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Advances in DNA Binding by Threading Polyintercalation 

Amy Rhoden Smith, Ph.D. 

The University of Texas at Austin, 2013 

Supervisor:  Brent L. Iverson 

Although molecules that bind DNA have the potential to modify gene expression, 

the reality of targeting DNA in a sequence-specific manner is still a problematic but 

worthwhile goal.  The Iverson lab has been exploring DNA recognition through a motif 

known as threading polyintercalation based on connecting intercalating naphthalene 

diimide (NDI) units, which are molecules that insert themselves between DNA base 

pairs, together with peptide linkers.  These polyintercalators interact with both DNA 

grooves by “threading” or winding through the DNA, like a snake might climb a ladder. 

Initially, two different bisintercalator modules with altered sequence specificities and 

different groove binding topologies were discovered and used to inspire the design of a 

hybrid NDI tetraintercalator.  Surprisingly enough, this tetraintercalator bound sequence-

specifically with a dissociation half-life of 16 days to its preferred 14 bp site, a record at 

the time it was reported for a synthetic DNA-binding molecule. 

The work reported here expands on the capabilities of this modular threading 

polyintercalation motif.  Chapter 2 describes the ability of a new hybrid NDI 

tetraintercalator, where the bisintercalator modules are connected together in a different 

way compared to the previously studied tetraintercalator, to subtly discriminate between 

similar binding sites.  Chapter 3 offers a structural understanding, through NMR analysis, 

for the sequence recognition abilities of this new tetraintercalator.  Chapter 4 analyzes the 



 viii 

binding abilities of an un-optimized NDI octaintercalator and proposes how to approach 

the second-generation design of longer polyintercalators.  Chapter 5 describes the 

optimization of the originally designed NDI tetraintercalator by serially lengthening one 

of the linkers to produce a tetraintercalator with a 57 day dissociation half-life from its 14 

bp sequence, a new record for a synthetic DNA-binding molecule.  Using the optimized 

linker in the context of an NDI hexaintercalator allows for binding to a 22 bp designed 

site, a record for a synthetic non-nucleic acid molecule.  Chapter 6 recounts a focused 

library screening to search for bisintercalators with new sequence specificities.  These 

efforts have laid the groundwork to progress toward studies aimed at understanding how 

these molecules might function to prevent transcription in a sequence-dependent manner 

in vivo. 
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Chapter 1 

An Introduction to DNA Binding by Small Molecules 

1.1 DNA AS A DRUG TARGET 
 

 

Figure 1.1  Central dogma of molecular biology. 

The central dogma of molecular biology describes, in its simplest form, the flow 

of sequence information from DNA to RNA to protein (Figure 1.1).  As such, the DNA 

double helix stores the genetic material for all living organisms, and transcription to RNA 

with subsequent translation to protein is a carefully controlled and complex process 

dictating cellular behavior (Morange, 2009).  Since each cell only contains one copy of 

DNA, the ability to sequence-specifically control gene expression with a small molecule 

would have wide-reaching effects in the treatment of diseases.  Indeed, one could 

imagine that if a drug platform had programmable sequence specificity, in other words 

the ability to target a pre-determined DNA sequence, then structurally similar molecules 

could be used to target a wide range of diseases once the genetic targets were identified.  

This is in opposition to protein therapeutics, the largest class of drug targets, which 

generally require screenings and optimization of inhibitors for each individual target 

(Jayaram et al., 2011).  In addition, proteins exist in multiple copies in the cell and are 

constantly replenished through the above-described process.  While theoretically DNA as 

a drug target has great appeal, practically it has been very difficult to develop molecules 

that prevent transcription in a sequence-specific manner, and currently there are no drugs 



 

 2 

of this type in clinical use (Leung et al., 2013).  Continued investigations into the design 

of DNA-binding synthetic molecules are therefore warranted to open up this avenue for 

disease treatment.   

 

1.1.1 DNA Structure 

A general understanding of DNA structure is required in order to design synthetic 

molecules that might bind in a sequence-specific manner.  The most physiologically 

relevant form, and the one focused on here, is B-form DNA.  B-form DNA consists of a 

right-handed helix with approximately 10 bp/turn, 3.4 Å between bp, and 36° rotation/bp 

(Wüthrich, 1986).  The base pairs are essentially perpendicular to the helix axis, and 

because the phosphodiester backbones of the complimentary strands are not directly 

across from one another, there are two different sized grooves in the helix as pictured in 

Figure 1.2.  The major groove is wide and shallow while the minor groove is much 

narrower and deeper.  Each base pair also presents different recognition elements and 

potential hydrogen bond donors and acceptors in each of the grooves, as illustrated in 

Figure 1.3 (Vázquez et al., 2003).  It must be noted that while these measurements and 

figures are suitable for B DNA in its ideal form, DNA is a very flexible and 

conformationally dynamic structure in solution.  This structural versatility allows it to 

accommodate binding of small molecules (and proteins) in the major groove, minor 

groove, in between base pairs, and, as will be discussed further, all three simultaneously. 
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Figure 1.2  DNA double helix tracing the major and minor grooves.  

 

 

Figure 1.3  DNA base pairs showing the exposed functional groups in the major and 
minor grooves with arrows showing possible H bond donor and acceptors 
(Vázquez et al., 2003). 
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1.2 OVERVIEW OF DNA BINDING MOTIFS 

A number of designed molecules have been developed to bind DNA including 

triplex-forming oligonucleotides (TFO), peptide nucleic acids (PNA), engineered zinc-

finger proteins, minor groove-binding polyamides, and intercalation.  Section 1.2 will 

give an overview to these DNA recognition motifs, with intercalation discussed in detail 

in Section 1.3. 

 

1.2.1 Triplex-Forming Oligonucleotides 

Oligonucleotides are able to bind polypurine sequences in the major groove 

through H-bond patterns termed Hoogsteen base pairing, as opposed to the typical 

Watson-Crick base pairing in the DNA duplex, to form a DNA triple helix (Le Doan et 

al., 1987; Moser and Dervan, 1987).  These triple-helix forming oligonucleotides (TFO) 

can either bind parallel (in the same 5′ to 3′ direction) in relation to the polypurine strand 

in the duplex to form Hoogsteen triplets or in the anti-parallel direction to form reverse-

Hoogsteen hydrogen bonds (Figure 1.4). Polypyrimidine (TC) third stands will form 

parallel triplexes in the form C+:G-C and T:A-T.  Since cytosine must be protonated to 

form a stable triplex, this binding is pH dependent and occurs best at acidic pH.  A mixed 

GT third strand is able to form either parallel or anti-parallel triplexes by forming 

Hoogsteen or anti-Hoogsteen triplets, respectively, of the nature G:G-C and T:A-T.  

Finally, a polypurine (GA) third strand binds in an anti-parallel fashion making G:G-C 

and A:A-T Hoogsteen hydrogen bonds (Duca et al., 2008; Jain et al., 2008).        
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Figure 1.4  Hoogsteen and reverse-Hoogsteen hydrogen bonding motif in triplex 
formation.  Canonical Watson-Crick base-pairing is shown by the thin 
dashed lines while Hoogsteen base-pairing is shown by the thick dashed 
lines (Hannon, 2006). 

Limitations for triplex formation include the requirement of a polypurine target, 

pH dependency for formation, and overcoming charge repulsion from the three 

negatively charged phosphate backbones.  A number of nucleobase, sugar, and backbone 

modifications have been reported to overcome these difficulties, a few of which will be 

described here (Figure 1.5).  One of the greatest advances was the discovery of the 

nucleobase modification 5-methylcytosine (mC), which ameliorates pH dependency and 
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allows for triplex formation at physiological pH (Lee et al., 1984).  While B-DNA favors 

nucleotides with C2′-endo sugar geometry, a TFO with C3′-endo geometry produces 

more stable triplexes (Figure 1.6).  Thus, modifications to the nucleotide sugars have 

focused on stabilizing the triple strand sugars in the C3′-endo conformation, and it has 

been shown that RNA (where C2′-endo geometry predominates) also forms very stable 

triple helices.  These analogues, which are also resistant to degradation, include 2′-

methoxy ribose and locked nucleic acid (LNA) (Duca et al., 2008).  A backbone 

alteration to change the electrostatic landscape of the third strand includes using a 

phosphoramidate TFO, which has shown the ability to inhibit transcription elongation in 

vitro (Giovannangeli et al., 1996).  One of the greatest challenges remaining is targeting 

sequences beyond polypurine stretches.  One method to overcome this challenge is to 

incorporate an intercalator (a binding motif discussed in Section 1.3) into the TFO as a 

universal base to bind where the polypurine stretch is interrupted (Praseuth et al., 1999).  

In addition, TFOs with intercalating units on either one or both ends show much higher 

thermal stability (Gianolio and McLaughlin, 2001; Gianolio et al., 2000).      
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Figure 1.5  Selected nucleobase, sugar, and backbone TFO modifications. 

 

 

Figure 1.6  Sugar conformations for nucleotides. 

Some modified TFOs have been reported to block transcription and to have very 

high binding affinities.  As mentioned before, phosphoramidate TFOs have shown the 

ability to block transcription elongation both in vitro and in vivo with greater inhibition 

efficiencies for eukaryotic RNA polymerase II compared to the more highly processive 

bacteriophage T7 polymerase (Faria et al., 2000; Giovannangeli et al., 1996).  However, 
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these same TFOs could not prevent DNA replication, an ability available only to TFOs 

that induced covalent binding with the DNA through psoralen photoactivation (Diviacco 

et al., 2001).  A modified TFO structure of a bicyclic oligonucleotide containing a 

disulfide internal cross-link has also shown surprisingly high binding affinities and 

sequence specificity for a complementary polypurine single-stranded DNA (Chaudhuri 

and Kool, 1995).  This complex forms a triplex by providing both a complementary 

strand for the target DNA and a triplex-forming strand (Figure 1.7).  
 

 

Figure 1.7  Cartoon of bicyclic triplex-forming oligonucleotide with disulfide cross-
links depicted in blue binding to single-stranded DNA. 

 

1.2.2 Peptide Nucleic Acids 
 

 

Figure 1.8  General structure of peptide nucleic acid (PNA) with a pseudopeptide 2-
aminoethyl-glycine backbone. 

Peptide nucleic acid (PNA) was developed as an analogue of DNA that employs 

nucleobase recognition with a neutral and achiral peptide-like backbone composed of 2-

aminoethyl-glycine as opposed to the phosphodiester backbone in DNA (Figure 1.8).  

Instead of simply binding as a third strand to a DNA duplex, as originally designed, 

PNAs can adopt several binding modes with DNA as shown in Figure 1.9 (Nielsen, 

2001).  The most common binding mode is triplex invasion of the form (PNA)2DNA, 
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where one PNA strand binds the complementary DNA strand in the duplex by Watson-

Crick base-pairing, displacing the other DNA strand to make a single-stranded loop, 

while the second PNA strand binds in the major groove of the PNA-DNA duplex via 

Hoogsteen hydrogen bonds.  The combination of this triplex and displaced DNA single 

strand is often referred to as a P-loop.  PNA, being neutral, does not suffer any of the 

deleterious effects of electrostatic repulsion when binding to DNA, unlike TFOs, so these 

P-loop structures are far more stable with extrapolated lifetimes into hundreds of days at 

physiological conditions (Kosaganov et al., 2000).  In addition, these complexes are very 

sequence-specific, and even a single mismatch can reduce affinity by 100-fold (Ray and 

Nordén, 2000). 
 

 

Figure 1.9  PNA binding modes showing a) triplex invasion and b) double duplex 
invasion.  Complementary DNA strands are shown in blue and green, and 
PNA strands are shown in purple. 
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PNAs are also capable of a double duplex invasion binding mode where each 

DNA strand is targeted simultaneously by a complementary PNA strand to form two 

PNA-DNA duplexes (Figure 1.9).  However, since this would also require the two PNA 

strands to be complementary and PNA-PNA duplexes are more stable than PNA-DNA 

duplexes, PNA with modified bases that favor PNA-DNA hybridization were developed.  

These pseudocomplementary PNAs (pcPNA) contain sterically clashing diaminopurine-

thiouracil base pairs as AT analogues, which significantly weaken PNA self-

hybridization while affecting PNA-DNA hybridization very little (Figure 1.10) (Lohse et 

al., 1999). 
 

 

Figure 1.10  Structure of the sterically disfavored diaminopurine-thiouracil base pair 
used in pcPNA and the corresponding diaminopurine-thymine and adenine-
thiouracil base pairs formed in the PNA-DNA duplex. 
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PNAs have shown success in terminating transcription elongation and replication 

with triplex invasion when the template DNA strand is part of the triplex structure in the 

P-loop (Diviacco et al., 2001; Nielsen et al., 1994).  The double duplex invasion PNAs, 

while able to prevent transcription by blocking polymerase binding, are unable to inhibit 

transcription elongation (Izvolsky et al., 2000; Lohse et al., 1999).  Interestingly, PNAs 

have also shown the surprising ability to promote transcription, presumably due to the 

looped out single-stranded DNA produced in the P-loop that mirrors the transcription 

bubble formed during transcription initiation (Møllegaard et al., 1994). 

 

1.2.3 Engineered Zinc-Finger Proteins 

Zinc-finger proteins are found in all eukaryotes as the most common naturally 

occurring DNA-binding motif.  The most typical form is a Cys2His2-type zinc protein 

containing a conserved ββα secondary structure that forms when two cysteine residues in 

the β-hairpin and two histidine residues in the α-helix bind ZnII.  The α-helix of this motif 

recognizes 3 to 4 bp by binding in the major groove, and zinc-finger proteins often 

contain several of these domains in order to recognize longer sequences (Negi et al., 

2008).  Figure 1.11 shows the Cys2His2 conserved domain along with an example of a 

zinc-finger protein binding in the DNA major groove. 
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Figure 1.11  a) Example of the ββα secondary structure in a Cys2His2-type zinc protein 
taken from the NMR structural analysis of mouse testis zinc-finger protein 
(Chou et al., 2010).  PDB code: 2KVG; image generated by PyMOL.  b) X-
ray crystal structure of zinc-finger protein transcription factor IIIA binding 
with the α-helix of the ββα fold in the major groove of the DNA (Nolte et 
al., 1998).  PDB code: 1TF6; image generated by Jmol. 

While zinc-finger proteins do not necessarily fall under the category of DNA-

binding small molecules, much effort has been expended in an effort to generate 

engineered forms of these proteins to be able to target a desired DNA sequence.  Several 

different approaches have been taken to create artificial zinc-finger proteins capable of 

binding a desired DNA target, but all have focused on altering the amino acid residues of 

some portion of the ββα conserved fold.  One approach has employed mutagenesis to 

create randomized libraries of zinc-finger proteins and selects for high affinity mutants to 

a desired DNA target by phage display (Segal et al., 1999).  Another approach has been 

the creation of a nondegenerate recognition code, based on structural studies of a number 
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of zinc-finger binding domains, for amino acids in the groove binding α-helix to certain 

locations in the desired DNA binding site.  Codes of this type have gone through several 

iterations and have shown at least moderate success in targeting a predetermined DNA 

sequence (Sera and Uranga, 2002).  Finally, another method for engineering zinc-finger 

proteins is swapping out secondary structures, for example the α-helix or β-hairpin, from 

different zinc-finger proteins to make proteins with different sequence specificities 

(Nagaoka et al., 2002; Negi et al., 2008).  In a more combinatorial technique, zinc-finger 

proteins have been engineered to bind longer sequences by encoding for multiple existing 

zinc-finger proteins with different sequence specificities connected by linker 

polypeptides.  Constructs of this type have been shown to bind up to 50 bp (Hirata et al., 

2005). 

Artificial zinc-finger proteins have displayed high affinities for specific DNA 

sites, often with dissociation constants in the nM and occasionally pM range, with 

optimized zinc-finger domains distinguishing even 1 bp differences up to 100-fold (Segal 

et al., 1999; Sera and Uranga, 2002).  Since nature also uses this binding motif in the 

regulation of transcription, zinc-fingers are able to prevent transcription by interfering 

with transcription factor binding.  However, although there are some mixed reports, the 

general consensus is that this binding motif is not effective at halting transcription 

elongation (Beerli and Barbas, 2002). 

 

1.2.4 Minor Groove-Binding Polyamides 

Arguably the most successful to date synthetic DNA-binding molecule design, 

polyamides bind in the minor groove of the DNA with programmable sequence 

specificity, in most cases.  These molecules, developed by the Dervan lab, were inspired 
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by the naturally-occurring, antibiotic polypyrrole distamycin, which binds to five 

contiguous AT base pairs in the minor groove (Figure 1.12) (Melander et al., 2004).  

Using analogues of N-methylpyrrole, these synthetic polyamide structures bind in a 2:1 

stoichiometry in the minor groove with the two ligands stacked in an anti-parallel head to 

tail fashion (Figure 1.13).  Side-by-side pairings of N-methylpyrrole (Py), N-

methylimidazole (Im), and N-methyl-3-hydroxypyrrole (Hp) allows for a recognition 

code to distinguish all four base pairs, as listed in Table 1.1.  Linking the two Py-Im 

polyamides with γ-aminobutyric acid led to the so-called hairpin polyamides, which 

prevent slippage of the paired dimers and allows for high sequence specificity and 

affinity often in the subnanomolar range (Figure 1.14) (Dervan, 2001).  The curvature of 

polyamides is greater than that of the minor groove, so the insertion of a flexible β-

alanine spacer, specific for A,T base pairs, has allowed for targeting of longer sequences 

up to 16 bp (Trauger et al., 1998).  While some sequences are still difficult to target, 

polyamides have led the way in making designed molecules with programmable 

sequence specificity.  More recent research has focused on high throughput screenings of 

polyamides to aid in redesign strategies and uncover unanticipated binding motifs (Meier 

et al., 2012; Warren et al., 2006). 
 

 

Figure 1.12  Structure and binding site of naturally occurring minor groove-binder 
distamycin. 
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Figure 1.13  X-ray crystal structure of (ImPyHpPy)2 polyamide bound to 
5′-CCAGATCTGG-3′.  The cartoon shows the pairings used to distinguish 
the different base pairs.  Py is blue, Hp is green, and Im is pink (Kielkopf et 
al., 2000).  PDB code: 1CVX; Image generated by PyMOL. 

 
Pair GC CG TA AT 

Im/Py + – – – 
Py/Im – + – – 
Hp/Py – – + – 
Py/Hp – – – + 

Table 1.1  Pairing rules for polyamides.  Im = N-methylimidazole, Py = N-
methylpyrrole, Hp = N-methyl-3-hydroxypyrrole. 
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Figure 1.14  Hairpin polyamide motif of ImHpPyPy-γ-ImHpPyPy-β-Dp polyamide with 
a 5′-TGTACA-3′ binding site.  Black circles are Im, open circles are Py, and 
circles with H are Hp (Dervan, 2001). 

Polyamides have been reported to inhibit transcription by blocking transcription 

factor binding in vitro and in vivo in a sequence-dependent manner (Muzikar et al., 

2009).  Polyamides can also bind sequence-specifically to nucleosome-bound DNA, if 

the binding site is facing away from the histone octamer, and prevent transcription 

elongation, although they cannot prevent transcription elongation in free DNA 

(Gottesfeld et al., 2002).  Transcription factors bind in the DNA major groove, and an 

X-ray crystal analysis revealed that the minor-groove binding polyamides allosterically 

block transcription factor binding by altering the width of the major groove (Chenoweth 

and Dervan, 2010). 

 

1.3 INTERCALATION 

Intercalation, first described by Lerman, involves the insertion of a typically flat 

aromatic molecule in between the base pairs of DNA (Lerman, 1961).  This type of 
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binding is necessarily accompanied by lengthening and stiffening of the DNA and 

unwinding of the helix (Figure 1.15).  Due to this rearrangement of the DNA helix to 

accommodate an intercalator, only one intercalator can bind for every two base pairs as 

described by the nearest neighbor exclusion principle (Bond et al., 1975; Crothers, 1968).  

Binding of an intercalator to one base pair inhibits binding of another intercalator to the 

adjacent base pair.  There are many different classes of intercalators, with some of the 

more common frameworks displayed in Figure 1.16: anthracenes, acridines, 

anthraquinones, phenanthridines, phenanthrolines, ellipticines, naphthalimides (NI), and 

naphthalene diimides (NDI) (Wheate et al., 2007).  In addition, there are also examples of 

some atypical intercalators without fused aromatic rings that lack complete planarity in 

the intercalating moiety (Fekry et al., 2011; Wilson et al., 1988).  Some of the more 

common intercalating agents, shown in Figure 1.17, include ethidium bromide, a 

phenanthridine derivative which fluoresces upon DNA binding and is used to image 

DNA in agarose gel electrophoresis, and proflavine which was one of the first studied 

intercalators.  Daunomycin, also known as daunorubicin, and doxorubicin are members 

of the anthracycline family of antibiotics (containing an anthraquinone core) and are 

important drugs for treating a wide range of cancers. 
 

 

Figure 1.15  Cartoon depicting duplex DNA on the left and DNA with bound intercalator 
(gray) on the right. 
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Figure 1.16   Most common organic intercalator frameworks. 

 

 

Figure 1.17  Examples of common intercalators. 

Intercalators commonly bind to DNA in a relatively non-sequence specific 

fashion, generally only showing a preference for two base pair steps, or AT or GC DNA.  

Most intercalators are cytotoxic by acting as topoisomerase inhibitors, preventing cellular 

replication and inducing apoptosis, or by inhibiting transcription.  However, many 

intercalators are not appropriate for use as therapeutics due to the devastating side affects 

arising from their lack of specificity (Boer et al., 2008).  Threading intercalators are those 
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that have substituents that simultaneously interact in the major and minor DNA grooves, 

and these types of intercalators, along with those incorporating multiple intercalating 

units, termed polyintercalators, have often shown increased sequence specificity and 

binding affinity.  Along with discussions on intercalation binding energetics and 

metallointercalators, the following sections describe studies of threading 

monointercalators, bisintercalators, and longer polyintercalator derivatives with an 

emphasis on NDI-based intercalators. 

 

 1.3.1 Energetics and Dynamics of Intercalation 

Structural studies of intercalators, performed either by NMR analysis or X-ray 

crystallography, have been enormously helpful in understanding their binding modes and 

in working toward new synthetic analogues.  However, insight into the thermodynamic 

profile of intercalation is necessary to gain an appreciation for the driving forces that 

cause intercalation or any DNA-drug interaction.  An overall favorable free energy of 

binding (ΔGobs) is required for intercalation to occur, and can be calculated from the 

standard Gibbs equation  

ΔG0
obs = – RT ln Ka 

where R is the gas constant, T is the temperature (K), and Ka is the experimentally 

determined association constant.  The overall free energy of binding can be considered as 

the sum of the individual components to binding free energy  

ΔGobs = ΔGconf + ΔGt+r + ΔGhyd + ΔGpe + ΔGmol 

which includes conformational changes to the DNA and drug upon complexation 

(ΔGconf), reduction in translational and rotation degrees of freedom (ΔGt+r), desolvation 

and hydrophobic interactions (ΔGhyd), polyelectrolyte contributions coupled with ion 
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release (ΔGpe), and molecular interactions which include hydrogen bonding, van der 

Waals interactions, and electrostatic interactions (ΔGmol) (Graves and Velea, 2000).  In 

addition, the observed free energy of binding also has both entropic (ΔS) and enthalpic 

(ΔH) contributions as calculated from 

ΔG = ΔH – TΔS 

and the above contributors to the overall free binding energy can be considered as having 

mainly enthalpic or entropic parameters.  The main obstacles to binding are the high 

entropic penalties, generating free energy barriers, paid through loss of translational and 

rotational freedoms (ΔGconf) and to a lesser extent the fixing of the DNA and drug into a 

particular conformation upon binding with restricted bond rotation (ΔGconf).  The 

favorable free energy contributors of ΔGhyd, ΔGpe, and ΔGmol must overcome these 

entropic penalties in order for favorable binding to occur.  The greatest favorable 

energetic contribution derives from the hydrophobic effect and desolvation (ΔGhyd), when 

the hydrophobic intercalator buries itself in the pocket of the DNA base pairs.  The 

polyelectrolyte effect is a much lower contributor to free energy binding, but is again 

favorable due to mostly entropic effects.  When an intercalator binds, the separation 

increases between the negatively charged phosphate groups due to helix unwinding and 

lengthening, and cations are released into solution since less charge shielding is required.  

Also, most intercalators are positively charged, allowing for a further reduction in cation 

condensation along the DNA backbone.  The main enthalpic contribution to free energy 

binding comes in the term ΔGmol, which includes all favorable molecular interactions 

between the intercalator and DNA, such as hydrogen bonding, van der Waals 

interactions, and electrostatic interactions (Chaires, 1997).  The ability of an intercalator 

to discriminate between potential binding sites is most often attributed to these specific 

interactions, since the other free energy binding terms generally describe any non-specific 
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DNA interaction.  These molecular interactions are also ones that can be most easily 

deduced from structural analyses of the bound complex. 

 These thermodynamic parameters must be determined for every intercalator and 

the interplay between enthalpic and entropic contributions is not always clear, as even 

structurally similar molecules with similar binding constants can have totally different 

enthalpy-entropy contributions to binding.  Some intercalators have a higher favorable 

enthalpic contribution to binding, while others are more entropically driven.  For 

example, the structurally similar monointercalators doxorubicin and daunorubicin have 

already been presented in Figure 1.17.  While these intercalators are isostructural, they 

are not isoenergetic, with doxorubicin having both favorable entropic and enthalpic 

contributions and daunorubicin binding with an unfavorable entropic penalty (Figure 

1.18) (Chaires, 2008).   
 

 

Figure 1.18  Structures of doxorubicin and daunorubicin (daunomycin) intercalated in 
DNA.  The overall free energy of binding, ΔG, is depicted graphically for 
each intercalator, along with the enthalpic, ΔH, and entropic, TΔS, 
contributions to binding.  Although these two intercalators are structurally 
similar, the enthalpy-entropy compensations for their binding are quite 
different (Chaires, 2008). 
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 Kinetics are another key component to understanding the details of intercalative 

binding, but while overall apparent association and dissociation rates can be measured 

experimentally, the exact detailed multistep mechanism for intercalation and 

de-intercalation remains unsolved.  Recently, however, several molecular dynamics 

analyses have shed light on the otherwise hazy understanding of the dynamics of binding 

in the context of some simple intercalators.  The intercalation and de-intercalation of the 

monointercalator proflavine (Figure 1.17) was studied through both the major and minor 

grooves using metadynamics simulations (Sasikala and Mukherjee, 2013).  A fast transfer 

of proflavine from the bulk solvent to a pre-intercalative minor groove-bound state was 

observed.  This was then followed by a slow rearrangement step to intercalate through the 

major groove.  De-intercalation also occurred through the major groove and was slowed 

by a large activation energy barrier to rearrange back into the groove bound state.  

Another study of daunomycin (Figure 1.17) binding to DNA was performed using both 

metadynamics and umbrella sampling methods (Wilhelm et al., 2012).  Again, 

daunomycin was seen to accumulate quickly in a minor groove-bound state.  In a far 

slower transition, a metastable intermediate was observed where daunomycin wedged 

open the DNA base-pairs from the minor groove and bent the DNA helix away from 

itself in a similar binding mode seen with naturally occurring minor groove-binding 

proteins.  Crossing a small energy barrier allows for full intercalation through the minor 

groove.  Finally, another study analyzes the binding of structurally similar doxorubicin 

(Figure 1.17) employing molecular dynamics binding simulations with AMBER force 

fields (Lei et al., 2012).  Similar to the other study, a fast buildup of intercalator in the 

minor groove was followed by a slow rearrangement to a state where the intercalator 

actually flipped out one of the DNA bases by intercalating through the minor groove.  For 



 

 23 

all these studies, the calculated free energies of binding were within a reasonable range 

for those seen experimentally (11.7 – 14.8 kcal/mol).   

Several overall conclusions can be drawn from considering these binding 

simulations as a whole, even though the inability of this final study to generate a modeled 

structure that matches known crystal structures calls into question its general utility. 

Associations occur through a multistep process with a fast groove-binding step, likely 

driven by electrostatic interactions, followed by a slow rearrangement for intercalation.  

The exact nature of intercalation through the major or minor groove seems to be 

dependent on the intercalator, but it will be interesting to see if other calculations show an 

initial interaction with the minor groove.  Giving further credibility to these insights, 

recent studies by Paik and Perkins using single-molecule force spectroscopy to analyze 

the intercalation processes of monointercalating and bisintercalating cyanine dyes 

YOPRO and YOYO, respectively, also revealed a quick buildup of bound but un-

intercalated dye followed by slow intercalation.  They concluded that “not intercalated” 

was not the same as “not bound”, and that intercalation and binding, along with the 

reverse processes, occurred on different time scales (Paik and Perkins, 2012).  These 

observations are in qualitative agreement with the molecular dynamics studies.  Another 

conclusion is that the intercalators actively induce changes in the DNA structure to allow 

for insertion, as opposed to the commonly held rise-insertion idea that the DNA must first 

alter its base stacking to allow a space large enough for the intercalator to bind (Chaires, 

1997).  Finally, de-intercalation is a slow process due to the large energy barrier to revert 

back to the groove-bound state before complete dissociation.  Further studies are required 

to build a more complete understanding of this multistep binding process with the hope 

that they can eventually be used to clarify binding in much more complex systems. 
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1.3.2 Monointercalators 

Numerous monointercalators based on the previously mentioned scaffolds (Figure 

1.16) have been described.  Some of the most well-studied ones include the natural 

products actinomycin D and nogalamycin (Figure 1.19).  Both are threading 

monointercalators that have antibiotic activity due to their ability to inhibit transcription 

(Liaw et al., 1989; Verweij et al., 1990; Wakelin et al., 2003).  This summary of 

monointercalators will focus on naphthalimide (NI) and naphthalene diimide (NDI) 

derivatives.  NI intercalators, first introduced by the Braña lab, are not typically threading 

but are able to interact by groove binding with a basic linker, often an amine, extending 

from the single imide functionality.  Series of naphthalimides with various linkers and 

core substituents have been analyzed for their cytotoxic activity against cancer cell lines 

(Liu et al., 1996; Tumiatti et al., 2009).  Often the NI core substituents are small, such as 

amino or nitro groups, but NI derivatives with longer hydroxyl-alkylamine linkers 

extending from the core and alkylamine linkers extending from the imide have been 

reported and likely bind in a threading manner (Wang et al., 2012).    Two NI derivatives 

amonafide and mitonafide (Figure 1.20), developed by Braña and co-workers, were 

shown to act as topoisomerase II inhibitors with antitumor properties, and they entered 

clinical trials but were never approved as drugs due to undesirable side effects (Banerjee 

et al., 2013; M. F. Brana et al., 2001).  
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Figure 1.19  Structures of natural product threading monointercalators actinomycin D 
and nogalamycin. 

 

 

Figure 1.20  Structures of naphthalimides amonafide and mitonafide. 

NDI was first described as a threading intercalator by Wilson and co-workers 

where linkers extending from each of the imide functionalities can interact 

simultaneously with both the major and minor DNA grooves (Figure 1.21).  Compared to 

analogous non-threading NI intercalators, these intercalators have higher binding 

affinities, which can be attributed to their having much slower dissociation rates from 

DNA.  These seminal studies also revealed that very bulky substituents, in particular an 

adamantly amine, could also thread through the DNA base pairs to allow for intercalation 
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and could be accommodated in the grooves (Tanious et al., 1991; Yen et al., 1982).  The 

identity of the groove-binding linkers for threading NDI monointercalators greatly affects 

binding affinity and cytotoxic activity.  In agreement with studies of NI derivatives, a 

basic functionality, most often an amine, gives NDI intercalators with the most desirable 

properties.  Similar studies of NDIs which analyze the effects of altering linker lengths 

between the imide and amine, changing the steric bulk of the groove-binding substituents, 

and modifying the basicity of the linker amine functionality continue to be of interest 

(McKnight et al., 2007, 2011; Milelli et al., 2012; Tumiatti et al., 2009).  NDI 

intercalators have been shown to prefer binding to GC-rich DNA (Liu et al., 1996; 

Tanious et al., 1991).  In addition, NDI derivatives with core substituents (cNDI) have 

also been evaluated recently for intercalative ability.  As cNDIs often suffer from poor 

solubility in aqueous solutions, these intercalators contained alkylamine linkers extending 

from the imides and a PEG linker functionalized with various tertiary amines extending 

from the core (Figure 1.22).  As opposed to typical NDI intercalators, these cNDI 

intercalators are highly fluorescent in solution, but are quenched once intercalated into 

DNA (Wei et al., 2013).     
 

 

Figure 1.21  Example of threading NDI intercalator. 
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Figure 1.22  PEG-functionalized water soluble NDI derivatives analyzed for DNA 
binding (Wei et al., 2013). 

Electrochemical detection of DNA hybridization is another area of science that 

has taken advantage of the ability of monointercalating NDI to bind DNA.  The idea is to 

link an electrochemical response to sequence-selective DNA hybridization, with 

applications to rapid, sensitive, and cost-effective genome analysis (Hvastkovs and 

Buttry, 2010).  Takenaka and co-workers have extensively employed NDI modified 

through the imide linkers with electrochemically active functionalities to develop 

molecules with reversible redox responses when they bind DNA (Takenaka, 2004).  In 

particular, an NDI derivative with ferrocenyl moieties extending from each imide, shown 

in Figure 1.23, was able to discriminate between dsDNA and ssDNA with a surprisingly 

low detection limit of 10 zmol for dsDNA (Takenaka et al., 2000).  The Takenaka lab and 

others continue to use modified NDI derivatives toward this purpose (Sato et al., 2010; 

Tansil et al., 2005).  
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Figure 1.23  NDI functionalized with ferrocene groups able to electrochemically detect 
dsDNA. 

NDI monointercalators have also been used for targeting motifs other than simply 

dsDNA.  Dixon and co-workers discovered that NDI derivatives with at least two amine 

functionalities in one of the threading linkers could bind to and cleave at an abasic site in 

plasmid DNA (Steullet et al., 1999).  Recently, the Neidle lab has reported several crystal 

structures of tetra-substituted NDIs binding to G-quadruplex DNA.  A G-quadruplex is a 

higher-order DNA secondary structure important in the G-rich regions of human 

telomeres.  These tetra-substituted NDIs have two linkers extending from the imide 

groups and two from the NDI core, and positively charged N-methyl piperazine or 

morpholine groups in the linkers are required for high affinity binding.  The NDI 

derivatives clamp onto the G-quadruplex by binding with the planar core on top of the 

G-quartet structure with the four linkers in the grooves, substantially thermally stabilizing 

the structure and inhibiting growth of cancer cells (Figure 1.24) (Collie et al., 2012; 

Micco et al., 2013).   
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Figure 1.24  Structure of tetrasubstituted NDI along with the crystal structure of it bound 
to the top of G-quadruplex DNA (Collie et al., 2012). 

 

1.3.3 Bisintercalators 

Bisintercalators contain two intercalating units connected by either a major or 

minor groove-binding linker.  As will be discussed in detail later, the Iverson lab has 

employed NDI extensively in the design of bisintercalating molecules.  The first 

discovered bisintercalator natural product was echinomycin, a pseudosymmetric bicyclic 

peptide intercalator, whose structure is shown in Figure 1.25 (Waring and Wakelin, 

1974).  Echinomycin binds preferentially to CpG steps surrounded by AT bases with the 

peptide linker in the minor groove.  Antibiotic function derives from its ability to inhibit 

transcription, with Melillo and co-workers showing that it could block binding of the 

transcription factor hypoxia-inducible factor-1 (HIF-1) to the hypoxia-responsive element 

(HRE) sequence, a process important for cancer cell survival and proliferation (Kong et 

al., 2005; Leung et al., 2013).     
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Figure 1.25  Structure of the natural product bisintercalator echinomycin. 

Elinafide, also known as LU 79553, was a heavily investigated bisnaphthalimide 

introduced by the Braña lab (Figure 1.26).  This bisintercalator showed antitumor activity 

through its ability to inhibit topoisomerase II and hence DNA replication (Bousquet et al., 

1995).  NMR structural studies revealed that elinafide binds preferentially to TpG steps 

with the alkylamine linker in the major groove (Gallego and Reid, 1999).  Although 

elinafide progressed to clinical trials, unwanted side effects hampered its ability to be 

effectively used in cancer treatment.  Structurally similar bisnaphthalimides with core 

substituents and modified linkers, for example MT02, continue to be of interest in the 

search for anticancer drugs (González-Bulnes and Gallego, 2012; Menzel et al., 2011).  
 

