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Abstract 

Much recent interest has focused on DNA as a material for the construction of objects and 

the templating of other materials on the nanometer to micrometer scde. Such constructions have 

made use of the recognition of "complementary" nucleotide sequence by single-stranded 

sketches of DNA in the formation of double helices. The ability of DNA double helices to act as 

a semi-conductor for electron transfer has opened more opportunities for using DNA in 

nanoscale devices. This work descnbes several advancements involving structural and 

functional aspect of DNA based nanotechnologies. 

We have developed a new approach to assemble DNA nanostructures in a cation 

dependent rnanner. Association is via the formation of guanine quartets fiom two G-G mismatch 

domains within a duplex DNA fkamework. Association c m  be regulated by the addition or 

removal of cation species that promote guanine quartet formation (Le. K+ or SIC). We have also 

dernonstrated that these domains c m  be 'prograrnrned' to be self-specific in mixed solutions by 

patterning the G-G mismatches into distinct domains. 

We have evaluated the process of charge transfer through immobile DNA junctions. This 

work compares anthraquinone- and rhodium-based methods to induce charge transfer through 

DNA and identifies some pitfalls in one of the prominently used systems. 

We have also demonstrated that the conformational transitions of folded DNA structures, 

more complex than simple double helical DNA, can be utilized in regulating charge transfer. We 

have successfulIy constnicted 'electrical odoff switches' composed of DNA, which are 

modulated by the presence or absence of particular compounds in solution. Switches that are 

modulated by the small molecule adenosine and as well as ones modulated by short 

oligonucleotides have been assernbled. The construction and demonstration of their operation 

now opens a new window of opportunity for the development of DNA detector systems, wliich 

could be directly coupied to microchips. Direct detection of molecules and nucleic acids in this 

fashion would result in techniques where target molecules can be imrnediately detected with very 

high sensitivity and specificity. 
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Part I 

Introduction 

"lt has not escaped Our notice that the specific pairing we 

have postulated immediately suggests a possible copying 

rnechanism for the genetic material." 

Watson & Crick (1 953) 
-From the original ntanuscrzpt presenting the stntcture of double helical DNA 
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Chapter 1 

Introduction - Thesis Overview 

1. Central Role of DNA 

The discovery of the structure of the DNA double helix by Watson and Cnck 

outlined the role of DNA in modem life (Watson & Crick, 1953). The complementary 

nature of the base pairing between adenine and thymine (A-T) as well as guanine and 

cytosine (G-C), shown in figure 1-1, is the central basis for the replication of DNA 

double helices as well as for the transcription of RNA. The mles of complementary base 

painng are such that each strand of a DNA double helix contains the 'blueprint' for the 

other. During DNA replication, the strands are separated and individual strands act as a 

ternplate for the replication machinery in the formation of new complementary 

sequences. This ability makes DNA ideally suited as the hentable storage molecule for 

genetic information. Ternplating for nascent strand formation also allows information to 

be read from the DNA sequences by the translation of short sections of the genome 

(genes) into RNA, which is coded for in the sarne fashion as DNA with the exception of 

uracil replacing thymine, i.e. in A-U base pairs. Typically DNA in modem biology can 

be envisioned as long static strands of double helices, punctuated by episodes of 

replication, transcription, and recombination. 
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Figure 1-1. Watson and Crick base pairing. Strand polarity is indicated 

as (+) or (-), which represent the backbone going into or coming out of the 

plane, respectively. 

1.1 Beyond the Gene 

DNA, as a polymer, has the potential for a great deal more than simply being a 

depository of genetic material. If one extracts DNA fiorn its evoIutionarily determined 

role as the genetic storehouse of living organisms, its remarkable and novel properties 

can be realized and exploited in vitro. Given the opportunity, DNA can fold into 

complex structures and assemble into multi-unit assemblies and arrays. This ability of 

DNA to forrn cornplex tertiary structures has been applied in a variety of research areas. 

DNA sequences have been isolated that can fold into complex structures that possess 

catalytic (DNAzymes) and Iigmd binding (aptamers) abilities. DNA has also been 

utilized in the assembly of nano-scale objects: construction of various DNA-based three- 

dimensional objects of defined topology has been achieved (reviewed by Seeman, 1998). 

