sites of NDI intercalation can 

be obtained by examining the changes in chemical shift that occur upon ligand 
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binding.  Due to ring current effects, an approximately 1 ppm upfield shift of the 

imino resonances adjacent to the intercalation site are usually observed (Feigon, 

1984).  Consistent with this expectation, upfield shifts of 1.45 ppm, 1.1 ppm, and 

1.01 ppm are seen for the imino protons of G6, T10, and T13, respectively, upon 

binding 5.1.  The imino proton of G1 could not be detected with or without 

bound 5.1, presumably due to transient fraying on the ends. 

 

5.3.8 Structure Calculation 

 Structure calculations were performed using the simulated annealing 

protocol within the CNS program suite (Brünger, 1998).  Calculations were 

carried out on a complete 5.1-5.2 complex by assuming C2 symmetry in the 

distance restraints, which were derived from the observed cross peak intensities in 

the NOESY spectrum obtained in D2O solvent with a mixing time of 60 ms.  A 

total of 192 DNA-DNA and 76 DNA-5.1 distance restraints were derived from 

the NOE data.  Distance restraints were grouped as 1.8 to 3.5 Å, 1.8 to 4.0 Å, 2.5 

to 5.0 Å and 2.5 to 5.5 Å for strong, medium, weak and very weak NOEs, 

respectively.  A wide range of starting structures were used for the simulated 

annealing, including models in which the DNA was unduplexed, 5.1 was 

separated by 20 Å from the DNA, 5.1 was partially threaded, and 5.1 was fully 

threaded in the DNA.   
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In the first stage of the simulated annealing, the structures were subjected 

to 60 ps of torsion-angle molecular dynamics at 20,000 K to allow a high degree 

of randomization of the initial model, then the temperature was reduced to 2000 K 

over a period of 60 ps followed by the second cooling stage in which the 

temperature was reduced to 300K for 15 ps using Cartesian molecular dynamics.  

The structures were finally subjected to 2000 steps of conjugate-gradient 

minimization.  The simulated annealing was repeated until the total energy was 

at or very near a consistent minimum value.  The final 12 structures with the 

lowest energy showed no NOE violation of greater than 0.5 Å and no torsion 

angle violations greater than 6.5 degrees (Figure 5.9).  The RMSD for the entire 

structure is 1.80 Å, and 0.99 Å for the half structure.  Experimental restraints 

used for the structural calculations and structural statistics are summarized in 

Table 5.4.  The molecular structures shown in the figures were prepared with the 

program MolMol (Koradi et al., 1996). 
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Figure 5.8  Expansion of the imino protons of the NOESY spectrum of the 
DNA-teteramer 5.1 complex in 9:1 H2O : D2O (pH 7.5 , 200 ms 
mixing time). 
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Figure 5.9 Superposed structures of the final 12 ensembles with the lowest 
energy. Terminal glycine residues, lysine side chains and adipic acid 
linkers in the major groove are not well defined due to the lack of 
NOE restraints. 
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Restraints for structural calculation  
Total number of distance restraints 341 

DNA-DNA NOEs 192 
DNA-ligand NOEs 76 
Hydrogen bonding a 58 

Long range distances b 15 

Statistics for structure calculation 
 

Number of NOE violation > 0.2 Å 3.58 
Number of NOE violation > 0.5 Å 0 

Number of torsion angle violation > 5º 1.08 
Number of torsion angle violation > 6.5º 0 

Averaged rmsd to mean structure for backbone 1.79 
Averaged rmsd to mean structure for non-H atoms 1.62 

Rmsd to the averaged structure (all ) 1.80 
Rmsd to the averaged structure (base 2-5, and 10-13) 1.06 

 

 

Table 5.4  Structural statistics for the final 12 ensembles of DNA-tetramer 
complex 

a To clearly define Watson–Crick base pairs, hydrogen bonding restraints based 
on the distances of two atoms involved in base pairing were used.  These 
restraints were obtained from the dna-rna_restraints.def file in the CNS program  
b To define the overall twist of the DNA helix, these long-range distances were 
determined by averaging the analogous distances in several PDB files of 
mono/bis-intercalators-DNA complexes (Robinson, 1997; Lisgarten, 2002; 
Adams, 1999).   
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5.4 DISCUSSION 

5.4.1 Description of the 5.1-5.2 complex 

The 5.1-5.2 complex exhibits well-resolved signals, indicating one 

predominant species that is not exchanging with other species slower than, or on, 

the NMR timescale.  Although faster exchange between multiple species cannot 

be rigorously ruled out, the unique threading mode of polyintercalation would 

require substantial molecular rearrangements of both 5.2 and 5.1 to allow 

conversion to alternative binding modes, an unlikely situation given the 

microsecond NMR timescale boundary.  Additionally, the similarity in upfield 

shifted signals in the NMR spectra observed between the 5.1-5.2 and 5.1-5.3 

complexes, combined with the clear lack of specific binding in the case of 5.1 and 

5.4, support the notion that the single observed species is the result of specific 

sequence recognition. 

Overall, the NMR structural analysis of the 5.1-5.2 structure is most 

consistent with the predicted threading mode of polyintercalation (Figure 5.6 and 

5.8).  As exhibited by all 12 of the calculated low energy structures, 

overwhelming evidence indicates NDI intercalation at G1/C14:A2/T13 and 

A5/T10:G6/C9, meaning that the linkers span 4 base pairs between intercalation 

sites.  The DNA is in an overall right-handed B-form helix conformation (C2’-

endo sugar pucker), except the bases to the 5’ side of the intercalation site that 
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give spectra consistent with C3’ endo sugar pucker.  NOEs indicating close 

contacts were identified between the β-Ala linker methylene groups and 

adenosine H2 protons deep in the minor groove, consistent with the NMR studies 

of 1.2 (Guelev, 2002) as well as previous work indicating β-Ala as a minor 

groove binding element (Trauger, 1998; Wemmer, 2000).  NOEs are also seen 

between the adipic acid linker and the methyl groups of T7 in the major groove.  

Taken together, these key NOEs, as well as many others (Table 5.2), confirm 

threading polyintercalation, with linkers alternating in the order minor groove-

major groove-minor groove, consistent with the original modular design.   

It is worth noting that the major groove interactions with the adipic acid 

linker show somewhat weaker NOEs, indicating less contact, compared to some 

minor groove contacts with the β-Ala linkers.  It may be better to think of the 

adipic acid linker as a simple tether rather than being responsible for specific 

recognition, although it may still be playing an important energetic role by 

providing a desolvation driving force (the hydrophobic effect) for interacting with 

the T7 methyl groups.  The lysine side chains and terminal glycine residues were 

less well resolved.  The assumption is that these are more mobile than the linker 

backbones.  It is still reasonable to assume electrostatic interactions between the 

positively-charged lysine ammonium groups and one or more phosphate groups. 

In the calculated low energy structures, various amounts of DNA bending 

is observed in the central T7-A8 region (Figure 5.10).  Energies involved in 
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modest amounts of DNA bending such as this are relatively small (Hartmann, 

1996).  According to a nucleosome reconstitution experiment, the binding free 

energy difference between the best binding sequence and bulk nucleosomal DNA 

is roughly 0.1 kcal mol-1 per bend (Shrader, 1989).  In our case, the calculated 

energy difference between the bent structures and straight structures was very 

small.  NMR studies using NOE distances have difficulty gauging the global 

structure of elongated DNA owing to the lack of long-range distance information, 

so at this point the relative importance of possible DNA bending remains 

uncertain.  Interestingly, there is an anomalously high upfield shift of 0.85 ppm 

for the imino proton chemical shift of residue T7 upon binding 5.1, perhaps 

indicating the presence of altered base stacking in this region as might occur in 

the presence of some bending. 

5.4.2 Hydrogen Bonding 

Analysis of possible specific hydrogen bonds in the ensemble of twelve 

calculated lowest energy structures suggests some consensus hydrogen bonding 

between 5.1 and the DNA in almost all of the structures, as well as some 

hydrogen bonds present in only a subset of structures.  The amide NH protons on 

the amide bond between the terminal NDI groups (2/16) and Lys 3/15 have a 

consensus hydrogen bond with the O2 atom of T13, and amide NH protons on the 

amide bond between BAL 6/12 and the internal NDI groups (7/11) have a 

consensus hydrogen bond with the O2 atom of T10  (Figure 5.11).  These 
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proposed hydrogen bonds between the backbone NH groups flanking the NDI 

units on either side of the –βAla3-Lys- linkers are consistent with those postulated 

in the case of the compound 1.2-DNA NMR analysis (Guelev, 2002).  It is likely 

that these hydrogen bonds play a significant role in the specific binding of 5.1 to 

the DNA as was proposed for the binding of dimer 1.2. 