 

Figure 1.26  Structures of bisnaphthalimides elinafide and MT02. 
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Another well-studied bisintercalator is the anthracycline derivative WP631, 

shown in Figure 1.27, which contains two daunorubicin bisintercalators linked through 

their amino sugars by p-xylene.  NMR studies uncovered a binding mode with the linker 

in the minor groove, intercalation between CpG steps, and 4 bp between intercalators 

(Robinson et al., 1997).  In the first clear example of an intercalator inhibiting 

transcription via blocking transcription factor binding, WP631 was able to prevent 

transcription in vitro by RNA polymerase II by binding to the GC-rich site for 

transcription factor activator Sp1 (Martín et al., 1999; Portugal et al., 2001). 
 

 

Figure 1.27  Structure of bisanthracycline WP631. 
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1.3.4 Metallointercalators 

Metal-containing intercalation complexes, which differ somewhat from the 

organic intercalators described thus far, also represent a large area of research.  Interest in 

this field was prompted by the discovery of cisplatin, an important anticancer drug that 

forms covalent adducts with DNA.  Most of these DNA interacting molecules contain 

square planar platinum complexes or octahedral complexes with ruthenium or rhodium in 

which the aromatic ligands coordinated to the metal centers can intercalate DNA in a 

reversible manner.  Bierbach and co-workers have described an acridine containing 

monointercalating platinum complex, PT-ACRAMTU, which also forms covalent 

adducts with DNA.  However, PT-BIS(ACRAMTU), with two acridine units, was instead 

able to interact reversibly with DNA through bisintercalation (Figure 1.28).  Both of 

these complexes bound to AT DNA and showed similar abilities for blocking cleavage by 

a restriction enzyme (Choudhury and Bierbach, 2005; Guddneppanavar et al., 2006).  
 

 

Figure 1.28  Structures of platinum-containing monointercalator and DNA adduct-
forming PT-ACRAMTU and bisintercalator PT-BIS(ACRAMTU). 
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Another way for these metal complexes to bind is through a process termed 

metalloinsertion.  Instead of binding in between the DNA base pairs, metal complexes 

with bulkier aromatic ligands can bind by extruding DNA bases out of the helix.  This 

type of binding has been described by the Barton lab with, for example, the rhodium 

complex shown in Figure 1.29 (Zeglis et al., 2009).  These rhodium metalloinsertors bind 

with high selectivity to mismatch sites, abasic sites, and single base bulges, which are all 

thermodynamically susceptible areas of the DNA, compared to matched duplex DNA. 
 

 

Figure 1.29 Rhodium metalloinsertor Δ-[Rh(bpy)2(chrysi)]3+. 

Many of these metal complexes also bind in the more typical intercalation mode, 

and ruthenium and rhodium complexes exhibit a large increase in luminescence when 

bound to DNA, a phenomenon know as the “light switch” effect, allowing for a simple 

way to monitor intercalative binding (Friedman et al., 1990).  Metallointercalators can 

also be linked together through attachment of two of their aromatic ligands to generate a 

bisintercalator complex, as shown by the example from Lincoln, Nordén, and co-workers 

of the [Ru(phen)2dppz]2+ dimer in Figure 1.30.  This bisintercalator was labeled as a 

molecular staple for DNA, since the two very bulky phen ligands of each ruthenium 

center must thread through the DNA bases with the dppz moieties intercalating and the 

aliphatic linker being groove bound (Önfelt et al., 1999).  A similar, but more rigid 

biruthenium complex, [μ-(11,11′-bidppz)(phen)4Ru2]4+ (Figure 1.30), was discovered by 
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the same group to bind initially only in the DNA grooves, but then slowly switch, over 

several weeks at room temperature, to a monointercalative threading mode with the 

ruthenium centers bound in the grooves and the bridging bidppz ligand intercalating 

(Westerlund et al., 2005).  This dumbbell-type threading monointercalator dissociated 

quite slowly from DNA, with a dissociation half-life of 38 hrs at 37 °C (Westerlund et al., 

2007).   
 

 

Figure 1.30  Structures of the bisintercalating biruthenium complex [μ-c4(cpdppz)2-
(phen)4Ru2]4+ (top) and slowly threading monointercalator [μ-(11,11′-
bidppz)(phen)4Ru2]4+ (bottom).  The threading, intercalating, and groove 
binding portions of the molecules are labeled. 
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Such studies are indicative of the difficulty in predicting the binding mode for 

these metallointercalators, when small changes in coordinating ligands or a different 

enantiomer greatly affects binding ability and geometry (Hiort et al., 1993).  Two 

recently reported crystal structures of ruthenium metal complexes with DNA from the 

Barton and Cardin labs further demonstrate these difficulties (Figure 1.31).  The Barton 

lab described the crystal structure of Δ-[Ru(bpy)2(dppz)]2+ with a duplex containing a 

mismatch and found binding occurring from the minor groove through both 

metalloinsertion and intercalation (Song et al., 2012).  The Cardin lab reported the 

structure of a structurally similar enantiomer, Λ-[Ru(phen)2(dppz)]2+, binding to two 

different duplexes, and also observed intercalation from the minor groove at a TpA (but 

not ApT) site (Niyazi et al., 2012).  These minor groove intercalating complexes are in 

contrast to other solution studies, although Neidle offers some insight into why these 

structures might not be so contradictory to solution phase studies, not the least of which 

being the question of how well these crystal structures represent binding in solution 

(Neidle, 2012).  In any case, more structural studies will be required to disambiguate how 

these different metallointercalators bind to DNA and develop a means to accurately 

predict their binding geometry.  (Abbreviations: bpy, 2, 2′-bipyridine; chrysi, chrysene-

5,6-quinone; phen, 1,10-phenanthroline; dppz, dipyrido[3,2-a:2′,3′-c]phenazine)  
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Figure 1.31  Structures of the ruthenium monointercalators crystallized with DNA by the 
a) Barton lab and b) Cardin lab. 

 

1.3.5 Longer Polyintercalator Derivatives 

Polyintercalator derivatives containing more than two intercalating units are 

proposed to bind DNA in potentially two distinct fashions (Figure 1.32) (Takenaka and 

Takagi, 1999).   In a classical threading mode, all intercalating units would intercalate 

from the same groove and be required to follow the curve of the bound groove.  The 

intercalating units could be considered to hang off the linker backbone in a “pendant” 

manner, as pendants from a necklace.  In a second threading mode, intercalators could 

instead be linked in a head-to-tail fashion, like beads on a string, and expect to thread in 

and out of the DNA.  This would require the linkers to alter between the major and minor 

grooves.  The Takenaka lab initially reported a polyacridine molecule capable of 

threading trisintercalation (Takenaka et al., 1993), and the Iverson lab shortly thereafter 

described the synthesis and binding studies of threading NDI polyintercalators, including 

the first known tetraintercalator (Lokey et al., 1997). 
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Figure 1.32  Cartoon depicting two different polyintercalation designs with a) showing a 
classical “pendant” intercalating mode and b) showing intercalators 
connected in a head-to-tail fashion to thread through the DNA.  

Compared to mono- and bisintercalators, reports of trisintercalators and even 

longer derivatives are rare.  Several of these studies focused on acridine-based 

polyintercalators designed in the pendant manner.  Roques and co-workers observed only 

a small increase in binding affinity when going from an acridine dimer to trimer, 

concluding that the linker chain length and flexibility was crucial in designing high 

affinity polyintercalators (Gaugain et al., 1984).  By using a longer, more flexible 

aminoalkyl linker, this group generated an acridine trisintercalator (Figure 1.33) with 

very high affinity for polyAT DNA.  This trisintercalator bound with an affinity in the 

range of regulatory proteins, Kapp = 1014 M-1, which could be attributed to a slow 

dissociation rate (Laugaa et al., 1985).  Nordén and co-workers investigated structurally 

similar acridine-based mono-, bis-, tris-, tetra-, and hexaintercalators.  They discovered 

that while the mono-, bis-, and trisintercalators bound as expected, the tetra- and 

hexaintercalators only bound with three intercalating units, based on linear and circular 

dichroism analyses, further establishing the need for linker optimization when designing 

longer polyintercalators (Wirth et al., 1988).   

More recent studies of polyintercalators include a pendant-like tetraintercalator 

with a peptide-like backbone and [Pt(tpy)(py)]2+ intercalating units (py, pyridine; tpy, 

terpyridine), although the authors concluded the molecule bound with only two of the 
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[Pt(tpy)(py)]2+ units intercalated, again due to non-optimal linker lengths (Levine et al., 

2005).  Far et al. describe using molecular modeling to design a pendant trisintercalating 

porphyrin derivative containing a central intercalating porphyrin with arginyl arms 

connecting acridine units through flexible linkers on either side of the porphyrin (Figure 

1.33).  Experimental data supported binding by trisintercalation (Far et al., 2004).  The 

non-specific nature of polyintercalators has even been harnessed for DNA delivery 

methods.  The Rice lab has synthesized polyacridine PEG-peptides with three, four, or 

five acridine units (Figure 1.33) and used them to form reversible anionic open 

polyplexes with DNA, and the polyplexes were also able to protect the DNA from 

metabolic degradation (Fernandez et al., 2010).  This anionic open polyplex gene 

delivery method has shown promise in vivo, although questions still remain about 

whether these polyacridine delivery systems will affect other cellular processes 

(Fernandez et al., 2011).  
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Figure 1.33  Structures of selected trisintercalators. 
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1.4 THREADING NDI POLYINTERCALATORS  
 

 

Figure 1.34  Cartoon of threading intercalation 

 The Iverson lab has developed DNA binding molecules termed threading NDI 

polyintercalators by linking NDI units together in a head-to-tail fashion to create 

molecules that “thread” or wind through DNA, much like a snake might climb a ladder 

(Figure 1.34).  These molecules were first reported by Lokey et al. and include the first 

description of a fully bound tetraintercalator (Figure 1.35), although a structural 

understanding of the molecules’ binding mode was still unavailable (Lokey et al., 1997).  

This concept was expanded to include the synthesis and binding studies of the first 

known octaintercalator, which was concluded to bind with all units intercalated to at least 

16 bp, although with only a sequence preference for GC-rich DNA (Murr et al., 2001).  

These positively charged NDI-peptide conjugates exhibited promising antibacterial 

activity against both Gram-positive and Gram-negative strains, although their mode of 

action was not clearly established (Miller et al., 2001).   
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Figure 1.35  Structures of first generation Iverson lab threading NDI polyintercalators. 

Once the general binding ability of this class of polyintercalators was established, 

the Iverson lab then modified their approach to these molecules, beginning to consider 

them from a structural viewpoint with the potential for sequence-specific recognition.  A 

library of bisintercalators that varied the peptide linker between NDI intercalators and 

tested a wide range of amino acid functionalities was screened for sequence-specific 

binding by DNase I footprinting.  This analysis resulted in the discovery of two 

bisintercalators, one having a Gly3Lys linker and the other containing a β-Ala3Lys linker, 

with different DNA binding preferences for the sequences 5′-GGTACC-3′ and 

5′-GATAAG-3′, respectively (Guelev et al., 2000).  NMR structural analysis of these two 

bisintercalators with their preferred sequences revealed that they also had different 

groove-binding topologies, as the Gly3Lys bisintercalator bound with the linker in the 

major groove and the β-Ala3Lys bisintercalator bound with the linker in the minor 

groove (Figure 1.36) (Guelev et al., 2001a, 2002).  Both bisintercalators bound with 4 bp 

between NDI intercalators.  A number of features garnered from this wealth of structural 

data was used to hypothesize why these linkers direct binding to different sequences.  For 

the major groove-binding Gly3Lys bisintercalator, hydrogen bonds were observed 

between the amides adjacent to the NDI intercalators and the G oxygen (O6) in the major 

groove.  The Gly3Lys linker was seen to be tucked in between the thymine methyls, 
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resulting in hydrophobic interactions that could not be achieved with different base pair 

sequences in between the intercalation sites.  Overall, the electrostatic landscape, 

depicted in Figure 1.37, of the preferred sequence matched well with that of the 

bisintercalator, lending more favorable electrostatic interactions compared to other 

sequences.  For the minor groove-binding β-Ala3Lys bisintercalator, the narrow minor 

groove likely provides a better accommodation since the β-Ala3Lys linker is more 

hydrophobic and its longer length allows it to traverse the longer path of the minor 

groove for binding 4 bp.  Again, hydrogen bonds were seen between the amide hydrogens 

adjacent to the NDI units and the oxygen (O2) on the thymines in the minor groove. 

One of the great advantages of using NDI in this threading polyintercalation 

scaffold is its ease of synthesis from naphthalene dianhydride and a primary amine to the 

disubstituted diimide, which can also be used to synthesize non-symmetric NDIs (Pengo 

et al., 2006; Tambara et al., 2011).  In this manner, NDI derivative 1.3 is synthesized with 

an Fmoc-protected amine and carboxylic acid, shown in Scheme 1.1, to allow for 

incorporation into the peptide chain by standard Fmoc-based solid phase peptide 

synthesis (SPPS), which gives a versatile and robust method for synthesizing NDI 

polyintercalators.  Naphthalene dianhydride 1.1 is reacted sequentially in a microwave 

reactor under basic conditions with β-alanine followed by mono-Boc-protected 

ethylenediamine, producing diimide 1.2.  An Fmoc-protected amine incorporated at this 

step is unstable, so one solution phase coupling with a lysine amino acid is accomplished 

by deprotecting the Boc-protected amine with trifluoroacetic acid (TFA), followed by an 

amide condensation with the activated OPfp ester of Fmoc-Lys(Boc)-OPfp to give the 

SPPS-ready NDI-Lys monomer 1.3 (Guelev et al., 2001b; Rhoden Smith et al., 2012). 
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Figure 1.36  The a) Gly3Lys bisintercalator and b) β-Ala3Lys bisintercalator along 
with their NMR-determined structures bound to their preferred DNA 
sequences.  The red lines in the sequences indicate where the NDI units 
intercalate. 
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Figure 1.37  Electrostatic contour map of the preferred sequence, 5′-GGTACC-3′, for the 
Gly3Lys bisintercalator with bound molecule derived from the NMR-
determined structure (Guelev et al., 2001a). 

 

 

Scheme 1.1  Synthesis of NDI-Lys monomer 1.3 for use in Fmoc-based SPPS. 

The discovery and structural analyses of the two bisintercalators with altered 

sequence specificity and groove-binding topologies laid the groundwork for designing 

even more complex polyintercalators.  A bisintercalator was modeled and synthesized 
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with a rigid linker backbone (Figure 1.38) in order to increase binding affinity by 

minimizing entropy loss upon DNA binding.  This bisintercalator was found to bind the 

minor groove of the 5′-GGTACC-3′ sequence, the binding site for the major groove-

binding Gly3Lys bisintercalator, illustrating the versatility of the NDI intercalator 

scaffold, but also demonstrating the difficulty in predicting a priori sequence specificity 

and binding topology (Chu et al., 2006, 2007).  This rigidified bisintercalator was used as 

a case study for demonstrating that electrospray ionization mass spectrometry (ESI-MS) 

could be used as an initial screening tool for DNA binding (Mazzitelli et al., 2007).  Chu 

et al. also combined the major and minor groove-binding Gly3Lys and β-Ala3Lys linkers, 

respectively, to generate a macrocyclic threading NDI bisintercalator, whose NMR 

structural analysis represents the first for a pseudocatenane cyclic bisintercalator with 

duplex DNA (Figure 1.39).  This cyclic bisintercalator preferentially bound the 5′-

GGTACC-3′ sequence with the linkers in the predicted grooves, with the assumption that 

the sequence specificity was driven by more favorable binding for the Gly3Lys linker in 

the major groove of that sequence compared to the binding site preferred by the 

β-Ala3Lys linker (Chu et al., 2009).  Interestingly, it was hypothesized that this cyclic 

bisintercalator might be able to scan for its preferred site by initially binding to DNA and 

sliding up and down along the DNA, disrupting base pairing, until finding its 

thermodynamic minimum.  A similar type of “shuffling” or “crawling”  binding mode 

has also been proposed for actinomycin D and a trisintercalating acridine polyintercalator 

(Graves and Velea, 2000; Hansen et al., 1984). 
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Figure 1.38  Structure of a rigidified NDI bisintercalator. 

 

 

Figure 1.39  Cartoon showing a cyclic bisintercalator forming a pseudocatenane with 
DNA (Chu et al., 2009). 
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Figure 1.40  NMR-determined structure of the adipic acid tetraintercalator with its 14 
bp binding site (Lee et al., 2004). 

Most notably, the modularity of the Gly3Lys and β-Ala3Lys bisintercalators was 

exploited in the design of a sequence-specific NDI tetraintercalator.  This tetraintercalator 

was anticipated to bind by threading though the minor, major, and minor DNA grooves, a 

topology that was confirmed by NMR structural analysis (Figure 1.40) (Lee et al., 2004).  

The minor groove-binding portions of this molecule are composed of the β-Ala3Lys 

peptide linkers.  However, the major groove binding portion is composed of adipic acid, a 

linker which matches the length and hydrophobic nature of the Gly3Lys peptide, in order 

to lend overall C2 symmetry to the molecule.  The 14 bp specific binding site for the 

adipic acid tetraintercalator is a palindromic hybrid sequence of the individual 

bisintercalator binding sites, so the complex of the tetraintercalator with the 14 bp site 

was also C2 symmetric, a necessity for solving the structure by NMR.  Surprisingly, the 
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adipic acid tetraintercalator displayed a dissociation half-life of 16 days from its 14 bp 

site, as determined by gel-shift assay, a record for synthetic molecules binding to DNA at 

the time it was reported (Holman et al., 2011).  Two main questions arise from these 

structural studies: First, can the sequence specificity of NDI tetraintercalators be 

controlled in a modular way?  In other words, by changing the modular bisintercalator 

pieces in the threading tetraintercalator design, can sequence specificity be predicted?  

Second, since the NMR analysis of the adipic acid tetraintercalator complex indicated 

some distortion of the DNA helix in the major groove-binding portion, can the binding 

affinity of threading tetraintercalators be improved by optimizing the major groove 

linker?  As a corollary to that question, would an optimized linker allow for even longer 

polyintercalator molecules able to bind in a sequence-specific manner to even longer 

DNA binding sites?  The work described herein describes the efforts taken to answer 

these fundamental questions. 
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Chapter 2 

Subtle Recognition of 14 Base Pair Sequences via Threading 
Polyintercalation 

2.1 CHAPTER SUMMARY 

2.1.1 Goals 

This chapter seeks to understand how altering the peptide linker modules in our 

threading polyintercalator design affects sequence specificity.  Predictable sequence 

specificity is one requirement for DNA-binding molecules that may have the ability to 

manipulate gene expression.  This in-depth study of the sequence-specific nature of NDI 

tetraintercalators stands out, as in the past other polyintercalators have not shown a large 

degree of sequence discrimination.   

 

2.1.2 Approach 

Previously, a threading tetraintercalator composed of alternating minor-major-

minor groove-binding modules was shown to bind specifically to a 14 bp DNA sequence 

with a dissociation half-life of 16 days (Holman et al., 2011).  New putative NDI-based 

tetraintercalators were developed with a different major groove-binding module and a 

reversed N to C directionality of one of the minor groove-binding modules.  DNase I 

footprinting and gel-shift association and dissociation assays were used to evaluate the 

binding kinetics and specificity of these polyintercalators to four designed DNA binding 

sites.   
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2.1.3 Results 

The new tetraintercalators are able to discriminate, by as much as 30-fold, 14 bp 

DNA binding sites that differ by one or two base pairs.  Relative affinities were found to 

correlate strongly with dissociation rates, while overall C2 symmetry in the DNA binding 

molecule appeared to contribute to enhanced association rates.  A detailed structural 

analysis of one of the new tetraintercalators with its preferred designed binding site 

follows in Chapter 3. 

 

2.2 BACKGROUND 

Synthetic molecules that bind double-stranded DNA in a sequence-specific 

manner are of interest due to their potential ability to modulate gene expression.  

Intercalation is a mode of DNA-binding that involves the insertion of a flat aromatic unit 

between the base pairs of DNA.  In general, intercalating molecules do not bind DNA 

with high sequence specificity, unless in conjugation with some other DNA binding 

motif, such as minor groove-binding polyamides (Fechter et al., 2004), DNA 

oligonucleotides (for triplex formation) (Gianolio and McLaughlin, 2001), or peptide 

nucleic acids (PNA) (Bentin and Nielsen, 2003).  Polypeptides have also been used to 

provide sequence-specific binding to intercalators (Bailly et al., 1990; Takenaka et al., 

1996; Thompson, 2007).  However, while these conjugates are commonly seen as mono- 

or bisintercalators, reports of longer polyintercalating molecules indicate a lack of 

significant sequence specificity in DNA binding (Far et al., 2004; Laugaa et al., 1985; 

Takagi et al., 1998; Wirth et al., 1988). 

The Iverson lab has developed a class of modular threading polyintercalators by 

connecting 1,4,5,8-naphthalenetetracarboxylic diimide (NDI) units together in a head-to-

tail fashion via flexible peptide linkers (Lokey et al., 1997).  NDI was first discovered as 
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a threading intercalator by Wilson and co-workers (Tanious et al., 1991; Yen et al., 

1982), and we have extended NDI polyintercalation to include the development of the 

first octaintercalator, which was shown to bind DNA with all units intercalated, albeit 

without demonstrated sequence specificity beyond a preference for GC-rich DNA (Murr 

et al., 2001).   

Peptidic linkers specific for 6 bp sequences of double-stranded DNA were 

discovered by using DNase I footprinting to screen NDI bisintercalator libraries (Guelev 

et al., 2001a, 2000, 2002).  NMR structural analysis showed that a NDI bisintercalator 

with a Gly3Lys linker was found to bind in the major groove to the sequence 

5′-GGTACC-3′ with 4 bp in between intercalation sites (Guelev et al., 2001a).  A second 

bisintercalator with a β-Ala3Lys linker was shown to bind the sequence 5′-GATAAG-3′ 

in the minor groove, again with 4 bp in between intercalation sites (Guelev et al., 2000, 

2002). 

With these novel specificities and peptide linkers in mind, tetraintercalator 2.1 

was designed, synthesized, and shown to bind specifically to 14 bp palindromic sequence 

2A, 5′–GATAAGTACTTATC–3′.  The NMR-determined structure of the 2.1-DNA 

complex verified that the molecule bound in a sequence specific fashion with the linkers 

residing in the minor-major-minor grooves as predicted (Figure 2.1) (Lee et al., 2004).  

The minor groove-binding portions of 2.1 were the aforementioned β-Ala3Lys linkers, 

but the major groove linker was derived from adipic acid, rather than Gly3Lys, in order to 

add overall C2 symmetry to the intercalator-DNA complex, simplifying the NMR 

structural analysis.  This tetraintercalator was shown to bind to its 14 bp hybrid site with 

a dissociation half-life of 16 days, the longest reported half-life at that time for any DNA-

binding molecule (Holman et al., 2011). 
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Figure 2.1  Cartoon depicting threading intercalation. 

Herein is described the design, synthesis, footprinting, and kinetic analyses of 

new NDI tetraintercalators 2.2 and 2.3 that differ from 2.1 by targeting the major groove 

with the Gly3Lys linker and by reversing the N to C directionality of one of the minor 

groove-binding β-Ala3Lys linkers.  This change in linker symmetry and directionality is 

expected to have a corresponding influence on the directionality of the preferred DNA 

binding sequences of the different molecules. In addition, it is reasonable to propose that 

C2 symmetric molecules such as 2.1 should have a distinct advantage when it comes to 

association rate constants, because overall C2 symmetry insures that all initial encounters 

with DNA occur with a backbone orientation consistent with formation of a bound 

complex.  Molecules with unidirectional backbones lacking C2 symmetry, such as 2.2 and 

2.3, would be expected to initially interact with DNA in the incorrect orientation 

approximately half of the time, thus resulting in a corresponding decrease in the 

productive association rate.  Additionally, compounds 2.2 and 2.3 differ by number of 

positive charges at neutral pH, possessing overall charges of +5 and +4, respectively, 

allowing for an analysis of any charge dependence of binding affinity and specificity. 
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2.3 RESULTS 

By changing the major groove-binding module in 2.1 from adipic acid to the 

Gly3Lys linker, the putative tetraintercalators 2.2 and 2.3 have an overall backbone 

directionality and no longer exhibit C2 symmetry.  To emphasize this point, the arrows in 

Figure 2.2 indicate N to C directionality in the amide bonds of the backbones for 2.1, 2.2, 

and 2.3.  Although 2.1 could be synthesized by cross-linking two bisintercalators on the 

resin with adipic acid, 2.2 and 2.3 had to be synthesized in a linear, stepwise fashion. 

 

2.3.1 Synthesis.   

Tetraintercalators 2.2 and 2.3 were synthesized using standard Fmoc solid phase 

peptide synthesis (SPPS) employing an orthogonal t-Boc protection for the lysine side 

chains as described previously (Guelev et al., 2001b).  In order to minimize coupling 

steps and maximize yield, Fmoc-(β-Ala)3-OH and Fmoc-(Gly)3-OH were synthesized 

prior to SPPS (Eggen et al., 2005; Lapatsanis et al., 1983).  While 2.2 was left with a 

terminal free amine, the N-terminus of 2.3 was capped as the acetamide (using acetic 

anhydride) to produce species with +5 and +4  charges, respectively, at neutral pH. 
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Figure 2.2 Structures of the adipic acid containing tetraintercalator 2.1 and the Gly3Lys containing tetraintercalators 2.2 and 
2.3 showing N to C amide bond directionality. Tetraintercalator 2.2 has an N-terminal free amine, while the N-
terminal amine of 2.3 is capped as the acetamide.  NDI intercalating units are lettered for reference. 
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2.3.2 Binding Site Design.   

The DNA binding site for 2.2 and 2.3 was designed by creating a hybrid 14 bp 

binding site from the individual bisintercalator binding sites.  A combination of the 

minor-major-minor groove linker binding sites produces sequence 2B (Figure 2.3).  For 

reference, the palindromic binding site for 2.1 is also shown (sequence 2A).  Arrows in 

the figure have been added to emphasize the overall expected N to C directionality of the 

corresponding bound tetraintercalator.  We foresaw a potential problem with the CA 

intercalation step (highlighted in bold) in the hybrid sequence 2B.  This position is 

expected to be the site of intercalation for NDI unit B, but NDI in the context of our 

previously reported molecules is known to prefer purine-purine intercalation steps, GG 

especially (Guelev et al., 2001a, 2002).  For this reason, three other potential binding sites 

for 2.2 and 2.3 were designed in an attempt to evaluate this potential problem, listed as 

sequences 2C – 2E.  For example, in sequence 2C, the major groove linker binding site 

is modified by switching a CG base pair to a GC base pair to allow for a GA intercalation 

step.  In sequences 2D and 2E, the second minor groove linker binding site is modified.  

The AT base pair is switched to a TA base pair in sequence 2D and is exchanged for a 

CG base pair in sequence 2E.  All modifications produce a purine-purine intercalation 

site, with only sequence 2E allowing for a GG intercalation site. 
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Figure 2.3   Sequence 2A is the binding site for 2.1.  Sequences 2B – 2E are the 
proposed binding site sequences for 2.2 and 2.3.  Arrows indicate the overall 
expected N to C amide bond directionality of the corresponding bound 
tetraintercalator. 

 

2.3.3 DNase I Footprinting.   

Concentration dependent DNase I footprinting was used to evaluate binding of 2.2 

and 2.3 to DNA sequences 2B – 2E (Figure 2.4).  In these studies, the DNA was heated 

to 80 °C, and then intercalator was added followed by slow cooling.  Note that footprints 

obtained in this way were identical to those obtained from a four day incubation at 37 °C.  

In order to compare rigorously the binding to each sequence, the DNA used for 

footprinting contained only one of the proposed binding sites with the same flanking 

sequences on either side (Appendix).  Intercalators 2.2 and 2.3 bind sequence 2C with 

the least affinity and appear to never occupy the entire site.  For sequence 2D, 2.2 begins 

to bind at 150 nM, but never fully occupies the sequence in the concentration range 

tested, and 2.3 begins to occupy the site at 100 nM.  For sequence 2B, 2.2 begins to 

occupy the site at 100 nM, while 2.3 gives attenuation of digestion bands in the binding 

site starting at 50 nM.  For sequence 2E, the binding site is mostly bound for both 2.2 

and 2.3 at 50 nM.  Thus, while all the target DNA sequences seem to experience some 
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binding, the footprints seen with sequence 2E are the most distinct and occur at the 

lowest concentrations for both 2.2 and 2.3.   

 

 

Figure 2.4 Concentration dependent DNase I footprints of 2.2 and 2.3 with sequences 
2B – 2E.  Lane 1 contains no DNase I.  Lane 2 contains an adenine-specific 
cleavage reaction (Iverson and Dervan, 1987).  Lane 3 contains no 
intercalator.  Tetraintercalator concentrations for lanes 4 – 7 are as follows: 
50 nM, 100 nM, 150 nM, 200 nM. 
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DNase I footprinting studies were also performed with 2.2 and 2.3 on DNA 

containing the preferred palindromic binding site for 2.1, sequence 2A, and with 2.1 on 

DNA containing the most promising target for 2.2 and 2.3, sequence 2E (Figure 2.5).  

The strong footprint of 2.1 with sequence 2A is also shown for reference.  Perhaps 

surprisingly, for sequence 2A, both 2.2 and 2.3 display significant footprints.  Compound 

2.2 begins to occupy the site at 100 nM, and 2.3 begins to bind at 50 nM, ranking these 

interactions as the second strongest seen in the study, only behind those seen with 

sequence 2E.  For tetraintercalator 2.1, some binding was seen with sequence 2E, with a 

footprint beginning to appear at 100 nM, although the site is never fully occupied in the 

concentration range tested. For 2.2 and 2.3 at higher concentrations, other sites on the 

DNA, generally GC-rich regions, also seem to be occupied, implying that 2.2 and 2.3 

may be less specific in binding compared to 2.1 in the context of these sequences.  This is 

perhaps not altogether too surprising given that NDI monointercalators prefer binding 

GC-rich DNA (Tanious et al., 1991). 
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Figure 2.5   Concentration dependent DNase I footprints of 2.1, 2.2 and 2.3 with 
sequence 2A, and of 2.1 with sequence 2E.  Lane 1 contains no DNase I.  
Lane 2 contains an adenine-specific cleavage reaction (Iverson and Dervan, 
1987).  Lane 3 contains no intercalator.  Tetraintercalator concentrations for 
lanes 4 – 7 are as follows: 50 nM, 100 nM, 150 nM, 200 nM. 

 

2.3.4 Gel Shift Analysis of Dissociation and Association Rates.   

The dissociation rate constants for 2.2 and 2.3 were determined with sequences 

2A – 2E using gel shift mobility assays as previously reported (Holman et al., 2011).  

Briefly, tetraintercalator is incubated with a stoichiometric amount of 32P-labeled 24-mer 

containing a 14 bp binding site.  DNA with bound tetraintercalator displays retarded gel 

mobility so that bound and unbound radiolabeled DNA can be quantified using native 

polyacrylamide gel electrophoresis (PAGE) and autoradiography.  For the dissociation 

rate constant analysis, complete initial binding is confirmed by gel shift, then a 100-fold 

excess of unlabeled DNA 24-mer is added.  The large excess of unlabeled DNA duplex 
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will bind any dissociated tetramer and thereby prevent re-association with radiolabeled 

DNA.  The amount of bound versus unbound radiolabeled DNA is monitored over time 

(Figure 2.6), and the data is fit to a monoexponential decay equation to derive 

dissociation rate constants (Table 2.1) (Figure 2.7).   Both 2.2 and 2.3 display 

dissociation rates that decrease in the order sequence 2C, 2D, 2B, 2A, and 2E spanning a 

roughly 30-fold range in values.  Dissociation from a control sequence, a 24-mer DNA 

duplex with no known tetraintercalator binding site (5'–

CATTTAACAACATGTTGTTGGCTC–3') was also analyzed.  While the control 

sequence did display a gel shift when incubated with a stoichiometric amount of 2.2 and 

2.3, full association was never seen, and both were fully dissociated from the control 

sequence within an hour, so reliable values could not be determined.  For comparison 

purposes, the dissociation kinetics of compound 2.1 were also investigated with sequence 

2E.  The previously reported extraordinarily slow dissociation rate constant of 2.1 

binding to sequence 2A is also shown in Table 2.1, revealing a more than 100-fold 

difference in dissociation rate constants for 2.1 with sequences 2A and 2E. 
 

 

Figure 2.6   Gel shift mobility assay examples of the dissociation of 2.2 and 2.3 from 
sequence 2E at 3 days and 10 days.  Each dissociation experiment was 
performed in triplicate. 
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 kd × 10-6 (s-1)  t1/2 (h) 

 2.1 2.2 2.3  2.1 2.2 2.3 

Sequence 2A 0.50 ± 0.05a 2.8 ± 0.4 3.3 ± 0.4  390 69 59 

Sequence 2B –b 7.1 ± 1.2 5.6 ± 0.8  – b 27 34 

Sequence 2C – b 67 ± 7 63 ± 10  – b 2.9 3.1 

Sequence 2D – b 11 ± 2 9.5 ± 1.9  – b 17 20 

Sequence 2E 69 ±16 2.0 ± 0.3 2.8 ± 0.3  2.8 96 68 
a See Holman et al., 2011.  b No measurement was attempted. 

Table 2.1   Dissociation rate constants and corresponding half-lives of 2.1, 2.2, and 2.3 
with sequences 2A – 2E. 

 

 

Figure 2.7   Dissociation plots of a) 2.2 and b) 2.3 with sequences 2A – 2E showing 
percent unbound DNA versus time with the corresponding monoexponential 
decay curve fits. 

Association kinetics were also monitored by gel shift to obtain approximate ka 

values for 2.2 and 2.3 with sequences 2A – 2E, and 2.1 with sequences 2A and 2E.  For 

these experiments, tetraintercalator and a radiolabeled 24-mer were combined in 

stoichiometric amounts at 500 nM, 1000 nM, and 1500 nM (Holman et al., 2011).  The 

integrated rate equation for stoichiometric binding was used to calculate association rate 
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constants (Table 2.2) (Figure 2.8) (Anslyn and Dougherty, 2006).  Note that this 

experiment has historically given poor reproducibility in repeated measurements despite 

our attempts to establish a systematic protocol, explaining the relatively large errors listed 

in Table 2.2.  Overall, for the DNA sequences that were analyzed using compound 2.1 

(sequences 2A and 2E), compound 2.1 bound faster than either 2.2 or 2.3.  In addition, 

compound 2.2, with one more positive charge than either 2.1 or 2.3, bound several-fold 

faster than 2.3 but not as fast as 2.1.  Finally, no compound showed significant on-rate 

differences (larger than error) between the different sequences examined in this study. 
 
 

a See Holman et al., 2011.  b No measurement was attempted. 

Table 2.2   Association rate constants of 2.1, 2.2, and 2.3 with sequences 2A – 2E. 

 

 ka × 103 (M-1s-1) 

 2.1 2.2 2.3 

Sequence 2A 10 ± 5a 5 ± 1 1 ± 0.4 

Sequence 2B –b 4 ± 2 2 ± 1 

Sequence 2C – b 4 ± 1 1 ± 0.1 

Sequence 2D – b 3 ± 1 1 ± 0.5 

Sequence 2E 7 ± 3 5 ± 2 3 ± 2 
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Figure 2.8  Example of association plots showing a) 2.2 and b) 2.3 with sequence 2A 
plotting 1/[Unbound DNA] versus time and corresponding linear curve fits. 

 

2.4 DISCUSSION 

An important feature of molecules 2.2 and 2.3 is that the backbone has an overall 

N to C orientation and thus a lack of C2 symmetry as emphasized by the arrows in Figure 

2.2.  This contrasts with our original tetraintercalator 2.1, in which there is overall C2 

symmetry by virtue of a symmetric middle linker and two external linkers with N to C 

directionality pointing away from the center.  This change in symmetry is expected to 

have two significant consequences.  First, the predicted DNA binding site for 2.2 and 2.3 

is expected to exhibit a sequence progression that reflects the overall N to C backbone 

orientation of these molecules, contrasting with the palindromic binding site favored by 

the C2 symmetric 2.1.  Second, the association kinetics of 2.2 and 2.3 can also be 

expected to be slower than 2.1 because of overall symmetry considerations.  This is 

because 2.1 and its known preferred binding site, sequence 2A, are both C2 symmetric, 

insuring that either possible orientation of intercalator initially associated with DNA will 

be aligned correctly to intercalate fully.  For 2.2 and 2.3, the initial electrostatic 
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association of the molecules with their binding site will place approximately half of the 

molecules in the correct alignment for binding, but the other half will be required to 

reverse their orientation on the DNA to match the directionality of their binding site prior 

to productive complex formation.  Overall, such a requirement for proper orientation 

should decrease the rate of productive association for 2.2 and 2.3 relative to 2.1. 