The property of sequence-complementarity recognition by individual DNA single-strands 

has been used to facilitate the organization of other materiats, such as gold microbeads 

and quantum dots, into near-crystalline arrays (Mirkin et al, 1996; Alivisatos er al, 1996; 

Mucic et al, 1998; Loweth et al, 1999; Mitchell et al, 1999), and the targeting of 
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matenals to surfaces that have been 'templated' with target DNA sequences (Taton et al, 

2000). Two fimdarnental properties of DNA have made it especially suitable as a raw 

matenal for such nano-scale conshuctions: (a) highiy specific recognition of sequence 

complementarity by individual DNA strands, and the assembly on that basis of two 

complementary strands into double helices, and (b) the fact that in aqueous solutions a 

DNA double helix (of < 150 base pairs) has the physical and hydrodynamic properties of 

a rigid rod. 

Beyond the employrnent of DNA in the construction of structurally static objects 

and arrays, is a potential to generate structures with conformational variability. The 

potential for utilization of DNA structures capable of conformational changes has just 

recently been realized. The foundation of this methodology is based upon the influence 

of environmental conditions on DNA structures. ParticuIar structures are only stable 

under specific solution conditions or in the presence of some type of regplator molecule. 

In cases where this is taken advantage of, DNA structures undergo a conformational 

change upon the addition or removai of appropriate stimuli. This structural 'switching' 

nature of DNA is now just begiming to be used in the development of various types of 

DNA-based sensors and mechanical devices. Currently this strategy has been 

successfully used in allosteric nucleic acid enzymes (reviewed by Soukup & Breaker, 

2000) and for a B- to 2-DM-based mechanical switch (descnbecl below). 

The formation of useful (functional) DNA is profitably achieved by combining 

some common and not so cornmon structural motifs. Examples of common DNA 

structural motifs, as well as some of their dynamic features, are summarized in the 

following section. 
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This thesis 'presents' DNA as the biopolymer of choice, but in most cases the 

related molecule, RNA, can be used. For technical reasons, DNA is the focus of this 

work. 

2. DNA Structure 

2.1 Structure of Double Helical DNA 

As previously mentioned, in 'normal' situations (such as within a cell) DNA is 

found as double helices stabilized by Watson-Crick hydrogen bonding and by base 

stacking interactions. Double helical DNA itself has some degrees of structural 

variability. Under typical conditions of neutral pH and moderate (-physiological) salt 

concentrations, double helical DNA is typically a right-handed B-type helix, shown in 

figure 1-2. The B-type double helix is relatively sequence independent in that al1 DNA 

sequences c m  form it when the appropriate cornplernentaty sequence is available. Al1 B- 

type helices possess relatively similar structures, but the micro details of these structures 

do Vary and are typically responsible for the ability of DNA binding proteins to recognize 

particular DNA sequences. A few DNA sequences cause iarger anomalies to the 

structure of B-type helices, such as intrinsic kinks or bends (reviewed by Crothers et al, 

1990). 

Another type of right-handed double helix that can be formed by DNA, which is 

also Spica1 when DNA is hybridized to RNA, is the A-type helix. As seen in figure 1-2, 

this helix type is stouter than the B-type helix and there is an actual hole down the center 

of the helix. Another gross structural difference that can be seen in figure 1-2 is that the 

plane that the base pairs form is not at a 90° angle relative to the axis of the helix. 
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A third type of double helix, Z-DNA, is distinct fiom A and B -type helices 

because of its being left-handed (figure 1-2). 2-type helices require particular sequences, 

such as alternating purine-pyrimidine repeats, under relatively high ionic strength 

conditions in order to form (reviewed by Herbert & Rich, 1999). Z-type heIices can also 

form under lower ionic strength conditions with certain chernically modified DNA 

sequences (8ehe & Felsenfeld, 198 1). 

Under conditions that do not promote 2-type helix formation, a particular double 

helix will simply adopt a B-type conformation. The salt-dependent transition of B- to Z- 

DNA has been exploited in the construction of a DNA mechanical switch (Mao et al, 

1999b). The basis of the structure was two DNA domains composing of double 

crossovers (double crossovers are discussed below) separated by a single comecting 

double helix consisting of GC'~"  (cSM: 5-methyl cytosine) repeats. The addition of 

sufficient M~~~ or CO(NH~)~)+ causes the conversion of the connecting right-handed B- 

DNA duplex into a left-handed Z-DNA duplex. Globally, this transition resulted in the 

two terminal double-crossover domains to rotate approximately 3.5 revolutions with 

respect to one another. This process was also shown to be reversible upon the removal of 

the inducing cation species. 