Several other hydrogen bonds between NH protons of the –βAla3-Lys- 

linker and the DNA appear in at least three of the calculated structures, although 

they never appear simultaneously in the same structure.  In particular, hydrogen 

bonds appear between the NH of BAL 5/13 and the O2 position of T11, the NH of 

BAL 4/14 and the N3 position of A4, as well as the NH of Lys 3/15 and the O4 

position of T13.  Surprisingly, the amide groups adjacent to the NDI units in the 

major groove do not appear to be taking part in significant hydrogen bonding 

according to the modeling based on NMR constraints, even though such hydrogen 

bonds were assumed in the original design. 
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Figure 5.10 Space filling model of the tetramer-DNA complex that represents 
unique threading polyintercalation mode of binding, with linkers 
alternating in the order minor groove, major groove, minor groove. 
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Figure 5.11 Suggested hydrogen bonding contacts between tetramer and DNA 
complex.  The amide protons on the terminal NDI group (2/16) 
have a hydrogen bond with the O2 atoms of T13, and the amide 
protons on the BAL6/12 have a hydrogen bond with the O2 atoms of 
T10. 
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5.5 CONCLUSIONS 

The above NMR analysis has verified for the first time threading 

polyintercalation for a tetrameric intercalator bound to a specific site in duplex 

DNA.  As such, this work represents the first structural characterization of a new 

binding topology for molecules that recognize relatively long DNA sequences.  

The overall binding mode of 5.1 was as expected for a threading polyintercalator, 

with linkers alternating between grooves in the order minor groove-major groove-

minor groove.  Specific sequence recognition appears to be concentrated in the 

minor groove binding β-Ala linker at each end of 5.1.  Relatively few important 

contacts by 5.1 in the major groove could be identified, leaving substantial room 

for improvement in the design of the major groove binding linker.  Work is 

currently underway to create a better linker scaffold for major groove binding and 

recognition.  It is anticipated that combining a new major groove binding linker 

scaffold with what appears to be a relatively successful β-Ala based minor groove 

binding linker should provide the next generation of threading polyintercalators 

with an improved ability to bind specifically relatively long sequences of DNA 

with increasing levels of predictability and precision. 

5.6 FUTURE DIRECTIONS 

Future studies in polyintercalator design will focus on improving DNA 

binding affinity in high order structures.  One thing that should be kept in mind 
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in polyintercalator design is that symmetry in a molecule makes synthesis simple 

and helps the NMR assignment in a structure study.  Solubility problems are one 

of the urgent problems to solve.  When a non-natural amino acid unit is used as a 

linker, its physical properties should be examined.  Using more water-soluble 

units by adding more positive charges to the linker is one of the ways to improve 

the solubility.  Piperazine units are good candidates to be used as a linker (Figure 

5.12).  It may also provide certain degree of rigidity in the linker to prevent the 

molecule from collapsing that causes aggregation.  Making soluble compounds 

in a neutral buffer allows the study on the energetic aspects of the binding, which 

can elucidate the driving force of binding.  Structural studies explain the binding 

energy related to enthalpy such as Van der Waals interaction and hydrogen 

bonding, but entropy related phenomenon such as water exclusion or the 

contribution of each term in the recognition is only explained with energetics.   

N N
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H +
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Figure 5.12  Chemical structure of the proposed tetramer. 
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In conjunction with the efforts to construct high order structures using 

already established binding modules, a search for new binding sites should be 

performed.  Screening the library for sequences using DNase I footprinting 

appears to be inefficient in some cases.  The previous library screening was able 

to identify only two molecules with different binding sites while the rest of the 

library compounds did not show significant difference in sequence reading.  

Running the footprints with a mixture of compounds might give false negative 

results, which makes the identification difficult.  Furthermore, cleavage using 

DNase I is highly depending on the DNA sequence and does not produce equal 

bands, which means some sequences (e.g. continuous A tract) are hard to read by 

inspection of the cleavage patterns. 

New investigations using polyintercalator-fluorescence dye conjugates 

might be one of the alternative strategies.  By measuring the fluorescence 

enhancement in the presence of binding sequence of DNA, binding sites for the 

new molecules can be easily identified.  Once the proper fluorophore is chosen, 

it will provide a simple method to distinguish match and mismatch sequences of 

DNA in solution. 

 

5.7 MATERIALS AND METHODS 

Materials 
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Rink Amide resin (0.72 mmol/g), PyBOP, and all the Fmoc protected 

amino acids were purchased from Novabiochem.  Adipic acid, DMA, 

isopropanol, and NMP were purchased from Aldrich.  All DNA oligonucleotides 

(5’-GATAAGTACTTATC-3’, 5’-CATTTGATAAGTACTTATCTTTATCAA 

ATG-3’, 5’-AACAACATGTTGTT-3’) were purchased from Midland Certified 

(Gel filtration grade) and used for NMR without further purification. 

 

Synthesis 

Fmoc-Lysine-NDI-(β-alanine)3-Lysine-NDI-Glycine–resin was prepared 

as previously described (Guelev, 2001b).  After treatment with 20 % piperidine 

and washing, an activated ester solution containing 0.3 eq adipic acid, 0.6 eq 

Benzotriazol-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate 

(PyBOP) and 0.6 eq N-Methylmorpholine dissolved in N,N-Dimethylacetamide 

(DMA) was added to the resin, and the mixture was shaken for 1.5 hours.  One 

more portion of the same activated ester solution was then added to the resin, and 

the mixture was shaken for an additional 4 hours to complete crosslinking 

reaction.  After a Kaiser test (Stewart, 1984) showed a negative result for free 

amine, the resin was washed with methanol followed by dichloromethane then 

dried in vacuo.  After HPLC indicated the completion of the crosslinking 

reaction, 95% TFA in aqueous solution was added to the resin, and the mixture 

was shaken for 2 hours.  The mixture was then filtered, and the filtrate was 
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precipitated with ether. The precipitate was washed with ether three times and 

dried in vacuo.  The crude product was dissolved in 0.1% aqueous TFA and 

purified using reverse phase preparatory HPLC in 0.1% TFA in a water/0.1% 

TFA in acetonitrile system.  The collected pure fractions of the major peak were 

freeze-dried to yield a pale yellow powder.  Overall isolated yield of 3 was 17% 

based on resin loading data provided by the manufacturer. 

 

ESI-MS found 1325.9 (MH2+/2) predicted 1325.54 

1H-NMR (500MHz, D2O)  

8.13-8.30 (m, 16H), 4.22 (t, 4H, J = 7 Hz), 4.14-4.09(m. 8H), 4.07-4.04 

(m, 4H), 4.03-3.99(m, 2H), 3.90 (dd, 2H, J = 9.0, 5.0 Hz), 3.80 (s, 4H), 3.51-

3.42(m, 8H), 3.40-3.30(m, 8H), 3.25-3.14 (m, 4H), 2.87 (t, 4H, J = 7.5 Hz), 2.83 

(t, 4H, J = 7.5 Hz), 2.64 (t, 4H, J = 7.0 Hz), 2.52 (t, 4H, J = 7.0 Hz), 2.36-2.33 (m 

8H), 2.27 (t, 4H, J = 7.0 Hz), 2.07-1.98(m, 4H), 1.63-1.39 (m, 16H), 1.32-1.16 

(m, 12H) 

 

NMR sample preparation & NMR spectroscopy 

The DNA sample was prepared for NMR spectroscopy by dissolving in 30 

mM sodium phosphate (pH = 7.5).  The DNA concentration in a 2-D 1H NMR 

experiments was typically 1 mM, as determined by UV absorption at 260 nm (ε = 

143,400 M-1cm-1).  For 3-DNA titration experiments, the DNA was diluted with 
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5 ml of water, and then a ligand stock solution (quantified by UV absorption, ε = 

51300 M-1cm-1 ) (Lokey, 1997) in water was added slowly to the DNA.  The 5.1-

DNA complex was lyophilized from H2O and finally dissolved in 650 µl of 90% 

H2O/ 10% D2O. This titration and lyophilization process was repeated to obtain 

various ratios of 5.1:DNA.  For spectra in D2O, the samples were lyophilized 

twice from D2O and finally dissolved in 650 µl of 99.99% D2O. 

NMR experiments were performed using a Varian INOVA 500 MHz 

spectrometer.  1D spectra in 90% H2O/ 10% D2O solvent were obtained at 27 ºC 

using a jump-return solvent suppression method.  2D NOESY, TOCSY and 

DQF-COSY spectra were obtained at 5 ºC or 27 ºC in 90% H2O/10% D2O and 

100% D2O using presaturation for solvent suppression.  NOESY spectra were 

acquired with a mixing time of 60 and 200 ms, and TOCSY spectra with a mixing 

time of 50 ms.  All spectra were recorded with 512 (t1) and 2048 (t2) complex 

points. The spectra were processed using VNMR (Varian, Inc).   

 

Structure determination 

Structure calculations were performed using the simulated annealing 

protocol within the CNS program suite (Brünger, 1998), with the aim of 

determining the full range of possible structures for the DNA-ligand complex that 

are consistent with the NMR-derived restraints while having reasonable molecular 
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geometry.  Distance restraints were derived from the observed cross peak 

intensities in the NOESY spectrum obtained in D2O solvent with a mixing time of 

60 ms.  Distance restraints were grouped as 1.8 to 3.5 Å, 1.8 to 4.0 Å, 2.5 to 5.0 

Å and 2.5 to 5.5 Å for strong, medium, weak and very weak NOEs, respectively.  

For NOEs involving methyl protons, distances were measured from the center of 

methyl group and 1 Å was added to the interproton distance restraint.  For NOEs 

involving methylene protons, distances were measured from the center of 

methylene group and 0.7 Å was added to the interproton distance restraint.  