Overall, rather subtle sequence discrimination was seen within the family of 

tetraintercalators 2.1 – 2.3.  Sequences 2B – 2E, the sequences tested as predicted 

binding sites for 2.2 and 2.3, varied by at most 2 bp out of 14, yet significantly different 

footprinting results were obtained for these sequences.  The order of binding preference 

from most to least preferred for 2.2 and 2.3 for these sequences are sequences 2E, 2B, 

2D, and 2C.  Sequence 2B, the original hybrid sequence composed of the minor-major-

minor groove bisintercalator binding sites, lacked a preferred purine-purine intercalation 

step.  Sequence 2E was modified from sequence 2B in the second minor groove linker 

binding site portion to give a more favorable GG intercalation step, so the preference of 

2.2 and 2.3 for sequence 2E over sequence 2B is not altogether surprising.  Sequence 

2D was also modified in the second minor groove binding site portion to give a GA 

intercalation step, and even though sequences 2D and 2E only differ by a single base 

pair, 2.2 and 2.3 display a multi-fold apparent preference for sequence 2E based on the 

footprinting results.  Sequence 2C is modified in the major groove binding site portion to 

allow for a GA intercalation step as well, and this sequence was by far the least preferred.  

Surprisingly, footprinting revealed the non-C2 symmetric compounds 2.2 and 2.3 also 

bound sequence 2A quite well, only surpassed by binding to their most highly preferred 

sequence, sequence 2E.  However, the previously reported and C2 symmetric compound 

2.1 displayed a marked preference for the palindromic sequence 2A in comparison to 

sequence 2E.  Thus, while it is clear that significant specificity has been achieved within 
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the family of tetraintercalators 2.1 – 2.3 and that overall symmetry is important, it is still 

difficult to identify all of the structural features, on the DNA or the tetraintercalators, 

responsible for the fine specificities observed. 

Kinetic analyses revealed that relative affinities for the different DNA sequences 

correlated almost exclusively with dissociation rate constants, since association rate 

constants were found to be relatively sequence independent within error.  Consistent with 

this notion, a strong qualitative correlation was seen between the footprinting results and 

relative dissociation rates, with stronger footprints at lower concentration being observed 

for interactions that also displayed slower dissociation rates.  For example, the previously 

reported remarkably slow dissociation rate constant (corresponding to a 16 day half-life) 

of compound 2.1 dissociating from its preferred binding site (sequence 2A) was the 

slowest measured, and compound 2.1 binding to sequence 2A also displayed the 

strongest footprint at lowest concentration of any examined.  Compounds 2.2 and 2.3 also 

displayed a similarly strong qualitative correlation between overall strength of the 

interaction measured by footprinting and decreasing dissociation rates.  Particularly 

interesting was the 5.6 and 3.4-fold differences in dissociation rates seen with 2.2 and 2.3 

binding to sequences 2D and 2E, respectively, which vary by a single base pair.  

When comparing 2.2 and 2.3, with +5 and +4 charges, respectively, it is perhaps 

counter intuitive that the compound with greater positive charge, 2.2, displayed a 

modestly increased degree of selectivity.  The expectation might be that 2.2 should 

dissociate slower than 2.3 from all sequences tested, because it is more highly charged.  

While compound 2.2 does dissociate slower than 2.3 from sequence 2E, the dissociation 

rate constants of 2.2 and 2.3 from sequences 2A – 2D are about the same, within error.  

The same trend is also seen qualitatively in the footprinting data where 2.2 appears to 

bind with somewhat more discrimination to DNA sequences 2A – 2D compared to 2.3. 
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We have previously reported that 2.1 binds with high specificity to sequence 2A 

in the context of a 467 bp DNA fragment as shown by DNase I footprinting (Holman et 

al., 2011).  Here again, this specificity is further demonstrated by comparing the binding 

of 2.1 with sequences 2A and 2E.  While 2.1 did show some occupation of sequence 2E 

with DNase I footprinting, gel-shift dissociation analysis revealed a 140-fold difference 

in dissociation rates for 2.1 binding to sequences 2A and 2E, which differ by 3 bp.  

While 2.2 and 2.3 show subtle sequence discrimination by having as much as a 30-fold 

difference in dissociation rate constants for the sequences tested, neither of these appear 

to be as specific as the previously reported 2.1. 

A detailed NMR structural analysis of 2.3 binding to sequence 2E follows in 

Chapter 3, and discusses the degree of NDI intercalation, groove binding topology, and 

binding directionality of 2.3 with its preferred binding site.   Note that for the sequences 

displaying weaker footprints and faster dissociation rates, it is quite possible that only 

partial intercalation is occurring across a portion of the binding site. 

Interestingly, compounds 2.2 and 2.3 displayed consistently slower association 

rates compared to those measured for compound 2.1.  For example, compounds 2.1 and 

2.3 have identical overall charges of +4, yet their association rate constants differ by an 

order of magnitude. It may well be the case that overall C2 symmetry can aid in the 

association of a DNA binding molecule (i.e. compound 2.1) because such symmetry 

ensures an initial encounter with DNA will always involve the proper backbone 

orientation for binding to a preferred site.  Binding of molecules without C2 symmetry, 

such as 2.2 and 2.3, may be at a relative association rate disadvantage because roughly 

half of all DNA encounters with such molecules would take place with the incorrect 

backbone directionality.  This discussion assumes that both 2.2 and 2.3 bind with a single 

backbone orientation to preferred sites such as sequence 2E, an assumption that is 
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strongly supported by the presence of a single bound species in the NMR analysis of 2.3 

bound to sequence 2E discussed in Chapter 3. Of course, the above symmetry analysis is 

only one explanation for the observed increased association rate constants seen with 2.1 

compared with 2.2 and 2.3.  Other structural differences not considered here, such as 

overall backbone flexibility (expected to be greater in 2.1) could also be playing a 

significant role. 

  

2.5 CONCLUSION 

Taken together, the data presented here verify that subtle levels of discrimination 

can be achieved by altering the backbone structure and orientation within our growing 

family of DNA tetraintercalators.  In particular, our kinetic data support the design idea 

that using C2 symmetric molecules leads to faster overall association rates.  Furthermore, 

one or two base pair changes out of a 14 bp binding site were seen to alter dissociation 

rates for 2.2 and 2.3 by as much as 30-fold.  Relative affinities for the different 

tetraintercalator-DNA binding site sequence combinations used in this study were found 

to correlate with relative dissociation rates.  Nevertheless, much remains to be learned 

about the details of DNA sequence recognition by our polyintercalators.  For example, 

sequence 2A differed from sequence 2E by 3 bp, explaining the more than 100-fold 

difference in dissociation rates seen with compound 2.1.  However, compounds 2.2 and 

2.3 displayed only modest differences in dissociation rates when analyzed using these 

DNA sequences, but showed much larger differences among sequences that would seem 

more homologous (i.e. sequences 2D and 2E).  
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2.6 MATERIALS AND METHODS 

2.6.1 General Methods 

Solvents and starting materials were used without further purification unless 

otherwise noted.  Organic chemicals and solvents were obtained from Sigma-Aldrich or 

Fisher, resins and amino acids were obtained from Novabiochem, oligonucleotides were 

obtained from Integrated DNA Technologies (IDT), and enzymes were obtained from 

New England Biolabs or Fermentas.  NMR spectra were obtained with a Varian 

DirectDrive 400 MHz unless otherwise noted.  High resolution mass spectra were 

recorded on a 9.4T IonSpec HiResESI FT-ICR. 

 

2.6.2 Synthesis 

Fmoc-(β-Ala)3-OH (Eggen et al., 2005).  In an oven-dried 50 mL round bottom 

flask, N-Fmoc-β-Ala (1.006 g, 3.231 mmol) and 1-hydroxybenzotriazole (HOBt, 0.470 g, 

3.48 mmol) were suspended in ethyl acetate (EtOAc, 17 mL).  The suspension was 

cooled to 0 °C, then 1-(3’-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 

(EDCHCl, 0.682 g, 3.56 mmol) and β-Ala-OtBuHCl (0.646 g, 3.56 mmol) was added.  

To the stirring mixture, N-methylmorpholine (NMM, 0.43 mL, 3.9 mmol) was added 

drop wise.  The solution was taken off the ice and stirred for 7 hours at room temperature 

and monitored by TLC (9:1 CH2Cl2:MeOH).  The solution was diluted with 200 mL 

EtOAc and 75 mL water.  The solution was washed with water (3x 75 mL), 10% Na2CO3 

(3x 50 mL) and brine. The EtOAc was collected and dried over Na2SO4 and concentrated 

in vacuo.  In a 100 mL round bottom flask, a 1:1 mixture of trifluoroacetic acid (TFA) 

and DCM (30 mL) was added to N-Fmoc-βAla2-OtBu (1.364 g, 3.11 mmol) and stirred at 

room temperature for 45 minutes.  The reaction was monitored by TLC (9:1 
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CH2Cl2:MeOH).  The TFA and CH2Cl2 were evaporated by blowing nitrogen over the 

reaction mixture while stirring.  Heptanes (20 mL) were added to the solution and the 

reaction mixture was evaporated.  This was repeated twice.  The resulting oil was 

triturated in diethyl ether (75 mL).  The precipitate was filtered and washed with diethyl 

ether.  The excess diethyl ether was evaporated under high vacuum.  The product was 

then coupled with β-Ala-OtBuHCl using the aforementioned procedure followed by a 

TFA deprotection to yield 0.818 g (56% yield) of product. 1H NMR (DMSO-d6, 400 

MHz) δ 7.94 (t, 1H, J = 5.6 Hz), 7.88 (d, 3H, J = 7.3 Hz), 7.68 (d, 2H, J = 7.6 Hz), 7.41 

(t, 2H, J = 7.3 Hz), 7.33 (t, 2H, J = 7.3 Hz), 7.28 (t, 1H, J = 5.3 Hz), 4.26 (d, 2H, J = 6.7 

Hz), 4.20 (t, 1H, J = 6.5 Hz), 3.20 (m, 6H), 2.36 (t, 2H, J = 7.0 Hz), 2.21 (m, 4H) ppm; 
13C NMR (DMSO-d6, 400 MHz) δ 172.9, 170.4, 170.1, 156.0, 143.8, 140.7, 127.6, 127.0, 

125.1, 120.1, 65.3, 46.7, 37.0, 35.6, 35.3, 35.3, 34.7, 33.8 ppm;  HRMS-ESI C24H28N3O6
+ 

[M+H]+ calcd, 454.1973; found, 454.1976.  

 

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

naphthalenetetracarboxylic Diimide (Guelev et al., 2001b; Pengo et al., 2006).  β-

Alanine (2.78 g, 31.2 mmol) was sonicated for 1 hour in DMF.  1,4,5,8-

Naphthaleneteracarboxylic dianhydride (8.39 g, 31.2 mmol) and TEA (4.4 mL, 31 mmol) 

were added.  The mixture was placed in a microwave reactor (CEM Microwave 

Accelerated Reaction System, model MARS®) and heated to 140 °C (P = 600 W) and 

kept at 140 °C for 10 min.  The solution was allowed to cool to 65 °C, and tert-butyl 2-

aminoethylcarbamate (5.00 g, 31.2 mmol) was added along with another portion of TEA 

(4.5 mL, 32 mmol).  Again, the solution was heated to 140 °C (P = 600 W) and kept at 

140 °C for 10 min.  The solution was allowed to cool to room temperature, and the DMF 

was removed in vacuo.  The mixture of products was purified by column chromatography 
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using 5% MeOH / 10% TEA in DCM.  The corresponding fractions were collected, and 

the solvent removed in vacuo.  The resulting solid was dissolved in a minimal amount of 

5% MeOH in DCM (35 mL), and upon addition of AcOH (25 mL), a yellow precipitate 

formed.  The product was further precipitated by the addition of hexanes (400 mL) and 

filtered.  The solid was triturated in water to remove the AcOH and TEA salts and filtered 

again to give the product as a tan powder (6.16 g, 44%).  1H NMR (DMSO-d6) δ 12.45 

(br s, 1H), 8.58 (q, 4H), 6.90 (t, 1H), 4.25 (t, 2H), 4.09 (t, 2H), 3.25 (br q, 2H), 2.64 (t, 

2H), 1.21 (s, 9H) ppm; 13C NMR (DMSO-d6) δ 172.3, 162.4, 162.2, 155.7, 130.2, 130.1, 

126.0, 125.8, 125.7, 125.6, 77.5, 37.5, 36.0, 31.9, 30.6, 28.0;  HRMS-ESI C24H22N3O8H 

[M-H]-  calcd, 480.1412; found, 480.1405. 

 

Tetraintercalators 2.2 and 2.3 Fmoc-(Gly)3-OH was obtained using the 

procedure by Lapatsanis, et al. with a glycylglycylglycine peptide starting material 

(1983).  Fmoc-Lys(Boc)-NDI-OH was synthesized as described previously (Guelev et al., 

2001b), except with the modified microwave procedure described above.  HPLC 

purifications were performed on a Waters system using a Vydac C18 peptide/protein 

column in reverse phase conditions in water and acetonitrile both containing 0.1 % TFA.  

Chromatograms were recorded by monitoring absorbance at 386 nm.  Concentration of 

purified tetramer was determined using an extinction coefficient of 51,300 M-1 cm-1 at 

385 nm (Lokey et al., 1997). 

Tetraintercalator 2.2 was synthesized on a Rink Amide MBHA resin (0.72 

mmol/g) using standard Fmoc SPPS as described previously (Guelev et al., 2001b), with 

the exception that the capping was performed with a fluorous capping reagent as opposed 

to acetic anhydride (Montanari and Kumar, 2006a, 2006b).  After couplings, the resin 

was washed with NMP (3x), iPrOH (3x), NMP (3x) and DCM (2x).  The fluorous 
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capping reagent (10 equiv) was dissolved in 2% DMF in DCM (v/v), added to the resin, 

and shaken for 3 minutes.  The capping solution was drained back into the original vial 

for reuse.  If the solution became cloudy, a drop or two of DMF was added to re-dissolve 

the precipitated capping agent.  A 5% (v/v) collidine solution in DCM was added to the 

resin, shaken for 15 min and then drained.  The resin was washed with DCM (3x) and the 

capping was repeated.  The resin was washed with DMF (2x), NMP (3x), iPrOH (3x), 

NMP (3x), and the next deprotection and coupling was performed.  The capping reagent 

was stored in the refrigerator between cappings.  A fresh solution of fluorous capping 

reagent was used midway through the synthesis.  After the final deprotection, 2.2 was 

cleaved from the resin, leaving a free amine on the N-terminus.  The crude product was 

lyophilized and dissolved in an 80:20 MeOH:H2O solution and applied to a 

FluoroFlashTM cartridge (Fluorous Technologies Incorporated). The uncapped products 

were eluted with an 80:20 MeOH:H2O solution, and the fluorous capped products were 

eluted with MeOH. The uncapped products were then purified by reverse phase 

preparative HPLC using a water/acetonitrile solvent system with 0.1% TFA to yield 2.2 

in a 3.3% yield.  1H NMR (9:1 H2O:D2O, 600 MHz) δ 8.42 (t, 1H, J = 5.9 Hz), 8.345 (t, 

1H, J = 5.6 Hz), 8.29 (m, 2H), 8.17-8.23 (m, 7H), 8.11-8.17 (m, 7H), 8.06-8.11 (m, 4H), 

7.98-8.04 (m, 3H), 7.90-7.98 (m, 5H), 7.8-7.9 (m, 5H), 3.67-4.21 (m, 30H), 3.53-3.59 (m, 

1H), 3.09-3.47 (m, 20H), 2.76-2.90 (m, 10H), 2.65 (m, 2H), 2.60 (t, 2H, J = 7.0 Hz), 2.51 

(t, 2H, J = 6.7 Hz), 2.47 (t, 2H, J = 7.0 Hz), 2.20-2.33 (m, 14H), 1.34-1.75 (m, 20H), 

1.09-1.32 (m, 12H) ppm; HRMS-ESI C126H148N31O34
3+ [M+H]3+ calcd, 879.6978; found, 

879.6934. 

Tetraintercalator 2.3 was synthesized on a Rink Amide MBHA resin (0.72 

mmol/g) using standard Fmoc SPPS as described previously (Guelev et al., 2001b), using 

the typical 5% (v/v) acetic anhydride-5% (v/v) 2,6-lutidine in NMP as the capping 



 

 72 

solution rather than the fluorous capping reagent.  After the final deprotection, the free 

amine was capped and then cleaved from the resin.  The crude product was then purified 

by reverse phase preparative HPLC as before.  Tetraintercalator 2.3 was obtained in a 

42% yield.  HRMS-ESI C128H150N31O35
3+ [M+H]3+ calcd, 893.6965; found, 893.6957.  

 

2.6.3 Gel Mobility Shift Assays   

Association and dissociation kinetics were measured using gel shift mobility 

assays.  The 24-mer DNA (Appendix) was radiolabeled with 32P and the association gel-

shift assays were performed as described previously (Holman et al., 2011).  For the 

dissociation gel-shift assays, intercalator (1.1 µM)  and DNA (0.05 µM radiolabeled, 1.0 

µM unlabeled) was incubated by heating the DNA to 60 °C for 5 min, adding the 

intercalator, and cooling the incubation to 25°C at a rate of 0.5 °C/min.  The incubations 

were then allowed to remain at 25°C overnight.  Full association was confirmed by gel 

electrophoresis.  Dissociation was instigated and quantified as previously described 

(Holman et al., 2011). 

 

2.6.4 DNase I Footprinting   

PAGE purified primers containing the binding sites to be tested were ordered to 

produce 5′ and 3′ sticky ends for ligation into pMoPac16 (Hayhurst et al., 2003) 

(Appendix).  The primers were annealed by heating a 12.5 µM dsDNA solution at 95 °C 

and cooling the mixture at 1 °C/min until room temperature was reached.  The pMoPac16 

vector was digested with SfiI, purified by agarose gel, and the annealed primers were 

ligated into the digested plasmid.   
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The 5′-32P-end labeled DNA fragments were prepared by PCR (Appendix), and 

DNase I footprinting was performed according to a previously reported procedure 

(Trauger and Dervan, 2001).  Briefly, a forward primer was 5′-32P-end labeled using T4 

polynucleotide kinase (Fermentas) and [γ-32P]-ATP (12 μL, 125 μCi) (PerkinElmer, 

EasyTide) according to the manufacturers protocol.  After labeling, the 100 μL reaction 

was halted by addition of EDTA (5 μL, 0.5 M, pH 8.0).  The labeled DNA was extracted 

four times with a phenol-chloroform-isoamyl alcohol mixture (25:24:1, 100 μL) with the 

DNA remaining in the top yellow aqueous layer.  Unincorporated radiolabel was 

removed from the labeled DNA primer using an illustra NICK column (GE Healthcare) 

by loading 100 μL and eluting with water following the manufacturer’s procedure.  The 

400 μL aliquot containing the labeled primer was ethanol precipitated.  A reverse primer 

solution was made by diluting 3 μL of the reverse primer (20 μM) up to 50 μL with 

water, and this solution was used to resolubilize the forward primer pellet.  This 

radiolabeled forward primer and reverse primer solution was used to PCR amplify DNA 

containing the desired binding site from the appropriate pMoPac 16 vector using Taq 

polymerase (NEB) and standard protocols.  After preheating the thermocycler to 95 °C, 

the PCR reaction was placed in the thermocycler and heated at 95 °C for 2 min, followed 

by 30 cycles of 1 minute at 95 ºC, 1 minute at 52 ºC, and 1 minute at 72 ºC, and ending 

with 10 minutes at 72 ºC, resulting in a 5′-radiolabeled DNA oligonucleotide of 95 bp 

(Figure 2.9).  The PCR product was purified by 5% native PAGE.  The band containing 

the desired length DNA was identified by TLC shadowing, excised from the gel, and 

divided and eluted into several 700 µL aliquots of 1x Tris-EDTA (TE) buffer at 42 °C 

with shaking at 400 rpm overnight.  The elution buffer was divided into 400 µL aliquots, 

and 150 µL was set aside for the adenine-specific cleavage reaction (A reaction).  The 

aliquots were ethanol precipitated.  One aliquot was resuspended with 1x TE buffer (400 



 

 74 

µL) by vortexing and transferred to another aliquot.  This was repeated until all the 

radiolabeled DNA was recombined in one 400 µL aliquot.  This final aliquot was ethanol 

precipitated, resuspended in sodium phosphate buffer (20 mM, pH = 7.5) with MgCl2 (2 

mM) until a 20 μL aliquot gave a reading of 80 – 100 CPM, filtered, and stored at -20 °C.  

The A reaction DNA was resuspended in deionized water (150 µL) after the first ethanol 

precipitation and stored at -20 °C.    Tetraintercalators 2.1, 2.2, and 2.3 were incubated 

with radiolabeled DNA by heating the DNA to 80 °C for 5 min, adding the intercalator, 

cooling the incubation by 0.5 °C/min until it reached 25 °C and allowing the incubations 

to remain at 25 °C overnight.  Incubations were digested with 2.5 U/mL DNase I for 4 

min.  The adenine-specific cleavage reaction was carried out according to published 

procedure (Iverson and Dervan, 1987).  DNA fragments were separated on an 8% 

denaturing polyacrylamide gel.  The gels were exposed to a phosphor screen overnight 

and imaged using Quantity One 4.6.3 (Bio-Rad) and ImageQuant TL v2005.   

 
5′*-TTGTTATTACTCGCGGCCCAGCCGGCCCATTT…GGCTCGAC
TAAACAACATGTTGTTACATGGGCCTCGGGGGCCGAATTCG-3′ 

Figure 2.9  General sequence of the 5′-32P-end-labeled DNA oligonucleotide used for 
footprinting with the appropriate binding site contained in the ellipsis. 

 

This chapter adapted with permission from Rhoden Smith, A., Ikkanda, B.A., 

Holman, G.G., and Iverson, B.L. (2012). Subtle Recognition of 14-Base Pair DNA 

Sequences via Threading Polyintercalation. Biochemistry 51, 4445–4452.  Copyright 

2012 American Chemical Society.   
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Chapter 3 

NMR Structural Analysis of a Non-Symmetric Threading 
Tetraintercalator 

3.1 CHAPTER SUMMARY 

3.1.1 Goals 

This chapter presents an NMR structural analysis of putative tetraintercalator 2.3 

binding to the non-palindromic 14 bp sequence 2E.  A structural understanding of 

binding should shed light on causes for the differences in dissociation rates seen between 

2.1 with sequence 2A and 2.3 with the other 14 bp sequences discussed in Chapter 2 and 

could allow for the development of polyintercalators with potentially slower dissociation 

rates. 

 

3.1.2 Approach 

A 1:1 complex of 2.3 and sequence 2E was analyzed by 2D 1H NMR 

spectroscopy with both exchangeable and non-exchangeable NOESY, and TOCSY 

spectra. 

 

3.1.3 Results 

The structural analysis of the 2.3-sequence 2E complex reveals that 2.3 binds in 

the expected threading mode with 1:1 stoichiometry and overall C to N directionality in a 

part of the binding site, but the absence of NOE connectivities for the second minor 

groove-binder and last intercalation site suggests dynamic binding in that portion of the 

sequence.  This partial structure can neither confirm nor deny tetraintercalation, but does 

imply that the interactions in the fluxional portion of the complex seem to be an 
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important factor in the differences seen in the dissociation rates for 2.3 with the 14 bp 

sequences in Chapter 2.  In addition, some unusual characteristics in the NMR spectra 

suggest that 2.3 might induce more DNA distortion upon binding compared to 2.1, which 

might also help explain the very large differences in dissociation rates for the 2.1-

sequence 2A complex compared to those complexes with 2.3. 

 

3.2 BACKGROUND 

Structural understanding, derived from NMR analysis, has been and continues to 

be essential for the Iverson lab’s development of NDI threading polyintercalators.  NMR 

analysis revealed the groove binding topologies and binding site length of two 

bisintercalator modules (Guelev et al., 2001a, 2002), which have been used to inspire the 

creation of other hybrid polyintercalators, most notably the C2 symmetric tetraintercalator 

2.1 pictured in Figure 3.1, which is shown with the NMR-determined structure of 2.1 

bound to its preferred 14-bp palindromic binding site (Lee et al., 2004).  The minor 

groove-binding portions of this tetraintercalator are composed of β-Ala3Lys peptide 

linkers, while the major-groove binding portion is adipic acid which lends the molecule 

its C2 symmetry. 

As discussed in Chapter 2, a new non-symmetric tetraintercalating molecule 2.3 

was designed and synthesized with the adipic acid major groove-binder replaced with the 

previously studied Gly3Lys linker, resulting in a subsequent change in N to C 

directionality of its second β-Ala3Lys minor groove-binder (Rhoden Smith et al., 2012).  

The binding kinetics and sequence specificity of this new tetraintercalator were tested 

with several designed binding sites (Figure 3.2) and revealed that 2.3 was able to subtly 

distinguish between similar sequences.  However, the specific structural characteristics 
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that led to higher or lower affinity could not be deduced, and no direct evidence for a 

threading polyintercalation binding mode was obtained. 
 

 

Figure 3.1 Structure of C2 symmetric NDI tetraintercalator 2.1 with 14 bp binding site 
sequence 2A, and the NMR-determined structure of the 2.1-sequence 2A 
complex (Lee et al., 2004). 

This study presents an NMR analysis of 2.3 bound to its preferred DNA binding 

site, sequence 2E.  While the structural analysis confirms the expected threading 

intercalation binding mode in the solvable portion of the complex, it also suggests that a 

portion of the complex is very fluxional, with missing NOE connectivities for the second 

minor groove-binder and last intercalation site.  Since that area of dynamic binding 

corresponds to where the 14 bp sequences in Chapter 2 were altered, the implication is 

that this dynamic binding does contribute to binding affinity and the ability of 2.3 to 
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subtly distinguish between those sequences.  This partial structure neither confirms nor 

denies tetraintercalation and the distinct structural characteristics that lend to the subtle 

sequence discrimination cannot be pinned down, but it does offer more insights into the 

DNA binding seen with 2.3 and the sequences discussed in Chapter 2.   
 

 

Figure 3.2 14 bp DNA sequences analyzed with 2.3 in Chapter 2 and corresponding 
dissociation half-lives.  Sequence 2A is the binding site for 2.1.  Sequences 
2B – 2E were the proposed binding site sequences for 2.3, with sequence 
2E being the most preferred sequence.  Arrows indicate the overall expected 
N to C amide bond directionality of the corresponding bound 
tetraintercalator. 

 

3.3 RESULTS 

3.3.1 NMR Assignments 

A 1:1 molar complex of 2.3 and sequence 2E was analyzed by 2D NMR 

spectroscopy using NOESY and TOCSY spectra.  The naming convention used for 2.3 

and 14 bp sequence 2E is shown in Figure 3.3.  All possible nucleobase protons of the 

free and complexed DNA were assigned, along with the sugar H1′ and H2′/H2′′ protons 

(Boelens et al., 1985; Rajagopal et al., 1988; Weiss et al., 1984; Wüthrich, 1986).  
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Representative spectra are shown in Figures 3.4 – 3.6, and chemical shifts of the bound 

sequence 2E and 2.3 are given in Tables 3.1 and 3.2. 

Although the unbound DNA was completely assignable, immediately apparent in 

the NMR spectra of the 2.3-sequence 2E complex is the lack of NOE cross-peaks, both 

exchangeable and non-exchangeable, for base pairs 10 – 14.  While the H5-H6 

correlations of the cytosine bases in this region are apparent, along with several other 

H6/8 resonances and corresponding sugar NOE cross-peaks, there is not enough 

information to place these in context with the other assignable signals.  In addition, due to 

the size and complexity of the 2.3-sequence 2E structure, many resonances are 

overlapping, contributing to the difficulty in the structural assignment.  As such, while 

likely intercalation sites and groove specificities could be deduced for base pairs 1 – 9, 

this structural analysis is only partial. 
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Figure 3.3 Naming convention used for putative tetraintercalator 2.3 and its 14 bp binding site sequence 2E.  Lines between 
the base pairs indicate expected sites of intercalation.  The numbering of 2.3, which is drawn with C to N amide 
bond directionality, matches the expected directionality of binding where NDI2 is anticipated to intercalate 
between base pairs 1 and 2, etc. 
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Figure 3.4 Portion of the NOESY spectrum of the 2.3-sequence 2E complex (27 °C, D2O, 100 mM NaCl, 50 mM sodium 
phosphate, pH 7.5).  Lines depict the sequential H6/8-H1′ NOE connectivities with missing connectivities shown 
as dotted lines.  The top strand of sequence 2E is labeled in blue, and the bottom strand in green.  AH2 and CH5 
connectivities are labeled in black.  Intermolecular connectivities between 2.3 and sequence 2E are labeled in 
orange. 
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Figure 3.5 Portion of the exchangeable NOESY spectrum of the 2.3-sequence 2E 
complex showing the imino protons and their sequential connectivities 
(27 °C, 9:1 H2O:D2O, 100 mM NaCl, 50 mM sodium phosphate, pH 7.5). 
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Figure 3.6 Portion of the NOESY spectrum of the 2.3-sequence 2E complex showing 
the H6/8-H2′/H2′′/CH3 connectivities (27 °C, D2O, 100 mM NaCl, 50 mM 
sodium phosphate, pH 7.5).  Assignments for the top strand of sequence 2E 
are labeled in blue, and the bottom strand in green.  Inter- and 
intramolecular NOE cross-peaks with 2.3 are labeled in orange. 
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Forward Strand H6/H8 H1' H2' H2'' H2/H5/CH3 NH imino NH2 
G1 7.53 5.43 2.33 2.48    
A2 8.23 6.07 2.64 2.80 6.79  6.24 
T3 6.90 5.35 1.62 2.05 1.20 12.92  
A4 8.02 5.48 2.51 2.60 6.25   

A5 8.04 5.34  2.90 6.30  
5.84 
6.70 

G6 7.47 5.23 2.25 2.38  11.28  
T7 6.81 5.76 1.97 2.37 0.68 11.79  
A8 8.09 5.86 2.37 2.56 6.90  6.16 

C9 7.22  2.28 2.37 5.23  
6.44 
7.23 

        
Reverse Strand H6/H8 H1' H2' H2'' H2/H5/CH3 NH imino NH2 

C1' 7.73 6.16 2.18 2.24 5.96   
T2' 7.13 5.57 2.24 2.33 1.33 12.48  
A3' 8.20 5.94 2.51 2.74 7.02  6.69 
T4' 7.28 5.34 2.11 2.37 1.53 13.30  
T5' 7.51 5.65 2.04 2.19 1.72 12.81  

C6' 7.23 5.87 2.10 2.42 5.39  
6.57 
7.32 

A7' 8.05 6.18 2.53 2.83 7.42   
T8' 6.84 4.95 1.86 2.04 1.10 13.45  
G9' 7.58 5.68 2.29 2.77  11.23  

Table 3.1  Chemical shift assignments (ppm) for sequence 2E in the 2.3-sequence 2E 
complex. 
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Residue Atom Chemical Shift Residue Atom Chemical Shift 
NDI2 

 
 

HA 2.62 NDI7 
 
 
 
 
 

HAr3 7.08 
HB 3.79 HAr4 7.84 
NH 8.72 HA 3.13 

Lys3 
 
 
 

HB1 1.81 HB 3.25 
HB2 1.86 HD 1.25 
HC 1.44 NH 8.80 
HD 1.59 Lys8 

 
 
 
 
 
 

HA 4.08 
BA4 

 
HA 2.50 HB 1.72 
HB 2.26 HC1 1.37 

BA5 
 
 

HA 2.28 HC2 1.27 
HB 2.02 HD 1.56 
NH 8.32 HE 2.95 

BA6 
 

HA 2.78 NH 8.31 
HB 2.39 Gly9 NH 9.90 

NDI7 
 

HAr1 8.12 NDI12 
 

HAr3 7.95 
HAr2 7.79 HAr4 7.56 

Table 3.2  Chemical shift assignments (ppm) for 2.3 in the 2.3-sequence 2E complex. 

 

3.3.2 NDI Intercalation Sites 

Sites of NDI intercalation should result in interrupted or weak connectivities 

between sequential H6/8 aromatic protons and H1′ sugar protons (Liu and Sadler, 2012).  

Evidence for intercalation between base pairs 1/2 and 5/6 is shown by interrupted 

connectivity between G1/A2 and C1′/T2′ and between A5/G6 and T5′/C6′, respectively 

(Figure 3.4).  Note that while an NOE cross-peak is present where the C6′H1′-T5′H6 

signal is expected, NOESY data at lower temperatures indicate that connectivity is likely 

due to a resonance overlapping with the T5′H6 resonance.  The sequential connectivity 

ends with C9 and G9′.  One explanation is that there is an intercalation site between base 

pairs 9 and 10.  However, because the remaining base pairs could not be assigned, this 

rationalization is open to discussion.   
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Multiple NOE cross-peaks are seen between NDI7 and the DNA at the 5/6 base 

pair step, further supporting it as an intercalation site (Figures 3.4 and 3.6).  For the 

putative 1/2 intercalation site, only one NOE cross-peak is present between NDI2HA-

G1H8, which is likely due to this site experiencing more fluctuation since it is located on 

the end of the DNA.  One intermolecular NOE cross-peak is seen between an aromatic 

NDI12 proton and G9′H1′, giving the strongest evidence for intercalation at this site, 

although again other explanations are quite possible.  Note that the majority and strongest 

of these NOE contacts occur on the purine bases and sugars at the potential intercalation 

sites, suggesting the NDI units are intercalated deeper into the purine-purine step 

compared to the pyrimidine-pyrimidine step.  This observation is consistent with other 

NDI polyintercalator structural models (Guelev et al., 2001a) and might explain why 

kinetic studies have also indicated that NDI in the context of these polyintercalation 

molecules prefers to intercalate at purine-purine steps (Rhoden Smith et al., 2012). 

In the exchangeable NOESY, interruptions of sequential imino protons also 

indicate sites of NDI intercalation.  Likely intercalation between base pairs 5/6 is seen as 

a missing connectivity between the T5′/G6 imino protons (Figure 3.5).  The G1 imino 

proton signal is absent in both the bound and unbound DNA presumably due to fraying of 

the DNA ends allowing for rapid solvent exchange, so conclusions about the 1/2 

intercalation site are difficult to make from this data.  Again, the sequential connectivity 

terminates after G9, allowing for, but not confirming, the presence of another 

intercalation site. 

Evidence for intercalation can also be seen in the comparison of imino proton 

shifts for bound and unbound sequence 2E (Figure 3.7).  As expected at intercalation 

sites, upfield shifts of 1.14, 1.01, 1.07, and 1.12 ppm are seen for T2′NH, T5′NH, G6NH, 

and G9NH, respectively, while those of T3NH, T4′NH, and T8′NH are changed very 
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little.  In addition, T2′NH is not present in the unbound sequence 2E at 27 °C (the 

calculated upfield shift uses the T2′NH shift at 10 °C), so the fact that T2′NH is present in 

the complex at 27 °C would suggest a loss of rapid solvent exchange which could be 

imparted from intercalation and groove binding around this base pair, as has been seen in 

other intercalator structures (Dai et al., 2004).  The other downfield exchangeable protons 

that appear in the complex are amide NH protons from the linkers in 2.3, indicating these 

protons may be involved in H-bonding contacts with the DNA, as discussed later. 
 

 

Figure 3.7  1D 1H-NMR (27 °C, 9:1 H2O:D2O, 100 mM NaCl, 50 mM sodium 
phosphate, pH 7.5) of unbound sequence 2E (top) and the 2.3-sequence 2E 
complex (bottom) showing the exchangeable imino and amide protons. 

 

3.3.3 Groove-Binding Topology and Directionality of Binding 

Numerous NOE cross-peaks between the β-Ala3Lys linker of 2.3 and the adenine 

H2 protons of A2, A3′, A4, and A5 strongly indicate that the linker resides in the minor 

groove between base pairs 2 – 5 (Figure 3.6).  Proton A2H2 makes several NOE contacts 
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to Lys3, and A3′H2, A4H2, and A5H2 make medium to strong intensity NOE contacts to 

the HA and HB protons of BA4, BA5, and BA6, respectively.  The only identified 

exchangeable amide NH linker proton in this region was BA5NH, which made contacts 

consistent with its location in the minor groove to A3′H2, A4H2, and T4′NH.  Figure 3.8 

depicts the intermolecular 2.3-sequence 2E NOE contacts which are also listed in Table 

3.3.   