Figure 1-2. Structures of doubie stranded DNA. Backbones are 

highlighted to emphasize the contours of each type of double helix. 

Models were built from pdb files ?rom the nucleic acid structure database'. 

Despite double stranded DNA not being one of the more complex and interesting 

structures that DNA c m  adopt, it is still the core structural unit for al1 alternative uses of 

DNA. Fundamentals of double helical DNA structure make it an ideal polymer in the 

design and assembly of nanostructures. The ability of single stranded DNA sequences 

to specifically and reliably self assemble into double helices, irrespective of nucleotide 

sequence, allows for enormous variability in the choices of sequences available in 

desi-oning DNA-based structures. 

1 (http://ndb.sdsc.edu/NDB/i). Diagrams were constructed using these files on the freeware 
program RasMol (http://www. umass. edu/microbio/rasmol/3. 
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The ngidity of double helices also makes them well suited for the assembly of 

nanostnictures. Rigidity allows duplex DNA to be used over appropriate distances. In 

aqueous solutions a DNA double helix has the physical and hydrodynamic properties of a 

ngid rod, with a persistence length of 28-35 nrn (80-100 base pairs) in 1M sodium 

chloride [and substantially longer persistence lengths at lower salt (Hageman, l988)I. 

The localization of the bases in a continua1 stack in double helical DNA has also 

been demonstrated to facilitate the process of charge transfer down the double he!ix. The 

phenornena of charge transfer through double stranded DNA allows it to be used, 

potentialiy, as a 'nano-wire' of sorts. 

2.2 DNA Structures of Higher Complexity 

The double helical nature of DNA is the most globaliy known of its structures, 

and is described in detail in virtually al1 introductory biochemistry textbooks. Inclusion 

of misrnatch base pairs, bulged bases, branched DNA structures and other confcrmations 

resulting fi-om the folding of single stranded DNA, and the hybridization of partially 

complementary sequence, however result in an enormous variety of structures that DNA 

can in fact adopt. 

Generally, such diverse and complex structures have been associated with cellular 

RNA. In the cell, RNAs are found as single stranded molecules, which fold to form 

various complex structures possessing a variety of functions, such as tRNA and 

ribosomal RNA. DNA is also capable of enormous structural diversity, provided it is 

given the opportunity. It has often been discussed that RNA has the potential to form 

more complex and fùnctional structures than DNA because of the extra 2' -OH group on 
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RNA. The 2' -OH is indeed used is some structural motifs, but on a global scale RNA is 

yet to be proven to be superior in accomplishing particular tasks (ie catalysts and 

aptarners). In cases where comparable exarnples exist for each polymer that accomplish 

the same task, neither appears superior despite the use different folded structures to 

accomplish the given task. RNA and DNA aptarners that bind ATP have been reported 

which exhibit comparable binding affinities (Sassanfar & Szostack, 1993; Huizenga & 

Szostack, 1995). Rare exarnples also exist where the same sequence, either as RNA or 

DNA, performs the same function, as demonstrated with a sequence by Travascio et al, 

(1999) where a particular nucleotide sequence c m  assume the role of either a ribozyme or 

a DNAyme, ~ 0 t h  of which possess peroxidase activity. At the functional architectural 

level it has been shown that DNA c m  mirnic some key biologically relevant RNA 

structures. One example involves the reconstruction of the ~ R N A ' ~ ~  stem-loop using 

DNA (E3asti et al, 1996). The sequence did require 2 modified bases in order to create 

the M ~ "  binding site and support successful binding to the ribosome. Modifications 

included a m l ~ ,  which replaced the Y base in the tRNA stem loop, and a m5c to 

complete the magnesium binding site. A requirement for modified bases to mimic the 

RNA structure did not in itself indicate a lack of ability on the part of DNA, given that 

tRNA possesses many modified bases itself. Some of these modifications include 

pseudouridine and inosine. 