Distance restraints for exchangeable protons were obtained from cross peaks 

observed in a 200 ms NOESY spectrum in 90% H2O/ 10% D2O solvent.  

Hydrogen bonds for the clearly identified Watson–Crick base pairs were defined 

using the dna-rna_restraints.def file in the CNS program.  Torsion angle 

restraints were used to fix the base pairs within + 10º degrees of planarity.  

Dihedral angles along the DNA backbone were restrained to be within a 40ο 

range of the values typical for B-form DNA 

(α= −46ο + 40ο, β= −147ο + 40ο, γ= 36ο + 40ο, δ= 157ο + 40ο, ε= 155ο + 40ο, ζ= 

−96ο + 40ο) for the base pairs adjacent to the intercalation sites, and a + 25ο range 

for other base pairs.  Ribose rings were assigned an S or N type conformation 

based on a qualitative analysis of intra-ribose NOE intensities, and torsion angles 

were restrained to within a + 25ο range of the value typical of each conformation.  
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Since the short range NMR-derived distances were insufficient for defining the 

overall twist of the DNA helix, 15 additional long-range restraints were included 

to define the diagonal distances between the terminal residues of opposite strands; 

these long-range distances were determined by averaging the analogous distances 

in several PDB files of mono/bis-intercalators-DNA complexes (Robinson, 1997; 

Lisgarten, 2002; Adams, 1999).   

The simulated annealing protocol within CNS was used to find the 

structures of the 3-DNA complex that were consistent with the NOE-derived 

restraints while having reasonable molecular geometry.  Force field parameters 

for the DNA are described by the CNS parallhdg.dna parameter file.  Parameter 

and topology files for the hetero residues within 3 (NDI, ADP, and BAL) that are 

not in the CNS protein library were created with the assistance of Gerard 

Kleywegt’s XPLO2D server (version 011023/2.9.3) and then were manually 

corrected with values based on those used in CNS for protein residues (see 

appendix).   

Starting structures included models in which the DNA was unduplexed, 

the ligand was separated by 20 Å from the DNA, 3 was partially threaded or fully 

threaded in the DNA.  A square-well function with a soft asymptote was used to 

describe the NOE derived distance restraints.  In the first stage of the simulated 

annealing, the structures were subjected to 60 ps of torsion-angle molecular 

dynamics at 20,000 K to allow high degree of randomization of the initial model, 
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then the temperature was slowly reduced to 2000 K over a period of 60 ps 

followed by the second cooling stage in which the temperature was reduced to 

300K for 15 ps using Cartesian molecular dynamics.  The structures were finally 

subjected to 2000 steps of conjugate-gradient minimization.  The simulated 

annealing was repeated until the total energy is at or very near a consistent 

minimum value. 
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Appendix A: Topology file for tetramer used in CNS calculation 

!TOPOlogy 
 
MASS NH1 14.00700 
MASS H   1.00800 
MASS CT  12.01100 
MASS HA  1.00800 
MASS NX1 14.00700 
MASS CX2  12.01100 
MASS OX3  15.99900 
MASS CB   12.01100 
MASS CA   12.01100 
MASS C   12.01100 
MASS O  15.99900 
mass  NHHE  16.02270 
 
mass HC   1.008 
mass CH1E  12.011 
mass CH2E  12.011 
mass CH2G  12.011 
mass NH3 14.007 
 
AUTOgenerate ANGLes=TRUE END 
 
residue GLY 
  group 
    atom N   type=NH1 charge=-0.36 end 
    atom HN  type=H   charge= 0.26 end 
    atom CA  type=CH2G  charge=-0.10 end 
    atom HA1 type=HA  charge= 0.10 end 
    atom HA2 type=HA  charge= 0.10 end 
    atom C   type=C   charge= 0.48 end 
    atom O   type=O   charge=-0.48 end 
 
  bond N  HN 
  bond N  CA     bond CA HA1     bond CA HA2 
  bond CA C 
  bond C  O 
 
 
  improper HA1 HA2 N C  !stereo CA 
end 
 
  
residue LYS 
  group 
    atom N   type=NH1 charge=-0.360 end 
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    atom HN  type=H   charge= 0.260 end 
    atom CA  type=CH1E  charge= 0.000 end 
    atom HA  type=HA  charge= 0.100 end 
    atom CB  type=CH2E  charge=-0.200 end 
    atom HB1 type=HA  charge= 0.100 end 
    atom HB2 type=HA  charge= 0.100 end 
    atom CG  type=CH2E  charge=-0.200 end 
    atom HG1 type=HA  charge= 0.100 end 
    atom HG2 type=HA  charge= 0.100 end 
    atom CD  type=CH2E  charge=-0.200 end 
    atom HD1 type=HA  charge= 0.100 end 
    atom HD2 type=HA  charge= 0.100 end 
    atom CE  type=CH2E  charge= 0.305 end 
    atom HE1 type=HA  charge= 0.100 end 
    atom HE2 type=HA  charge= 0.100 end 
    atom NZ  type=NH3 charge=-0.810 end 
    atom HZ1 type=HC  charge= 0.435 end 
    atom HZ2 type=HC  charge= 0.435 end 
    atom HZ3 type=HC  charge= 0.435 end 
    atom C   type=C   charge= 0.480 end 
    atom O   type=O   charge=-0.480 end 
 
  bond N  HN 
  bond N  CA     bond CA HA 
  bond CA CB     bond CB HB1     bond CB HB2 
  bond CB CG     bond CG HG1     bond CG HG2 
  bond CG CD     bond CD HD1     bond CD HD2 
  bond CD CE     bond CE HE1     bond CE HE2 
  bond CE NZ     bond NZ HZ1     bond NZ HZ2     bond NZ HZ3 
  bond CA C 
  bond C  O 
 
  improper HA N C CB      !chirality CA 
  improper HB1 HB2 CA CG  !stereo CB 
  improper HG1 HG2 CB CD  !stereo CG 
  improper HD1 HD2 CG CE  !stereo CD 
  improper HE1 HE2 CD NZ  !stereo CE 
  improper HZ1 HZ2 CE HZ3 !methyl NZ 
 
  dihedral CG  CB  CA  N 
  dihedral CD  CG  CB  CA 
  dihedral CE  CD  CG  CB 
  dihedral NZ  CE  CD  CG 
 
end {LYS} 
 
RESIdue NDI 
GROUp 
 ATOM N    TYPE NH1      CHARge -0.36 END 
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 ATOM HN   TYPE H        CHARGE  0.26 END 
 ATOM CA   TYPE CT       CHARge  0.0  END 
 ATOM HA1  TYPE HA       CHARGE  0.05 END 
 ATOM HA2  TYPE HA       CHARGE  0.05 END 
 ATOM CB   TYPE CT       CHARge  0.06 END ! based on THY charges 
 ATOM HB1  TYPE HA       CHARGE  0.10 END ! based on THY charges 
 ATOM HB2  TYPE HA       CHARGE  0.10 END ! based on THY charges 
 ATOM NI1  TYPE NX1      CHARge -0.26 END ! based on THY charges 
 ATOM CI1  TYPE CX2      CHARge  0.35 END ! same 
 ATOM CI2  TYPE CX2      CHARge  0.35 END ! same 
 ATOM OI1  TYPE OX3      CHARge -0.35 END ! same 
 ATOM OI2  TYPE OX3      CHARge -0.35 END ! same 
 ATOM CN1 TYPE CB        CHARge  0.0  END !MIDDLE OF RING 
 ATOM CN2 TYPE CB        CHARge  0.0  END !  '' 
 ATOM CN3 TYPE CB        CHARge  0.0  END !NEXT TO CARBONYL 
 ATOM CN4 TYPE CB        CHARge  0.0  END !  " 
 ATOM CN5 TYPE CB        CHARge  0.0  END !  " 
 ATOM CN6 TYPE CB        CHARge  0.0  END !  " 
 ATOM CN7 TYPE CA        CHARge  0.0  END ! OUTSIDE 
 ATOM CN8 TYPE CA        CHARge  0.0  END ! " 
 ATOM CN9 TYPE CA        CHARge  0.0  END ! " 
 ATOM CN10 TYPE CA       CHARge  0.0  END ! " 
 ATOM HN1 TYPE HA        CHARGE  0.0  END 
 ATOM HN2 TYPE HA        CHARGE  0.0  END 
 ATOM HN3 TYPE HA        CHARGE  0.0  END 
 ATOM HN4 TYPE HA        CHARGE  0.0  END 
 ATOM NI2  TYPE NX1      CHARge -0.26 END  
 ATOM CI3  TYPE CX2      CHARge  0.35 END 
 ATOM CI4  TYPE CX2      CHARge  0.35 END 
 ATOM OI3  TYPE OX3      CHARge -0.35 END 
 ATOM OI4  TYPE OX3      CHARge -0.35 END 
 ATOM CC   TYPE CT       CHARge  0.06 END 
 ATOM HC1  TYPE HA       CHARge  0.10 END 
 ATOM HC2  TYPE HA       CHARge  0.10 END 
 ATOM CD   TYPE CT       CHARge  0.0  END 
 ATOM HD1  TYPE HA       CHARge  0.0  END 
 ATOM HD2  TYPE HA       CHARge  0.0  END 
 ATOM C    TYPE C        CHARge +0.48 END 
 ATOM O    TYPE O        CHARge -0.48 END 
 