The Gly3Lys linker of 2.3 appears to occupy the major groove of base pairs 6 – 9.  

The three identified amide NH protons of this linker, NDI7NH, Lys8NH, and Gly9NH, 

all make NOE connectivities to T7CH3 and T8′CH3 (Figure 3.8).  This is consistent with 

the β-Ala3Lys linker residing in the minor groove of base pairs 2 – 5, followed by 

intercalation between base pairs 5/6, which would then necessarily place the Gly3Lys 

linker in the major groove. 
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Figure 3.8  Structures of sequence 2E and 2.3 showing intermolecular NOE contacts.  
The thick lines indicate strong intensity contacts, the thin lines show those 
of medium intensity, and the dotted lines indicate weak intensity 
correlations.  Putative tetraintercalator 2.3 is shown to bind with C to N 
amide bond directionality.  The NOE contacts are also listed in Table 3.3. 
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Ligand 
Residue Proton DNA 

Residue Proton Intensity Ligand 
Residue Proton DNA 

Residue Proton Intensity 

NDI2 HA G1 H8 s NDI7 HAr2 G6 H1′ m 
Lys3 HB1/2 A2 H2 w NDI7 HAr3 A5 NH2 m 
Lys3 HC A2 H2 m NDI7 HAr3 T5′ NH w 
Lys3 HD A2 H2 m NDI7 HAr3 G6 NH m 
BA4 HA A3′ H2 s NDI7 HAr3 C6′ H5 m 
BA4 HA T3 NH w NDI7 HAr3 C6′ NH2 m 
BA4 HB A3′ H2 s NDI7 HAr4 A5 NH2 m 
BA4 HA T3 NH w NDI7 HAr4 T5′ NH w 
BA5 HA A4 H2 s NDI7 HAr4 G6 NH m 
BA5 HA T4′ NH w NDI7 HAr4 C6′ H5 w 
BA5 HB A4 H2 m NDI7 HAr4 C6′ NH2 m 
BA5 HB T4′ NH w NDI7 HA G6 H8 w 
BA5 NH A4 H2 m NDI7 HB G6 H8 w 
BA5 NH T4′ NH w NDI7 HD A5 H2 s 
BA5 NH A3′ H2 m NDI7 NH T7 CH3 w 
BA6 HA A5 H2 m NDI7 NH T8′ CH3 w 
BA6 HA T5′ NH w Lys8 HC1 G6 NH w 
BA6 HB A5 H2 s Lys8 HD G6 NH w 
BA6 HB T5′ NH w Lys8 NH T7 CH3 s 
NDI7 HAr1 A5 H1′ m Lys8 NH T8′ CH3 s 
NDI7 HAr1 A5 H2 m Gly9 NH T7 CH3 w 
NDI7 HAr1 G6 H1′ w Gly9 NH T8′ CH3 w 
NDI7 HAr2 A5 H1′ s NDI12 HAr3 G9′ H1′ w 

Table 3.3  List of intermolecular NOE contacts between 2.3 and sequence 2E.  The 
peak intensities are indicated by w = weak, m = medium, and s = strong. 

In Figure 3.7, there are three exchangeable proton peaks that are exceptionally 

downfield shifted and that correspond to amide NH protons from the groove-binding 

linkers.  Although difficult to confirm without structural simulation data, the distinct 

downfield shifts of these amide protons indicates that they are likely involved in H-

bonding contacts with the DNA.  Two of the resonances are indentified as the amide 

protons adjacent to the NDI intercalators, NDI2NH and NDI7NH, and these protons have 

been proposed to make similar H-bond contacts in other complexes (Guelev et al., 2001a, 

2002).  The most downfield shifted linker resonance is attributed to Gly9NH, which lies 
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in the DNA major groove.  In other NDI polyintercalators with this Gly3Lys major 

groove binder, similar chemical shifts for the equivalent of this amide proton have been 

observed with modeling calculations placing it snugly between the two methyl groups in 

the major groove (Chu et al., 2009).  In fact, H-bond contacts between the major groove-

binding linker and the DNA were not observed with the C2 symmetric adipic acid 

tetraintercalator 2.1, so their presence in the complex with 2.3 would represent a 

difference in the groove binding properties of the two polyintercalators.   

The intermolecular NOE contacts between the Lys residues on 2.3 and sequence 

2E can also be used to speculate on the binding directionality of 2.3.  Unlike the previous 

tetraintercalator-DNA complex, which was C2 symmetric, 2.3 can bind with either N to C 

or C to N amide bond directionality to the non-palindromic sequence 2E.  Several NOE 

cross-peaks are seen between A2 and the Lys3 side chain and between G6 and the Lys8 

side chain.  These connectivities support the expected C to N binding directionality 

(Guelev et al., 2002), since an N to C binding directionality would place the Lys residues 

closer to base pairs 5 and 9. 

 

3.3.4 DNA Conformation 

Strong conclusions about the DNA sugar conformation in the complex are 

difficult to make based on the data obtained, but in general the conformation is consistent 

with B-form DNA, which has also been seen in previous polyintercalator structures (Lee 

et al., 2004).  However, one peculiarity stands out as the adenine H2 protons of base pairs 

2 – 5 make numerous NOE contacts with sequential H2 protons, both intra- and 

interstrand, and with 3′ neighboring sugar H1′ protons on the same strand and 

complementary strand (Figure 3.4).  Some of these contacts are as strong as those seen in 
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the H6/8 – H1′ connectivities.  In classic B-form DNA, these connectivities are not 

present (Chou et al., 1989) and are not visible in the unbound sequence 2E.  While this 

connectivity pattern is often indicative of A-form DNA and RNA, it has also been 

observed in B-form DNA for bent sequences and conformationally flexible poly(dA-dT) 

tracts (Assa-Munt and Kearns, 1984; Kintanar et al., 1987).  These structures often show 

compression of the minor groove and propeller twisting of the nucleobases to promote 

better stacking interactions.     

Base pairs 7 and 8, where the major-groove binding Gly3Lys linker lies, display 

some unusual characteristics that may indicate distortion of the DNA in that area as well.  

The chemical shifts of T8′H1′, H2′, and H2′′ are unusually upfield shifted (Figures 3.4 

and 3.6).  In addition, in the exchangeable 1D 1H NMR spectrum shown in Figure 3.7, 

the shift for T7NH, while appearing as a sharp peak in the unbound sequence 2E, is 

severely upfield shifted (1.43 ppm) and broadened in the complex.  In the 2D NOESY, 

NOE cross-peaks for T7NH are hardly visible at 27 °C, with more connectivities 

apparent at lower temperatures.  This pattern has been detected before for 

polyintercalators with this linker, and more complete structural analyses have shown 

DNA distortion where the helix is bent and those aforementioned base pairs are 

somewhat extruded from the helix (Chu et al., 2009; Guelev et al., 2001a). 

 

3.4 DISCUSSION 

Overall, the results from the NMR analysis of the 2.3-sequence 2E complex 

indicate that 2.3 binds in a 1:1 fashion with a predominant directionality in a threading 

polyintercalation binding mode. While the solvable portion of the complex implies a 

single major bound structure, a portion of the DNA and intercalator complex cannot be 
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analyzed for a structural determination and likely adopts a range of structures.  The 

portion of the complex that displays well-resolved signals indicates binding of 2.3 with a 

C to N directionality with intercalation at base pairs 1/2, followed by the β-Ala3Lys linker 

residing in the minor groove of base pairs 2 – 5, intercalation between base pairs 5/6, the 

Gly3Lys linker located in the major groove of base pairs 6 – 9, and likely intercalation 

between base pairs 9/10, although this intercalation site is difficult to confirm.  Figure 3.9 

shows a cartoon depicting this threading intercalation and groove binding.  The 

intercalation sites, groove-binding, and directionality of binding derived from the well-

defined portion of the complex match up to predictions based on the previous NMR 

analyses of NDI bis- and tetraintercalators (Guelev et al., 2001a, 2002; Lee et al., 2004).   
 

 

Figure 3.9  Cartoon depicting threading intercalation.  The pink disks represent NDI 
intercalators, the purple linkers represent the minor groove binders, and the 
green linker represents the major groove binder.  The structure is truncated 
at the bottom to show that structural data could not be obtained after the 
putative third intercalation site. 

The fact that base pairs 10 – 14 do not give clear NOE signals represents a 

departure from the previous tetraintercalator-DNA complex.  A likely explanation for 

these absent NOE correlations is that the complex is too fluxional in this region and 
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adopts more than one structure.  While this partial structural analysis does prevent 

attributing precise structural characteristics to explain the different binding affinities seen 

with 2.3 and the 14 bp sequences from Chapter 2, it seems apparent that the dynamic 

binding seen in this portion of the complex does contribute to binding affinity.  

Sequences 2A, 2B, 2D, and 2E are homologous from base pairs 1 – 9, so it follows that 

2.3 would bind base pairs 1 – 9 of those homologous sequences in the same threading 

manner.  However, 2.3 still shows a range of dissociation rates from these sequences.  

Even further, sequences 2A and 2D are the same from base pairs 1 – 11, yet 2.3 displays 

a 3-fold faster dissociation from sequence 2D compared to sequence 2A.   Certainly the 

differences between the binding affinities seen with 2.3 and those sequences derive at 

least in part from the interactions in the structurally dynamic portion of the complex.  It 

should also be noted that sequences 2E and 2C are only homologous from base pairs 1 – 

8, and the affinity for sequence 2C was much lower than all others, implying perhaps a 

disruption of the threading binding mode confirmed in this study with base pairs 1 – 9.  

The presence of this fluxional portion of the complex also contributes to the 

understanding of why the 2.3-sequence 2E complex is less stable than the 2.1-sequence 

2A complex, as revealed by the kinetic studies in Chapter 2. 

A comparison of the DNA conformation in the complexes with 2.1 and 2.3 may 

also shed light on the differences seen between the binding affinities with their preferred 

sequences.  The structural analysis of 2.1 with sequence 2A showed distortion of the 

DNA with the helix bent away from the major groove where the adipic acid linker was 

located.  Although the same length as the Gly3Lys linker, the adipic acid linker did not lie 

close enough to the DNA to be involved in the H-bond contacts that were expected based 

on the Gly3Lys linker binding.  It was postulated that the linear intercalator 2.3 with the 

Gly3Lys major groove binder would interact with the DNA in that region and result in 
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higher binding affinities.  Indeed, from the analysis of this partial structure, the Gly3Lys 

linker does interact with the major groove with likely H-bond contacts, but overall DNA 

distortion does not seem to be relieved.  The Gly3Lys linker binding perhaps induces 

greater helix bending toward the major groove as indicated by extreme upfield chemical 

shifts of T8′H1′ and broadening of the T7NH imino proton, possibly attributable to faster 

solvent exchange.  These phenomena were not witnessed in the 2.1-sequence 2A 

complex (Holman et al., 2011; Lee et al., 2004).  In addition, DNA distortion in the 2.3-

sequence 2E complex likely extends into the assignable minor groove-binding portion.  

Anomalously numerous and medium to strong NOE contacts with adenine H2 protons in 

this region suggest minor groove narrowing with potentially altered base stacking 

compared to free DNA.  While this behavior has been seen with the hydrophobic minor 

groove binder netropsin (Rettig et al., 2013), these interactions were not observed in the 

complex with 2.1.  The kinetic studies in Chapter 2 confirm that the 2.1-sequence 2A 

complex is more stable than the 2.3-sequence 2E complex, and the greater degree of 

DNA distortion indicated by this NMR analysis of the 2.3 complex is a very possible 

contributing factor. 

  

3.5 CONCLUSION 

NMR structural analysis of the non-symmetric intercalator 2.3 with its 14 bp non-

palindromic preferred sequence 2E showed a threading binding mode with a 

predominant C to N directionality, although a portion of the structure could not be 

analyzed due to a lack of NOE connectivities and likely adopts a range of structures.  The 

intercalator bound in a 1:1 fashion with a single bound structure in the solvable portion of 

the complex by intercalation between base pairs 1 and 2, binding of the β-Ala3Lys linker 
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in the minor groove, intercalation between base pairs 5 and 6, binding of the Gly3Lys 

linker in the major groove, and finally likely intercalation between base pairs 9 and 10.  A 

structural analysis of the final β-Ala3Lys minor groove-binder and last intercalation step 

was not possible, suggesting the binding in this area of sequence 2E is fluxional, but 

does not rule out full tetraintercalation.  In fact, it is probable that interactions in the 

dynamic portion of the complex are responsible, at least partially, for the subtle sequence 

discrimination observed with 2.3 and the sequences in Chapter 2.  This fluctuational 

portion of the complex, along with the observation that 2.3 may impart more distortion to 

the DNA upon binding compared to 2.1 binding sequence 2A, plausibly explains the 

large difference in dissociation rates seen between 2.3 binding sequence 2E and 2.1 

binding sequence 2A. 

 

3.6 MATERIALS AND METHODS 

3.6.1 Sample Preparation 

DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT) 

and were purified by gel filtration with a PD MidiTrap G-25 cartridge (GE) after 

annealing.  NMR samples were made by mixing equimolar amounts of DNA and 2.3 in 

approximately 2 mL with the appropriate buffer concentrations that would result in a 1 

mM complex in 100 mM NaCl, 50 mM sodium phosphate buffer (pH 7.5), and 1 mM 

NaN3 in the 650 μL NMR sample.  The samples were incubated at 37 °C over several 

nights, lyophilized, and dissolved in 650 μL of either 9:1 H2O:D2O or D2O. 
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3.6.2 NMR Spectroscopy 

1H NMR spectra were recorded on a Varian DirectDrive 600 MHz using a WET 

pulse sequence solvent suppression method and referencing to water at 4.64 ppm.  All 2D 

NMR spectra were analyzed using Sparky (Goddard and Kneller, 2004).  1D 1H NMR 

spectra in 9:1 H2O:D2O were taken first to ensure that the DNA was completely bound by 

observing the imino proton shifts.  Exchangeable protons were observed by acquiring 

NOESY spectra in 9:1 H2O:D2O with 200 ms mixing times at 10 °C and 27 °C, although 

broad peak widths in the 10 °C spectrum complicated analysis of anything other than 

cross-peaks to the imino protons.  NOESY (200 ms mixing time) and TOCSY (80 ms 

mixing time) spectra were also recorded for the complex in D2O at 20 °C and 27 °C.  

These same spectra were also recorded for the unbound DNA at 10 °C and 27 °C. 
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Chapter 4 

Towards Longer NDI Polyintercalator Designs 

4.1 CHAPTER SUMMARY 

4.1.1 Goals 

This study seeks to evaluate the current C2 symmetric polyintercalator design in 

the context of longer intercalating molecules by analyzing the binding properties of an 

NDI octaintercalator and investigating an NDI trisintercalator with the aim to develop a 

hexaintercalator. 

 

4.1.2 Approach 

An NDI octaintercalator was synthesized by cross-linking two tetraintercalators 

2.2, described in Chapter 2, with adipic acid and was analyzed by DNase I footprinting.  

An NDI trisintercalator was designed as a linear molecule and evaluated by DNase I 

footprinting and gel-shift assay, keeping in mind how it might be used in the design of a 

hexaintercalator. 

 

4.1.3 Results 

The octaintercalator bound its 30 bp designed binding site in the same manner as 

the tetraintercalator 2.2, suggesting that the adipic acid cross-linker was not of optimal 

length to allow it to occupy the entire site.  The trisintercalator did not show high affinity 

for the binding sites tested, but its binding properties in the context of a hexaintercalator 

with an optimal cross-linker will be discussed in Chapter 5. 
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4.2 BACKGROUND 

Threading polyintercalators have long been predicted to have the advantage of 

slow dissociation from DNA compared to other DNA binding motifs due to the ability to 

target both grooves and the extensive molecular rearrangements that must occur for 

unbinding (Tanious et al., 1991; Yen et al., 1982).  Indeed, characteristically slow 

dissociations have been demonstrated by our threading naphthalene diimide (NDI) 

tetraintercalator 2.1, which binds to 14 bp site sequence 2A with a dissociation half-life 

of 16 days (Holman et al., 2011).  This modular polyintercalator approach, where 

intercalating NDI units are connected in a head-to-tail fashion with peptide linkers having 

different DNA sequence specificities, may allow for the creation of even longer 

polyintercalators that target extended DNA sequences and have potentially slower 

dissociation rates.  As a non-specific NDI octaintercalator had been previously revealed 

to have promising binding characteristics (Murr et al., 2001) and tetraintercalator 2.2 had 

been extensively analyzed (Rhoden Smith et al., 2012, Chapter 3), development of a new 

sequence-specific octaintercalator seemed a good starting point for investigating longer 

polyintercalators. 

This study describes the design and synthesis of a C2 symmetric putative NDI 

octaintercalator, which by analysis with DNase I footprinting appears to not occupy its 

entire 30 bp designed site, likely due to adipic acid not being an optimal cross-linker.  

Since further design modifications are needed, an NDI trisintercalator was also 

investigated for how it might contribute to the development of a C2 symmetric 

hexaintercalator, as this is the next longest possible C2 symmetric polyintercalator 

compared to a tetraintercalator. 
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4.3 RESULTS 

4.3.1 Design and Synthesis of NDI Octaintercalator 4.1 

The putative octaintercalator 4.1 was designed by cross-linking two of the N to C 

linear tetraintercalators 2.2 with adipic acid, very similar in design to the C2 symmetric 

tetraintercalator 2.1 (Figure 4.1).  This octaintercalator was designed to bind to a 30 bp 

binding site by threading through the minor, major, minor, major, minor, major, and 

minor DNA grooves.  The solid phase peptide synthesis (SPPS) of tetraintercalator 2.2 

has already been reported (Rhoden Smith et al., 2012, Chapter 2), and cross-linking on 

the resin was performed as previously described (Lee et al., 2004).  The 30 bp binding 

site sequence 4A evaluated in this study is a palindromic hybrid of two sequence 2E 

sites, the most preferred binding site for 2.2 (Rhoden Smith et al., 2012), with a major 

groove linker binding site for the central adipic acid cross-linker (Figure 4.2). 
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Figure 4.1  Structure of putative octaintercalator 4.1, which is equivalent to two tetraintercalators 2.2 cross-linked by adipic 
acid, as indicated.  The identities of the groove-binding linkers are labeled.  
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Figure 4.2  Sequence 4A is the 30 bp binding site designed for 4.1.  It is a palindromic 
hybrid of two sequence 2E binding sites, the most preferred site for 2.2, 
with a central major groove binding site corresponding to the location of the 
adipic acid cross-linker. 

 

4.3.2 DNase I Footprinting of 4.1 

Concentration-dependent DNase I footprinting studies were performed with 4.1 

and 2.2 with DNA containing sequence 4A (Figure 4.3).  The footprints for 4.1 and 2.2 

look strikingly similar, with occupation beginning at 250 nM for both intercalators.  As 

might be expected, 2.2 seems to bind to both ends of sequence 4A, which are sequence 

2E, producing enhanced digestion bands in the center of the 30 bp binding site.  

Intercalator 4.1 binds sequence 4A in the same pattern, with the implication being that it 

does not occupy the entire 30 bp site.  At higher concentrations, 4.1 is prone to more non-

specific binding compared to 2.2, as evidenced by smearing and lack of digestion bands 

in the 500 nM incubation. 
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Figure 4.3  DNase I footprints of 4.1 and 2.2 with DNA containing 30 bp sequence 4A.  
Lane 1 contains undigested DNA.  Lane 2 contains an adenine-specific 
cleavage reaction (Iverson and Dervan, 1987). Lanes 3 and 8 contain no 
intercalator.  Lanes 4 – 7 and 9 – 12 contain increasing intercalator 
concentration as follows: 63 nM, 125 nM, 250 nM, and 500 nM. 
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4.3.3 Design and Synthesis of NDI Trisintercalator 4.2 

Trisintercalator 4.2 (Figure 4.4) was designed as a linear molecule with a Gly3Lys 

major groove-binding linker and a β-Ala3Lys minor groove-binding linker.  This 

molecule design is easily adaptable to generate a C2 symmetric NDI hexaintercalator 

through cross-linking at the N terminus with a dicarboxylic acid major groove-binding 

linker.  Two different 10 bp binding sites were designed as hybrids of the major and 

minor groove linker binding sites (Figure 4.5), taking into consideration how these 

binding sites might be used in the design of a hexaintercalator binding site.  Sequence 4B 

is the unaltered hybrid of the major and minor groove linker binding sites, and sequence 

4C is altered by one base pair to give a purine-purine intercalation step for the middle 

NDI unit, which is known be to preferable for NDI intercalation in this polyintercalation 

motif (Guelev et al., 2001a, 2002).  Sequence 4C was also chosen for evaluation because 

when used in the context of a hexaintercalator binding site, it would contain the high 

affinity 14 bp site sequence 2A. 
 

 

Figure 4.4   Structure of NDI trisintercalator 4.2 with the groove-binding linkers labeled.  
The N to C directionality of the peptide backbone is indicated by the arrow. 
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Figure 4.5  Sequences 4B and 4C were designed as potential binding sites for 4.2.  
Sequence 4B is the unaltered hybrid of the major and minor groove linker 
binding sites.  Sequence 4C is altered by one base pair to generate a purine-
purine intercalation site for the middle NDI unit.  This sequence can also be 
adapted to create a potential palindromic binding site for a hexaintercalator 
which would also contain 14 bp sequence 2A. 

 

4.3.4 DNase I Footprinting and Gel-shift Assays of 4.2 

The concentration-dependent DNase I footprints of 4.2 with DNA containing 

sequences 4B and 4C are shown in Figure 4.6.  For both sequences, attenuation of 

digestion bands in the tested sequences begins at 125 nM.  Sequence 4B is occupied at 

500 nM, and the footprint seen with this sequence is much stronger than that seen with 

sequence 4C.  Both footprints show a high degree of non-specific binding, but the 

occupation of sequence 4C seems simply to track with non-specific binding as opposed 

to the occupation of sequence 4B.  
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Figure 4.6  DNase I footprints of 4.2 with DNA containing 10 bp sequences 4B and 4C.  
Lane 1 contains undigested DNA.  Lane 2 contains an adenine-specific 
cleavage reaction (Iverson and Dervan, 1987). Lane 3 contains no 
intercalator.  Lanes 4 – 7 contain increasing intercalator concentration as 
follows: 63 nM, 125 nM, 250 nM, and 500 nM. 

Gel-shift assays were attempted to evaluate binding of 4.2 with sequences 4B and 

4C.  These assays take advantage of the fact that short radiolabeled oligonucleotides with 

bound intercalator migrate more slowly on a native polyacrylamide gel compared to 

unbound DNA, and the ratio of bound to unbound radiolabeled DNA can be easily 

quantified.  When 4.2 was added to 20-mer [32P]-labeled DNA containing the 10 bp sites 
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of interest (Appendix), complete association could never be attained even when 4.2 was 

in great excess to the DNA.  This result would indicate that dissociation occurs during 

electrophoresis and therefore on a much shorter time frame compared to structurally 

similar tetraintercalators.  However, sequence 4B showed a higher percentage of bound 

DNA (~45%) compared to sequence 4C (~10%) after electrophoresis, which matches 

with the relative affinities seen in the DNase I footprints.  In addition, no association was 

seen with a control sequence, 5′–CATTTACATGTTGTTGGCTC–3′.    

 

4.4 DISCUSSION 

The characterization of C2 symmetric tetraintercalator 2.1 with a dissociation half-

life of 16 days has prompted the idea that longer polyintercalator molecules may have the 

ability to target sequences with even slower dissociation rates.  Molecules with C2 

symmetry have advantages due to simplification of their NMR structural analysis (Lee et 

al., 2004) and faster association rates (Rhoden Smith et al., 2012).  As such, 

octaintercalator 4.1 was designed and synthesized by cross-linking two linear 

tetraintercalators 2.2, discussed in Chapter 2, with adipic acid.  The DNase I footprinting 

studies clearly show, however, that 4.1 does not bind to the entire 30 bp site sequence 

4A, designed as a hybrid of two sequences 2E.  In fact, the octaintercalator 4.1 binds 

sequence 4A in the same manner as tetraintercalator 2.2, suggesting 4.1 only binds with 

one tetraintercalator portion, as depicted in Figure 4.7.  While the adipic acid cross-linker 

allows for the high affinity binding of tetraintercalator 2.1, it may not be the appropriate 

length in the context of these longer polyintercalators.  In order to further promote the 

development of these types of molecules, this cross-linker must be optimized.    
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Figure 4.7  Cartoon depicting incomplete binding of an octaintercalator. 

A better case study to understand how longer NDI polyintercalators bind DNA 

would be in the framework of a hexaintercalator.  It would also be beneficial to 

understand the binding properties of an N to C linear NDI trisintercalator that would be 

cross-linked at the N terminal to create the hexaintercalator.  Since the cross-linking 

portion of a hexaintercalator would bind the major groove, trisintercalator 4.2 was 

designed with N to C directionality to bind the minor and then major grooves, as 

summarized in Figure 4.8.  The gel-shift and DNase I footprinting analyses demonstrate 

that the trisintercalator has much lower affinities compared to tetraintercalators.  Of the 

two sequences evaluated, sequence 4B, the unaltered combination of major and minor 

groove linker binding sites, is clearly more favored.  However, sequence 4C may still be 

very interesting to investigate in the context of a hexaintercalator binding site, since it 
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would accommodate the high affinity 14 bp site sequence 2A.  These results are in 

agreement with previous investigations into NDI trisintercalators (Lee, 2003).   
 

 

Figure 4.8  Cartoon depicting design of an NDI hexaintercalator.  The arrows indicate 
the N to C directionality of the peptide linkers in the trisintercalator building 
blocks. 

 

4.5 CONCLUSION 

The C2 symmetric octaintercalator 4.1 was found to only partially occupy its 30 

bp designed binding site, suggesting that the adipic acid cross-linker may prevent full 

binding of longer polyintercalator derivatives.  Since a C2 symmetric hexaintercalator 

may be simpler to study to test this hypothesis, N to C linear trisintercalator 4.2 was 

evaluated as a building block for a hexaintercalator.  It will be interesting to see whether 

a more optimal cross-linker will allow for full occupation of a designed 22 bp 

hexaintercalator binding site. 
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4.6 MATERIALS AND METHODS 

Octaintercalator 4.1 and trisintercalator 4.2 were synthesized by SPPS as 

described elsewhere (Guelev et al., 2001b; Lee et al., 2004; Rhoden Smith et al., 2012).  

Octaintercalator 4.1 was purified on a Superdex Peptide 10/300 GL size exclusion 

column (GE) using an AKTA FPLC (GE) in 30% acetonitrile/water with 0.1% 

trifluoroacetic acid.  Trisintercalator 4.2 was purified by reverse-phase preparative HPLC 

on a Waters system using a Vydac C18 column in a water/acetonitrile solvent system 

with 0.1% trifluoroacetic acid. 4.1: 1% yield; MS-ESI C258H301N62O70
5+ [M+H]5+ calcd 

1077.44, found 1077.48; MS-ESI C258H302N62O70
6+ [M+H]6+ calcd 898.04, found 898.04; 

MS-ESI C258H303N62O70
7+ [M+H]7+ calcd 769.89, found 769.88.  4.2: 22% yield; HRMS-

ESI C92H107N23O25
2+ [M+H]2+ calcd 966.88987, found 966.89150. 

DNase I footprinting and gel-shift assays were performed as described previously 

(Rhoden Smith et al., 2012; Trauger and Dervan, 2001).  For 4.2, incubations with DNA 

were performed by first heating the DNA, adding the intercalator, and allowing the 

incubation to slowly cool to rt.  Details on the sequences used for footprinting and gel-

shift assays are given in the Appendix. 

 
5′*-GGAGATATACATATGAAATCCCTATTGCCTACGGCAGCCGC
TGGATTGTTATTACTCGCGGCCCAGCCGGCCACATGGATAAGTA
CCTAAGTACTTAGGTACTTATCACATGGGCCTCGGGGGCCGAAT
TCGCGGCCGCTGCACCATCTGTCTTCATCTTCCCGCCATCTGAT
GAGCAGTTGAAATCTGGAACTGCCTCTGTTGTGTGCCTGCTGAA

TAACTTC-3′ 

Figure 4.9  Sequence of 224 bp 5′-32P-end-labeled DNA containing sequence 4A used 
for footprinting with 4.1. 
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5′*-TTGTTATTACTCGCGGCCCAGCCGGCCCATTT…GGCTCGAC
TAAACAACATGTTGTTACATGGGCCTCGGGGGCCGAATTCG-3′ 

Figure 4.10 Sequence of 91 bp 5′-32P-end-labeled DNA used for footprinting with 4.2 
with the appropriate sequences of interest contained in the ellipsis. 
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Chapter 5 

Threading Polyintercalators with Extremely Slow Dissociation Rates 
and Extended DNA Binding Sites 

5.1 CHAPTER SUMMARY 

5.1.1 Goals 

Since the NMR-determined structure of the 2.1-sequence 2A complex shows 

some distortion of the DNA, we sought to find an optimal length for a major groove-

binding cross-linker that might give tetraintercalators with even higher binding affinities  

and to determine if that optimal length linker would allow for the development of a 

modular NDI hexaintercalator. 

 

5.1.2 Approach 

Three new tetraintercalator derivatives were synthesized with one, two, and three 

additional methylene units in the central major groove-binding linker and were analyzed 

for binding to 14 bp sequence 2A by gel-shift association and dissociation assays, NMR, 

DNase I footprinting, and a restriction endonuclease protection assay.  The optimal cross-

linker from these studies was used in the design of a hexaintercalator, whose binding to 

two 22 bp sequences was evaluated by gel-shift assays, DNase I footprinting, and UV-vis 

spectroscopy. 

 

5.1.3 Results 

The lengthened tetraintercalators with one, two and three additional methylene 

units displayed dissociation half-lives of 57, 27, and 18 days, respectively, from 

sequence 2A, surpassing our previous record of 16 days for 2.1 and demonstrating a 
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major groove-binding cross-linker corresponding to pimelic acid is optimal.  Restriction 

endonuclease protection assays show for the first time that these tetraintercalators are 

able to search out and bind their preferred site within the context of a long DNA plasmid.  

The hexaintercalator synthesized with the pimelic acid cross-linker showed much faster 

dissociation rates from the two sequences tested compared to the tetraintercalators, but 

did bind its entire 22 bp designed site, the longest reported for a synthetic, non-nucleic 

acid-based DNA binding molecule. 

 

5.2 BACKGROUND 

Intercalation, or the insertion of (typically) planar aromatic rings between DNA 

base pairs, is one type of well-studied DNA binding motif.  In particular, threading 

intercalation involves an intercalating molecule that inserts between base pairs while 

having substituents lying simultaneously in the major and minor DNA grooves (Tanious 

et al., 1991; Yen et al., 1982).  An advantage of threading intercalators is their slow 

dissociation from DNA due to the extensive molecular rearrangements that necessarily 

accompany unbinding, a desirable characteristic for molecules intended to alter DNA 

transcription.  In fact, we recently reported a threading tetraintercalator composed of 

naphthalene diimide (NDI) intercalating units connected by peptide and aliphatic linkers 

that bound a specific 14 bp site with a dissociation half-life of 16 days (Holman et al., 

2011), the longest reported for a non-base pairing DNA binding molecule. PNAs and 

triplex-forming bicyclic oligonucleotides have been described with long lifetimes and 

high affinities (Chaudhuri and Kool, 1995; Kosaganov et al., 2000).  While threading 

mono- and bisintercalators continue to be of interest (He et al., 2008; Howell et al., 2010; 

Johansson et al., 2013; Sato and Takenaka, 2012), reports of longer polyintercalators, 



 

 114 

threading or not, are rare (Far et al., 2004; Laugaa et al., 1985; Murr et al., 2001; Rhoden 

Smith et al., 2012; Ueyama et al., 2002; Wirth et al., 1988). 

We have been exploring a modular approach to the construction of 

polyintercalating molecules in which bisintercalators of known specificity are combined 

to create tetraintercalators capable of recognizing composite sequences of DNA.  In 

particular, an NDI-based bisintercalator with a Gly3Lys peptide linker bound the 

sequence 5′-GGTACC-3′, with the linker residing in the major groove (Guelev et al., 

2001a), while a bisintercalator with a β-Ala3Lys linker bound the sequence 

5′-GATAAG-3′ with the linker residing in the minor groove (Guelev et al., 2000, 2002).  

Tetraintercalator 2.1 (Figure 5.1) is designed as a hybrid molecule, with linkers intended 

to reside in an alternating fashion in the order minor, major, and minor grooves.  While 

the minor groove-binding portions of 2.1 are the β-Ala3Lys peptide linkers, the major 

groove-binding linker was derived from adipic acid rather than the Gly3Lys peptide linker 

in order to make the tetraintercalator C2 symmetric, yet retain the hydrophobic character 

and length of the Gly3Lys peptide.  The 14 bp palindromic binding site identified as 

sequence 2A (5'-GATAAGTACTTATC-3') is also a hybrid of the bisintercalator binding 

sites, allowing for the NMR structural determination of the entire C2 symmetric complex 

(Lee et al., 2004).  The NMR-determined structure of the 2.1-DNA complex revealed that 

the aliphatic adipic acid major groove-binder, while the same length as the Gly3Lys 

peptide linker, made no hydrogen bond contacts within the major groove and likely 

caused the DNA helix to bend.  In order to develop longer threading polyintercalators in 

the same manner with potentially slower dissociation rates, this major groove-binding 

linker was systematically lengthened.  
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Figure 5.1   NMR-determined structure of threading tetraintercalator 2.1 with 14 bp 
sequence 2A (Lee et al., 2004).  

Reported here is the design, synthesis, and binding studies of tetraintercalators 5.1 

– 5.3 (Figure 5.2) with major groove-binding aliphatic linkers lengthened by one, two, 

and three methylene units, respectively.  Kinetic analyses of 5.1 – 5.3 revealed a major 

groove linker lengthened by one methylene unit, corresponding to a pimelic acid cross-

linker and tetraintercalator 5.1, to be optimal.  The dissociation half-life of 5.1 breaks our 

previous record and has the slowest reported dissociation rate from DNA for a non-

nucleic acid molecule.  Tetraintercalator 5.1 also has the ability to scan for and bind its 

preferred site within a ~5000 bp DNA plasmid, as indicated by a restriction endonuclease 

protection assay.  Using this optimal pimelic acid cross-linker, symmetric NDI 

hexaintercalator 5.4 (Figure 5.2) was synthesized and analyzed by gel-shift assays, 

DNase I footprinting, and UV-visible spectroscopy.  While 5.4 occupies its entire 



 

 116 

predicted 22 bp binding site, a new standard for synthetic, non-nucleic acid DNA binding 

molecules, its dissociation rate was significantly faster than those of similar 

tetraintercalators, implying an overall less stable complex with DNA. 

 

5.3 RESULTS 

5.3.1 Design and Synthesis of 5.1 – 5.3  

The previous structural analysis of the 2.1-DNA complex indicated some degree 

of distortion of the DNA duplex structure around the central region.  We hypothesized 

that the central adipic acid unit of 2.1 might be shorter than is optimal, and the resulting 

distortion of the DNA structure with an inadequate length linker might come at the 

expense of some binding energy.  Pimelic acid, suberic acid and azelaic acid were used as 

central linkers in 5.1 – 5.3 to investigate systematically the influence of central linker 

length.  Note that these linkers maintain the hydrophobic character of adipic acid, but the 

increased flexibility introduced by the additional methylene units could raise the entropic 

cost of binding. 

Tetraintercalators 5.1 – 5.3 were synthesized as previously described (Lee et al., 

2004) using Fmoc-based solid phase peptide synthesis (SPPS) incorporating orthogonal t-

Boc protecting groups for the lysine side chains.  The Fmoc-(β-Ala)3-OH linker was 

synthesized prior to SPPS in order to maximize yields (Rhoden Smith et al., 2012).
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Figure 5.2   Structures of NDI tetraintercalators 2.1 and 5.1 – 5.3 and hexaintercalator 5.4.  The identities of the groove-
binding linkers are labeled. 
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5.3.2 Kinetic Analysis of Lengthened Tetraintercalators   

Gel-shift association and dissociation assays were performed for 5.1 – 5.3 with 

24-mer oligo 5A containing 14 bp sequence 2A (Figure 5.3), expected to be the preferred 

binding sequence based on previous results (Holman et al., 2011; Rhoden Smith et al., 

2012).  These experiments exploit the retarded migration seen by polyacrylamide gel 

electrophoresis (PAGE) when polyintercalator is tightly bound to an oligonucleotide.  For 

these experiments, a stoichiometric amount of intercalator and [32P]-labeled DNA duplex 

were allowed to equilibrate by heating the DNA to 60 °C, adding intercalator, allowing 

the solution to cool slowly, and then holding at room temperature overnight.  