The folding of long single-stranded DNA sequences, as well as the association of 

partially complementary strands, c m  result in a variety of structures with diverse 

topologies. Samples of some cornmon structural motifs are shown in figure 1-3. 
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b) single stranded c)  hairpins 
a) duplexes regions 

hairpin bop - hairpin stem 

d) bulges 

bulge single-base 
bulge 

e) interna1 loops 

9 junctions 
(wifh and wifhout bulges) 

3-way 4way 
jun ctions junctions 

mismatch asymmetric 
Symmet"c in temal ioop intemal loop 

Figure 1-3. Some cornmon DNA (and RNA) structural motifs. Structures 

depicted in d)-f) do not necessarily have to result from the association of 

multiple strands. The sequences can be linked by the incorporation of 

hairpin loops at the ends of duplex regions. 

2.2.1 Hairpins and Single Stranded Regions 

Single-stranded regions, as the name irnplies, are regions not involved in base 

pairing. Some single-stranded-regions that occur in particuIar contexts are classified as 

specific secondary structures or motifs such as loops and buIges described below. Other 

single-stranded regions that do not fa11 into discreet classes, or simply serve to separate 

various other domains (figure 1-3@)), are simply referred to as single-stranded regions. 
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Begkning a brief examination of some cornmon ways in which single-stranded 

DNA (or RNA) can fold, an obvious first way is when a single stranded sequence folds to 

form a duplex sequence with itself. This can occur when a sequence contains 

cornplementary regions. The resulting duplex possesses a turn or a fold back loop, which 

is typically termed a hairpin loop (figure 1-3c). The particular sequence in the hairpin 

loop c m  influence the stability of the adjoining duplex by forming a structurally stable 

hairpin loop stabilized by intra-loop hydrogen bonds and staclcing interactions or not. 

Exarnples of such stable loops are "tetra loops". One class of stable tetra loops are 

composed of the 5'-YYYR-3' sequence. 

2.2.2 Mismatches, Interna1 Loops and Bulges 

The ability of single stranded DNA to f o m  double helices when the two 

sequences are not perfectly complementary can result in a variety of structures. The 

duplex resulting kom such an association may contain mismatch base pairs, bulges, or 

intemal loops. 

Ln the realm of biology, mismatches occasionally occur in a variety of mutagenic 

processes and cells have a variety of enzymatic systems to correct these, to reduce the 

fiequency of deleterious affects caused by mismatches in genomic DNA (Mol et al, 1999; 

Aquilina & Bignami, 2001). In synthetic DNA constmcts mismatches are interesting and 

prove usefiil in a variety of tasks. 

Mismatches, as the narne irnplies, are base pairs not of the correct Watson and 

Cnck type. niese typically perturb the structure of the B-type helix and destabilize the 

structure to some degree, depending on the identity of the mismatch. It is not that the 
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bases in a mismatch pair do not interact, but do so less efficiently than Watson and Cnck 

base pairs. The base-base interactions that do form are typically called non-Watson- 

Crick base pairs. Several non-Watson-Crick base pairs are shown in figure 1-3, to 

demonstrate some of the variety possible in base-base interactions. A large variety of 

base-base interactions as well as base-sugar interactions have been documented in the 

analysis of cornplex RNA and DNA stmctures. 

Cis-Orientation Trans-Orientation 
** . . . . . . . . . . . . . . . . . -----**. . . .. . . . . . . . . . . . . 

(G-G Hoogsteen) 
G-G N 1 -carbonyi, 

N7-amino 

G-A NI-NI 
carbonyl-amino 

C-C carbonyl-amino, 
symmetn'c 

(reverse Watson & Crick) 
G-C 

Figure 1-4. Examples of non-Watson & Crick base pairs. The non- 

conical base pairs can be in cis or trans configuration with respect to the 

position of the glycosidic bond relative to a line drawn parallel to the base- 

to-base hydrogen bonds. Structures from Tinoco (1993). 

With the large variety known base interactions a new nomenclature system has 

been recently proposed in order to classi@ each type in order to aid in structure 

cornparisons (Leontis & Westhof, 200 1)- The proposed nomenclature system is targeted 
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towards RNA but should apply directly to the description of DNA structures (with the 

obvious exceptions of structures that use the RNA's 2' hydroxy group). 

With non-Watson-Crick base pairs and other DNA structures such as triplexes, 

the rotation of the glycosidic bond becomes important. The conventional base pairing in 

B-type DNA always ensures anti glycosidic bond conformations (figure 1-5) but in some 

mismatches and the left handed 2-type DNA, the syn conformation is also found. The 

variability of glycosidic bond conformation allows the base to use a non-Watson-Crick 

base pairing face to be used in base-pairing (ie in the G-G Hoogsteen base pair shown in 

figure 1-4) and for other interactions. 