 BOND N  HN     BOND N   CA      BOND CA  CB      BOND CB  NI1 
 BOND CA  HA2   BOND CB  HB1     BOND CB  HB2     BOND NI1 CI1 
 BOND NI1 CI2   BOND CI1 OI1     BOND CI2 OI2     BOND CI1 CN3 
 BOND CI2 CN5   BOND CN3 CN7     BOND CN3 CN1     BOND CN1 CN2 
 BOND CN5 CN1   BOND CN5 CN9     BOND CN9 CN10    BOND CN7 CN8 
 BOND CN8 CN4   BOND CN2 CN4     BOND CN2 CN6     BOND CN10 CN6 
 BOND CN6 CI4   BOND CI4 NI2     BOND CN4 CI3     BOND CI3 NI2 
 BOND CN7 HN1   BOND CN8 HN2     BOND CN9 HN3     BOND CN10 HN4 
 BOND CI3 OI3   BOND CI4 OI4     BOND NI2 CC      BOND CC CD 



 150

 BOND CC HC1    BOND CC  HC2     BOND CD  HD1     BOND CD HD2 
 BOND C  O      BOND CA HA1      BOND CD C 
 
 
DIHEDRAL CN5 CN1 CN2 CN4     !180.0 
DIHEDRAL CN3 CN1 CN2 CN6     !180.0 
 
DIHEDRAL OI1 CI1 NI1 CB      !  0.0  
DIHEDRAL OI2 CI2 NI1 CB      !  0.0  
DIHEDRAL OI3 CI3 NI2 CC      !  0.0  
DIHEDRAL OI4 CI4 NI2 CC      !  0.0  
 
DIHEDRAL OI1 CI1 CN3 CN1   !180.0 
DIHEDRAL OI2 CI2 CN5 CN1   !180.0 
DIHEDRAL OI3 CI3 CN4 CN2   !180.0 
DIHEDRAL OI4 CI4 CN6 CN2   !180.0 
 
DIHEDRAL HN1 CN7 CN8 HN2     !0.0 
DIHEDRAL HN3 CN9 CN10 HN4    !0.0 
 
DIHEDRAL CI1 CN3 CN1 CN2     !180 
DIHEDRAL CI2 CN5 CN1 CN2     !180 
DIHEDRAL CI3 CN4 CN2 CN1     !180 
DIHEDRAL CI4 CN6 CN2 CN1     !180 
 
DIHEDRAL CN3 CN7 CN8 CN4    !0 
DIHEDRAL CN5 CN9 CN10 CN6   !0 
 
DIHEDRAL CN1 CN2 CN4 CN8    !0 
DIHEDRAL CN1 CN2 CN6 CN10   !0 
DIHEDRAL CN2 CN1 CN3 CN7    !0 
DIHEDRAL CN2 CN1 CN5 CN9    !0 
 
DIHEDRAL HN1 CN7  CN3 CN1    !180 
DIHEDRAL HN2 CN8  CN4 CN2    !180 
DIHEDRAL HN3 CN9  CN5 CN1    !180 
DIHEDRAL HN4 CN10 CN6 CN2    !180 
 
DIHEDRAL CI1 NI1 CB CA   !0.0  
DIHEDRAL CI3 NI2 CC CD   !0.0 
DIHEDRAL NI1 CB CA N     !0.0  
DIHEDRAL CB CA N HN      !0.0 
DIHEDRAL NI2 CC CD C     !0.0 
DIHEDRAL CC CD C O       !0.0 
 
IMPRoper  HN3  HN4  HN2  HN1 ! Needs to be zero 
IMPRoper  OI1  OI2  OI4  OI3 ! Needs to be zero 
IMPRoper  CN3 CN5 CN6 CN4 ! Needs to be zero 
IMPRoper  NI1 CN1 CN9 CN10 !NEEDS TO BE 180 
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IMPRoper  NI2 CN2 CN8 CN7 !NEEDS TO BE 180 
IMPRoper  CI1 CI2 CI4 CI3 !NEEDS TO BE ZERO 
 
 DONOr HN  N 
 ACCEptor  O    C 
 ACCEptor  OI1    CN1 
 ACCEptor  OI2    CN2 
 ACCEptor  OI3    CN3 
 ACCEptor  OI4    CN4 
END { NDI } 
 
!b-alanine 
 
RESIdue BAL 
 
GROUp 
 
 ATOM N    TYPE NH1      CHARge -0.36 END 
 ATOM HN   TYPE H        CHARGE  0.26 END 
 ATOM CA   TYPE CT       CHARge  0.0  END 
 ATOM HA1  TYPE HA       CHARGE  0.05 END 
 ATOM HA2  TYPE HA       CHARGE  0.05 END 
 ATOM CB   TYPE CT       CHARge  0.06 END ! 
 ATOM HB1  TYPE HA       CHARGE  0.10 END !  
 ATOM HB2  TYPE HA       CHARGE  0.10 END !  
 ATOM C    TYPE C        CHARge +0.48 END ! FROM topallhdg.pro 
 ATOM O    TYPE O        CHARge -0.48 END ! same^ 
 
 BOND N  HN     BOND N   CA      BOND CA  CB      BOND CB  C 
 BOND CA HA1    BOND CA  HA2     BOND CB  HB1     BOND CB  HB2      
 BOND C  O   
 
DIHEDRAL HN N  CA CB     !0.0   
DIHEDRAL C CB CA N       !180.0 w\ period 3 
DIHEDRAL CA CB C O       !0.0   
 
 DONOr HN  N 
 ACCEptor  O    C 
END { BAL    } 
 
!Adipic Acid 
RESIdue ADP 
 
GROUp 
 
 ATOM  C2J  TYPE C     CHARge  0.170  END ! Nr of Hs =  0 
 ATOM  O9   TYPE O     CHARge -0.390  END ! Nr of Hs =  0 
 ATOM  C3   TYPE CT    CHARge  0.036  END ! Nr of Hs =  0 
 ATOM  HX3  TYPE HA    CHARge  0.051  END ! Nr of Hs =  0 
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 ATOM  HX2  TYPE HA    CHARge  0.051  END ! Nr of Hs =  0 
 ATOM  C4   TYPE CT    CHARge -0.034  END ! Nr of Hs =  0 
 ATOM  HY5  TYPE HA    CHARge  0.029  END ! Nr of Hs =  0 
 ATOM  HY4  TYPE HA    CHARge  0.029  END ! Nr of Hs =  0 
 ATOM  C5   TYPE CT    CHARge -0.034  END ! Nr of Hs =  0 
 ATOM  HZ7  TYPE HA    CHARge  0.029  END ! Nr of Hs =  0 
 ATOM  HZ6  TYPE HA    CHARge  0.029  END ! Nr of Hs =  0 
 ATOM  C6J  TYPE CT    CHARge  0.036  END ! Nr of Hs =  0 
 ATOM  HW9  TYPE HA    CHARge  0.051  END ! Nr of Hs =  0 
 ATOM  HW8  TYPE HA    CHARge  0.051  END ! Nr of Hs =  0 
 ATOM  C7   TYPE C     CHARge  0.170  END ! Nr of Hs =  0 
 ATOM  O10  TYPE O     CHARge -0.390  END ! Nr of Hs =  0 
 
 BOND  C2J   O9       BOND  C2J   C3       BOND  C3   HX3 
 BOND  C3   HX2      BOND  C3   C4       BOND  C4   HY5      BOND  C4   
HY4 
 BOND  C4   C5       BOND  C5   HZ7      BOND  C5   HZ6      BOND  C5   
C6J 
 BOND  C6J  HW9      BOND  C6J  HW8      BOND  C6J  C7       BOND  C7   
O10 
  
 
 { edit these DIHEdrals if necessary } 
  DIHEdral  O9   C2J   C3   C4  ! flat ? (0 degrees = cis)    0.0 
  DIHEdral  C2J   C3   C4   C5  ! flat ? (180 degrees = trans)   
180.0 
  DIHEdral  HX3  C3   C4   HY5 ! flat ? (180 degrees = trans)   
180.00 
  DIHEdral  HX2  C3   C4   HY4 ! flat ? (180 degrees = trans)   
180.00 
  DIHEdral  C3   C4   C5   C6J ! flat ? (180 degrees = trans)   
180.00 
  DIHEdral  HY5  C4   C5   HZ7 ! flat ? (180 degrees = trans)   
180.00 
  DIHEdral  HY4  C4   C5   HZ6 ! flat ? (180 degrees = trans)   
180.00 
  DIHEdral  C4   C5   C6J  C7  ! flat ? (180 degrees = trans)   
180.00 
  DIHEdral  HZ7  C5   C6J  HW9 ! flat ? (180 degrees = trans)   
180.00 
  DIHEdral  HZ6  C5   C6J  HW8 ! flat ? (180 degrees = trans)   
180.00 
  DIHEdral  C5   C6J  C7   O10 ! flat ? (0 degrees = cis)     0.0 
 