Dissociation results from this type of incubation match those of extended 37 °C 

incubations (Rhoden Smith et al., 2012).  A recent study with a ruthenium 

monointercalator also suggested that the activation energy for intercalation is lowered 

with heat denatured DNA, resulting in faster intercalation processes (Kogan et al., 2011). 

Complete association between polyintercalator and duplex was confirmed by native 

PAGE, as all of the radioactively labeled duplex migrated at the expected slower rate.  A 

100-fold excess of unlabeled DNA was added to the preassembled complex in order to 

“trap” any intercalator once it dissociated from labeled DNA.  Autoradiography was used 

to measure the ratio of bound (slower moving band) to unbound (faster moving band) 

radioactively labeled DNA as a function of time, and the data was fitted to a mono-

exponential decay equation (Figure 5.4).  The dissociation rate constants and half-lives of 

5.1 – 5.3 are reported in Table 5.1.   
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Figure 5.3   Sequence 2A is the 14 bp binding site for tetraintercalators 2.1 and 5.1 – 
5.3.  Sequences 5B and 5C are the 22 bp designed binding sites for 
hexaintercalator 5.4.  Lines between base pairs indicate expected 
intercalation sites.  Sequence 5C differs from sequence 5B by 2 bp, 
highlighted in the boxes, and also contains sequence 2A as underlined.  
Oligos 5A – 5C are the oligonucleotides used for gel-shift assays and UV-
visible spectroscopy experiments. 

 
 ka × 103 (M-1s-1) kd × 10-7 (s-1) t1/2 (d) 

2.1a 10 ± 5 5.0 ± 0.5 16 

5.1 8 ± 3 1.4 ± 0.2 57 

5.2 8 ± 3 3.0 ± 0.5 27 

5.3 1 ± 0.2 4.4 ± 0.9 18 
aSee Holman et al., 2011. 

Table 5.1   Association and dissociation rate constants with corresponding half-lives of 
tetraintercalators 2.1 and 5.1 – 5.3 with oligo 5A. 
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Figure 5.4   Dissociation plot of 5.1 – 5.3 with oligo 5A showing percent unbound DNA 
versus time with the corresponding monoexponential decay curve fits. 

The intercalators ranked from fastest to slowest dissociation rate are 2.1 ≈ 5.3 > 

5.2 > 5.1, with 5.1 demonstrating a dissociation half-life of 57 days.  Increasing the 

length of the tetraintercalator major groove-binder by one methylene unit in 5.1 resulted 

in an almost 4-fold decrease in dissociation rate compared to 2.1.  Tetraintercalator 5.2, 

lengthened by two methylene units, also has a 2-fold slower dissociation rate compared to 

2.1.  Interestingly, the dissociation rate constant of 5.3, lengthened by three methylene 

units, is indistinguishable by this method to that of 2.1.  In each case, dissociations were 

monitored for 65 days, until the radiolabel signal was so weak as to be non-quantifiable.  

Because of the extremely slow dissociation rate of 5.1, this only corresponds to a little 

over one half-life (Figure 5.4), so the reported value must be considered only our 

preliminary best estimate.  Nevertheless, it is clear that 5.1 is the slowest dissociating 

molecule of the group.  Binding to a control sequence (5′-
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CATTTAACAACATGTTGTTGGCTC-3′) lacking any predicted polyintercalator 

binding sites was also investigated, but 5.1 – 5.3 showed no binding by gel-shift, 

confirming the sequence-specific nature of binding. 

Gel-shift assays were also used to obtain estimated association rate constants for 

5.1 – 5.3, as described previously (Holman et al., 2011) (Table 5.1).  Stoichiometric 

amounts of radiolabeled 24-mer oligo 5A and tetraintercalator were combined at 

concentrations of 0.5 μM, 1.0 μM, and 1.5 μM, and representative time points were taken 

for analysis by native PAGE.  Association rates were calculated by using the integrated 

rate equation for stoichiometric binding (Anslyn and Dougherty, 2006).  The association 

rates of 5.1 and 5.2 were observed to be similar to that of 2.1, with that of 5.3 being 

slower.   In our experience, this method is prone to significant errors, yet it can be used to 

provide an estimate of relative association rates.  

NMR was also used to monitor the association of 5.1 with sequence 2A following 

a previously published procedure (Holman et al., 2011).  The exchangeable imino protons 

of the DNA base pairs can be observed in 1H 1D NMR in 9:1 H2O:D2O, and these 

protons shift upfield in response to intercalation.  Sequence 2A and 5.1 were mixed in 

stoichiometric amounts to give a final complex concentration of 60 μM in 50 mM sodium 

phosphate buffer (pH 7.5), 100 mM NaCl, and 1 mM NaN3 in 9:1 H2O:D2O.  The first 

scan was taken at 3.0 min after mixing at 27 °C and compared to a spectrum of an 

identical sample that incubated overnight, revealing that the association was already 

complete by this first time point (Figure 5.5).  Using the 3.0 min time point and the 

assumption that 95% of the DNA is bound, a lower limit for the association rate constant 

for 5.1 with sequence 2A is calculated from the integrated rate equation for 

stoichiometric binding to be 1.8 × 103 M-1s-1, which is consistent with the association rate 

calculated from the gel-shift assay.  The sample was also monitored for several hours, as 
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shown in Figure 5.6, without any observable changes.  While the bound sample does 

resemble spectra taken for the 2.1-sequence 2A complex, it would be presumptuous to 

label the imino protons without further analysis.  However, it is easy to deduce that the 

five signals from 11.0 – 13.5 ppm are DNA imino protons and the peak around 8.5 ppm 

is from amide protons in the peptide linker of 5.1, similar to that seen in the 2.1-sequence 

2A complex. 
 

 

Figure 5.5  1D 1H NMR spectra of the imino proton region of unbound sequence 2A 
(top), the 5.1-sequence 2A complex after overnight incubation (middle), 
and the 5.1-sequence 2A complex 3.0 min after mixing (bottom).  For 
complex formation, 5.1 and sequence 2A were mixed in stoichiometric 
amounts for a final complex concentration of 60 μM.  Spectra were recorded 
in 50 mM sodium phosphate buffer (pH 7.5), 100 mM NaCl, and 1 mM 
NaN3 in 9:1 H2O:D2O at 27 °C.   
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Figure 5.6   1D 1H NMR spectra of the 5.1-sequence 2A complex monitored over time 
immediately after mixing.  

 

5.3.3 Design and Synthesis of 5.4   

Hexaintercalator 5.4 was designed to bind to a 22 bp binding site by threading 

alternatively through the major, minor, major, minor, major grooves of DNA (Figure 

5.2).  In 5.4, the β-Ala3Lys peptide linkers were used as the minor groove-binding 

linkers, while the first and last major groove-binding linkers were composed of Gly3Lys.  

The middle major groove-binding linker was the aliphatic cross-linker pimelic acid 

previously identified as the optimum central major groove-binding linker in the context 

of tetraintercalators 2.1 and 5.1 – 5.3.   Hexaintercalator 5.4 was synthesized in the same 

fashion as the tetraintercalators by cross-linking two trisintercalators 4.2, discussed in 

Chapter 4, with pimelic acid.  The Fmoc-(β-Ala)3-OH and Fmoc-(Gly)3-OH linkers were 

synthesized prior to SPPS in order to maximize yields (Rhoden Smith et al., 2012). 
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Two possible 22 bp palindromic binding sites were designed for 5.4 (Figure 5.3).  

Sequence 5B is the unaltered combination of the major and minor groove-binding 

bisintercalator binding sites.  One potential issue with sequence 5B is the presence of two 

CA intercalation steps (for the second and fifth NDI units), as our intercalators have 

shown higher affinities when all intercalation steps are purine-purine (Guelev et al., 

2001a, 2002; Rhoden Smith et al., 2012, Chapter 3).  For this reason, sequence 5C, 

differing by 2 bp, was designed to maintain all purine-purine intercalation sites and also 

preserves the original tetraintercalator binding site, sequence 2A. 

 

5.3.4 Kinetic Analysis of 5.4   

Gel-shift assays were used to determine dissociation and association rate 

constants of 5.4 with 32-mer oligos 5B and 5C, containing sequences 5B and 5C 

respectively (Table 5.2) (Figure 5.7).  Hexaintercalator 5.4 dissociated slower from oligo 

5C than oligo 5B, with dissociation half-lives corresponding to 5.3 and 2.1 days, 

respectively.  The dissociation rates of 5.4 from its designed binding sites were 

significantly faster than those measured for 2.1 and 5.1 – 5.3 with oligo 5A.  A control 

sequence (5′-CATTTTACTAACAACATGTTGTTAGTAGGCTC-3′) was also tested, 

and although partial association was seen by gel-shift, 5.4 was completely dissociated 

within 3 hrs.    The association rates for 5.4 with oligos 5B and 5C were the same, but 

slower than the rates for 2.1, 5.1, and 5.2 binding to oligo 5A.  
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 ka × 103 (M-1s-1) kd × 10-7 (s-1) t1/2 (d) 

oligo 5B 1 ± 0.4 3.8 ± 0.8 2.1 

oligo 5C 1 ± 0.5 1.5 ± 0.3 5.3 

 

Table 5.2   Association and dissociation rate constants with corresponding half-lives for 
hexaintercalator 5.4 with oligos 5B and 5C. 

 

 

Figure 5.7   Dissociation plot of 5.4 with oligos 5B and 5C showing percent unbound 
DNA versus time with the corresponding monoexponential decay curve fits. 

 

5.3.5 DNase I Footprinting   

Binding of tetraintercalators 5.1 – 5.3 to a synthetic oligonucleotide containing 

sequence 2A was evaluated by concentration-dependent DNase I footprinting (Figure 

5.8).  Incubations for footprinting were performed by first heating radiolabeled DNA, 
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adding the intercalator, and allowing the incubation to slowly cool to room temperature 

overnight.  For all three tetraintercalators, a footprint begins to appear at 50 nM.  The 

binding site is completely occupied at 100 nM by 5.1 and 5.2, and at 150 nM for 5.3.  

While the footprints are very similar, the strength of the footprints qualitatively follows 

the pattern of dissociation rate constants, with 5.1 showing the strongest footprint, 

followed by 5.2, and then 5.3.  This result matches DNase I footprinting of 2.1 with 

sequence 2A, which showed a footprint starting at 50 nM and full occupation at 100 nM 

(Rhoden Smith et al., 2012).  At these concentrations, no non-specific binding was 

observed for 5.1 – 5.3.   
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Figure 5.8   DNase I footprints of tetraintercalators 5.1 – 5.3 with sequence 2A.  Lane 1 
contains undigested DNA.  Lane 2 contains an adenine-specific cleavage 
reaction (Iverson and Dervan, 1987).  Lane 3 contains digested DNA with 
no intercalator.  Lanes 4 – 7 contain increasing concentration of intercalator.  
For 5.1, lanes 4 – 7 contain 13, 25, 50, and 100 nM intercalator.  For 5.2 and 
5.3, lanes 4 – 7 contain 25, 50, 100, and 150 nM intercalator. 

Hexaintercalator 5.4 was evaluated using concentration-dependent DNase I 

footprinting assays with synthetic oligonucleotides containing sequences 5B and 5C 

(Figure 5.9).  A footprint begins to show for both sequences at 100 nM with full 

occupation at 200 nM.  While both footprints are similar, the footprint of sequence 5C is 

qualitatively stronger than that of sequence 5B, consistent with the relative observed 
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dissociation rate constants.  It is noteworthy that 5.4 seems to occupy all of sequence 5B 

and sequence 5C.  Some non-specific binding is also present at higher concentrations in 

GC-rich regions. 
 

 

Figure 5.9   DNase I footprints of hexaintercalator 5.4 with sequences 5B and 5C and 
tetraintercalator 2.1 with sequence 5C.  The region where sequence 2A is 
located within sequence 5C is marked.  Lane 1 contains undigested DNA.  
Lane 2 contains an adenine-specific cleavage reaction (Iverson and Dervan, 
1987).  Lane 3 contains digested DNA with no intercalator.  Lanes 4 – 8 
contain 50, 100, 150, 100, and 250 nM intercalator. 

Because sequence 5C also contains sequence 2A, a concentration-dependent 

DNase I footprinting analysis of tetraintercalator 2.1 was carried out with sequence 5C 

(Figure 5.9).  In these studies, sequence 2A is mostly occupied by 2.1 at 100 nM.  
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Importantly, the footprints of 2.1 and 5.4 with sequence 5C look quite different.  

Digestion bands flanking the central sequence 2A are quite apparent in the footprint of 

2.1, revealing that 2.1 does not occupy all 22 bp of sequence 5C.  In contrast, these same 

bands diminish in a concentration dependent manner in the footprint of 5.4, indicating 

that 5.4 is occupying those regions, and hence the entirety of the 22 bp site of sequence 

5C. 

 

5.3.6 Hypochromism.   

The extinction coefficients of 2.1 and 5.4 were measured in water with and 

without oligo 5A and oligo 5C, respectively (Table 5.3).   In both cases, absorbance 

maxima were observed at 385 nm in water and 383 nm in the presence of binding site 

DNA.  Intercalators 2.1 and 5.4 displayed equal degrees of hypochromism, with a 28% 

decrease in absorbance when combined with their preferred binding site DNA, 

respectively.  For comparison, the extinction coefficient of 5.4 with control DNA, the 

same used in the dissociation experiments, displayed only 19% hypochromism. 
 

 ε (M-1cm-1)   

 watera DNAb  % hypochromism 

2.1 51300c 36900  28 % 

5.4 83500 60100  28 % 
aλmax = 385 nm.  b λmax = 383 nm, in buffer (10 mM PIPES, pH = 7.0, 100 mM NaCl, 1 
mM EDTA).  For 2.1 and 5.4, a 1:1 molar ratio of oligo 5A and oligo 5C was used, 
respectively.   cSee Lokey et al., 1997. 

Table 5.3   Extinction coefficients of NDI polyintercalators. 
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5.3.7 Restriction Nuclease Protection Assay 

Binding of tetraintercalators to sequence 2A within the context of an 

approximately 5000 bp plasmid was probed by a restriction endonuclease protection 

assay (Maher et al., 1989).  The center of sequence 2A contains the restriction site for 

blunt-cutter ScaI, 5′-AGT^ACT-3′, so binding of the tetraintercalator to sequence 2A 

should block cleavage by this restriction enzyme.  Sequence 2A was cloned into the 

pMoPac16 vector (Appendix), which also contains a distant ScaI restriction site to allow 

for an assessment of binding specificity.  The plasmid was linearized and when cut at 

each of the two restriction sites should produce three bands of lengths 440 bp, 1538 bp, 

and 3021 bp.  If the tetraintercalator is able to protect against cleavage at sequence 2A, 

then an additional longer band of 3461 bp is expected to be produced along with a 

decrease in the amount of the 440 bp and 3021 bp bands (Figure 5.10).  The fractional 

occupation of sequence 2A can be calculated from a ratio analysis of the fluorescence 

distribution among those bands by 

F = A3461 / (A3461 + A3021 + A440) 

where F is the fractional occupation since agarose gel electrophoresis and SYBR Green 

staining prevent direct quantitation of band amounts (Maher et al., 1990). 
 

 

Figure 5.10  Design of the restriction endonuclease protection assay.  The restriction sites 
for ScaI on the linear plasmid are marked, as well as the lengths of the 
expected bands generated upon cleavage.  Sequence 2A is indicated by the 
yellow box. 
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Tetraintercalators 2.1 and 5.1 were incubated with linearized plasmid at 37 °C and 

digested with ScaI after 24 hrs and 7 days.  Figure 5.11 shows the 24 hr digestion time 

points for both 2.1 and 5.1, along with the calculated percentages of occupation for 

sequence 2A.  Both tetraintercalators show protection from cleavage at sequence 2A for 

even the lowest concentration tested, 50 nM.  Tetraintercalator 5.1 shows a higher degree 

of occupation at the evaluated concentrations compared to 2.1, as would be expected 

based on their dissociation rates and calculated comparative affinities.  No increase in the 

fractional occupation of sequence 2A was observed at the 7 day time point.  No non-

specific cleavage protection was detected at any of the tested concentrations, which 

would be expected to result in an uncut band at 4999 bp and a decrease in the 1538 bp 

band.  However, at higher concentrations band migration is slightly retarded, and the 

bands are more dispersive, indicating that there is likely some kind of non-specific 

association between the DNA and the intercalators, although cleavage at the other ScaI 

restriction site does not seem to be affected.  Another factor in the dispersive quality of 

the DNA tested at higher concentrations might be that the tetraintercalators interfere with 

the binding and fluorescence of the intercalative SYBR Green dye used to image the 

DNA.  In addition, the short 440 bp band is very difficult to quantitate as it disappears 

due to cleavage inhibition at sequence 2A.  As such, the percentages of occupation 

calculated for the higher concentrations may not be completely representative of actual 

occupation.  However, it is clear that 2.1 and 5.1 at low concentrations can find their 

preferred sequence of DNA in the context of a very long oligonucleotide after a relatively 

short incubation period and prevent cleavage by a restriction endonuclease.           
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Figure 5.11  Restriction endonuclease protection assay evaluating the ability of 2.1 and 
5.1 to inhibit cleavage by a restriction enzyme in the context of a 5000 bp 
oligonucleotide.  Lane 1 contains undigested DNA.  Lanes 2 – 7 have been 
digested with ScaI and contain increasing intercalator concentration as 
follows: 0, 50, 100, 200, 400, and 800 nM.  The table shows the calculated 
percentage of fractional occupation, %F, of sequence 2A.  The mark in the 
bottom right-hand corner of the second gel is an artifact. 

 

5.4 DISCUSSION 

The lengthening of the major groove-binding aliphatic linker of the previously 

reported 2.1 by one methylene unit resulted in 5.1, which displayed a 4-fold slower 

dissociation rate compared to 2.1, corresponding to a half-life of 57 days.  This eclipses 

the previous record set by 2.1, and establishes 5.1 as the slowest non-base pairing 
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dissociating molecule from DNA yet reported.  Viewed another way, pimelic acid 

represents the optimal length for an aliphatic major groove-binding linker in our NDI-

based polyintercalation system. Although there is no structural characterization of 5.1 

bound to sequence 2A available yet, it is assumed that 5.1 – 5.3 bind in a threading 

polyintercalating fashion analogous to the structurally characterized 2.1-DNA complex 

(Lee et al., 2004).  Consistent with this assumption, the very slow dissociation rates 

displayed by 5.1 – 5.3 essentially preclude any other mode of binding. The extremely 

slow dissociation rates seen with threading polyintercalators are not surprising given the 

molecular rearrangements that must occur during dissociation from DNA.  Note that 

dissociation and association of 2.1 and 5.1 – 5.3 with sequence 2A are assumed to occur 

in multiple steps, but the assays used in this work report the limiting ones in each 

direction. 

As measured by gel-shift assays, the association rate constants of 2.1, 5.1, and 5.2 

are essentially the same, yet that for 5.3 is noticeably slower (Table 5.1).  As a result, the 

differences in dissociation rate constants for 2.1, 5.1, and 5.2 imply that 5.1 forms a more 

stable complex with sequence 2A compared to the complexes of 2.1 and 5.2.  Recalling 

that some distortion of the DNA was seen in the NMR structural analysis of 2.1 bound to 

sequence 2A (Lee et al., 2004), it is reasonable to assume that the pimelic acid linker of 

5.1 introduces less distortion upon binding compared to 2.1, resulting in a roughly 4-fold 

more stable complex.  The suberic acid and azelaic acid linkers in 5.2 and 5.3 appear too 

long compared to pimelic acid.  Nevertheless, the suberic acid linker in 5.2 still leads to a 

2-fold slower dissociation rate compared to 2.1, which contains the adipic acid linker.  

The reason for the slower association rate observed with 5.3 is not clear, although the 

increased flexibility of the azelaic acid linker likely plays a role. 
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While the NMR association analysis of 5.1 binding sequence 2A provides low 

time resolution, it is a nice structural indicator of binding, unlike the gel-shift association 

assay.  Although the imino protons peaks cannot be absolutely identified without further 

2D NMR analysis, the shifts of the imino proton signals upon 5.1 binding are very similar 

to those seen with 2.1 binding, as shown in Figure 5.12.  These shifts, along with the slow 

dissociation rates and DNase I footprinting studies, are again strongly indicative of full 

tetraintercalation.  The fact that 5.1 is fully tetraintercalated into sequence 2A after 3 min 

at 60 μM is quite surprising considering the molecular rearrangements that must occur on 

the DNA, but this same behavior was also observed for 2.1 with sequence 2A (Holman et 

al., 2011).  Given the concentration of intercalator and DNA and assuming that 95% of 

the DNA is bound at the 3 min time point, a lower limit for the association rate is 

calculated using the integrated rate equation for stoichiometric binding as 1.8×103 M-1s-1.  

This result is in line with the rates calculated from the gel-shift assays and also suggests 

that the form of bound DNA observed in the association assays is due to 

tetraintercalation.  
 

 

Figure 5.12  Comparison of the 1D 1H NMR imino proton shifts of bound and unbound 
DNA for  a) 2.1 binding sequence 2A (1 mM) (Lee et al., 2004) and b) 5.1 
binding sequence 2A (60 μM).  Spectra were recorded in 9:1 H2O:D2O at 
27 °C with a) 30 mM sodium phosphate buffer (pH 7.5) and b) 50 mM 
sodium phosphate buffer (pH 7.5), 100 mM NaCl, and 1 mM NaN3. 
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The DNase I footprints of 5.1 – 5.3 with sequence 2A show that the 14 bp 

binding site is fully occupied, and the qualitative strengths of the footprints track with 

relative dissociation rate constants (Figure 5.8). Importantly, at the concentrations in 

which the tetraintercalators are fully bound to sequence 2A, no non-specific binding is 

observed.  Although the mechanism by which threading polyintercalators sample binding 

sites on long stretches of DNA is unknown, the kinetic analysis presented here verifies 

that relative sequence specificity derives from differences between the dissociation rate 

constants from the preferred 14 bp sequence and other random sequences.  An 

examination of the association and dissociation rate constants of 5.1 – 5.3 would result in 

overall dissociation constants (Kd) in the picomolar range.   However, footprinting 

methods could not be used for direct determination of Kd values for these high affinity 

molecules due to the low concentration of DNA required and the time to reach 

equilibrium (Hampshire et al., 2007).  Nevertheless, we still assume that binding in the 

context of larger sequences compared to short oligonucleotides is complicated by 

additional mechanistic steps required to finally reside at the preferred binding site.  

The DNase I footprints used in these studies evaluate binding in the context of 

~100 bp, but leaves open the question of whether these tetraintercalators can locate their 

binding sequence in a much longer DNA strand.  Restriction endonuclease protection 

assays (REPA) use much of the same rationale as footprinting, namely that bound 

tetraintercalator should block enzymatic DNA cleavage, but allow for an evaluation of 

binding in a DNA plasmid, ~5000 bp in this case.  Tetraintercalators 2.1 and 5.1 are able 

to bind and block cleavage in a site-specific manner at low nM concentrations.  However, 

while in the footprints complete binding site occupation was observed at 100 nM for 2.1 

and 5.1, only 40 – 50% occupation is estimated by the REPA at this concentration.  This 

discrepancy could be due to the molecules being detained at other sites on the DNA while 
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searching for their thermodynamic minimum.  It could also perhaps be attributed to the 

fact that the amount of free intercalator in solution would be vastly different for the two 

assays since DNA bp concentration is so much higher in the REPA, complicating a direct 

inference of Kapp.  Occupation of sequence 2A also occurs relatively quickly at these low 

concentrations, as week-long incubations at 37 °C showed, within the limits of detection 

for this assay, no increase in binding site occupation compared to the 24 hr incubations.  

It may be that the intercalators initially bind to the DNA and slide, forcing through base 

pairs, to find their preferred site, as has been previously suggested for these types of 

molecules (Chu et al., 2009).  They may also hop along the DNA by undergoing a series 

of bound and unbound states, as some proteins have been observed to do, in order to scan 

different segments of the DNA (Hedglin and O’Brien, 2010).  The ability of 5.1 to locate 

its binding site in plasmid DNA within a relatively short incubation period is essential as 

we continue to move forward in understanding how this molecule might function in vivo 

to block transcription.  

In order to extend our threading polyintercalator design beyond a tetraintercalator, 

NDI hexaintercalator 5.4 was synthesized by cross-linking two of the trisintercalators 4.2, 

described in Chapter 4, with the pimelic acid cross-linker.  Taking advantage of the 

modular nature of our threading polyintercalator approach, hexaintercalator 5.4 was 

designed to bind a 22 bp DNA binding site in a threading manner by alternating through 

the major-minor-major-minor-major grooves.  Both gel-shift dissociation rate analysis 

and DNase I footprinting reveal that sequence 5C is preferred by 5.4 compared to 

sequence 5B.  This result matches with prediction, since sequence 5C maintains all 

intercalation sites as purine-purine steps, known to be preferred by NDI-based 

intercalators.  In addition, sequence 5C also contains 14 bp sequence 2A, which is 

known to be a high affinity site for the interior minor-major-minor groove threading 



 

 137 

portion of 5.4.  Interestingly, this trend was reversed for trisintercalator 4.2, which 

preferred sequence 4B (the trisintercalator site contained in sequence 5B) over sequence 

4C (the trisintercalator site contained in sequence 5C).  This result stresses the point that 

while studying the sequence preferences of the modular portions of these 

polyintercalators is helpful in identifying potential binding sites for hybrid molecules, 

DNA sequences must always be evaluated with the specific hybrid molecule and binding 

site design in mind.  The satisfying sequence specificity seen with threading 

polyintercalators is highlighted by the fact that even though sequence 5C differs from 

sequence 5B by only 2 of 22 bp, 5.4 is able to distinguish between the two sequences by 

more than 2-fold.  

Surprisingly, 5.4 was found to dissociate from the 22 bp sequence 5C an order of 

magnitude faster than tetraintercalator 5.1 dissociating from its 14 bp preferred site, 

sequence 2A.  An obvious explanation for the increase in dissociation rate constants 

would be that 5.4 is not fully hexaintercalated into the putative 22 bp binding sites in 

sequences 5B and 5C. However, DNase I footprinting results were not consistent with a 

lack of full intercalation.  For sequences 5B and 5C, 5.4 shows a footprint over the 

entirety of both binding sites.  This result contrasts with 2.1 binding sequence 5C, 

because while 2.1 fully occupies the central portion of sequence 5C, which is sequence 

2A, it does not cause attenuation of the periphery digestion bands in sequence 5C.  The 

footprint of 5.4 with sequence 5C does prevent cleavage by DNase I at those sites, 

indicating full hexaintercalation. 

Examination of the extinction coefficients of 2.1 and 5.4 with and without their 

respective binding sites also supports the claim that 5.4 is bound and fully intercalated 

into sequence 5C.  Upon intercalating DNA, NDI exhibits significant hypochromism 

(Lokey et al., 1997).  The degree of hypochromism observed when 2.1 is bound to 
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sequence 2A (which is known to be fully intercalated) and 5.4 with sequence 5C are 

both 28%.  When 5.4 was incubated with a control DNA sequence, which showed some 

binding during gel-shift assays but is very unlikely fully bound, only 19% hypochromism 

was seen.  Like the DNase I footprints, taken together, these spectroscopic results are 

consistent with full hexaintercalation by 5.4.  

The reasons for the slower association rates measured for 5.4 binding to both 

sequences 5B and 5C compared to 2.1 binding sequence 2A are not completely 

understood, but there are a number of possible explanations.  For one, 5.4 is a longer and 

more flexible molecule, which would predict a larger entropic penalty for binding to 

DNA.  At the other end of the spectrum, the six NDI units in 5.4, relative to the four NDI 

units in 2.1, are likely self-stacked and these interactions must be disrupted prior to 

intercalation into DNA.  Another possible problem with the design of 5.4 is that the 

linkers may not yet be precisely the correct lengths, a problem that will amplify over 

longer structures. 

Assuming hexaintercalator 5.4 is fully intercalated into the 22 bp sequences 5B 

and 5C, these complexes represent the longest reported binding sites for synthetic, non-

nucleic acid based DNA binding molecules.  Triple helix-forming oligonucleotides and 

peptide nucleic acids, which both rely on nucleic acid bases for specificity, have targeted 

longer sequences (Aoki and Tao, 2005; Vasquez et al., 1999), and artificial zinc-finger 

proteins, constructed from naturally occurring proteins, have been produced to bind up to 

50 bp (Hirata et al., 2005; Lloyd et al., 2005).  
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5.5 CONCLUSION 

NDI tetraintercalator 5.1 with a central major groove pimelic acid linker displays 

an extremely slow dissociation rate from its preferred 14 bp binding site, corresponding 

to a half-life of 57 days, a record for synthetic DNA binding molecules.  This result 

supports the hypothesis that the adipic acid linker in 2.1 was indeed too short to be 

optimum.  Taken further, tetraintercalators 5.2 and 5.3, with two and three additional 

methylene units, respectively, also display dissociation rates that are as slow or slower 

relative to 2.1, indicating that the threading polyintercalation system better 

accommodates linkers that are too long as opposed to too short.  This high affinity 

binding tetraintercalator is also able to locate its preferred site within the context of a 

~5000 bp plasmid after only a relatively short incubation period, an ability that will be 

essential for evaluating in a sequence-specific manner the in vivo properties of  threading 

tetraintercalators. 

The modular nature of NDI-based threading polyintercalators was exploited in the 

design of 5.4, which appears to fully occupy a 22 bp binding site, a record for non-

nucleic acid based DNA recognition by synthetic molecules.  Although in an absolute 

sense the approximately 5 day half-life for 5.4 dissociating from its preferred sequence 

5C can still be considered remarkably slow, it is considerably faster than predicted by 

previous studies with structurally analogous tetraintercalators.  Future work, including 

structural studies, will investigate the reasons for the faster than predicted dissociation in 

an effort to create molecules that bind long sequences with even slower dissociation. 
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5.6 MATERIALS AND METHODS 

5.6.1 Synthesis of 5.1 – 5.3 

Solvents and starting materials were used without further purification.  Organic 

chemicals and solvents were obtained from Sigma-Aldrich or Fisher, and resins and 

amino acids were obtained from Novabiochem.  The Fmoc-Lys(Boc)-NDI-OH monomer, 

Fmoc-(β-Ala)3-OH, and Fmoc-(Gly)3-OH were all synthesized as previously described 

(Rhoden Smith et al., 2012).  Fmoc-based SPPS was performed as reported (Lee et al., 

2004).  Cross-linking on the resin was performed with pimelic acid for 5.1 and 5.4, 

suberic acid for 5.2, and azelaic acid for 5.3.  Intercalators 5.1 and 5.3 were purified by 

reverse-phase preparative HPLC on a Waters system using a Vydac C18 column in a 

H2O/acetonitrile solvent system with 0.1% trifluoroacetic acid.  Intercalators 5.2 and 5.4 

were initially purified by ion exchange on an AKTA FPLC (GE) with a GE HiTrap SP 

FF cation exchange column in H2O with 0.2% formic acid eluting with NaCl.  Salts were 

removed with a Waters Sep-Pak C18 cartridge.  The desired fractions were lyophilized 

and further purified by HPLC as before.  Intercalators were characterized by high-

resolution electrospray ionization mass spectrometry.  5.1: 10% yield; HRMS-ESI 

C129H153N30O34
3+ [M+H]3+ calcd 888.70497, found 888.70554.  5.2: 2% yield; HRMS-

ESI C130H154N30O34
2+ [M+H]2+ calcd 1339.56200, found 1339.56200.  5.3: 3% yield; 

HRMS-ESI C131H156N30O34
2+ [M+H]2+ calcd 1346.56946, found 1346.56819.  5.4: 2% 

yield, HRMS-ESI C191H221N46O52
3+ [M+H]3+ calcd 1330.20155, found 1330.20145. 

 

5.6.2 Gel-Shift Assays   

DNA was radiolabeled and gel-shift assays were performed as previously reported 

(Rhoden Smith et al., 2012).  All DNA was purchased from Integrated DNA 
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Technologies (IDT) and purified by gel filtration with a PD MidiTrap G-25 cartridge 

(GE).  For 5.1 – 5.3, 24-mer oligo 5A containing the 14 bp binding site was used, and for 

5.4, 32-mer oligos 5B and 5C containing the respective 22 bp sequences of interest were 

used.  Dissociations were followed for 5 half-lives or until the radiolabel was no longer 

viable (about 65 days).  The data was analyzed by ImageQuant TL v2005 and mono-

exponential decay equation fits were obtained using KaleidaGraph v4.1. 

 

5.6.3 NMR Kinetic Analysis 

All DNA was purchased from Integrated DNA Technologies (IDT) and purified 

by gel filtration with a PD MidiTrap G-25 cartridge (GE).  NMR samples of the 5.1-

sequence 2A complex were made by mixing the two components in stoichiometric 

amounts to give a final concentration in the 650 μL NMR sample of 60 μM complex, 50 

mM sodium phosphate buffer (pH 7.5), and 100 mM NaCl.  The sample incubated at 

37 °C overnight, was lyophilized, and dissolved in 9:1 H2O:D2O containing 1 mM NaN3.  

A sample containing the unbound sequence 2A was also made with the same conditions.  

All NMR spectra were recorded at 27 °C on a Varian DirectDrive 600 MHz using a WET 

pulse sequence solvent suppression method.  To study the association, 5.1 was added to a 

sample containing sequence 2A to give the final complex concentration and buffer 

conditions as before.  The elapsed time between mixing the sample and taking the first 

scan was 3.0 minutes, a time frame which also allowed for sample equilibration to 27 °C.  

This same sample was also monitored at different time intervals over a 22 hr period. 
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5.6.4 DNase I Footprinting  

Radiolabeled DNA used for footprinting experiments was obtained as previously 

reported (Rhoden Smith et al., 2012) (Appendix).  The length of DNA used for 

footprinting with sequence 2A was 95 bp, and with sequences 5B and 5C was 103 bp.  

The sequences of the oligonucleotides used in footprinting are given in Figure 2.9.  

Incubations (20 mM sodium phosphate buffer, 2 mM MgCl2, pH = 7.5) of intercalators 

with radiolabeled DNA were performed by first heating the DNA to 80°C for 5 min, 

adding the appropriate concentration of intercalator, and allowing the incubation to cool 

at 0.5°C/min until reaching 25°C.  Incubations then sat overnight at 25°C.  The DNA was 

digested with 3.0 U/mL DNase I for 4 min, and fragments were separated on an 8% 

denaturing polyacrylamide gel until the bromophenol blue marker reached the end of the 

gel.  The adenine-specific cleavage reaction was performed as previously described 

(Iverson and Dervan, 1987). 

 

5.6.5 Extinction Coefficient Determination  

The concentration of a solution of 5.4 in H2O was determined by using NMR 

analysis.  A known amount of a 1000 μg/mL standard solution of acetaldehyde in H2O 

(SPEX CertiPrep) was mixed with a solution of 5.4 in 9:1 H2O:D2O.  The NMR sample 

was prepared to have a ratio of acetaldehyde:5.4 of approximately 54:1.  The 

acetaldehyde formed a significant amount of hydrate (Socrates, 1969), so the actual 

concentration of acetaldehyde was extrapolated from integration comparisons of the 

aldehyde proton quartet and methyl doublet to the corresponding peaks of the hydrate.  

Integration comparisons of the aldehyde proton quartet and all amide and aromatic 

protons in 5.4 (54 H) led to the determination of the concentration of the stock solution of 

5.4, which was then used for extinction coefficient determination at λmax = 385 nm in 
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water.  For extinction coefficients of bound complexes, a 1:1 molar ratio of intercalator to 

oligo 5A or oligo 5C was incubated at 37 °C in 10 mM PIPES (pH = 7.0), 100 mM NaCl, 

and 1 mM EDTA. 

 

5.6.6 Restriction Endonuclease Protection Assay 

Sequence 2A was cloned in to pMoPac16 as described previously (Rhoden Smith 

et al., 2012), and all enzymes were obtained from New England Biolabs.  The plasmid 

was linearized by digestion with HindIII-HF, followed by phenol/chloroform extractions 

and ethanol precipitation.  The DNA was solubilized in water, filtered, and the 

concentration was determined with a micro-volume spectrophotometer (NanoDrop 2000).  