SYN 

Figure 1-5. Variability of the glycosidic bond angle. The normal 

orientation for Watson & Crick base pairs is having the base in the anti 

conformation. 

A misrnatch does not have to be restncted to a single base pair within a double 

helix. More than one simple non-Watson-Crick base pair can be arranged in tandem, 

such that there are in equal or unequal numbers on each strand of the mismatch region. 

These regions of contiguous non-Watson and Crick base pairs are typically refemed to as 
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a symrnetric internal loop (figure 1-3(e)). In cases where one participating DNA strand 

contains more bases in the loop than the other strand, an asymrnemc loop is fomed 

(figure 1-3(e)). Depending on the sequence content of the loops they can introduce 

functionality to a duplex. 

In chapters 2 to 4, 1 have utilized DNA duplexes that contain tandem guanine- 

guanine (G-G) and thymine-thymine (T-T) mismatches in internal loops. These G-G 

rnismatches allow the duplexes to dimerize and form 'synapsed' duplexes. Another DNA 

construct utilized in chapter 7 that possesses an intemal loop is the ATP aptarner. This 

DNA sequence binds adenosine and ATP with high affinity. 

A variation in internal loops occurs when one of the two strands possesses no 

unpaired bases, so that the loop consists of bases from only one strand. In essence, the 

resulting structure is an asymrnetric intemal loop but this special case is termed a DNA 

bulge (figure 1-3b). The additional base(s) on the one strand causes the helix to bend in a 

predictable manner, depending on the number of bases in the bulge (reviewed in Lilley, 

1995). Incorporation of bulged DNA allows for predictable k u i k s  to form in the DNA 

double helix, which also disrupts the base stacking through the helix at the kinked site. 

2.2.3 Branched DNA 

An alternative to sequences that f o m  double helices with internal disruptions, 

such as loops and bulges, is where only one end of a sequence base pairs with another 

sequence. The remaining non-base paired region is then fiee to base pair with a third 

sequence. If this third sequence is capable of forming double helical regions with both of 
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the two original sequences, then a 3-Way junction c m  be fonned (figure 1-3f). This 

strategy can be applied also to construct CWay and higher order junctions. 

Four-way junctions are intermediates in genetic recombination, known as 

Holliday junctions (Holliday, 1964). The branch points in these biologicaHy relevant 

junctions are flanked by sequences of homologous symmetry. This syrnrnetry permits an 

isomerization event known as branch migration (Hsieh & Panyutin, 1995). 

Instability of the branch point locus in natural four-way junctions impedes their 

use for stable nanoscale constructions. To circurnvent this problem it has been necessary 

to eliminate symmetry within the system, thus irnmobilizing the locus of the junction 

(Seeman, 1982). 

In moderate ionic strength solutions the extended Cway junction structure (figure 

1-6a) folds such that the m s  stack to give two coaxially stacked helices, structures b) - 

d). Typically parallel structures, like 1-6b, or the altemate variant in which arms a and y 

dong with P and x form the stacked pairs, do not form unless the structure is constrained 

to prevent the formation of ah-parallel structures. Examples of how Cway junctions 

c m  be constrained in the different conformations were demonstrated by Kimball et al 

(1 990). A particular junction prefers one of the two anti-parallel junction conformers, c)  

or d), depending on the particular bases located at the junction (Duckett et al, 1988). 

The tertiary structure of these junctions resembles an 'XY-like shape, as 

demonstrated in the insert of figure 1-6. 
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Figure 7-6. Stacking in 4-Way Junctions. a) A 4-way junction in an open 

conformation. In the presence of appropriate cation concentrations the 

structure folds such that the arms of the junction coaxially stack to form 

favorabie base stacking interactions. Various parallel (b) and anti-parallel 

junctions (cBd) exist. Typically 4-way junctions form anti-parallel 

structures unless forced by some other constraint. The resulting stacking 

c) vs d) depend upon the specific sequence composition at the junction. 

The lower insert is to indicate that even though the figures show the 4-way 

junctions with the coaxially stacked arms in parallel, they are in fact at an 

angle to each other, in an 'X' like structure. 