 { edit these IMPRopers if necessary } 
 !IMPRoper  C2J   O9   C3   O1  ! chirality or flatness improper     
0.39 
 !IMPRoper  C3   C2J   HX3  HX2 ! chirality or flatness improper   -
34.45 
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 !IMPRoper  C4   C3   HY5  HY4 ! chirality or flatness improper   -
33.91 
 !IMPRoper  C5   C4   HZ7  HZ6 ! chirality or flatness improper   -
33.19 
 !IMPRoper  C6   C5   HW9  HW8 ! chirality or flatness improper   -
33.84 
 
 { edit any DONOrs and ACCEptors if necessary } 
 ACCEptor  O9   C2J 
 ACCEptor  O10  C7 
 
END { RESIdue ADP } 
 
 
 
!end capping amide 
 
RESIdue NHH 
  group 
    atom N   type=NHHE  charge=0.00  end 
end 
 
 
!presidue NHHL { link for all amino acids except proline } 
 ! add bond -C +N 
 
 ! add angle -CA -C +N 
 ! add angle -O  -C +N 
 
 ! add improper  -C -CA +N -O  {planar -C} 
!end { RESidue NHH } 
 
  
presidue LNK1     ! PEPTide bond link, for NDI_GLY  
  add bond 1C 2N 
 
  add angle 1CD 1C 2N 
  add angle 1O 1C 2N 
  add angle 1C  2N 2CA 
  add angle 1C  2N 2HN 
 
  add improper 1O 1C  2N  2CA                     ! planar 1C    fixed 
for DG 
  add improper 2HN 2N  1C  1CD                     ! planar 2N 
  add improper 1CD 1C  2N  2CA                     ! planar peptide        
" 
end 
 
!patch LNK1 
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! reference=1=( resid 16 ) reference=2=( resid 17 ) 
! end 
 
!patch LNK1 
! reference=1=( resid 11 ) reference=2=( resid 12 ) 
! end 
 
!patch LNK1 
 !reference=1=( resid 2 ) reference=2=( resid 1 ) 
 !end 
 
!patch LNK1 
 !reference=1=( resid 7 ) reference=2=( resid 6 ) 
 !end 
 
presidue LNK2     ! 
  add bond 1C 2N 
 
  add angle 1CA 1C 2N 
  add angle 1O 1C 2N 
  add angle 1C  2N 2CA 
  add angle 1C  2N 2HN 
 
  add improper 1O 1C  2N  2CA                  ! planar 1C    fixed 
for DG 
  add improper 2HN 2N  1C  1CA                     ! planar 2N 
  add improper 1CA 1C  2N  2CA                     ! planar peptide        
" 
end 
 
!patch LNK2 
 !reference=1=( resid 15 ) reference=2=( resid 16 ) 
 !end 
 
!patch LNK2 
 !reference=1=( resid 10 ) reference=2=( resid 11 ) 
 !end 
 
!patch LNK2 
 !reference=1=( resid 3 ) reference=2=( resid 2 ) 
 !end 
 
!patch LNK2 
 !reference=1=( resid 8 ) reference=2=( resid 7 ) 
 !end 
 
presidue LNK3     ! PEPTide bond link, for NDI_GLY  
  add bond 1C 2N 
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  add angle 1CB 1C 2N 
  add angle 1O 1C 2N 
  add angle 1C  2N 2CA 
  add angle 1C  2N 2HN 
 
  add improper 1O 1C  2N  2CA              ! planar 1C    fixed for DG  
  add improper 2HN 2N  1C  1CB                     ! planar 2N 
  add improper 1CB 1C  2N  2CA                     ! planar peptide        
" 
end 
 
!patch LNK3 
 !reference=1=( resid 14 ) reference=2=( resid 15 ) 
 !end 
 
!patch LNK3 
 !reference=1=( resid 13 ) reference=2=( resid 14 ) 
 !end 
 
!patch LNK3 
 !reference=1=( resid 12 ) reference=2=( resid 13 ) 
 !end 
 
 
!patch LNK3 
 !reference=1=( resid 4 ) reference=2=( resid 3 ) 
 !end 
 
!patch LNK3 
 !reference=1=( resid 5 ) reference=2=( resid 4 ) 
 !end 
 
!patch LNK3 
 !reference=1=( resid 6 ) reference=2=( resid 5 ) 
 !end 
 
 presidue LNK4     ! PEPTide bond link, for ADP_LYS  
  add bond 1C2J 2N 
 
  add angle 1C3 1C2J 2N 
  add angle 1O9 1C2J 2N 
  add angle 1C2J 2N 2CA 
  add angle 1C2J 2N 2HN 
 
  add improper 1O9 1C2J 2N 2CA                ! planar 1C    fixed 
for DG 
  add improper 2HN 2N  1C2J 1C3                     ! planar 2N 
  add improper 1C3 1C2J 2N 2CA                     ! planar peptide        
" 
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end 
 
!patch LNK4 
 !reference=1=( resid 9 ) reference=2=( resid 8 ) 
 !end 
 
presidue LNK5     ! PEPTide bond link, for ADP_LYS    
  add bond 1C7 2N 
 
  add angle 1C6J 1C7 2N 
  add angle 1O10 1C7 2N 
  add angle 1C7 2N 2CA 
  add angle 1C7 2N 2HN 
 
  add improper 1O10 1C7 2N  2CA             ! planar 1C    fixed for 
DG 
  add improper 2HN 2N 1C7 1C6J                     ! planar 2N 
  add improper 1C6J 1C7 2N 2CA                     ! planar peptide        
" 
end 
 
!patch LNK5 
! reference=1=( resid 9 ) reference=2=( resid 10 ) 
!end 
 
presidue LNK6     ! PEPTide bond link, for all except the  *(-) - 
(+)PRO link 
 
  add bond 1C 2N 
 
  add angle 1CA 1C 2N 
  add angle 1O 1C 2N 
 
  add improper 1C 1CA 2N 1O 
end 
 
!patch LNK6 
 !reference=1=( resid 17 ) reference=2=( resid 18 ) 
!end 
 
!patch LNK6 
 !reference=1=( resid 1 ) reference=2=( resid 0 ) 
!end 
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Appendix B: Parameter file for tetramer used in CNS calculation 

!DIIMIDE BONDS 
 
 BOND      CT   NX1            1000.0       1.47! 
 
 BOND      NX1  CX2            1000.0       1.40!  
 
 BOND      CX2  OX3            1000.0       1.23! 
 
 BOND      CX2  CB             1000.0       1.40! 
 
 BOND      CB   CB             1000.0       1.40 
 BOND      NH1  CT             1000.0       1.478!from sybyl 
 BOND      CT   CT             1000.0       1.565!from sybyl 
 BOND      CT   HA             1000.0       1.106!from sybyl 
 BOND      CB   CA             1000.0       1.404!from sybyl 
 BOND      CA   CA             1000.0       1.397!from sybyl 
 BOND      CA   HA             1000.0       1.092!from sybyl 
 BOND      C    CT             1000.0       1.502!from sybyl 
 
! DIIMIDE ANGLES 
 
 ANGLEs    CB CB CB           500.0      120.0 
 
 ANGLES    OX3 CX2 NX1        500.0      120.0 
 
 ANGLES    CT NX1 CX2         500.0      120.0 
 
 ANGLES    OX3 CX2 CB         500.0      120.0 
 
 ANGLES    CX2 CB CB          500.0      120.0 
 
 ANGLES    NX1 CT CT          500.0      109.5 
 
 ANGLES    NX1  CT   HA       500.0      109.5 
 
 ANGLES    CX2  NX1  CX2      500.0      120.0 
 
 ANGLES    NX1  CX2  CB       500.0      120.0 
 
 ANGLES    CX2  CB   CA       500.0      120.0 
 
 ANGLES    CA   CB   CB       500.0      120.0 
 
 
 ANGLe HA  CT  HA     500.0   109.5 ! Nobs =    1 
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 ANGLe HA  CT  CT    500.0   109.80 ! Nobs =    1 
 ANGLe CB  CA  HA     500.0   120.67 ! Nobs =    1 
 ANGLe CA  CA HA    500.0   118.96 ! Nobs =    1 
 ANGLe CT CT C    500.0   110.65 ! Nobs =    1 
 ANGLe HA CT C    500.0   110.74 ! Nobs =    1 
 ANGLe CT C O    500.0   122.56 ! Nobs =    1 
 ANGLe CB CA CA    500.0   120.71 ! Nobs =    1 
 ANGLe CT  CT NH1    500.0   114.27 ! Nobs =    1 
 ANGLe HA CT NH1    500.0   108.05  ! Nobs =    1 
 ANGLe CT NH1 H    500.0   119.24  ! Nobs =    1 
 
! DIIMIDE IMPROPERS 
 
 IMPRoper  HA    HA   HA   HA     750.0    0      0.0 
 
 IMPRoper  OX3   OX3  OX3  OX3    750.0    0      0.0 
 
 IMPRoper  NX1   CB   CA   CA     750.0    0    180.0 
 
 IMPRoper  CX2   CX2  CX2  CX2    750.0    0      0.0 
 
 IMPROper  CB    CB   CB   CB     750.0    0      0.0 
 
 
! DIIMIDE DIHEDRALS 
 
 DIHEDRAL  CB   CB   CB   CB     750.0    0    180.0 !THESE are 4 
 
 DIHEDRAL  OX3  CX2  NX1  CT     750.0    0      0.0 !planarity: 
 
 DIHEDRAL  OX3  CX2  CB   CB     750.0    0    180.0 !USING 750.0  
 
 DIHEDRAL  HA   CA   CA   HA     750.0    0      0.0 !(500) 
 
 DIHEDRAL  CX2  CB   CB   CB     750.0    0    180.0 !not $kdih (0) 
 
 DIHEDRAL  CB   CA   CA   CB     750.0    0      0.0 ! 
 