Intercalator incubations were performed in 20 μL at 37 °C in 10 mM Tris-HCl pH 7.5, 

100 mM NaCl, and 1 mM EDTA with 10 nM DNA and various concentrations of 

tetraintercalator.  At the appropriate time point, digestions with ScaI-HF (5 U/μL) were 

accomplished by diluting the incubation two-fold and adding MgCl2 and DTT to bring 

the final digestion conditions to 10 mM Tris-HCl pH 7.5, 50 mM NaCl, 10 mM MgCl2, 1 

mM DTT, and 0.5 mM EDTA.  Digestions were kept at 37 °C for 30 min, followed by 

heat inactivation at 65 °C for 20 min.  The digestions were immediately analyzed by 

electrophoresis with using 1.2% agarose gel followed by SYBR Green post-stain.  SYBR 

Green (Invitrogen) was diluted 10000-fold in TAE buffer, and the gel was stained for at 

least 20 min.  The gel was imaged under UV light with a green filter, and densitometry 

analysis was performed using ImageQuant TL v2005.   

 

This chapter adapted with permission from Rhoden Smith, A., and Iverson, B.L. 

(2013). Threading Polyintercalators with Extremely Slow Dissociation Rates and 
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Extended DNA Binding Sites. J. Am. Chem. Soc. 135, 12783–12789.  Copyright 2013 

American Chemical Society.   
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Chapter 6 

Screening of Lengthened Bisintercalators Designed to Target Expanded 
DNA Binding Sites 

6.1 CHAPTER SUMMARY 

6.1.1 Goals 

The goal of this chapter is to screen for bisintercalators with new sequence 

specificities by designing bisintercalators with longer peptide linkers with the potential to 

bind sequences of 7 or 8 bp. 

 

6.1.2 Approach 

The NMR-determined structures of the major groove-binding Gly3Lys 

bisintercalator and minor groove-binding β-Ala3Lys bisintercalator with their respective 

binding sites were used as the basis for modeling. The lengths of the binding site 

sequences in those structures were increased by 1 or 2 bp while adding glycine and/or 

β-alanine residues to the peptide linkers.  From these studies, three new lengthened 

bisintercalators were designed and synthesized to target the major groove, and four new 

lengthened bisintercalators were designed and synthesized to target the minor groove.  

DNase I footprinting was used to screen these bisintercalators with sequences based on 

the original two binding sites with 1 or 2 bp added. 

 

6.1.3 Results 

Bisintercalators with β-Ala4Lys and β-Ala5Lys linkers were found with new DNA 

sequence specificities.  While the β-Ala5Lys bisintercalator bound several of the 7 and 8 

bp expanded sequences, the β-Ala4Lys bisintercalator was more specific, preferring only 



 

 146 

one of the 7 bp designed sequences, 5′-GATTAAG-3′.  In addition, a Gly3β-AlaLys 

bisintercalator appeared able to bind the same 6 bp site as the Gly3Lys bisintercalator. 

 

6.2 BACKGROUND 

The creation of the Iverson’s lab modular threading NDI polyintercalators has 

been dependent on two main building blocks: major groove-binding Gly3Lys 

bisintercalator 6.1 and minor groove-binding β-Ala3Lys bisintercalator 6.2 (Figure 6.1).  

These two bisintercalators were identified as having binding preferences for two different 

6 bp sequences, 5′-GGTACC-3′ (sequence 6A) and 5′-GATAAG-3′ (sequence 6B), 

respectively, from DNase I footprinting screening of a 360-member library of 

bisintercalators with various peptide linkers (Figure 6.2) (Guelev et al., 2000).  NMR 

structural studies revealed the groove-binding topologies of 6.1 and 6.2 and showed that 

the bisintercalators bound with 4 bp in between intercalation sites, a surprise given that 

the nearest neighbor rule generally would predict intercalators binding with 2 bp between 

intercalation sites  (Guelev et al., 2001a, 2002; Williams et al., 1992).  In order to expand 

the repertoire of sequences that can be targeted by our modular hybrid polyintercalators, 

NDI bisintercalators with new DNA specificities need to be discovered. 
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Figure 6.1  Molecular structures and NMR-determined structures of DNA complexes of 
a) Gly3Lys bisintercalator 6.1 with sequence 6A and b) β-Ala3Lys 
bisintercalator 6.2 with sequence 6B.  The sequences listed are those used in 
the NMR studies with the 6 bp binding sites underlined. 
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In the previous library screening of bisintercalators (Figure 6.2), the two lysine 

peptides were kept constant to encourage electrostatic interactions with the DNA, and the 

three other peptides in the linker were varied to include many different functional groups 

in the screening.  However, it was the Gly3Lys and β-Ala3Lys bisintercalators, with a 

distinct lack of functionality, that stood out with altered sequence specificities and 

acceptable binding affinities, implying that length of the peptide linker is very important 

for sequence specificity and groove-binding topology.  In addition, linkers of this length 

apparently favor binding sites with 4 bp between NDI intercalators, but linkers of longer 

length might be able to favor sites with 5 or even 6 bp between intercalators.  In the 

context of hybrid tetraintercalators, increasing the length of one of the groove-binding 

linkers by one methylene unit also had success in increasing the dissociation half-life 

from 16 days to a record-breaking 57 days (Rhoden Smith and Iverson, 2013). 
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Figure 6.2  Design of 360-member bisintercalator library testing peptides with many 
different functionalities which resulted in finding 6.1 and 6.2 with altered 
sequence specificity (Guelev et al., 2000). 

In order to discover new NDI bisintercalators with new DNA sequence 

specificities, the present work investigates a focused library of bisintercalators and DNA 

binding sites that were designed by lengthening the peptide linkers of 6.1 and 6.2 so that 

they might bind sequences of 7 or 8 bp rather than 6 bp.  The NMR-determined structures 

of the 6.1-sequence 6A and 6.2-sequence 6B complexes were used as the basis for 

modeling by lengthening the DNA binding sites by adding 1 or 2 bp to the center of the 

binding sites and adding glycine and/or β-alanine residues to the peptide linkers in those 

lengthened structures.  From modeling studies, three new bisintercalators designed to 

bind the major groove and four new bisintercalators designed to bind the minor groove 
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were synthesized and screened by DNase I footprinting with the lengthened sequences 

derived from sequences 6A and 6B.   

 

6.3 RESULTS 

6.3.1 Design and Synthesis of Lengthened Bisintercalators 

Optimal peptide lengths for the expanded bisintercalator binding sites were 

modeled using HyperChem (HyperCube, Inc.) based on the NMR-determined structures 

of 6.1 with sequence 6A and 6.2 with sequence 6B (Figure 6.1).  One or two bp were 

added to the structures of sequence 6A and sequence 6B when bound to their respective 

bisintercalators (Guelev et al., 2001a, 2002) using the standard rise and turn of DNA base 

pairs of 3.4 Å/bp and 36°/bp (Drew et al., 1981), although the actual amount of 

unwinding and lengthening might be different in the context of a bound intercalator.  

Glycine, β-alanine, or a combination of both residues were added to the peptide linkers in 

the lengthened DNA binding sites, and geometry optimization of the linker was 

performed.  To account for underestimating DNA unwinding and lengthening in these 

potential DNA binding sites, linkers that appeared to be slightly too long were also 

considered for evaluation.  From this modeling, seven new bisintercalators 6.3 – 6.9 were 

chosen to be synthesized (Figure 6.3).  Examples of both major and minor groove-

binding modeled lengthened bisintercalators are shown in Figure 6.4.   For the major 

groove binding site, 6.3 with a Gly4Lys linker appeared to have an appropriate length for 

a binding site with one additional base pair, 6.4 with a Gly3β-AlaLys linker appeared to 

have an appropriate length for a binding site with one or two additional base pairs, and 

6.5 with a Gly2β-Ala2Lys linker appeared to have an appropriate length for a binding site 

with two additional base pairs.  For the minor groove binding site, 6.6 and 6.7 with β-
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Ala3GlyLys and β-Ala4Lys linkers, respectively, appeared to have appropriate lengths for 

a binding site with one additional base pair, and 6.8 and 6.9 with β-Ala4GlyLys and β-

Ala5Lys linkers, respectively, appeared to be appropriate for a binding site containing two 

additional base pairs.  For several of these modeled lengthened bisintercalators, the order 

of peptides in the linker may play a role in binding, but for simplicity additional or 

alternative peptides were only added to one end of the linker, keeping the parent linker 

intact as much as possible.  If some of the bisintercalators were to show promising 

binding activity, then a library study evaluating all possible peptide sequences might be 

warranted. 

Bisintercalators 6.1 – 6.9 were synthesized by standard Fmoc solid phase peptide 

synthesis (SPPS) using published procedures (Guelev et al., 2001b).  Acid-sensitive Boc 

protecting groups were used for the lysine side chains.  All bisintercalators were purified 

by reverse-phase preparative HPLC, and concentrations of solutions used for analysis 

were determined using an extinction coefficient (385 nM) of 27400 M-1cm-1 (Lokey et 

al., 1997). 
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Figure 6.3  Structures of bisintercalators with lengthened peptide linkers modeled to 
bind DNA sequences with one or two additional base pairs.  The original 
major and minor groove-binding bisintercalators 6.1 and 6.2 are shown in 
blue.  Bisintercalators 6.3 – 6.5 are designed to bind in the major groove, 
while 6.6 – 6.9 are designed to bind in the minor groove.  Peptide residues 
that have been added to lengthen the bisintercalators are shown in red.   
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Figure 6.4  Examples of modeled lengthened bisintercalators binding to sites of 7 or 8 
bp.  a) Sequence 6A is expanded by 1 bp to produce a binding site of 7 bp, 
with 5 bp in between intercalation sites, which is accommodated by 
bisintercalator 6.3 with a Gly4Lys linker in the major groove. b) Sequence 
6B is lengthened by 2 bp generating a binding site of 8 bp, with 6 bp 
between intercalation sites, modeled with bisintercalator 6.9 having a β-
Ala5Lys linker in the minor groove. 

 

6.3.2 Binding Site Design 

The sequences that were designed for screening with the lengthened 

bisintercalators are based on sequences 6A and 6B by inserting 1 or 2 bp in the center of 

the 6 bp binding site, creating potential binding sites of 7 and 8 base pairs.  The modeling 

studies revealed no outstanding preference for adding GC/CG base pairs over AT/TA 
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base pairs in the expanded binding sites.  Therefore, only AT/TA base pairs were used in 

order to simplify the screening process, and an examination of sequences 6A and 6B 

suggests that these base pairs are preferred in the center of the binding sites.  Figure 6.5 

shows the expanded binding sites used for screening, with all possible combinations of 

AT/TA used for the additional base pairs.  Note that sequence 6A is palindromic, making 

several at the AT/TA added base pair combinations redundant, simplifying screening. 
 

 

Figure 6.5  Designed expanded sequences based on sequences 6A and 6B with 1 or 2 
AT/TA bp added to the center of the binding sites, as indicated, for 
screening with lengthened bisintercalators. 

Several design considerations were taken into account when developing the 

synthetic oligonucleotides to be used for screening.  The expanded sequences based on 

sequences 6A and 6B are separated to simplify gel analysis.  Each potential binding site 

has a 10 bp random spacer so the sites can be analyzed individually.  The original 

sequences 6A and 6B are also included in the screening to act as controls.  The synthetic 

oligonucleotides were designed with end terminal restriction sites to allow for insertion 

into a vector.  The desired synthetic oligonucleotides were generated by PCR-mediated 

gene assembly following published procedures (Varadarajan et al., 2009).  Forward and 

reverse primers with overlaps of 15 – 20 bp were designed using the free online software 

DNAWorks (Hoover and Lubkowski, 2002) (Appendix).  The oligonucleotides were 

assembled and then subsequently amplified by PCR using the outermost forward and 
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reverse primer set.  Non-degenerate restriction sites XbaI and NotI were used for ligation 

into the pMoPac16 vector (Hayhurst et al., 2003). 

 

6.3.3 DNase I Footprinting 

Bisintercalators 6.1 – 6.9 were screened with sequences 6A and 6B and all the 

lengthened sequences using standard DNase I footprinting.  Bisintercalators 6.1 and 6.2 

with known binding preferences for sequences 6A and 6B, respectively, were footprinted 

with the lengthened sequence set containing their binding site to act as positive controls, 

ensuring that binding could be observed in this context of sequences (Figure 6.6).  The 

major groove-binding 6.1 is already fully bound to sequence 6A at 125 nM, and 6.2 is 

bound to sequence 6B at 500 nM, in agreement with previous footprinting studies 

(Guelev et al., 2000).    

Lengthened bisintercalators 6.3 – 6.5, based upon 6.1, were footprinted with the 

lengthened sequences designed from sequence 6A as shown in Figure 6.7.  None of these 

intercalators show clear binding to any of the lengthened sequences.  However, 6.4 with a 

Gly3β-AlaLys linker does seem to occupy the 6 bp sequence 6A, although the degree of 

non-specific binding with 6.4 seems to be higher than others, as seen by the low intensity 

of many of the digestion bands at all tested concentrations.  Bisintercalator 6.2 was also 

included in this study, and shows no binding to any of the sequences.  To evaluate 

whether any of the bisintercalators designed from lengthening 6.2 preferred sequences 

based from sequence 6A, 6.6 – 6.9 were also screened with these expanded sequences 

(Figure 6.7).  Other than non-specific binding at higher concentrations, no footprint was 

observed. 
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Figure 6.6   a) DNase I footprint of 6.1 with the set of expanded major groove 
bisintercalator binding sites including sequence 6A.  Lane 1 is undigested 
DNA; lane 2 is an adenine-specific cleavage reaction (Iverson and Dervan, 
1987); lane 3 contains no intercalator, lanes 4 – 6 contain increasing 
intercalator concentration: 250 nM, 500 nM, 1000 nM.  b) DNase I footprint 
of 6.2 with the set of expanded minor groove bisintercalator binding sites 
including sequence 6B.  Lane 1 is undigested DNA; lane 2 is an adenine-
specific cleavage reaction; lane 3 contains no intercalator, lanes 4 – 7 
contain increasing intercalator concentration: 125 nM, 250 nM, 500 nM, 
1000 nM.  The expanded binding sites are marked on the gel, with the added 
base pairs shown in red. 

 



 

 157 

 

Figure 6.7  DNase I footprints with an oligonucleotide containing the four expanded 
sequences derived from sequence 6A with a) bisintercalators 6.3 – 6.5, 
designed by lengthening major groove-binding 6.1, and 6.2, and b) 
bisintercalators 6.6 – 6.9, designed by lengthening minor groove-binding 
6.2.  Lane 1 contains undigested DNA; lane 2 contains an adenine-specific 
cleavage reaction; lane 3 is digested with no intercalator; each intercalator 
was tested at concentrations of 250 nM, 500 nM, and 1000 nM.  

DNase I footprinting was also performed for bisintercalators 6.6 – 6.9, derived 

from lengthening 6.2, with the oligonucleotide containing the six expanded sequences 

based on sequence 6B (Figure 6.8).  Intercalators 6.7 and 6.9, containing the β-Ala4Lys 

and β-Ala5Lys linkers, respectively, show some very promising binding activity.  Both 

intercalators show binding and accompanying periphery digestion band enhancement for 

5′-GATTAAG-3′, which has one T(A) bp added to sequence 6B.  Intercalator 6.9 also 
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clearly binds sequences with 2 bp added, 5′-GATAAAAG-3′ and 5′-GATTTAAG-3′.  

These two intercalators also show binding to at least a portion of 5′-GATAAAG-3′, but 

not all bands in the site are completely protected from DNase I cleavage and no 

difference in cleavage pattern is seen in the area below that site on the gel.  In general, it 

seems the shorter bisintercalator 6.7 is more selective in binding.  The other two 

intercalators 6.6 and 6.8, which have glycine added in the linker, do not show any 

binding.  None of these intercalators appear to strongly occupy sequence 6B.  Footprints 

of 6.1 and 6.3 – 6.5 show no binding to any of the lengthened sequences based on 

sequence 6B (Figure 6.8).  
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Figure 6.8  DNase I footprints with an oligonucleotide containing the six expanded 
sequences derived from sequence 6B with a) bisintercalators 6.6 – 6.9, 
designed by lengthening 6.2, and b) bisintercalators 6.1 and 6.3 – 6.5, 
designed by lengthening 6.1.  Lane 1 contains undigested DNA; lane 2 
contains an adenine-specific cleavage reaction; lane 3 is digested with no 
intercalator; each intercalator was tested at concentrations of 250 nM, 500 
nM, and 1000 nM. 

 

6.4 DISCUSSION 

The most promising targets of screening the lengthened bisintercalators 6.3 – 6.9 

with the lengthened sequences based on adding 1 or 2 bp to sequences 6A and 6B were 

bisintercalators 6.7 and 6.9, which had β-Ala4Lys and β-Ala5Lys linkers, respectively.  
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While 6.9 showed binding to several sequences at even the lowest concentration tested, 

6.7 showed highest affinity binding to sequence 5′-GATTAAG-3′, created by adding one 

T(A) bp to sequence 6B.  Bisintercalator 6.9, with the longer linker, bound to this 

sequence, but also bound to other sequences with 2 bp added to sequence 6B.  The 

shorter linker in 6.7, while allowing for accommodation for the 1 added bp site, likely 

prevents high affinity binding to the sequences with 2 added bp.   

Based on the NMR structural studies of β-Ala3Lys bisintercalator 6.2 with 

sequence 6B, it is very likely that β-Ala4Lys bisintercalator 6.7 binds 5′-GATTAAG-3′ 

with the hydrophobic linker lying in the minor groove.  Again, in analyzing previous 

bisintercalator properties, likely intercalation sites are the GpA/ApG steps as seen with 

6.2, which would result in a binding site with 5 bp between NDI intercalators.  Another 

piece of evidence that supports a 7 bp versus 6 bp binding site is that 6.7 does not 

strongly bind to sequence 6B, suggesting that the 6 bp site is too short for the longer β-

Ala4Lys linker but a 7 bp site is more easily accommodated.  Of course, an NMR 

structural study is required to truly understand the binding mode of 6.7 with the 7 bp site 

and test these hypotheses.    

It is no surprise that peptide linker identity, as well as length, is an important 

factor in sequence discrimination.  This idea is best demonstrated by the lack of binding 

seen with the designed minor groove-binding bisintercalators 6.6 and 6.8, having β-

Ala3GlyLys and β-Ala4GlyLys linkers, with expanded sequences based on sequence 6B.  

These bisintercalators showed no binding to the screened sequences, unlike the β-Ala4Lys 

and β-Ala5Lys bisintercalators 6.7 and 6.9.  In fact, 6.8 is only one methylene unit shorter 

compared to 6.9, but it does not bind to the 7 or 8 bp sites, even though 6.9 is apparently 

able to accommodate both binding site lengths.  It would seem that the addition of 

glycine might prevent binding in the minor groove, if that is in fact the way 6.7 and 6.9 
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bind those sequences.  Since these β-amino acid linkers have had such success in DNA 

binding, it may be interesting to screen bisintercalators that use β-amino acids with varied 

functionalities. 

Another interesting target arising from this study may be bisintercalator 6.4 with a 

Gly3β-AlaLys linker that was modeled after 6.1 to bind in the major groove.  While this 

linker did not seem to bind any of the designed lengthened sequences, it did occupy 

sequence 6A with similar affinity compared to 6.2.  In general, this bisintercalator 

seemed to have a higher degree of non-specific binding compared to other screened 

bisintercalators, but this linker may be very helpful in designing long hybrid 

polyintercalators.  More specifically, hybrid hexaintercalator 5.4, described in Chapter 5, 

was able to bind its entire 22 bp designed binding site, but with a faster than predicted 

dissociation rate compared to similar tetraintercalators.  One of the reasons proposed for 

this observation is that some of the linkers may be slightly too short in the molecule, and 

the problem is amplified in the context of such a large polyintercalator.  One problem 

area in particular may be the major groove-binding Gly3Lys linker from 6.1, since NMR 

analysis of tetraintercalator 2.3 containing a Gly3Lys linker revealed a relatively high 

level of DNA distortion in that region of the binding site, as discussed in Chapter 3.  

NMR structural studies are certainly needed to confirm that bisintercalator 6.4 binds in 

the major groove as predicted, but this linker may be able to be used in place of the 

Gly3Lys linker in longer polyintercalator molecules.  A longer linker that still binds 

sequence 6A may introduce less distortion upon DNA binding and may help to create 

longer polyintercalators with even slower dissociation rates. 
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6.5 CONCLUSION 

Lengthened bisintercalators 6.3 – 6.5 were modeled after 6.1 to bind in the major 

groove and lengthened bisintercalators 6.6 – 6.9 were modeled after 6.2 to bind in the 

minor groove to sequences designed from 6 bp sequences 6A and 6B, respectively, by 

adding 1 or 2 AT/TA bp in the center of the binding sites.  Screening by DNase I 

footprinting of these bisintercalators with all the expanded sequences revealed that 

bisintercalators 6.7 and 6.9 exhibited new sequence specificities, and bisintercalator 6.4, 

having a Gly3β-AlaLys linker, could bind sequence 6A.  A major groove-binding 

bisintercalator with a longer peptide linker able to bind sequence 6A may be very helpful 

in improving the design of long polyintercalators like hexaintercalator 5.4.  While 6.9, 

with a β-Ala5Lys linker, bound to several 7 and 8 bp designed sequences with high 

affinity, 6.7, with a β-Ala4Lys linker, was more specific for the 7 bp site 5′-GATTAAG-

3′.  It is predicted that 6.7 binds in the minor groove with 5 bp between intercalation sites.  

NMR structural studies are needed to confirm the groove-binding topologies and binding 

site length of these new bisintercalators.  

 

6.6 MATERIALS AND METHODS 

Solvents and starting materials were used without further purification unless 

otherwise noted.  Organic chemicals and solvents were obtained from Sigma-Aldrich or 

Fisher, resins and amino acids were obtained from Novabiochem, and oligonucleotides 

were obtained from Integrated DNA Technologies (IDT).  Analytical and semi-

preparative HPLC was performed on a Waters Delta 600 system with a photodiode array 

detector using Vydac C-18 columns.  UV-Vis analyses were performed on an Agilent 

8453 Spectrophotometer. 
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6.6.1 Modeling 

Geometry optimization computations were performed in HyperChem 7.0 

(Hypercube, Inc., 1115 NW 4th St, Gainesville, FL 32601) using the Amber force field.  

PDB coordinates from the 6.1-sequence 6A and 6.2-sequence 6B complexes were used 

and modified by dividing, rotating and translating the structure to accommodate one or 

two base pairs added to the binding site.  For one base pair added, one half of the 

structure was translated 3.4 Å and rotated 36°.  For two base pairs added, one half of the 

structure was translated 6.8 Å and rotated 72°.  Peptides were added to the linker between 

the intercalators, and geometry optimizations were performed. 

 

6.6.2 Synthesis of Bisintercalators 

Bisintercalators 6.1 – 6.9 were synthesized by Fmoc solid phase peptide synthesis 

as previously described with Boc protection of the lysine side chains (Guelev et al., 

2001b; Rhoden Smith et al., 2012).  Purification was performed by preparative HPLC in 

a water/acetonitrile solvent system with 0.1% trifluoroacetic acid.  Concentration of an 

initial intercalator solution was determined by UV-Vis using an extinction coefficient of 

27,400 M-1cm-1 at 385 nm, and appropriate serial dilutions were obtained from this stock 

solution.     

6.6.2.1 Gly3Lys Bisintercalator 6.1 

HRMS-ESI C58H66N14O17
2+ [M+H]2+ calcd 615.2360, found 615.2363. 

6.6.2.2 β-Ala3Lys Bisintercalator 6.2 

HRMS-ESI C61H74N14O17
2+ [M+H]2+ calcd 636.2594, found 636.2598. 
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6.6.2.3 Gly4Lys Bisintercalator 6.3 

HRMS-ESI C60H69N15O18
2+ [M+H]2+ calcd 643.7467, found 643.7473. 

6.6.2.4 Gly3β-AlaLys Bisintercalator 6.4 

HRMS-ESI C61H71N15O18
2+ [M+H]2+ calcd 650.7546, found 650.7547. 

6.6.2.5 Gly2β-Ala2Lys Bisintercalator 6.5 

HRMS-ESI C62H73N15O18
2+ [M+H]2+ calcd 657.7624, found 657.7627. 

6.6.2.6 β-Ala3GlyLys Bisintercalator 6.6 

HRMS-ESI C63H75N15O18
2+ [M+H]2+ calcd 664.7702, found 664.7705. 

6.6.2.7 β-Ala4Lys Bisintercalator 6.7 

HRMS-ESI C64H77N15O18
2+ [M+H]2+ calcd 671.7780, found 671.7783. 

6.6.2.8 β-Ala4GlyLys Bisintercalator 6.8 

HRMS-ESI C66H80N16O19
2+ [M+H]2+ calcd 700.2888, found 700.2895. 

6.6.2.9 β-Ala5Lys Bisintercalator 6.9 

HRMS-ESI C67H82N16O19
2+ [M+H]2+ calcd 707.2966, found 707.2963. 

 

6.6.3 Synthetic Oligonucleotide Construction 

Overlapping forward and reverse primers containing the major and minor groove 

binding sites to be screened along with the appropriate restriction sites were designed 

using the online program DNAWorks (Appendix) (Hoover and Lubkowski, 2002).  The 

design, gene assembly and gene amplification procedure followed published protocols 

with slight modifications (Varadarajan et al., 2009).  In the gene assembly, the denaturing 

and annealing times were increased to 1 min, and the extension time was increased to 2 

min, with the assembly being finished by a 10 min extension period at 72 °C.  For the 
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gene amplification, again the denaturing and annealing times were increased to 1 min, 

and the extension time was increased to 2 min.  The PCR products were run on a 1.5% 

agarose gel, and bands of the correct size were cut from the gel and the DNA extracted by 

an agarose dissolving kit (Qiagen).  A double digestion with XbaI and NotI was 

performed on the synthetic genes and the pMoPac16 vector (Hayhurst et al., 2003).  The 

digestions were purified by agarose gel, ligated into the digested pMoPac 16 vector, 

transformed, and plated using ampicillin resistance for selection.  DNA minipreps 

(Qiagen) and subsequent sequencing were used to confirm the synthetic oligonucleotides 

were cloned as desired. 

 

6.6.4 DNase I Footprinting 

DNase I footprinting was performed as previously described (Trauger and 

Dervan, 2001).  The forward and reverse primers used for PCR amplification of the 

radiolabeled oligonucleotides used for footprinting are given in the Appendix.    

Incubations with intercalator were preformed overnight at 37 °C.  The synthetic 

oligonucleotide containing the lengthened sequences based on sequence 6A was 138 bp 

(Figure 6.9) and was digested with DNase I at 3.0 U/mL for 10 min.  The synthetic 

oligonucleotide containing the expanded sequences based on sequence 6B was 172 bp 

(Figure 6.10) and was digested at 2.0 U/mL DNase I for 10 min.  Both digests were run 

on an 8% denaturing polyacrylamide gel for 1 hr, visualized using autoradiography, and 

imaged using Quantity One 4.6.3 (Bio-Rad) and ImageQuant TL v2005.    
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5'*-TCTAGAGACTACTGCTGGTACCGATGACGACTGGTAACCAC
TGCTGACGGGTAAACCGTCTTAACCTGGTATACCTCAATCCCAG
GGTTAACCTGTAAACATACATGCGGCCGCTGCACCATCTGTCTT

CATCTTCCC-3' 

Figure 6.9 Sequence of the 5′-32P-end-labeled DNA used for footprinting containing all 
of the lengthened sequences based on sequence 6A. 

 
5'*- TCTAGAGACTACTGCTGATAAGTAATTCAGACAGATAAAGAC
TGCTGTTGGATTAAGGTCTTCATCTGATAAAAGTAAGTCCCAGGA
TATAAGGTGAAATCTGGGATTAAAGAGCTTCAGCAGATTTAAGT

AGCAAGGACGCGGCCGCTGCACCATCTGTCTTCATCTTCCC-3' 

Figure 6.10 Sequence of the 5′-32P-end-labeled DNA used for footprinting containing all 
of the lengthened sequences based on sequence 6B. 
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Appendix 

 

5′-CATTT…GGCTC-3′ 

Tetraintercalator Control AACAACATGTTGTT 

Sequence 2A GATAAGTACTTATC 

Sequence 2B GATAAGTACATAAG 

Sequence 2C GATAAGTAGATAAG 

Sequence 2D GATAAGTACTTAAGG 

Sequence 2E GATAAGTACCTAAG 

Trisintercalator Control ACATGTTGTT 

Sequence 4B GGTACATAAG 

Sequence 4C GGTAGATAAG 

Hexaintercalator Control TACTAACAACATGTTGTTAGTA 

Sequence 5B GGTACATAAGTACTTATGTACC 

Sequence 5C GGTAGATAAGTACTTATCTACC 

Table A1 DNA oligonucleotides used in the association and dissociation gel shift 
assays. 
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5′-   CGGCCCATTT…GGCTCGACTAAACAACATGTTGTTACATGGGCCTCGG-3′ 
3’-TCGGCCGGGTAAA…CCGAGCTGATTTGTTGTACAACAATGTACCCGGA   -5’ 

Sequence 2A GATAAGTACTTATC 

Sequence 2B GATAAGTACATAAG 

Sequence 2C GATAAGTAGATAAG 

Sequence 2D GATAAGTACTTAAGG 

Sequence 2E GATAAGTACCTAAG 

Sequence 4B GGTACATAAG 

Sequence 4C GGTAGATAAG 

Sequence 5B GGTACATAAGTACTTATGTACC 

Sequence 5C GGTAGATAAGTACTTATCTACC 
5’-   CGGCCACATG…ACATGGGCCTCGG-3’ 
3’-TCGGCCGGTGTAC…TGTACCCGGA   -5’ 

Sequence 4A GATAAGTACCTAAGTACTTAGGTACTTATC 

Table A2  Primers ordered with sticky ends containing the designated binding sites for 
annealing into SfiI digested pMoPac16.  The given sequences are written 5′ 
to 3′ as they would appear in the top strand. 
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pMoPac16 containing sequences 2A – E, 4B, 4C, 5B, 5C 

Forward primer TTGTTATTACTCGCGGCCCAGC 

Reverse primer CGAATTCGGCCCCCGAG 

pMoPac16 containing sequence 4A 

Forward primer GGAGATATACATATGAAATACCTATTGCCTACGGCAG 

Reverse primer CTGACTCTCCGCGGTTGAAGC 

Table A3   Primers written 5′ to 3′ used for PCR amplification from the pMoPac16 
vector for oligonucleotides used in DNase I footprinting. 

 

 

Figure A1   Vector map of pMoPac16 (Hayhurst et al., 2003). 
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Figure A2 pMoPac16 sequence. 

acccgccaccatcgaatggcgcaaaacctttcgcggtatggcatgatagcgcccggaagagagtcaattca
gggtggtgaatgtgaaaccagtaacgttatacgatgtcgcagagtatgccggtgtctcttatcagaccgtt
tcccgcgtggtgaaccaggccagccacgtttctgcgaaaacgcgggaaaaagtggaagcggcgatggcgga
gctgaattacattcccaaccgcgtggcacaacaactggcgggcaaacagtcgttgctgattggcgttgcca
cctccagtctggccctgcacgcgccgtcgcaaattgtcgcggcgattaaatctcgcgccgatcaactgggt
gccagcgtggtggtgtcgatggtagaacgaagcggcgtcgaagcctgtaaagcggcggtgcacaatcttct
cgcgcaacgcgtcagtgggctgatcattaactatccgctggatgaccaggatgccattgctgtggaagctg
cctgcactaatgttccggcgttatttcttgatgtctctgaccagacacccatcaacagtattattttctcc
catgaagacggtacgcgactgggcgtggagcatctggtcgcattgggtcaccagcaaatcgcgctgttagc
gggcccattaagttctgtctcggcgcgtctgcgtctggctggctggcataaatatctcactcgcaatcaaa
ttcagccgatagcggaacgggaaggcgactggagtgccatgtccggttttcaacaaaccatgcaaatgctg
aatgagggcatcgttcccactgcgatgctggttgccaacgatcagatggcgctgggcgcaatgcgcgccat
taccgagtccgggctgcgcgttggtgcggacatctcggtagtgggatacgacgataccgaagacagctcat
gttatatcccgccgttaaccaccatcaaacaggattttcgcctgctggggcaaaccagcgtggaccgcttg
ctgcaactctctcagggccaggcggtgaagggcaatcagctgttgcccgtctcactggtgaaaagaaaaac
caccctggcgcccaatacgcaaaccgcctctccccgcgcgttggccgattcattaatgcagctggcacgac
aggtttcccgactggaaagcgggcagtgagcggtacccgataaaagcggcttcctgacaggaggccgtttt
gttttgcagcccacctcaacgcaattaatgtgagttagctcactcattaggcaccccaggctttacacttt
atgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctatgacca
tgattacgaatttCtagagaaggagatatacatatgaaatacctattgcctacggcagccgctggattgtt
attactcgcggcccagcCggcggatccttgctatttaccgcggctttttattgagcttgaaagataaataa
aatagataggttttatttgaaactaaatcttctttatcgtaaaaaatgccctcttgggttatcaagagggt
cattatatttcgcggaataacatcatttggtgacgaaataactaagcacttgtctcctgtttactcccctg
agcttgaggggttaacatgaaggtcatcgatagcaggataataatacagtaaaacgctaaaccaataatcc
aaatccagccatcccaaattggtagtgaatgattataaataacagtaaacagtaatgggccaataacaccg
gttgcattggtaaggctcaccaataatccctgtaaagcaccttgctcatgactctttgtttggatagacat
cactccctgtaatgcaggtaaagcgatcccaccaccagccaataaaattaaaacagggaaatctaaccaac
cttcagatataaacgctaaaaaggcaaatgcactactatctgcaataaattcgagcagtactgccgttttt
tcgccccatttagtggctattcttcctgccacaaaggcttggaatactgagtgtaaaagaccaagacccgc
taatgaaaagccaaccatcatgctattccatccaaaacgattttcggtaaatagcacccacaccgttgcgg
gaatttggcctatcaattgcgctgaaaaataaataatcaacaaaatgggcatcgttttaaataaagtgatg
tataccgaattcgattgcgtctcaacccctacttcggtatctgtattatcacgtgtatttttggtttcacg
gaaccaaaacataaccacaaggaaagtgacaatatttagcaacgcagcgataaaaaagggactatgcggtg
aaatctctcctgcaaaaccaccaataataggccccgctattaaaccaagcccaaaacttgcccctaaccaa
ccgaaccacttcacgcgttgagaagctgaggtggtatcggcaatgaccgatgccgcgacagccccagtagc
tcctgtgatccctgaaagcaaacggcctaaatacagcatccaaagcgcacttgaaaaagccagcaataagt
aatccagcgatgcgcctattaatgacaacaacagcactgggcgccgaccaaatcggtcagacatttttcca
agccaaggagcaaagataacctgcattaacgcataaagtgcaagcaatacgccaaagtggttagcgatatc
ttccgaagcaataaattcacgtaataacgttggcaagactggcatgataaggccaatcccatcgagtaacg
taattaccaatgcgatctttgtcgaactattcatttcacttttctctatcactgatagggagtggtaaaat
aactctatcaatgatagagtgtcaacaaaaattaggaattaatgatgtctagattagataaaagtaaagtg
attaacagcgcattagagctgcttaatgaggtcggaatcgaaggtttaacaacccgtaaactcgcccagaa
gctaggtgtagagcagcctacattgtattggcatgtaaaaaataagcgggctttgctcgacgccttagcca
ttgagatgttagataggcaccatactcacttttgccctttagaaggggaaagctggcaagattttttacgt
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aataacgctaaaagttttagatgtgctttactaagtcatcgcgatggagcaaaagtacatttaggtacacg
gcctacagaaaaacagtatgaaactctcgaaaatcaattagcctttttatgccaacaaggtttttcactag
agaatgcattatatgcactcagcgctgtggggcattttactttaggttgcgtattggaagatcaagagcat
caagtcgctaaagaagaaagggaaacacctactactgatagtatgccgccattattacgacaagctatcga
attatttgatcaccaaggtgcagagccagccttcttattcggccttgaattgatcatatgcggattagaaa
aacaacttaaatgtgaaagtgggtcttaaaagccccatcggcctcgggggccgaattcgcggccgctgcac
catctgtcttcatcttcccgccatctgatgagcagttgaaatctggaactgcctctgttgtgtgcctgctg
aataacttctatcccagagaggccaaagtacagtggaaggtggataacgccctccaatcgggtaactccca
ggagagtgtcacagaacaggacagcaaggacagcacctacagcctcagcagcaccctgacgctgagcaaag
cagactacgagaaacacaaagtctacgcctgcgaagtcacccatcagggcctgagttcgcccgtcacaaag
agcttcaaccgcggagagtcagtcgaccatcatcatcaccatcacggggccgcagaacaaaaactcatctc
agaagaggatctgaatgggcgcgccgcatagtgatatcgcaagctttaaggagatatatatatgaaaaagt
ggttattagctgcaggtctcggtttagcactggcaacttctgctcaggcggctgacaaaattgcaatcgtc
aacatgggcagcctgttccagcaggtagcgcagaaaaccggtgtttctaacacgctggaaaatgagttcaa
aggccgtgccagcgaactgcagcgtatggaaaccgatctgcaggctaaaatgaaaaagctgcagtccatga
aagcgggcagcgatcgcactaagctggaaaaagacgtgatggctcagcgccagacttttgctcagaaagcg
caggcttttgagcaggatcgcgcacgtcgttccaacgaagaacgcggcaaactggttactcgtatccagac
tgctgtgaaatccgttgccaacagccaggatatcgatctggttgttgatgcaaacgccgttgcttacaaca
gcagcgatgtaaaagacatcactgncgacgtactgaaacaggttaaataataagacctgtgaagtgaaaaa
tggcgcacattgtgcgacattttttttgtctgccgtttaccgctactgcgtcacggatccccacgcgccct
gtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgcccta
gcgcccgctcctttcgctttcttcccttcctttctcgccacgttcgccggctttccccgtcaagctctaaa
tcggggcatccctttagggttccgatttagtgctttacggcacctcgaccccaaaaaacttgattagggtg
atggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgttggagtccacgttcttt
aatagtggactcttgttccaaactggaacaacactcaaccctatctcggtctattcttttgatttataagg
gattttgccgatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaaca
aaatattaacgtttacaatttcaggtggcacttttcggggaaatgtgcgcggaacccctatttgtttattt
ttctaaatacattcaaatatgtatccgctcatgtcgagacgttgggtgaggttccaactttcaccataatg
aaataagatcactaccgggcgtattttttgagttatcgagattttcaggagctaaggaaatttaaatgagt
attcaacatttccgtgtcgcccttattcccttttttgcggcattttgccttcctgtttttgctcacccaga
aacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctca
acagcggtaagatccttgagagttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctg
ctatgtggcgcggtattatcccgtgttgacgccgggcaagagcaactcggtcgccgcatacactattctca
gaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattat
gcagtgctgccataaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccgaag
gagctaaccgcttttttgcacaacatgggggatcatgtaactcgccttgatcgttgggaaccggagctgaa
tgaagccataccaaacgacgagcgtgacaccacgatgcctgcagcaatggcaacaacgttgcgcaaactat
taactggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggataaagttgca
ggaccacttctgcgctcggcccttccggctggctggtttattgctgataaatctggagccggtgagcgtgg
gtctcgcggtatcattgcagcactggggccagatggtaagccctcccgtatcgtagttatctacacgacgg
ggagtcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcctcactgattaagcattgg
taaatttaaataggcagttattggtgcccttaaacgcctggtgctacgcctgaataagtgataataagcgg
atgaatggcagaaattcgaaagcaaattcgacccggtcgtcggttcagggcagggtcgttaaatagccgct
tatgtctattgctggtttaccggtttattgactaccggaagcagtgtgaccgtgtgcttctcaaatgcctg
aggccagtttgctcaggctctccccgtggaggtaataattgctcgacatgaccaaaatcccttaacgtgag
ttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcg
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cgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagctac
caactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctagtgtagccg
tagttaggccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagt
ggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgc
agcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgaga
tacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaag
cggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctg
tcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagcctatggaaa
aacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcacatg 

 

Major_for_1* AAAAAATCTAGAGACTACTGCTGGTACCGATGA 

Major_rev_2 CAGCAGTGGTTACCAGTCGTCATCGGTACCAGCAGTAGTC 

Major_for_3 CGACTGGTAACCACTGCTGACGGGTAAACCGTCTTAACCT 

Major_rev_4 ACCCTGGGATTGAGGTATACCAGGTTAAGACGGTTTACCCGT 

Major_for_5 GGTATACCTCAATCCCAGGGTTAACCTGTAAACATACATGCGGC 

Major_rev_6* TTTTTTGCGGCCGCATGTATGTTTACAGGTTA 

Table A4 Primers written 5′ to 3′ for PCR-mediated gene assembly of the 
oligonucleotide set containing the binding sites expanded from sequence 6A 
by adding 1 or 2 bp.  The sequences marked with an asterisk were used for 
amplification of the constructed gene. 