 DIHEDRAL  CB   CB   CB   CA     750.0    0      0.0 !  
 
 DIHEDRAL  HA   CB   CB   CB     750.0    0    180.0 ! 
 
 DIHEDRAL  CX2  NX1  CT   CT  0.0  6    0.0 !0826         
 
 DIHEDRAL  NX1  CT   CT   NH1 0.0  3    0.0 !0826         
 
 DIHEDRAL  CT   CT   NH1  H   0.0  6    0.0 !0826         
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 DIHEDRAL  NX1  CT   CT   C   0.0  3    0.0 !0826         
 
 DIHEDRAL  NX1  CT  CT  NH1   0.0  3    0.0 !0826                     
 
 DIHEDRAL  CT   CT   C    O   0.0  6    0.0 !0826 
 
 DIHEdral CB CB  CA  HA     750.0 0   180.00 ! Nobs = 1 ... Value =   
175.66 
 
 NONBonded CT  0.1200  3.7418    0.1000  3.3854 ! assuming Carbon 
 NONBonded NX1  0.2384  2.8509    0.2384  2.8509 ! assuming 
Nitrogen 
 NONBonded CX2  0.1200  3.7418    0.1000  3.3854 ! assuming Carbon 
 NONBonded OX3  0.1591  2.8509    0.1591  2.8509 ! assuming Oxygen 
 NONBonded CA  0.1200  3.7418    0.1000  3.3854 ! assuming Carbon 
 NONBonded NHHE  0.1591  2.8509    0.1591  2.8509 ! assuming Oxygen 
 
!B-ALANINE DIHEDRALS 
 
 DIHEDRAL   H   NH1  CT   CT  0.0  6     0.0 
 
 DIHEDRAL  NH1  CT   CT   C   0.0  3     0.0 
 
 
!ADIPIC ACID BONDS 
 { edit if necessary } 
  
 !ADIPIC ACID ANGLE 
 ANGLe CT   CT   CT      500.0   109.61 ! Nobs =    1 
  
!ADIPIC ACID DIHEDRALS 
 DIHEdral C  CT  CT  CT     0.0 3  0.00 ! Nobs =    1 ... Value =  -
177.06 
 DIHEdral CT  CT  CT  CT    0.0 3  0.00 ! Nobs =    1 ... Value =  -
177.06 
 DIHEdral HA  CT  CT  HA    0.0 3  0.00 ! Nobs =    1 ... Value =  -
177.06 
 
!From protein parameter file 
 
 BOND  C    CH1E    1000.000 {sd=     0.001}      1.525 
 BOND  C    CH2G    1000.000 {sd=     0.001}      1.516 
 BOND  C    NH1     1000.000 {sd=     0.001}      1.329 
 BOND  C    O       1000.000 {sd=     0.001}      1.231 
 BOND  CH1E CH2E    1000.000 {sd=     0.001}      1.530 
 BOND  CH1E HA      1000.000 {sd=     0.001}      1.080 
 BOND  CH1E NH1     1000.000 {sd=     0.001}      1.458 
 BOND  CH2E CH2E    1000.000 {sd=     0.001}      1.520 
 BOND  CH2E HA      1000.000 {sd=     0.001}      1.080 
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 BOND  CH2E NH3     1000.000 {sd=     0.001}      1.489 
 BOND  CH2G HA      1000.000 {sd=     0.001}      1.080 
 BOND  CH2G NH1     1000.000 {sd=     0.001}      1.451 
 BOND  H    NH1     1000.000 {sd=     0.001}      0.980 
 BOND  HC   NH3     1000.000 {sd=     0.001}      1.040 
 BOND  C    NHHE    1000.000 {sd=     0.001}      1.329 
 
 ANGLe  C    CH1E CH2E     500.00 {sd=     0.031}    110.1094 
 ANGLe  C    CH1E HA       500.00 {sd=     0.031}    108.9914 
 ANGLe  C    CH1E NH1      500.00 {sd=     0.031}    111.1396 
 ANGLe  C    CH2E CH2E     500.00 {sd=     0.031}    112.5943 
 ANGLe  C    CH2E HA       500.00 {sd=     0.031}    108.5877 
 ANGLe  C    CH2G HA       500.00 {sd=     0.031}    108.8528 
 ANGLe  C    CH2G NH1      500.00 {sd=     0.031}    112.4999 
 ANGLe  C    NH1  CH1E     500.00 {sd=     0.031}    121.6541 
 ANGLe  C    NH1  CT       500.00 {sd=     0.031}    121.6541 
 ANGLe  C    NH1  CH2G     500.00 {sd=     0.031}    120.5859 
 ANGLe  C    NH1  H        500.00 {sd=     0.031}    119.2489 
 ANGLe  CH1E C    NH1      500.00 {sd=     0.031}    116.1998 
 ANGLe  CH1E C    O        500.00 {sd=     0.031}    120.8258 
 ANGLe  CH1E CH2E CH2E     500.00 {sd=     0.031}    114.0589 
 ANGLe  CH1E CH2E HA       500.00 {sd=     0.031}    109.2833 
 ANGLe  CH1E NH1  H        500.00 {sd=     0.031}    119.2367 
 ANGLe  CT   C    NH1      500.00 {sd=     0.031}    116.1998  
 ANGLe  CH2E CH1E HA       500.00 {sd=     0.031}    109.2487 
 ANGLe  CH2E CH1E NH1      500.00 {sd=     0.031}    110.4763 
 ANGLe  CH2E CH2E CH2E     500.00 {sd=     0.031}    111.3121 
 ANGLe  CH2E CH2E HA       500.00 {sd=     0.031}    108.7236 
 ANGLe  CH2E CH2E NH3      500.00 {sd=     0.031}    111.8939 
 ANGLe  CH2E NH3  HC       500.00 {sd=     0.031}    109.4693 
 ANGLe  CH2G C    N        500.00 {sd=     0.031}    117.7918 
 ANGLe  CH2G C    NHHE     500.00 {sd=     0.031}    116.3225 
 ANGLe  CH2G C    O        500.00 {sd=     0.031}    120.6203 
 ANGLe  CH2G NH1  H        500.00 {sd=     0.031}    119.7297 
 ANGLe  HA   CH1E NH1      500.00 {sd=     0.031}    108.0508 
 ANGLe  HA   CH2E HA       500.00 {sd=     0.031}    109.4074 
 ANGLe  HA   CH2E NH3      500.00 {sd=     0.031}    108.9390 
 ANGLe  HA   CH2G HA       500.00 {sd=     0.031}    108.8718 
 ANGLe  HA   CH2G NH1      500.00 {sd=     0.031}    108.8510 
 ANGLe  HC   NH3  HC       500.00 {sd=     0.031}    108.1992 
 ANGLe  NH1  C    O        500.00 {sd=     0.031}    122.9907 
 ANGLe  NHHE C    O        500.00 {sd=     0.031}    122.9907 
  
 IMPRoper  C    CH2E HA   HA        500.00 {sd=     0.031}    0    -
70.4459 
 IMPRoper  C    NH1  HA   HA        500.00 {sd=     0.031}    0    -
70.8745 
 IMPRoper  C    O    NH1  CH1E      500.00 {sd=     0.031}    0   -
179.9689 
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 IMPRoper  C    O    NH1  CH2G      500.00 {sd=     0.031}    0   -
180.0127 
 IMPRoper  CH1E C    H    NH1       500.00 {sd=     0.031}    0    
179.9918 
 IMPRoper  CH1E C    NH1  H         500.00 {sd=     0.031}    0      
0.0023 
 IMPRoper  CT   C    NH1  H         500.00 {sd=     0.031}    0      
0.0023 
 IMPRoper  CT   C    NH1  CH2G      500.00 {sd=     0.031}   0       
180.0 
 IMPRoper  CT   NH1  C    O         500.00 {sd=     0.031}    0     -
0.0057 
 IMPRoper  CT   C    NH1  CT        500.00 {sd=     0.031}   0       
180.0 
 IMPRoper  CH1E C    NH1  CT        500.00 {sd=     0.031}   0       
180.0 
 IMPRoper  CT   C    NH1  CH1E      500.00 {sd=     0.031}   0       
180.0 
 IMPRoper  CH1E C    NH1  HA        500.00 {sd=     0.031}    0     
66.2535 
 IMPRoper  CH1E NH1  C    O         500.00 {sd=     0.031}    0     -
0.0057 
 IMPRoper  C  CH2G  NHHE   O         500.00 {sd=     0.031}    0    -
180.00 
 IMPRoper  CH2E C    NH1  HA        500.00 {sd=     0.031}    0     
66.1640 
 IMPRoper  CH2E CH1E HA   HA        500.00 {sd=     0.031}    0    -
70.0781 
 IMPRoper  CH2E CH2E HA   HA        500.00 {sd=     0.031}    0    -
70.7825 
 IMPRoper  CH2G C    H    NH1       500.00 {sd=     0.031}    0    
180.0020 
 IMPRoper  CH2G C    NH1  H         500.00 {sd=     0.031}    0      
0.0161 
 IMPRoper  CH2G NH1  C    O         500.00 {sd=     0.031}    0     -
0.0048 
 IMPRoper  HA   CH1E HA   HA        500.00 {sd=     0.031}    0    -
66.5692 
 IMPRoper  HA   CH2E HA   HA        500.00 {sd=     0.031}    0    -
66.5934 
 IMPRoper  HA   HA   CH2E NH3       500.00 {sd=     0.031}    0    -
70.4126 
 IMPRoper  HC   CH2E HC   HC        500.00 {sd=     0.031}    0    -
66.4262 
 IMPRoper  HC   HC   C    NC2       500.00 {sd=     0.031}    0     -
0.0094 
 
! DIHEdral  C    CH2E CH2E CH1E   0.00 {sd=     0.031}    3  0.0000 
 DIHEdral  CH1E CH2E CH2E CH2E   0.00 {sd=     0.031}    3  0.0000 
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 DIHEdral  CH2E CH2E CH2E CH2E   0.00 {sd=     0.031}    3  0.0000 
 DIHEdral  CH3E CH1E CH1E NH1    0.00 {sd=     0.031}    3  0.0000 
 DIHEdral  NH1  CH1E CH2E CH2E   0.00 {sd=     0.031}    3  0.0000 
 DIHEdral  NH3  CH2E CH2E CH2E   0.00 {sd=     0.031}    3  0.0000 
{Lys} 
 
 NONBonded  C       0.0903   3.3409      0.0903   3.3409 
 NONBonded  CH1E      0.0903   3.3409      0.0903   3.3409 
 NONBonded  CH2E      0.0903   3.3409      0.0903   3.3409 
 NONBonded  CH2G      0.0903   3.3409      0.0903   3.3409 
 NONBonded  HA      0.0045   2.2272      0.0045   2.2272 
 NONBonded  HC      0.0498   2.2272      0.0498   2.2272 
 NONBonded  NH1      0.1592   3.0068      0.1592   3.0068 
 NONBonded  NH3     0.1592   3.0068      0.1592   3.0068 
 NONBonded  O       0.2342   2.7755      0.2342   2.7755 
 
!set echo on message on end  
 
END 
 



 163

Bibliography 

Adams, A., Guss, J. M., and Collyer, C. A. (1999) Biochemistry 38, 9221-9233. 

Arora, S. K. (1983) J. Am. Chem. Soc. 105, 1328. 

Atwell, G. J., Baguley, B. C., Wilmanska, D., and Denny, W. A. (1986) J. Med. 
Chem. 29, 68. 

Bailly, C., and Chaires, J. B. (1998) Bioconjugate Chem. 9, 513-538. 

Baily, C., and Henichart, J.-P. (1991) Bioconjugate Chem. 2, 379-393. 

Baily, C., Hamy, F., and Waring, M. J. (1996) Biochemistry 35, 1150-1161. 

Brown, D. G., Sanderson, M. R., Skelly, J. V., Jenkins, T. C., Brown, T., Garman, 
E., Stuart, D. I., and Neidle, S. (1990) EMBO J. 9, 1329-1334. 

Brünger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros, P., Grosse-
Kunstleve, R. W., Jiang, J.-S., Kuszewski, J., Nilges, M., Pannu, N. S., Read, R. 
J., Rice, L. M., Simonson, T., and Warren, G. L. (1998) Acta Cryst. D54, 905-
921. 

Chaires, J. B., Leng, F., Przewloka, T., Fokt, I., Ling, Y. H., Pérez-Soler, R., and 
Priebe, W. (1997) J. Med. Chem. 40, 261-266. 

Chen, F.-M. (1997) Methods for the Studies of Drug Dissociation from DNA, 
Humana Press, Totowa, NJ. 

Crick, F. (1970) Nature 227, 561-563. 

Dabrowiak, J. C., Stankus, A. A., and Goodisman, J. (1992) Sequence Specificity 
of Drug-DNA Interactions. In Nucleic Acid Targeted Drug Design, New York. 

Denny, W. A. (1995) Role of Intercalation and DNA Binding in the Activity of 
Acridines and Related Tricyclic DNA-Intercalating Agents, American Chemical 
Society, Washington, DC. 

Dervan, P. B. (1986) Science 232, 464-471. 

Dervan, P. B. (2001) Bioorg. & Med. Chem 9, 2215-2235. 



 164

Dickinson, L. A., Gulizia, R. J., Trauger, J. W., Baird, E. E., Mosier, D. E., 
Gottesfeld, J. M., and Dervan, P. B. (1998) Proceedings of the National Academy 
of Sciences of the United States of America 95, 12890-12895. 

Elrod-Erickson, M., Rould, M. A., Nekludova, L., and Pabo, C. O. (1996) 
Structure 4, 1171-80. 

Fede, A., Labhardt, A., Bannwarth, W., and Leupin, W. (1991) Biochemistry 30, 
11377-11388. 

Feeney, J., and Birdsall, B. (1993) NMR study of protein-ligand interactions, IRL 
Press, New York, N. Y. 

Feigon, J., Denny, W. A., Leupin, W., and Kearns, D. R. (1984) J. Med. Chem. 
27, 450-65. 

Fritsch, E. F., and Maniatis, T. (1989) Molecular Cloning: A Laboratory manual, 
2 nd ed. ed., Cold Spring Harbor Laboratory Press. 

Gago, F. (1998) METHODS-A COMPANION TO METHODS IN ENZYMOLOGY 
14, 277-292. 

Gao, Y.-G., Liaw, Y.-C., Robinson, H., and Wang, H.-J. (1990) Biochemistry 29, 
10307-10316. 

Gaugain, B., Barbet, J., Oberlin, R., Roques, B. P., and Le Pecq, J. B. (1978) 
Biochemistry 17, 5071-5078. 

Gaugain, B., Markovbits, J., LePecq, J. B., and Roques, B. P. (1984) FEBS Lett 
169, 123. 

Glover, J. N., and Harrison, S. C. (1995) Nature 373, 257-261. 

Gochin, M., and James, T. L. (1990) Biochemistry 29, 11172-11180. 

Gottesfeld, J. M., Neely, L., Trauger, J. W., Baird, E. E., and Dervan, P. B. (1997) 
Nature (London) 387, 202-205. 

Gowers, D. M., and Fox, K. R. (1999) NUCLEIC ACIDS RESEARCH 27, 1569-
77. 

Guelev, V. M., Harting, M. T., Lokey, R. S., and Iverson, B. L. (2000) Chemistry 
& Biology 7, 1-8. 



 165

Guelev, V., Lee, J., Ward, J., Sorey, S., Hoffman, D. W., and Iverson, B. L. 
(2001) Chemistry & Biology 8, 415-425. 

Guelev, V. M., Cubberley, M. S., Murr, M. M., Lokey, R. S., and Iverson, B. L. 
(2001) Methods in Enzymology 340, 556-570. 

Guelev, V., Sorey, S., Hoffman, D. W., and Iverson, B. L. (2002) Journal of the 
American Chemical Society 124, 2864-2865. 

Hare, D. R., Wemmer, D. E., Chou, S., and Drobny, G. (1983) 171, 319-336. 

Hartmann, B., and Lavery, R. (1996) Q. Rev. Biophys. 29, 309-368. 

Hastings, C. A., and Barton, J. K. (1999) Biochemistry 38, 10042-10051. 

Hope, I. A., and Struhl, K. (1986) Cell 46, 885-894. 

Iverson, B. L., and Dervan, P. B. (1993) Methods in Enzymology 218, 222-227. 

Kaluarachchi, K., Meadows, R. P., and Gorenstein, D. G. (1991) Biochemistry 30, 
8785- 8797. 

Kielkopf, C. L., Baird, E. E., Dervan, P. B., and Rees, D. C. (1998) Nature 
Structural Biology 5, 104-109. 

Kochoyan, M., Leroy, J.-L., and Guéron, M. (1987) J. Mol. Biol. 196, 599-609. 

Kodadek, T. (1992) The Molecular Basis of Sequence-Specific DNA-Protein 
Interactions., New York. 

Koenig, P., and Richmond, T. J. (1993) J. Mol. Biol. 233, 139-154. 

Koradi, R., Billeter, M., and Wüthrich, K. (1996) J. Mol. Graphics 14, 51-55. 

Lamberson, C. (1991) Ph.D. Thesis pp 23-26, University of Illinois. 

Landshulz, W. H., Johnson, P. F., and McKnight, S. L. (1988) Science 240, 1759-
1764. 

Larson, C. J., and Verdine, G. L. (1996) The chemistry of Protein-DNA 
Interactions, Oxford University Press, New York. 

Laugâa, P. (1985) Biochemistry 24, 5567-5575. 