 

 

 

 

 

 

 

 



 

 173 

 

Minor_for_1* AAAAAATCTAGAGACTACTGCTGATAAGTAATTCAGACAGA 

Minor_rev_2 CCTTAATCCAACAGCAGTCTTTATCTGTCTGAATTACTTATCAGCAG 

Minor_for_3 TAAAGACTGCTGTTGGATTAAGGTCTTCATCTGATAAAAGTAAGTCCC 

Minor_rev_4 TCCCAGATTTCACTGTATATCCTGGGACTTACTTTTATCAGATGAAGA 

Minor_for_5 AGGATATAAGGTGAAATCTGGGATTAAAGAGCTTCAGCAGATTTAAGTA 

Minor_rev_6* TTTTTTGCGGCCGCGTCCTTGCTACTTAAATCTGCTGAAGCTCTTTAA 

Table A4 Primers written 5′ to 3′ for PCR-mediated gene assembly of the 
oligonucleotide set containing the binding sites expanded from sequence 6B 
by adding 1 or 2 bp.  The sequences marked with an asterisk were used for 
amplification of the constructed gene. 

 

Major_forward TCTAGAGACTACTGCTGGTACCGATGA 

Minor_forward TCTAGAGACTACTGCTGATAAGTAATTCAGACAGA 

Major_Minor_reverse GGGAAGATGAAGACAGATGGTGCA 

Table A5 Primers written 5′ to 3′ for PCR amplification from the pMoPac16 vector for 
DNase I footprinting for constructs containing the lengthened sequences 
based on sequence 6A (major) and sequence 6B (minor).  



 

 174 

  References 

Anslyn, E.V., and Dougherty, D.A. (2006). Modern Physical Organic Chemistry 
(Sausalito, CA: University Science Books). 

Aoki, H., and Tao, H. (2005). Gene sensors based on peptide nucleic acid (PNA) probes: 
Relationship between sensor sensitivity and probe/target duplex stability. Analyst 
130, 1478–1482. 

Assa-Munt, N., and Kearns, D.R. (1984). Poly(dA-dT) has a right-handed B 
conformation in solution: a two-dimensional NMR study. Biochemistry 23, 791–
796. 

Bailly, C., Helbecque, N., Hénichart, J., Colson, P., Houssier, C., Rao, K.E., Shea, R.G., 
and Lown, J.W. (1990). Molecular recognition between oligopeptides and nucleic 
acids. DNA sequence specificity and binding properties of an acridine‐linked 
netropsin hybrid ligand. J. Mol. Recognit. 3, 26–35. 

Banerjee, S., Veale, E.B., Phelan, C.M., Murphy, S.A., Tocci, G.M., Gillespie, L.J., 
Frimannsson, D.O., Kelly, J.M., and Gunnlaugsson, T. (2013). Recent advances 
in the development of 1,8-naphthalimide based DNA targeting binders, anticancer 
and fluorescent cellular imaging agents. Chem. Soc. Rev. 42, 1601–1618. 

Beerli, R.R., and Barbas, C.F. (2002). Engineering polydactyl zinc-finger transcription 
factors. Nat. Biotechnol. 20, 135–141. 

Bentin, T., and Nielsen, P.E. (2003). Superior Duplex DNA Strand Invasion by Acridine 
Conjugated Peptide Nucleic Acids. J. Am. Chem. Soc. 125, 6378–6379. 

Boelens, R., Scheek, R.M., Dijkstra, K., and Kaptein, R. (1985). Sequential assignment 
of imino- and amino-proton resonances in 1H NMR spectra of oligonucleotides 
by two-dimensional NMR spectroscopy. Application to a lac operator fragment. J. 
Magn. Reson. (1969) 62, 378–386. 

Boer, D.R., Canals, A., and Coll, M. (2008). DNA-binding drugs caught in action: the 
latest 3D pictures of drug-DNA complexes. Dalton Trans. 399–414. 

Bond, P.J., Langridge, R., Jennette, K.W., and Lippard, S.J. (1975). X-ray fiber 
diffraction evidence for neighbor exclusion binding of a platinum 
metallointercalation reagent to DNA. Proc. Natl. Acad. Sci. U.S.A. 72, 4825–
4829. 

Bousquet, P.F., Braña, M.F., Conlon, D., Fitzgerald, K.M., Perron, D., Cocchiaro, C., 
Miller, R., Moran, M., George, J., Qian, X.D., et al. (1995). Preclinical Evaluation 
of LU 79553: A Novel Bis-naphthalimide with Potent Antitumor Activity. Cancer 
Res. 55, 1176–1180. 

Braña, M.F., Cacho, M., Gradillas, A., de Pascual-Teresa, B., and Ramos, A. (2001). 
Intercalators as Anticancer Drugs. Curr. Pharm. Des. 7, 1745–1780. 



 

 175 

Chaires, J.B. (1997). Energetics of drug–DNA interactions. Biopolymers 44, 201–215. 

Chaires, J.B. (2008). Calorimetry and Thermodynamics in Drug Design. Annu. Rev. 
Biophys. 37, 135–151. 

Chaudhuri, N.C., and Kool, E.T. (1995). Very High Affinity DNA Recognition by 
Bicyclic and Cross-Linked Oligonucleotides. J. Am. Chem. Soc. 117, 10434–
10442. 

Chenoweth, D.M., and Dervan, P.B. (2010). Structural Basis for Cyclic Py-Im Polyamide 
Allosteric Inhibition of Nuclear Receptor Binding. J. Am. Chem. Soc. 132, 
14521–14529. 

Chou, C.C., Lou, Y.C., Tang, T.K., and Chen, C. (2010). Structure and DNA binding 
characteristics of the three-Cys2His2 domain of mouse testis zinc finger protein. 
Proteins: Struct., Funct., Bioinf. 78, 2202–2212. 

Chou, S.H., Flynn, P., and Reid, B. (1989). Solid-phase synthesis and high-resolution 
NMR studies of two synthetic double-helical RNA dodecamers: 
r(CGCGAAUUCGCG) and r(CGCGUAUACGCG). Biochemistry 28, 2422–
2435. 

Choudhury, J.R., and Bierbach, U. (2005). Characterization of the bisintercalative DNA 
binding mode of a bifunctional platinum–acridine agent. Nucleic Acids Res. 33, 
5622–5632. 

Chu, Y., Lynch, V., and Iverson, B.L. (2006). Synthesis and DNA binding studies of bis-
intercalators with a novel spiro-cyclic linker. Tetrahedron 62, 5536–5548. 

Chu, Y., Sorey, S., Hoffman, D.W., and Iverson, B.L. (2007). Structural Characterization 
of a Rigidified Threading Bisintercalator. J. Am. Chem. Soc. 129, 1304–1311. 

Chu, Y., Hoffman, D.W., and Iverson, B.L. (2009). A Pseudocatenane Structure Formed 
between DNA and a Cyclic Bisintercalator. J. Am. Chem. Soc. 131, 3499–3508. 

Collie, G.W., Promontorio, R., Hampel, S.M., Micco, M., Neidle, S., and Parkinson, G.N. 
(2012). Structural Basis for Telomeric G-Quadruplex Targeting by Naphthalene 
Diimide Ligands. J. Am. Chem. Soc. 134, 2723–2731. 

Crothers, D.M. (1968). Calculation of binding isotherms for heterogeneous polymers. 
Biopolymers 6, 575–584. 

Dai, J., Punchihewa, C., Mistry, P., Ooi, A.T., and Yang, D. (2004). Novel DNA Bis-
intercalation by MLN944, a Potent Clinical Bisphenazine Anticancer Drug. J. 
Biol. Chem. 279, 46096–46103. 

Dervan, P.B. (2001). Molecular recognition of DNA by small molecules. Bioorg. Med. 
Chem. 9, 2215–2235. 



 

 176 

Diviacco, S., Rapozzi, V., Xodo, L., Hélène, C., Quadrifoglio, F., and Giovannangeli, C. 
(2001). Site-directed inhibition of DNA replication by triple helix formation. 
FASEB J. 15, 2660–2668. 

Le Doan, T., Perrouault, L., Praseuth, D., Habhoub, N., Decout, J.L., Thuong, N.T., 
Lhomme, J., and Hélène, C. (1987). Sequence-specific recognition, 
photocrosslinking and cleavage of the DNA double helix by an oligo-[α]-
thymidylate covalently linked to an azidoproflavine derivative. Nucleic Acids 
Res. 15, 7749–7760.  

Drew, H.R., Wing, R.M., Takano, T., Broka, C., Tanaka, S., Itakura, K., and Dickerson, 
R.E. (1981). Structure of a B-DNA dodecamer: conformation and dynamics. Proc. 
Natl. Acad. Sci. U.S.A. 78, 2179–2183. 

Duca, M., Vekhoff, P., Oussedik, K., Halby, L., and Arimondo, P.B. (2008). The triple 
helix: 50 years later, the outcome. Nucleic Acids Res. 36, 5123–5138. 

Eggen, I.F., Bakelaar, F.T., Petersen, A., Ten Kortenaar, P.B.W., Ankone, N.H.S., 
Bijsterveld, H.E.J.M., Bours, G.H.L., Bellaj, F.E., Hartsuiker, M.J., Kuiper, G.J., 
et al. (2005). A novel method for repetitive peptide synthesis in solution without 
isolation of intermediates. J. Peptide Sci. 11, 633–641. 

Far, S., Kossanyi, A., Verchère-Béaur, C., Gresh, N., Taillandier, E., and Perrée‐Fauvet, 
M. (2004). Bis‐ and Tris‐DNA Intercalating Porphyrins Designed to Target the 
Major Groove: Synthesis of Acridylbis‐arginyl‐porphyrins, Molecular Modelling 
of Their DNA Complexes, and Experimental Tests. Eur. J. Org. Chem. 2004, 
1781–1797. 

Faria, M., Wood, C.D., Perrouault, L., Nelson, J.S., Winter, A., White, M.R.H., Hélène, 
C., and Giovannangeli, C. (2000). Targeted inhibition of transcription elongation 
in cells mediated by triplex-forming oligonucleotides. Proc. Natl. Acad. Sci. 
U.S.A. 97, 3862–3867. 

Fechter, E.J., Olenyuk, B., and Dervan, P.B. (2004). Design of a Sequence-Specific DNA 
Bisintercalator. Angew. Chem., Int. Ed. 43, 3591–3594. 

Fekry, M.I., Szekely, J., Dutta, S., Breydo, L., Zang, H., and Gates, K.S. (2011). 
Noncovalent DNA Binding Drives DNA Alkylation by Leinamycin: Evidence 
That the Z,E-5-(Thiazol-4-yl)-penta-2,4-dienone Moiety of the Natural Product 
Serves as an Atypical DNA Intercalator. J. Am. Chem. Soc. 133, 17641–17651. 

Fernandez, C.A., Baumhover, N.J., Anderson, K., and Rice, K.G. (2010). Discovery of 
Metabolically Stabilized Electronegative Polyacridine-PEG Peptide DNA Open 
Polyplexes. Bioconjugate Chem. 21, 723–730. 

Fernandez, C.A., Baumhover, N.J., Duskey, J.T., Khargharia, S., Kizzire, K., Ericson, 
M.D., and Rice, K.G. (2011). Metabolically stabilized long-circulating PEGylated 
polyacridine peptide polyplexes mediate hydrodynamically stimulated gene 
expression in liver. Gene Ther. 18, 23–37. 



 

 177 

Friedman, A.E., Chambron, J.C., Sauvage, J.P., Turro, N.J., and Barton, J.K. (1990). A 
molecular light switch for DNA: Ru(bpy)2(dppz)2+. J. Am. Chem. Soc. 112, 
4960–4962. 

Gallego, J., and Reid, B.R. (1999). Solution Structure and Dynamics of a Complex 
between DNA and the Antitumor Bisnaphthalimide LU-79553:  Intercalated Ring 
Flipping on the Millisecond Time Scale. Biochemistry 38, 15104–15115. 

Gaugain, B., Markovits, J., Le Pecq, J.-B., and Roques, B.P. (1984). DNA 
polyintercalation: comparison of DNA binding properties of an acridine dimer 
and trimer. FEBS Lett. 169, 123–126. 

Gianolio, D.A., and McLaughlin, L.W. (2001). Tethered naphthalene diimide 
intercalators enhance DNA triplex stability. Bioorg. Med. Chem. 9, 2329–2334. 

Gianolio, D.A., Segismundo, J.M., and McLaughlin, L.W. (2000). Tethered naphthalene 
diimide-based intercalators for DNA triplex stabilization. Nucleic Acids Res. 28, 
2128–2134. 

Giovannangeli, C., Perrouault, L., Escudé, C., Gryaznov, S., and Hélène, C. (1996). 
Efficient Inhibition of Transcription Elongation in vitro by Oligonucleotide 
Phosphoramidates Targeted to Proviral HIV DNA. J. Mol. Biol. 261, 386–398. 

Goddard, T.D., and Kneller, D.G. (2004). SPARKY 3 (San Francisco: University of 
California). 

González-Bulnes, L., and Gallego, J. (2012). Analysis of mixed DNA-bisnaphthalimide 
interactions involving groove association and intercalation with surface-based and 
solution methodologies. Biopolymers 97, 974–987. 

Gottesfeld, J.M., Belitsky, J.M., Melander, C., Dervan, P.B., and Luger, K. (2002). 
Blocking Transcription Through a Nucleosome with Synthetic DNA Ligands. J. 
Mol. Biol. 321, 249–263. 

Graves, D.E., and Velea, L.M. (2000). Intercalative Binding of Small Molecules to 
Nucleic Acids. Curr. Org. Chem. 4, 915–929. 

Guddneppanavar, R., Saluta, G., Kucera, G.L., and Bierbach, U. (2006). Synthesis, 
Biological Activity, and DNA-Damage Profile of Platinum-Threading Intercalator 
Conjugates Designed To Target Adenine. J. Med. Chem. 49, 3204–3214. 

Guelev, V.M., Lee, J., Ward, J., Sorey, S., Hoffman, D.W., and Iverson, B.L. (2001a). 
Peptide bis-intercalator binds DNA via threading mode with sequence specific 
contacts in the major groove. Chem. Biol. 8, 415–425. 

Guelev, V.M., Cubberley, M.S., Murr, M. M., Lokey, R. S, and Iverson, B. L. (2001b). 
Design, Synthesis, and Characterization of Polyintercalating Ligands. Method 
Enzymol. 340, 556 – 570. 



 

 178 

Guelev, V.M., Harting, M.T., Lokey, R.S., and Iverson, B.L. (2000). Altered sequence 
specificity identified from a library of DNA-binding small molecules. Chem. 
Biol. 7, 1–8. 

Guelev, V.M., Sorey, S., Hoffman, D.W., and Iverson, B.L. (2002). Changing DNA 
Grooves − A 1,4,5,8-Naphthalene Tetracarboxylic Diimide Bis-Intercalator with 
the Linker (β-Ala)3-Lys in the Minor Groove. J. Am. Chem. Soc. 124, 2864–
2865. 

Hampshire, A.J., Rusling, D.A., Broughton-Head, V.J., and Fox, K.R. (2007). 
Footprinting: A method for determining the sequence selectivity, affinity and 
kinetics of DNA-binding ligands. Methods 42, 128–140. 

Hannon, M.J. (2006). Supramolecular DNA recognition. Chem. Soc. Rev. 36, 280–295. 

Hansen, J.B., Koch, T., Buchardt, O., Nielsen, P.E., Nordén, B., and Wirth, M. (1984). 
Trisintercalation in DNA by N-[3-(9-acridinylamino)propyl]-N,N-bis[6-(9-
acridinylamino)hexyl]amine. J. Chem. Soc., Chem. Commun. 509–511. 

Hayhurst, A., Happe, S., Mabry, R., Koch, Z., Iverson, B.L., and Georgiou, G. (2003). 
Isolation and expression of recombinant antibody fragments to the biological 
warfare pathogen Brucella melitensis. J. Immunol. Methods 276, 185–196. 

He, Z., Bu, X., Eleftheriou, A., Zihlif, M., Qing, Z., Stewart, B.W., and Wakelin, L.P.G. 
(2008). DNA threading bis(9-aminoacridine-4-carboxamides): Effects of 
piperidine sidechains on DNA binding, cytotoxicity and cell cycle arrest. Bioorg. 
Med. Chem. 16, 4390–4400. 

Hedglin, M., and O’Brien, P.J. (2010). Hopping Enables a DNA Repair Glycosylase To 
Search Both Strands and Bypass a Bound Protein. ACS Chem. Biol. 5, 427–436. 

Hiort, C., Lincoln, P., and Nordén, B. (1993). DNA binding of Δ- and Λ-
[Ru(phen)2DPPZ]2+. J. Am. Chem. Soc. 115, 3448–3454. 

Hirata, T., Nomura, W., Imanishi, M., and Sugiura, Y. (2005). Effects of linking 15-zinc 
finger domains on DNA binding specificity and multiple DNA binding modes. 
Bioorg. Med. Chem. Lett. 15, 2197–2201. 

Holman, G.G., Zewail-Foote, M., Rhoden Smith, A., Johnson, K.A., and Iverson, B.L. 
(2011). A sequence-specific threading tetra-intercalator with an extremely slow 
dissociation rate constant. Nat. Chem. 3, 875–881. 

Hoover, D.M., and Lubkowski, J. (2002). DNAWorks: an automated method for 
designing oligonucleotides for PCR-based gene synthesis. Nucleic Acids Res. 30, 
e43. 

Howell, L.A., Gulam, R., Mueller, A., O’Connell, M.A., and Searcey, M. (2010). Design 
and synthesis of threading intercalators to target DNA. Bioorg. Med. Chem. Lett. 
20, 6956–6959. 



 

 179 

Hvastkovs, E.G., and Buttry, D.A. (2010). Recent advances in electrochemical DNA 
hybridization sensors. Analyst 135, 1817–1829. 

Iverson, B.L., and Dervan, P.B. (1987). Adenine specific DNA chemical sequencing 
reaction. Nucleic Acids Res. 15, 7823 –7830. 

Izvolsky, K.I., Demidov, V.V., Nielsen, P.E., and Frank-Kamenetskii, M.D. (2000). 
Sequence-Specific Protection of Duplex DNA against Restriction and 
Methylation Enzymes by Pseudocomplementary PNAs. Biochemistry 39, 10908–
10913. 

Jain, A., Wang, G., and Vasquez, K.M. (2008). DNA triple helices: Biological 
consequences and therapeutic potential. Biochimie 90, 1117–1130. 

Jayaram, B., Singh, T., and Fenley, M. (2011). DNA-Drug Interactions. In Methods for 
Studying Nucleic Acid/Drug Interactions, M. Wanunu, and T. Yitzhak, eds. (Boca 
Raton: CRC Press), pp. 315–336. 

Jmol: an open-source Java viewer for chemical structures in 3D. http://www.jmol.org/ 

Johansson, J.R., Wang, Y., Eng, M.P., Kann, N., Lincoln, P., and Andersson, J. (2013). 
Bridging Ligand Length Controls AT Selectivity and Enantioselectivity of 
Binuclear Ruthenium Threading Intercalators. Chem. Eur. J. 19, 6246–6256. 

Kielkopf, C.L., Bremer, R.E., White, S., Szewczyk, J.W., Turner, J.M., Baird, E.E., 
Dervan, P.B., and Rees, D.C. (2000). Structural effects of DNA sequence on T·A 
recognition by hydroxypyrrole/pyrrole pairs in the minor groove. J. Mol. Biol. 
295, 557–567. 

Kintanar, A., Klevit, R.E., and Reid, B.R. (1987). Two-dimensional NMR investigation 
of a bent DNA fragment: assignment of the proton resonances and preliminary 
structure analysis. Nucleic Acids Res. 15, 5845–5862. 

Kogan, M., Nordén, B., Lincoln, P., and Nordell, P. (2011). Transition State of Rare 
Event Base Pair Opening Probed by Threading into Looped DNA. 
ChemBioChem 12, 2001–2006. 

Kong, D., Park, E.J., Stephen, A.G., Calvani, M., Cardellina, J.H., Monks, A., Fisher, 
R.J., Shoemaker, R.H., and Melillo, G. (2005). Echinomycin, a Small-Molecule 
Inhibitor of Hypoxia-Inducible Factor-1 DNA-Binding Activity. Cancer Res. 65, 
9047–9055. 

Kosaganov, Y.N., Stetsenko, D.A., Lubyako, E.N., Kvitko, N.P., Lazurkin, Y.S., and 
Nielsen, P.E. (2000). Effect of Temperature and Ionic Strength on the 
Dissociation Kinetics and Lifetime of PNA−DNA Triplexes. Biochemistry 39, 
11742–11747. 

Lapatsanis, L., Milias, George, Froussios, Kleanthis, and Kolovos, Miltiadis (1983). 
Synthesis of N-2,2,2-(Trichloroethoxycarbonyl)-L-amino Acids and N-(9-



 

 180 

Fluorenylmethoxycarbonyl)-L-amino Acids Involving Succinimidoxy Anion as a 
Leaving Group in Amino Acid Protection. Synthesis 8, 671 – 673. 

Laugâa, P., Markovits, J., Delbarre, A., Le Pecq, J.B., and Roques, B.P. (1985). DNA 
Tris-intercalation: First Acridine Trimer with DNA Affinity in the Range of DNA 
Regulatory Proteins. Kinetic Studies. Biochemistry 24, 5567–5575. 

Lee, J. (2003). Toward threading polyintercalators with programmed sequence 
specificity. Ph.D. Dissertation. University of Texas at Austin. 

Lee, J., Guelev, V., Sorey, S., Hoffman, D.W., and Iverson, B.L. (2004). NMR Structural 
Analysis of a Modular Threading Tetraintercalator Bound to DNA. J. Am. Chem. 
Soc. 126, 14036–14042. 

Lee, J.S., Woodsworth, M.L., Latimer, L.J., and Morgan, A.R. (1984). Poly(pyrimidine) . 
poly(purine) synthetic DNAs containing 5-methylcytosine form stable triplexes at 
neutral pH. Nucleic Acids Res. 12, 6603–6614. 

Lei, H., Wang, X., and Wu, C. (2012). Early stage intercalation of doxorubicin to DNA 
fragments observed in molecular dynamics binding simulations. J. Mol. Graphics 
Modell. 38, 279–289. 

Lerman, L.S. (1961). Structural considerations in the interaction of DNA and acridines. J. 
Mol. Biol. 3, 18–IN14. 

Leung, C.H., Chan, D.S.H., Ma, V.P.Y., and Ma, D.L. (2013). DNA-Binding Small 
Molecules as Inhibitors of Transcription Factors. Med. Res. Rev. 33, 823–846. 

Levine, L.A., Morgan, C.M., Ohr, K., and Williams, M.E. (2005). 
Tetraplatinated Artificial Oligopeptides Afford High Affinity Intercalation into ds
DNA. J. Am. Chem. Soc. 127, 16764–16765. 

Liaw, Y.C., Gao, Y.G., Robinson, H., Van der Marel, G.A., Van Boom, J.H., and Wang, 
A.H.J. (1989). Antitumor drug nogalamycin binds DNA in both grooves 
simultaneously: molecular structure of nogalamycin-DNA complex. Biochemistry 
28, 9913–9918. 

Liu, H.-K., and Sadler, P.J. (2012). NMR of Biomolecules (Weinheim: Wiley-
Blackwell). 

Liu, Z.R., Hecker, K.H., and Rill, R.L. (1996). Selective DNA Binding of (N-
alkylamine)-Substituted Naphthalene Imides and Diimides to G+C-rich DNA. J. 
Biomol. Struct. Dyn. 14, 331–339. 

Lloyd, A., Plaisier, C.L., Carroll, D., and Drews, G.N. (2005). Targeted mutagenesis 
using zinc-finger nucleases in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 102, 
2232–2237. 



 

 181 

Lohse, J., Dahl, O., and Nielsen, P.E. (1999). Double duplex invasion by peptide nucleic 
acid: A general principle for sequence-specific targeting of double-stranded DNA. 
Proc. Natl. Acad. Sci. U.S.A. 96, 11804–11808. 

Lokey, R.S., Kwok, Y., Guelev, V., Pursell, C.J., Hurley, L.H., and Iverson, B.L. (1997). 
A New Class of Polyintercalating Molecules. J. Am. Chem. Soc. 119, 7202–7210. 

Maher, L.J., Wold, B., and Dervan, P.B. (1989). Inhibition of DNA binding proteins by 
oligonucleotide-directed triple helix formation. Science 245, 725–730. 

Maher, L.J., Dervan, P.B., and Wold, B.J. (1990). Kinetic analysis of 
oligodeoxyribonucleotide-directed triple-helix formation on DNA. Biochemistry 
29, 8820–8826. 

Martín, B., Vaquero, A., Priebe, W., and José, P. (1999). Bisanthracycline WP631 
inhibits basal and Sp1-activated transcription initiation in vitro. Nucleic Acids 
Res. 27, 3402–3409. 

Mazzitelli, C.L., Chu, Y., Reczek, J.J., Iverson, B.L., and Brodbelt, J.S. (2007). 
Screening of Threading Bis-Intercalators Binding to Duplex DNA by 
Electrospray Ionization Tandem Mass Spectrometry. J. Am. Soc. Mass Spectrom. 
18, 311–321. 

McKnight, R.E., Gleason, A.B., Keyes, J.A., and Sahabi, S. (2007). Binding mode and 
affinity studies of DNA-binding agents using topoisomerase I DNA unwinding 
assay. Bioorg. Med. Chem. Lett. 17, 1013–1017. 

McKnight, R.E., Reisenauer, E., Pintado, M.V., Polasani, S.R., and Dixon, D.W. (2011). 
Substituent effect on the preferred DNA binding mode and affinity of a 
homologous series of naphthalene diimides. Bioorg. Med. Chem. Lett. 21, 4288–
4291. 

Meier, J.L., Yu, A.S., Korf, I., Segal, D.J., and Dervan, P.B. (2012). Guiding the Design 
of Synthetic DNA-Binding Molecules with Massively Parallel Sequencing. J. Am. 
Chem. Soc. 134, 17814–17822. 

Melander, C., Burnett, R., and Gottesfeld, J.M. (2004). Regulation of gene expression 
with pyrrole–imidazole polyamides. J. Biotechnol. 112, 195–220. 

Menzel, T.M., Tischer, M., François, P., Nickel, J., Schrenzel, J., Bruhn, H., Albrecht, A., 
Lehmann, L., Holzgrabe, U., and Ohlsen, K. (2011). Mode-of-Action Studies of 
the Novel Bisquaternary Bisnaphthalimide MT02 against Staphylococcus aureus. 
Antimicrob. Agents Chemother. 55, 311–320. 

Micco, M., Collie, G.W., Dale, A.G., Ohnmacht, S.A., Pazitna, I., Gunaratnam, M., 
Reszka, A.P., and Neidle, S. (2013). Structure-Based Design and Evaluation of 
Naphthalene Diimide G-Quadruplex Ligands as Telomere Targeting Agents in 
Pancreatic Cancer Cells. J. Med. Chem. 56, 2959–2974. 



 

 182 

Milelli, A., Tumiatti, V., Micco, M., Rosini, M., Zuccari, G., Raffaghello, L., Bianchi, G., 
Pistoia, V., Fernando Díaz, J., Pera, B., et al. (2012). Structure–activity 
relationships of novel substituted naphthalene diimides as anticancer agents. Eur. 
J. Med. Chem. 57, 417–428. 

Miller, C.T., Weragoda, R., Izbicka, E., and Iverson, B.L. (2001). The synthesis and 
screening of 1,4,5,8-naphthalenetetracarboxylic diimide–peptide conjugates with 
antibacterial activity. Bioorg. Med. Chem. 9, 2015–2024. 

Møllegaard, N.E., Buchardt, O., Egholm, M., and Nielsen, P.E. (1994). Peptide nucleic 
acid DNA strand displacement loops as artificial transcription promoters. Proc. 
Natl. Acad. Sci. U.S.A. 91, 3892–3895. 

Montanari, V., and Kumar, K. (2006a). A Fluorous Capping Strategy for Fmoc‐Based 
Automated and Manual Solid‐Phase Peptide Synthesis. Eur. J. Org. Chem. 2006, 
874–877. 

Montanari, V., and Kumar, K. (2006b). Enabling routine fluorous capping in solid phase 
peptide synthesis. J. Fluorine Chem. 127, 565–570. 

Morange, M. (2009). The Central Dogma of molecular biology. Reson. 14, 236–247. 

Moser, H.E., and Dervan, P.B. (1987). Sequence-Specific Cleavage of Double Helical 
DNA by Triple Helix Formation. Science 238, 645–650. 

Murr, M.M., Harting, M.T., Guelev, V., Ren, J., Chaires, J.B., and Iverson, B.L. (2001). 
An octakis-intercalating molecule. Bioorg. Med. Chem. 9, 1141–1148. 

Muzikar, K.A., Nickols, N.G., and Dervan, P.B. (2009). Repression of DNA-binding 
dependent glucocorticoid receptor-mediated gene expression. Proc. Natl. Acad. 
Sci. U.S.A. 106, 16598–16603. 

Nagaoka, M., Doi, Y., Kuwahara, J., and Sugiura, Y. (2002). Novel Strategy for the 
Design of a New Zinc Finger:  Creation of a Zinc Finger for the AT-Rich 
Sequence by α-Helix Substitution. J. Am. Chem. Soc. 124, 6526–6527. 

Negi, S., Imanishi, M., Matsumoto, M., and Sugiura, Y. (2008). New Redesigned Zinc-
Finger Proteins: Design Strategy and Its Application. Chem. Eur. J. 14, 3236–
3249. 

Neidle, S. (2012). Interactions with DNA: Into the minor groove. Nat. Chem. 4, 594–595. 

Nielsen, P.E. (2001). Targeting Double Stranded DNA with Peptide Nucleic Acid (PNA). 
Curr. Med. Chem. 8, 545–550. 

Nielsen, P.E., Egholm, M., and Buchardt, O. (1994). Sequence-specific transcription 
arrest by peptide nucleic acid bound to the DNA template strand. Gene 149, 139–
145. 

Niyazi, H., Hall, J.P., O’Sullivan, K., Winter, G., Sorensen, T., Kelly, J.M., and Cardin, 
C.J. (2012). Crystal structures of Λ-[Ru(phen)2dppz]2+ with oligonucleotides 



 

 183 

containing TA/TA and AT/AT steps show two intercalation modes. Nat. Chem. 4, 
621–628. 

Nolte, R.T., Conlin, R.M., Harrison, S.C., and Brown, R.S. (1998). Differing roles for 
zinc fingers in DNA recognition: Structure of a six-finger transcription factor IIIA 
complex. Proc. Natl. Acad. Sci. U.S.A. 95, 2938–2943. 

Önfelt, B., Lincoln, P., and Nordén, B. (1999). A Molecular Staple for DNA:  Threading 
Bis-intercalating [Ru(phen)2dppz]2+ Dimer. J. Am. Chem. Soc. 121, 10846–
10847. 

Paik, D.H., and Perkins, T.T. (2012). Dynamics and Multiple Stable Binding Modes of 
DNA Intercalators Revealed by Single-Molecule Force Spectroscopy. Angew. 
Chem. Int. Ed. 51, 1811–1815. 

Pengo, P., Pantoş, G.D., Otto, S., and Sanders, J.K.M. (2006). Efficient and mild 
microwave-assisted stepwise functionalization of naphthalenediimide with α-
amino acids. J. Org. Chem. 71, 7063–7066. 

Portugal, J., Martín, B., Vaquero, A., Ferrer, N., Villamarin, S., and Priebe, W. (2001). 
Analysis of the Effects of Daunorubicin and WP631 on Transcription. Curr. Med. 
Chem. 8, 1–8. 

Praseuth, D., Guieysse, A.L., and Hélène, C. (1999). Triple helix formation and the 
antigene strategy for sequence-specific control of gene expression. Biochim. 
Biophys. Acta, Gene Struct. Expression 1489, 181–206. 

The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC. 

Rajagopal, P., Gilbert, D.E., Van Der Marel, G.A., Van Boom, J.H., and Feigon, J. 
(1988). Observation of exchangeable proton resonances of DNA in two-
dimensional NOE spectra using a presaturation pulse; application to 
d(CGCGAATTCGCG) and d(CGCGAm6ATTCGCG). J. Magn. Reson. (1969) 
78, 526–537. 