 166

Lisgarten, J. N., Coll, M., Portugal, J., Wright, C. W., and Aymami, J. (2002) 
Nature Structural Biology 9, 57-60. 

Liu, Z.-R., Hecker, K. H., and Rill, R. L. (1996) J. Biomol. Struct. Dynam. 14, 
331-339. 

Lokey, R. S., Kwok, Y., Guelev, V., Pursell, C. J., Hurley, L. H., and Iverson, B. 
L. (1997) Journal of the American Chemical Society 119, 7202-7210. 

Low, C. M. L., Drew, H. R., and Waring, M. J. (1984) Nucleic Acids Res. 12, 
4865-4879. 

Lundback, T., Zilliacus, J., Gustafsson, J.-A., Carlstedt-Duke, J., and Hard, T. 
(1994) Biochemistry 33, 5955-5965. 

Miller, J., McLachlan, A. D., and Klug, A. (1985) EMBO J. 4, 1609-14. 

Moore, M. H., Hunter, W. N., Langlois D'Estaintot, B., and Kennard, O. (1989) J. 
Mol. Biol. 206, 693-705. 

Moser, H. E., and Dervan, P. B. (1987) SCIENCE 238, 645-50. 

Mrksich, M., Wade, W. S., Dwyer, T. J., Geierstanger, B. H., Wemmer, D. E., 
and Dervan, P. B. (1992) Proceedings of the National Academy of Sciences of the 
United States of America 89, 7586-90. 

Mrksich, M., and Dervan, P. B. (1993) Journal of the American Chemical Society 
115, 2572-6. 

Mrksich, M., Parks, M. E., and Dervan, P. B. (1994) Journal of the American 
Chemical Society 116, 7983-8. 

Muller, W., and Crothers, D. M. (1968) J. Mol.Biol. 35, 251-290. 

Murr, M. M., Harting, M. T., Guelev, V., Ren, J., Chaires, J. B., and Iverson, B. 
L. (2001) Bioorganic & Medicinal Chemistry 9, 1141-1148. 

Parkinson, J. A., Barber, J., Douglas, K. T., Rosamond, J., and Sharples, D. 
(1990) Biochemistry 29, 10181-10190. 

Pavletich, N. P., and Pabo, C. O. (1991) Science 252, 809-817. 



 167

Pecq, J.-B. L., Bret, M. L., Barbet, J., and Roques, B. (1975) Proc. Nat. Acad. Sci. 
USA 72, 2915-2919. 

Pelaprat, D., Delbarre, A., Le Guen, I., and Roques, B. P. (1980) J. Med. Chem. 
23, 1336-1343. 

Pelton, J. G., and Wemmer, D. E. (1989) Proc. Natl. Acad. Sci. U.S.A. 86, 5723-
5727. 

Ptashne, M. (1987) A Genetic Switch, Blackwell Scientific Publications, Palo 
Alto, CA. 

Pyle, A. M., and Barton, J. K. (1990) Prog. Inorg. Chem 38, 413-475. 

Rill, R. L., Marsh, G. A., and Graves, D. E. (1989) J. Biomol. Struct. Dyn. 7, 591-
605. 

Robinson, H., Priebe, W., Chaires, J. B., and Wang, A. H. (1997) Biochemistry 
36, 8663-8670. 

Saenger, W. (1984) Principles of Nucleic Acid Structure, New York, N.Y. 

Shrader, T. E., and Crothers, D. M. (1989) Proc. Natl. Acad. Sci. U.S.A. 86, 7418-
7422. 

Sobell, H. M., and Jain, S. C. (1972) J. Mol. Biol. 68, 21-34. 

Stein, E. G., M., R. L., and Brünger, A. T. (1997) Journal of Magnetic Resonance 
124, 154-164. 

Stewart, J. M., and Young, J. D. (1984) Solid phase peptide synthesis, Pierce 
Chemical company, Rockford, Illinois. 

Struhl, K. (1987) Cell 50, 841-846. 

Takenaka, S., Nishira, S., Tahara, K., Kondo, H., and Takagi, M. (1993) 
Supramol. Chem. 2, 41-46. 

Takenaka, S., and Makoto Takagi. (1999) Bull. Chem. Soc. Jpn. 72, 327-337. 

Tanious, F. A., Yen, S.-F., and Wilson, D. (1991) Biochemistry 30, 1813-1819. 

Trauger, J. W., Baird, E. E., and Dervan, P. B. (1998) Journal of the American 
Chemical Society 120, 3534-3535. 



 168

Ughetto, G., Wang, A. H.-J., Quigley, G. J., van der Marel, G. A., van Boom, J. 
H., and Rich, A. (1985) Nucleic Acids Res. 13, 2305-2323. 

Ulyanov, N. B., Gorin, A. A., Zhurkin, V. B., Chen, B.-C., Sarma, M. H., and 
Sarma., R. H. (1992) Biochemistry 31, 3918-3930. 

Van Dyke, M. W., and Dervan, P. B. (1984) Science 225, 1122-1127. 

Varani, G., Aboul-ela, F., Allain, F. H.-T., and Gubser, C. C. (1995) J. Biomol. 
NMR 5, 315-320. 

Vermeulen, A., Zhou, H., and Pardi. (2000) J. Am. Chem. Soc. 122, 9638-9647. 

Wade, W. S., Mrksich, M., and Dervan, P. B. (1992) Journal of the American 
Chemical Society 114, 8783-94. 

Wade, W. S., Mrksich, M., and Dervan, P. B. (1993) Biochemistry 32, 11385-9. 

Wakelin, L. (1986) Medicinal Research Reviews 6, 275-350. 

Wang, H.-J., Ughetto, G., Quigley, G. J., and Rich, A. (1987) Biochemistry 26, 
1152-1163. 

Wang, A. H., and Robinson, H. (1992) Structural Studies of Drug-DNA 
Interaction by X-ray Crystallography and NMR Spectroscopy. 

Waring, M. J. (1970) J. Mol. Biol 54, 247-279. 

Waring, M. J. (1990) The molecular basis of specific recognition between 
echinomycin and DNA., Academic Press, Dordrecht. 

Watkin, T. I. (1952), 3059. 

Wegner, M., and Grummt, F. (1990) Biochem. Biophysics. Res. Comm. 166, 
1110-1117. 

Wemmer, D. E., Fagan, P., and Pelton, J. G. (1995) Determination of distamycin-
A binding modes by NMR. 

Wemmer, D. E. (2000) ANNUAL REVIEW OF BIOPHYSICS AND 
BIOMOLECULAR STRUCTURE 29, 439-61. 

White, S., Szewczyk, J. W., Turner, J. M., Baird, E. E., and Dervan, P. B. (1998) 
Nature (London) 391, 468-471. 



 169

Wijmenga, S. S., Mooren, M., W. , and Hilbers, C. W. (1993) NMR of nucleic 
acids; from spectrum to structure., IRL Press, New York, N. Y. 

Williams, L. D., Egli, M., Gao, Q., Bash, P., Marel, G. A., Boom, J. H., Rich, A., 
and Frederick, C. A. (1990) Proc. Natl. Acad. Sci. USA 87, 2225-2229. 

Wolfe, S. A., Nekludova, L., and Pabo, C. O. (2000) Annu. Rev. Biophys. Biomol. 
Struct. 29, 183-212. 

Yen, S.-F., Gabby, E. J., and Wilson, D. (1982) Biochemistry 21, 2070-2076. 

Youngquist, R. S., and Dervan, P. B. (1987) J. Am. Chem. Soc. 109, 7564-66. 



 170

VITA 

Jeeyeon Lee was born in Seoul, Korea on August 7, 1969, the first daughter of 

Jong-Deok Lee and Jeong-Hee Moon.  After graduation from Eun-Kwang High 

School in Seoul, Korea in 1988, she enrolled in the Department of Pharmacy of 

Seoul National University in Seoul, Korea.  She received the degree of Bachelor 

of Science in Pharmacy in 1992.  In March of 1992, she entered the graduate 

school program in Seoul National University and received the Master of Science 

in Pharmacy degree after completing her thesis titled “Studies on the Synthesis of 

Hetero- and Carbocyclic Ring Systems via Claisen Rearrangement” in 1994.  

From 1994 to 1995, she worked as a research associate in the group of Dr. Suh in 

the College of Pharmacy of Seoul National University.  She entered the graduate 

school of the University of Texas at Austin in the fall of 1998. 

 

Publications 

Guelev, V.; Lee, J.; Sorey, S.; Iverson, B. L. "Peptide bis-Intercalator Binds DNA 
via Threading Mode with Sequence-Specific Contacts in the Major Groove" 
Chemistry and Biology, 2001, 8, 415-425. 

Suh, Y.-G.; Lee, J.; Kim, S.-A.; Jung J.-K. “A New Ring Expansion Reaction of 
1-Acyl-2-vinylpiperidine and 1-Acyl-2-vinylpiperidine via Aza-Claisen 
rearrangement of Amide Enolate.”, Synthetic Communications, 1996, 26(9), 
1675-1680. 

 
Permanent Address: 117-903 Olympic Apt. Oryun-Dong Songpa-Gu 

Seoul, Korea 
 

This dissertation was typed by the author. 