Ray, A., and Nordén, B. (2000). Peptide nucleic acid (PNA): its medical and biotechnical 
applications and promise for the future. FASEB J. 14, 1041–1060. 

Rettig, M., Germann, M.W., Wang, S., and Wilson, W.D. (2013). Molecular Basis for 
Sequence-Dependent Induced DNA Bending. ChemBioChem 14, 323–331. 

Rhoden Smith, A., and Iverson, B.L. (2013). Threading Polyintercalators with Extremely 
Slow Dissociation Rates and Extended DNA Binding Sites. J. Am. Chem. Soc. 
135, 12783–12789. 

Rhoden Smith, A., Ikkanda, B.A., Holman, G.G., and Iverson, B.L. (2012). Subtle 
Recognition of 14-Base Pair DNA Sequences via Threading Polyintercalation. 
Biochemistry 51, 4445–4452. 



 

 184 

Robinson, H., Priebe, W., Chaires, J.B., and Wang, A.H.J. (1997). Binding of Two Novel 
Bisdaunorubicins to DNA Studied by NMR Spectroscopy. Biochemistry 36, 
8663–8670. 

Sasikala, W.D., and Mukherjee, A. (2013). Intercalation and de-intercalation pathway of 
proflavine through the minor and major grooves of DNA: roles of water and 
entropy. Phys. Chem. Chem. Phys. 15, 6446–6455. 

Sato, S., and Takenaka, S. (2012). Electrochemical DNA Detection Using 
Supramolecular Interactions. Anal. Sci. 28, 643–649. 

Sato, S., Tsueda, M., and Takenaka, S. (2010). Electrochemical detection of aberrant 
methylated gene using naphthalene diimide derivative carrying four ferrocene 
moieties. J. Organomet. Chem. 695, 1858–1862. 

Segal, D.J., Dreier, B., Beerli, R.R., and Barbas, C.F. (1999). Toward controlling gene 
expression at will: Selection and design of zinc finger domains recognizing each 
of the 5′-GNN-3′ DNA target sequences. Proc. Natl. Acad. Sci. U.S.A. 96, 2758–
2763. 

Sera, T., and Uranga, C. (2002). Rational Design of Artificial Zinc-Finger Proteins Using 
a Nondegenerate Recognition Code Table. Biochemistry 41, 7074–7081. 

Socrates, G. (1969). Hydration study of acetaldehyde and propionaldehyde. J. Org. 
Chem. 34, 2958–2961. 

Song, H., Kaiser, J.T., and Barton, J.K. (2012). Crystal structure of Δ-[Ru(bpy)2dppz]2+ 
bound to mismatched DNA reveals side-by-side metalloinsertion and 
intercalation. Nat. Chem. 4, 615–620. 

Steullet, V., Edwards-Bennett, S., and Dixon, D.W. (1999). Cleavage of abasic sites in 
DNA by intercalator-amines. Bioorg. Med. Chem. 7, 2531–2540. 

Takagi, M., Yokoyama, H., Takenaka, S., and Kondo, H. (1998). Poly-intercalators 
Carrying Threading Intercalator Moieties as Novel DNA Targeting Ligands. J. 
Inclusion Phenom. Mol. Recognit. Chem. 32, 375 – 383. 

Takenaka, S. (2004). Electrochemical Detection of DNA with Small Molecules. In Small 
Molecule DNA and RNA Binders, M. Demeunynck, C. Bailly, and W.D. Wilson, 
eds. (Weinheim: Wiley-VCH Verlag GmbH & Co.), pp. 224–246. 

Takenaka, S., and Takagi, M. (1999). Threading Intercalators as a New DNA Structural 
Probe. Bull. Chem. Soc. Jpn. 72, 327–337. 

Takenaka, S., Nishira, S., Tahara, K., Kondo, H., and Takagi, M. (1993). Synthesis and 
characterization of novel tris-intercalators having potentially two different DNA 
binding modes. Supramol. Chem. 2, 41–46. 



 

 185 

Takenaka, S., Iwamasa, K., Takagi, M., Nishino, N., Mihara, H., and Fujimoto, T. 
(1996). Synthesis of a 9‐acridinyl nonapeptide containing the DNA recognizing 
region of 434 phage repressor protein. J. Heterocyclic Chem. 33, 2043–2046. 

Takenaka, S., Yamashita, K., Takagi, M., Uto, Y., and Kondo, H. (2000). DNA Sensing 
on a DNA Probe-Modified Electrode Using Ferrocenylnaphthalene Diimide as the 
Electrochemically Active Ligand. Anal. Chem. 72, 1334–1341. 

Tambara, K., Ponnuswamy, N., Hennrich, G., and Pantoş, G.D. (2011). Microwave-
Assisted Synthesis of Naphthalenemonoimides and N-Desymmetrized 
Naphthalenediimides. J. Org. Chem. 76, 3338–3347. 

Tanious, F.A., Yen, S.F., and Wilson, W.D. (1991). Kinetic and equilibrium analysis of a 
threading intercalation mode: DNA sequence and ion effects. Biochemistry 30, 
1813–1819. 

Tansil, N.C., Xie, H., Xie, F., and Gao, Z. (2005). Direct Detection of DNA with an 
Electrocatalytic Threading Intercalator. Anal. Chem. 77, 126–134. 

Thompson, M. (2007). Spectral Properties and DNA Targeting Features of a Thiazole 
Orange−Peptide Bioconjugate. Biomacromolecules 8, 3628–3633. 

Trauger, J.W., and Dervan, P.B. (2001). Footprinting Methods for Analysis of Pyrrole-
Imidazole Polyamide/DNA Complexes. Method Enzymol. 340, 450 – 466. 

Trauger, J.W., Baird, E.E., and Dervan, P.B. (1998). Recognition of 16 Base Pairs in the 
Minor Groove of DNA by a Pyrrole−Imidazole Polyamide Dimer. J. Am. Chem. 
Soc. 120, 3534–3535. 

Tumiatti, V., Milelli, A., Minarini, A., Micco, M., Gasperi Campani, A., Roncuzzi, L., 
Baiocchi, D., Marinello, J., Capranico, G., Zini, M., et al. (2009). Design, 
Synthesis, and Biological Evaluation of Substituted Naphthalene Imides and 
Diimides as Anticancer Agents. J. Med. Chem. 52, 7873–7877. 

Ueyama, H., Takagi, M., and Takenaka, S. (2002). Tetrakis-acridinyl peptide: A novel 
fluorometric reagent for nucleic acid analysis based on the fluorescence 
dequenching upon DNA binding. Analyst 127, 886–888. 

Varadarajan, N., Cantor, J.R., Georgiou, G., and Iverson, B.L. (2009). Construction and 
flow cytometric screening of targeted enzyme libraries. Nat. Protocols 4, 893–
901. 

Vásquez, K.M., Wang, G., Havre, P.A., and Glazer, P.M. (1999). Chromosomal 
mutations induced by triplex-forming oligonucleotides in mammalian cells. 
Nucleic Acids Res. 27, 1176–1181. 

Vázquez, M.E., Caamaño, A.M., and Mascareñas, J.L. (2003). From transcription factors 
to designed sequence-specific DNA-binding peptides. Chem. Soc. Rev. 32, 338–
349. 



 

 186 

Verweij, J., Den Hartigh, J., and Pinedo, H.M. (1990). Antitumor Antibiotics. In Cancer 
Chemotherapy: Principles and Practice, B.A. Chabner, and J.M. Collins, eds. 
(Philadelphia: J. B. Lippincott Company), pp. 382–396. 

Wakelin, L.P.G., Bu, X., Eleftheriou, A., Parmar, A., Hayek, C., and Stewart, B.W. 
(2003). Bisintercalating Threading Diacridines:  Relationships between DNA 
Binding, Cytotoxicity, and Cell Cycle Arrest. J. Med. Chem. 46, 5790–5802. 

Wang, K., Wang, Y., Yan, X., Chen, H., Ma, G., Zhang, P., Li, J., Li, X., and Zhang, J. 
(2012). DNA binding and anticancer activity of naphthalimides with 4-hydroxyl-
alkylamine side chains at different lengths. Bioorg. Med. Chem. Lett. 22, 937–
941. 

Waring, M.J., and Wakelin, L.P.G. (1974). Echinomycin: a bifunctional intercalating 
antibiotic. Nature 252, 653–657. 

Warren, C.L., Kratochvil, N.C.S., Hauschild, K.E., Foister, S., Brezinski, M.L., Dervan, 
P.B., Phillips, G.N., and Ansari, A.Z. (2006). Defining the sequence-recognition 
profile of DNA-binding molecules. Proc. Natl. Acad. Sci. U.S.A. 103, 867–872. 

Wei, H., Lv, M., Duan, X., Li, S., Yao, Y., Wang, K., Zhang, P., Li, X., and Chen, H. 
(2013). Cytotoxicity and DNA-binding property of water-soluble naphthalene 
diimide derivatives bearing 2-oligoethoxy ethanamine side chain end-labeled with 
tertiary amino groups. Med. Chem. Res. [Online early access]. DOI: 
10.1007/s00044-013-0823-x.  Published Online: October 15, 2013.  
http://link.springer.com/journal/44.  

Weiss, M.A., Patel, D.J., Sauer, R.T., and Karplus, M. (1984). Two-dimensional 1H 
NMR study of the λ operator site OL1: a sequential assignment strategy and its 
application. Proc. Natl. Acad. Sci. U.S.A. 81, 130–134. 

Westerlund, F., Wilhelmsson, L.M., Nordén, B., and Lincoln, P. (2005). Monitoring the 
DNA Binding Kinetics of a Binuclear Ruthenium Complex by Energy Transfer:  
Evidence for Slow Shuffling. J. Phys. Chem. B 109, 21140–21144. 

Westerlund, F., Nordell, P., Nordén, B., and Lincoln, P. (2007). Kinetic Characterization 
of an Extremely Slow DNA Binding Equilibrium. J. Phys. Chem. B 111, 9132–
9137. 

Wheate, N.J., Brodie, C.R., Collins, J.G., Kemp, S., and Aldrich-Wright, J.R. (2007). 
DNA Intercalators in Cancer Therapy: Organic and Inorganic Drugs and Their 
Spectroscopic Tools of Analysis. Mini Rev. Med. Chem. 7, 627–648. 

Wilhelm, M., Mukherjee, A., Bouvier, B., Zakrzewska, K., Hynes, J.T., and Lavery, R. 
(2012). Multistep Drug Intercalation: Molecular Dynamics and Free Energy 
Studies of the Binding of Daunomycin to DNA. J. Am. Chem. Soc. 134, 8588–
8596. 



 

 187 

Williams, L.D., Elgi, M., Gao, Q., and Rich, A. (1992). DNA Intercalation: Helix 
Unwinding and Neighbor-Exclusion. In Struct. Funct., Proc. Conversation Discip. 
Biomol. Stereodyn., 7th, R.H. Sarma, and M.H. Sarma, eds. (Schenectady, NY: 
Adenine Press), pp. 107–125. 

Wilson, W.D., Strekowski, L., Tanious, F.A., Watson, R.A., Mokrosz, J.L., Strekowska, 
A., Webster, G.D., and Neidle, S. (1988). Binding of unfused aromatic cations to 
DNA. The influence of molecular twist on intercalation. J. Am. Chem. Soc. 110, 
8292–8299. 

Wirth, M., Buchardt, O., Koch, T., Nielsen, P.E., and Nordén, B. (1988). Interactions 
between DNA and mono-, bis-, tris-, tetrakis-, and hexakis(aminoacridines). A 
linear and circular dichroism, electric orientation relaxation, viscometry, and 
equilibrium study. J. Am. Chem. Soc. 110, 932–939.  

Wüthrich, K. (1986). NMR of Proteins and Nucleic Acids (New York: John Wiley and 
Sons). 

Yen, S.F., Gabbay, E.J., and Wilson, W.D. (1982). Interaction of aromatic imides with 
DNA.  Spectrophotometric and viscometric studies. Biochemistry 21, 2070–2076. 

Zeglis, B.M., Boland, J.A., and Barton, J.K. (2009). Recognition of Abasic Sites and 
Single Base Bulges in DNA by a Metalloinsertor. Biochemistry 48, 839–849. 

 



188

Vita 

Amy Madison Rhoden Smith was born and raised in Augusta, GA.  She received 

her B.S. in chemistry and minor in mathematics from College of Charleston, located in 

Charleston, SC.  There, she developed a passion for research under the guidance of Dr. 

Pamela Riggs-Gelasco while studying the enzyme ribonucleotide reductase.  In 2008, 

Amy and her husband Daniel moved to Austin, TX to begin her pursuit of a Ph.D. in 

organic chemistry at the University of Texas at Austin in the lab of Brent Iverson.    

Permanent email: amrsmith@utexas.edu 

This dissertation was typed by the author. 


	List of Tables
	List of Figures
	List of Schemes
	Chapter 1
	An Introduction to DNA Binding by Small Molecules
	1.1 DNA as a Drug Target
	Figure 1.1  Central dogma of molecular biology.
	1.1.1 DNA Structure
	Figure 1.2  DNA double helix tracing the major and minor grooves.
	Figure 1.3  DNA base pairs showing the exposed functional groups in the major and minor grooves with arrows showing possible H bond donor and acceptors (Vázquez et al., 2003).


	1.2 Overview of DNA Binding Motifs
	1.2.1 Triplex-Forming Oligonucleotides
	Figure 1.4  Hoogsteen and reverse-Hoogsteen hydrogen bonding motif in triplex formation.  Canonical Watson-Crick base-pairing is shown by the thin dashed lines while Hoogsteen base-pairing is shown by the thick dashed lines (Hannon, 2006).
	Figure 1.5  Selected nucleobase, sugar, and backbone TFO modifications.
	Figure 1.6  Sugar conformations for nucleotides.
	Figure 1.7  Cartoon of bicyclic triplex-forming oligonucleotide with disulfide cross-links depicted in blue binding to single-stranded DNA.

	1.2.2 Peptide Nucleic Acids
	Figure 1.8  General structure of peptide nucleic acid (PNA) with a pseudopeptide 2-aminoethyl-glycine backbone.
	Figure 1.9  PNA binding modes showing a) triplex invasion and b) double duplex invasion.  Complementary DNA strands are shown in blue and green, and PNA strands are shown in purple.
	Figure 1.10  Structure of the sterically disfavored diaminopurine-thiouracil base pair used in pcPNA and the corresponding diaminopurine-thymine and adenine-thiouracil base pairs formed in the PNA-DNA duplex.

	1.2.3 Engineered Zinc-Finger Proteins
	Figure 1.11  a) Example of the ββα secondary structure in a Cys2His2-type zinc protein taken from the NMR structural analysis of mouse testis zinc-finger protein (Chou et al., 2010).  PDB code: 2KVG; image generated by PyMOL.  b) X-ray crystal structu...

	1.2.4 Minor Groove-Binding Polyamides
	Figure 1.12  Structure and binding site of naturally occurring minor groove-binder distamycin.
	Figure 1.13  X-ray crystal structure of (ImPyHpPy)2 polyamide bound to 5′-CCAGATCTGG-3′.  The cartoon shows the pairings used to distinguish the different base pairs.  Py is blue, Hp is green, and Im is pink (Kielkopf et al., 2000).  PDB code: 1CVX; I...
	Table 1.1  Pairing rules for polyamides.  Im = N-methylimidazole, Py = N-methylpyrrole, Hp = N-methyl-3-hydroxypyrrole.
	Figure 1.14  Hairpin polyamide motif of ImHpPyPy-γ-ImHpPyPy-β-Dp polyamide with a 5′-TGTACA-3′ binding site.  Black circles are Im, open circles are Py, and circles with H are Hp (Dervan, 2001).



	1.3 Intercalation
	Figure 1.15  Cartoon depicting duplex DNA on the left and DNA with bound intercalator (gray) on the right.
	Figure 1.16   Most common organic intercalator frameworks.
	Figure 1.17  Examples of common intercalators.
	1.3.1 Energetics and Dynamics of Intercalation
	Figure 1.18  Structures of doxorubicin and daunorubicin (daunomycin) intercalated in DNA.  The overall free energy of binding, ΔG, is depicted graphically for each intercalator, along with the enthalpic, ΔH, and entropic, TΔS, contributions to binding...

	1.3.2 Monointercalators
	Figure 1.19  Structures of natural product threading monointercalators actinomycin D and nogalamycin.
	Figure 1.20  Structures of naphthalimides amonafide and mitonafide.
	Figure 1.21  Example of threading NDI intercalator.
	Figure 1.22  PEG-functionalized water soluble NDI derivatives analyzed for DNA binding (Wei et al., 2013).
	Figure 1.23  NDI functionalized with ferrocene groups able to electrochemically detect dsDNA.
	Figure 1.24  Structure of tetrasubstituted NDI along with the crystal structure of it bound to the top of G-quadruplex DNA (Collie et al., 2012).

	1.3.3 Bisintercalators
	Figure 1.25  Structure of the natural product bisintercalator echinomycin.
	Figure 1.26  Structures of bisnaphthalimides elinafide and MT02.
	Figure 1.27  Structure of bisanthracycline WP631.

	1.3.4 Metallointercalators
	Figure 1.28  Structures of platinum-containing monointercalator and DNA adduct-forming PT-ACRAMTU and bisintercalator PT-BIS(ACRAMTU).
	Figure 1.29 Rhodium metalloinsertor Δ-[Rh(bpy)2(chrysi)]3+.
	Figure 1.30  Structures of the bisintercalating biruthenium complex [μ-c4(cpdppz)2-(phen)4Ru2]4+ (top) and slowly threading monointercalator [μ-(11,11′-bidppz)(phen)4Ru2]4+ (bottom).  The threading, intercalating, and groove binding portions of the mo...
	Figure 1.31  Structures of the ruthenium monointercalators crystallized with DNA by the a) Barton lab and b) Cardin lab.

	1.3.5 Longer Polyintercalator Derivatives
	Figure 1.32  Cartoon depicting two different polyintercalation designs with a) showing a classical “pendant” intercalating mode and b) showing intercalators connected in a head-to-tail fashion to thread through the DNA.
	Figure 1.33  Structures of selected trisintercalators.


	1.4 Threading NDI Polyintercalators
	Figure 1.34  Cartoon of threading intercalation
	Figure 1.35  Structures of first generation Iverson lab threading NDI polyintercalators.
	Figure 1.36  The a) Gly3Lys bisintercalator and b) β-Ala3Lys bisintercalator along with their NMR-determined structures bound to their preferred DNA sequences.  The red lines in the sequences indicate where the NDI units intercalate.
	Figure 1.37  Electrostatic contour map of the preferred sequence, 5′-GGTACC-3′, for the Gly3Lys bisintercalator with bound molecule derived from the NMR-determined structure (Guelev et al., 2001a).
	Scheme 1.1  Synthesis of NDI-Lys monomer 1.3 for use in Fmoc-based SPPS.

	Figure 1.38  Structure of a rigidified NDI bisintercalator.
	Figure 1.39  Cartoon showing a cyclic bisintercalator forming a pseudocatenane with DNA (Chu et al., 2009).
	Figure 1.40  NMR-determined structure of the adipic acid tetraintercalator with its 14 bp binding site (Lee et al., 2004).


	Chapter 2
	Subtle Recognition of 14 Base Pair Sequences via Threading Polyintercalation
	2.1 Chapter Summary
	2.1.1 Goals
	2.1.2 Approach
	2.1.3 Results

	2.2 Background
	Figure 2.1  Cartoon depicting threading intercalation.

	2.3 Results
	2.3.1 Synthesis.
	Figure 2.2 Structures of the adipic acid containing tetraintercalator 2.1 and the Gly3Lys containing tetraintercalators 2.2 and 2.3 showing N to C amide bond directionality. Tetraintercalator 2.2 has an N-terminal free amine, while the N-terminal amin...

	2.3.2 Binding Site Design.
	Figure 2.3   Sequence 2A is the binding site for 2.1.  Sequences 2B – 2E are the proposed binding site sequences for 2.2 and 2.3.  Arrows indicate the overall expected N to C amide bond directionality of the corresponding bound tetraintercalator.

	2.3.3 DNase I Footprinting.
	Figure 2.4 Concentration dependent DNase I footprints of 2.2 and 2.3 with sequences 2B – 2E.  Lane 1 contains no DNase I.  Lane 2 contains an adenine-specific cleavage reaction (Iverson and Dervan, 1987).  Lane 3 contains no intercalator.  Tetrainterc...
	Figure 2.5   Concentration dependent DNase I footprints of 2.1, 2.2 and 2.3 with sequence 2A, and of 2.1 with sequence 2E.  Lane 1 contains no DNase I.  Lane 2 contains an adenine-specific cleavage reaction (Iverson and Dervan, 1987).  Lane 3 contains...

	2.3.4 Gel Shift Analysis of Dissociation and Association Rates.
	Figure 2.6   Gel shift mobility assay examples of the dissociation of 2.2 and 2.3 from sequence 2E at 3 days and 10 days.  Each dissociation experiment was performed in triplicate.
	Table 2.1   Dissociation rate constants and corresponding half-lives of 2.1, 2.2, and 2.3 with sequences 2A – 2E.
	Figure 2.7   Dissociation plots of a) 2.2 and b) 2.3 with sequences 2A – 2E showing percent unbound DNA versus time with the corresponding monoexponential decay curve fits.

	Table 2.2   Association rate constants of 2.1, 2.2, and 2.3 with sequences 2A – 2E.
	Figure 2.8  Example of association plots showing a) 2.2 and b) 2.3 with sequence 2A plotting 1/[Unbound DNA] versus time and corresponding linear curve fits.



	2.4 Discussion
	2.5 Conclusion
	2.6 Materials and Methods
	2.6.1 General Methods
	2.6.2 Synthesis
	2.6.3 Gel Mobility Shift Assays
	2.6.4 DNase I Footprinting
	Figure 2.9  General sequence of the 5′-32P-end-labeled DNA oligonucleotide used for footprinting with the appropriate binding site contained in the ellipsis.



	Chapter 3
	NMR Structural Analysis of a Non-Symmetric Threading Tetraintercalator
	3.1 Chapter Summary
	3.1.1 Goals
	3.1.2 Approach
	3.1.3 Results

	3.2 Background
	Figure 3.1 Structure of C2 symmetric NDI tetraintercalator 2.1 with 14 bp binding site sequence 2A, and the NMR-determined structure of the 2.1-sequence 2A complex (Lee et al., 2004).
	Figure 3.2 14 bp DNA sequences analyzed with 2.3 in Chapter 2 and corresponding dissociation half-lives.  Sequence 2A is the binding site for 2.1.  Sequences 2B – 2E were the proposed binding site sequences for 2.3, with sequence 2E being the most pre...

	3.3 Results
	3.3.1 NMR Assignments
	Figure 3.3 Naming convention used for putative tetraintercalator 2.3 and its 14 bp binding site sequence 2E.  Lines between the base pairs indicate expected sites of intercalation.  The numbering of 2.3, which is drawn with C to N amide bond direction...
	Figure 3.4 Portion of the NOESY spectrum of the 2.3-sequence 2E complex (27  C, D2O, 100 mM NaCl, 50 mM sodium phosphate, pH 7.5).  Lines depict the sequential H6/8-H1′ NOE connectivities with missing connectivities shown as dotted lines.  The top str...
	Figure 3.5 Portion of the exchangeable NOESY spectrum of the 2.3-sequence 2E complex showing the imino protons and their sequential connectivities (27  C, 9:1 H2O:D2O, 100 mM NaCl, 50 mM sodium phosphate, pH 7.5).
	Figure 3.6 Portion of the NOESY spectrum of the 2.3-sequence 2E complex showing the H6/8-H2′/H2′′/CH3 connectivities (27  C, D2O, 100 mM NaCl, 50 mM sodium phosphate, pH 7.5).  Assignments for the top strand of sequence 2E are labeled in blue, and the...
	Table 3.1  Chemical shift assignments (ppm) for sequence 2E in the 2.3-sequence 2E complex.
	Table 3.2  Chemical shift assignments (ppm) for 2.3 in the 2.3-sequence 2E complex.

	3.3.2 NDI Intercalation Sites
	Figure 3.7  1D 1H-NMR (27  C, 9:1 H2O:D2O, 100 mM NaCl, 50 mM sodium phosphate, pH 7.5) of unbound sequence 2E (top) and the 2.3-sequence 2E complex (bottom) showing the exchangeable imino and amide protons.

	3.3.3 Groove-Binding Topology and Directionality of Binding
	Figure 3.8  Structures of sequence 2E and 2.3 showing intermolecular NOE contacts.  The thick lines indicate strong intensity contacts, the thin lines show those of medium intensity, and the dotted lines indicate weak intensity correlations.  Putative...
	Table 3.3  List of intermolecular NOE contacts between 2.3 and sequence 2E.  The peak intensities are indicated by w = weak, m = medium, and s = strong.

	3.3.4 DNA Conformation

	3.4 Discussion
	Figure 3.9  Cartoon depicting threading intercalation.  The pink disks represent NDI intercalators, the purple linkers represent the minor groove binders, and the green linker represents the major groove binder.  The structure is truncated at the bott...

	3.5 Conclusion
	3.6 Materials and Methods
	3.6.1 Sample Preparation
	3.6.2 NMR Spectroscopy


	Chapter 4
	Towards Longer NDI Polyintercalator Designs
	4.1 Chapter Summary
	4.1.1 Goals
	4.1.2 Approach
	4.1.3 Results

	4.2 Background
	4.3 Results
	4.3.1 Design and Synthesis of NDI Octaintercalator 4.1
	Figure 4.1  Structure of putative octaintercalator 4.1, which is equivalent to two tetraintercalators 2.2 cross-linked by adipic acid, as indicated.  The identities of the groove-binding linkers are labeled.
	Figure 4.2  Sequence 4A is the 30 bp binding site designed for 4.1.  It is a palindromic hybrid of two sequence 2E binding sites, the most preferred site for 2.2, with a central major groove binding site corresponding to the location of the adipic aci...

	4.3.2 DNase I Footprinting of 4.1
	Figure 4.3  DNase I footprints of 4.1 and 2.2 with DNA containing 30 bp sequence 4A.  Lane 1 contains undigested DNA.  Lane 2 contains an adenine-specific cleavage reaction (Iverson and Dervan, 1987). Lanes 3 and 8 contain no intercalator.  Lanes 4 – ...

	4.3.3 Design and Synthesis of NDI Trisintercalator 4.2
	Figure 4.4   Structure of NDI trisintercalator 4.2 with the groove-binding linkers labeled.  The N to C directionality of the peptide backbone is indicated by the arrow.
	Figure 4.5  Sequences 4B and 4C were designed as potential binding sites for 4.2.  Sequence 4B is the unaltered hybrid of the major and minor groove linker binding sites.  Sequence 4C is altered by one base pair to generate a purine-purine intercalati...

	4.3.4 DNase I Footprinting and Gel-shift Assays of 4.2
	Figure 4.6  DNase I footprints of 4.2 with DNA containing 10 bp sequences 4B and 4C.  Lane 1 contains undigested DNA.  Lane 2 contains an adenine-specific cleavage reaction (Iverson and Dervan, 1987). Lane 3 contains no intercalator.  Lanes 4 – 7 cont...


	4.4 Discussion
	Figure 4.7  Cartoon depicting incomplete binding of an octaintercalator.
	Figure 4.8  Cartoon depicting design of an NDI hexaintercalator.  The arrows indicate the N to C directionality of the peptide linkers in the trisintercalator building blocks.

	4.5 Conclusion
	4.6 Materials and Methods
	Figure 4.9  Sequence of 224 bp 5′-32P-end-labeled DNA containing sequence 4A used for footprinting with 4.1.
	Figure 4.10 Sequence of 91 bp 5′-32P-end-labeled DNA used for footprinting with 4.2 with the appropriate sequences of interest contained in the ellipsis.


	Chapter 5
	Threading Polyintercalators with Extremely Slow Dissociation Rates and Extended DNA Binding Sites
	5.1 Chapter Summary
	5.1.1 Goals
	5.1.2 Approach
	5.1.3 Results

	5.2 Background
	Figure 5.1   NMR-determined structure of threading tetraintercalator 2.1 with 14 bp sequence 2A (Lee et al., 2004).

	5.3 Results
	5.3.1 Design and Synthesis of 5.1 – 5.3
	Figure 5.2   Structures of NDI tetraintercalators 2.1 and 5.1 – 5.3 and hexaintercalator 5.4.  The identities of the groove-binding linkers are labeled.

	5.3.2 Kinetic Analysis of Lengthened Tetraintercalators
	Figure 5.3   Sequence 2A is the 14 bp binding site for tetraintercalators 2.1 and 5.1 – 5.3.  Sequences 5B and 5C are the 22 bp designed binding sites for hexaintercalator 5.4.  Lines between base pairs indicate expected intercalation sites.  Sequence...
	Table 5.1   Association and dissociation rate constants with corresponding half-lives of tetraintercalators 2.1 and 5.1 – 5.3 with oligo 5A.
	Figure 5.4   Dissociation plot of 5.1 – 5.3 with oligo 5A showing percent unbound DNA versus time with the corresponding monoexponential decay curve fits.
	Figure 5.5  1D 1H NMR spectra of the imino proton region of unbound sequence 2A (top), the 5.1-sequence 2A complex after overnight incubation (middle), and the 5.1-sequence 2A complex 3.0 min after mixing (bottom).  For complex formation, 5.1 and sequ...
	Figure 5.6   1D 1H NMR spectra of the 5.1-sequence 2A complex monitored over time immediately after mixing.


	5.3.3 Design and Synthesis of 5.4
	5.3.4 Kinetic Analysis of 5.4
	Table 5.2   Association and dissociation rate constants with corresponding half-lives for hexaintercalator 5.4 with oligos 5B and 5C.
	Figure 5.7   Dissociation plot of 5.4 with oligos 5B and 5C showing percent unbound DNA versus time with the corresponding monoexponential decay curve fits.


	5.3.5 DNase I Footprinting
	Figure 5.8   DNase I footprints of tetraintercalators 5.1 – 5.3 with sequence 2A.  Lane 1 contains undigested DNA.  Lane 2 contains an adenine-specific cleavage reaction (Iverson and Dervan, 1987).  Lane 3 contains digested DNA with no intercalator.  ...
	Figure 5.9   DNase I footprints of hexaintercalator 5.4 with sequences 5B and 5C and tetraintercalator 2.1 with sequence 5C.  The region where sequence 2A is located within sequence 5C is marked.  Lane 1 contains undigested DNA.  Lane 2 contains an ad...

	5.3.6 Hypochromism.
	Table 5.3   Extinction coefficients of NDI polyintercalators.

	5.3.7 Restriction Nuclease Protection Assay
	Figure 5.10  Design of the restriction endonuclease protection assay.  The restriction sites for ScaI on the linear plasmid are marked, as well as the lengths of the expected bands generated upon cleavage.  Sequence 2A is indicated by the yellow box.
	Figure 5.11  Restriction endonuclease protection assay evaluating the ability of 2.1 and 5.1 to inhibit cleavage by a restriction enzyme in the context of a 5000 bp oligonucleotide.  Lane 1 contains undigested DNA.  Lanes 2 – 7 have been digested with...


	5.4 Discussion
	Figure 5.12  Comparison of the 1D 1H NMR imino proton shifts of bound and unbound DNA for  a) 2.1 binding sequence 2A (1 mM) (Lee et al., 2004) and b) 5.1 binding sequence 2A (60 μM).  Spectra were recorded in 9:1 H2O:D2O at 27  C with a) 30 mM sodium...

	5.5 Conclusion
	5.6 Materials and Methods
	5.6.1 Synthesis of 5.1 – 5.3
	5.6.2 Gel-Shift Assays
	5.6.3 NMR Kinetic Analysis
	5.6.4 DNase I Footprinting
	5.6.5 Extinction Coefficient Determination
	5.6.6 Restriction Endonuclease Protection Assay


	Chapter 6
	Screening of Lengthened Bisintercalators Designed to Target Expanded DNA Binding Sites
	6.1 Chapter Summary
	6.1.1 Goals
	6.1.2 Approach
	6.1.3 Results

	6.2 Background
	Figure 6.1  Molecular structures and NMR-determined structures of DNA complexes of a) Gly3Lys bisintercalator 6.1 with sequence 6A and b) β-Ala3Lys bisintercalator 6.2 with sequence 6B.  The sequences listed are those used in the NMR studies with the ...
	Figure 6.2  Design of 360-member bisintercalator library testing peptides with many different functionalities which resulted in finding 6.1 and 6.2 with altered sequence specificity (Guelev et al., 2000).

	6.3 Results
	6.3.1 Design and Synthesis of Lengthened Bisintercalators
	Figure 6.3  Structures of bisintercalators with lengthened peptide linkers modeled to bind DNA sequences with one or two additional base pairs.  The original major and minor groove-binding bisintercalators 6.1 and 6.2 are shown in blue.  Bisintercalat...
	Figure 6.4  Examples of modeled lengthened bisintercalators binding to sites of 7 or 8 bp.  a) Sequence 6A is expanded by 1 bp to produce a binding site of 7 bp, with 5 bp in between intercalation sites, which is accommodated by bisintercalator 6.3 wi...

	6.3.2 Binding Site Design
	Figure 6.5  Designed expanded sequences based on sequences 6A and 6B with 1 or 2 AT/TA bp added to the center of the binding sites, as indicated, for screening with lengthened bisintercalators.

	6.3.3 DNase I Footprinting
	Figure 6.6   a) DNase I footprint of 6.1 with the set of expanded major groove bisintercalator binding sites including sequence 6A.  Lane 1 is undigested DNA; lane 2 is an adenine-specific cleavage reaction (Iverson and Dervan, 1987); lane 3 contains ...
	Figure 6.7  DNase I footprints with an oligonucleotide containing the four expanded sequences derived from sequence 6A with a) bisintercalators 6.3 – 6.5, designed by lengthening major groove-binding 6.1, and 6.2, and b) bisintercalators 6.6 – 6.9, de...
	Figure 6.8  DNase I footprints with an oligonucleotide containing the six expanded sequences derived from sequence 6B with a) bisintercalators 6.6 – 6.9, designed by lengthening 6.2, and b) bisintercalators 6.1 and 6.3 – 6.5, designed by lengthening 6...


	6.4 Discussion
	6.5 Conclusion
	6.6 Materials and Methods
	6.6.1 Modeling
	6.6.2 Synthesis of Bisintercalators
	6.6.2.1 Gly3Lys Bisintercalator 6.1
	6.6.2.2 β-Ala3Lys Bisintercalator 6.2
	6.6.2.3 Gly4Lys Bisintercalator 6.3
	6.6.2.4 Gly3β-AlaLys Bisintercalator 6.4
	6.6.2.5 Gly2β-Ala2Lys Bisintercalator 6.5
	6.6.2.6 β-Ala3GlyLys Bisintercalator 6.6
	6.6.2.7 β-Ala4Lys Bisintercalator 6.7
	6.6.2.8 β-Ala4GlyLys Bisintercalator 6.8
	6.6.2.9 β-Ala5Lys Bisintercalator 6.9

	6.6.3 Synthetic Oligonucleotide Construction
	6.6.4 DNase I Footprinting
	Figure 6.9 Sequence of the 5′-32P-end-labeled DNA used for footprinting containing all of the lengthened sequences based on sequence 6A.
	Figure 6.10 Sequence of the 5′-32P-end-labeled DNA used for footprinting containing all of the lengthened sequences based on sequence 6B.



	Appendix
	Table A1 DNA oligonucleotides used in the association and dissociation gel shift assays.
	Table A2  Primers ordered with sticky ends containing the designated binding sites for annealing into SfiI digested pMoPac16.  The given sequences are written 5′ to 3′ as they would appear in the top strand.
	Table A3   Primers written 5′ to 3′ used for PCR amplification from the pMoPac16 vector for oligonucleotides used in DNase I footprinting.
	Figure A1   Vector map of pMoPac16 (Hayhurst et al., 2003).
	Figure A2 pMoPac16 sequence.

	Table A4 Primers written 5′ to 3′ for PCR-mediated gene assembly of the oligonucleotide set containing the binding sites expanded from sequence 6A by adding 1 or 2 bp.  The sequences marked with an asterisk were used for amplification of the construct...
	Table A4 Primers written 5′ to 3′ for PCR-mediated gene assembly of the oligonucleotide set containing the binding sites expanded from sequence 6B by adding 1 or 2 bp.  The sequences marked with an asterisk were used for amplification of the construct...
	Table A5 Primers written 5′ to 3′ for PCR amplification from the pMoPac16 vector for DNase I footprinting for constructs containing the lengthened sequences based on sequence 6A (major) and sequence 6B (minor).

	References
	Vita