The use of DNA in the construction of geornetric objects has been pioneered by 

Seeman (for an account of this work see the article by Nadrian Seeman (2000)), who has 

described objects with the topologies of, for instance, a tetrahedron (Chen & Seeman, 

1991), a truncated octahedron (Zhang & Seeman, 1994), and Borromean rings (Mao et al, 

1997). The modules for such constructions were stable three-way and four-way 
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immobile junctions of DNA duplexes where they play the role of vertices in the 

structures. Each double helical arm of such a junction terminated in a short sketch of 

single-stranded DNA of defined sequence (a "sticky end"), which was used to bind, on 

the basis of precise sequence complementarity, to the sticky ends of other three- or four- 

way junctions. More recently, Seeman has utilized a more rigid structural unit, the DNA 

"double-cross~ver'~, composed of two closely spaced four-way junctions (figure 1 -7), to 

assemble two-dimensional quasi-crystalline arrays (Winfree et al. 1998; Liu et al. 1999; 

Mao et al, 1999). 

Figure 1-7. Structure of double crossovers. On the left is a traditional 

four-way junction and on the right is the stable double crossover, which is 

the fusion of two four-way junctions. 
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2.2.4 Other Structures 

The previously mentioned structures are but a sampling of the defined structures 

that different DNA (& RNA) can adopt. Other associations, or structural motifs, not 

rnentioned in this manuscript include triplexes, i-tetraplexes and pseudoknots, to narne a 

few . 

2.3 Guanine Quartets 

Another alternate form of base-base interaction, which is particularly relevant to 

this work, are guanine quartets (G-quartets). G-quartets result eom the ability of guanine 

bases to self-associate to form a very stable planar structure. The arrangement is of four 

guanine bases in a plane, held together by Hoogsteen bonding to form a guanine quartet 

(G-quartet), as shown in figure 1-8a. G-quartets are known to form fiom various guanine 

rich DNA (Sen & Gilbert, 1988; Williamson et al, 1989) and RNA (Kim et al, 1991) 

sequences. Two such contiguous G-quartets form a central cation-binding site that must 

be occupied to stabilize the structure (figure 1-8(b)). Guanine quartets thus have the 

unusual property among nucleic acid higher-order structures that they require specific 

group Ia or IIa metal ions to support their formation. This is due to a requirement for 

size-specific binding of an appropriate monovalent or divalent cation into the cavity 

between successive layers of G-quartets (reviewed by Williamson, 1994; Wellinger & 

Sen, 1997), where the rnetal ion coordinates in an eight-fold fashion to keto-oxygen 

atoms fkom the two participating guanine quartets. The ease with which a given cation 

fits into the above-mentioned cavity reflects a balance between the ease of desolvation of 

the ion and the favorable interactions formed between the ion and the keto-ligands fkom 
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the quartets (Hud et al., 1996). Of the group Ia and IIa cations, K+ and sr+ function rnost 

optimally to stabilize G-quartets, whereas Na+, ~ b + ,  caZC and ~ a ~ +  are less optimal (and 

~ i + ,  M ~ ~ + ,  and CS' are generally ineffective). The thalious ion, TI+, has also been 

demonstrated to support the formation of G-quartets (Basu et al, 2000), and there is also 

evidence for the lead cation, pb2' as well (Smirnov & Shafer, 2000). 

The requirement for specific ion species to facilitate the formation of guanine 

quadmplex structures gives us a handle to regulate their formation. Controlling 

formation or disassociation by adding or removing specific cation species rnakes 

quadruplexes attractive elements to be used in nanoscale assemblies. 

Figure 1-8. 

demonstrating 

backbones are 

Guanine quartets. a) Diagram of a guanine quartet 

the H-bonding between guanines. The sugar phosphate 

indicated as ovoid shaped. b) A schematic demonstrating 

the cation-binding site formed between two successive G-quartets. 

Guanine quadruplexes, extended helical structures containing G-quartets, can be 

structurally diverse (reviewed by Simonsson, 2001). As seen in figure 1-9, the sarne 

sequence c m  form a variety of different quadruplex conformers. The sequence 
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GGGTTTGGG is capable of forming tetramers wiîh al1 of the stands in a parallel 

orientation with respect to their sugar phosphate backbones as depicted in figure 1-9(a). 

The same sequence is also capable of forming a variety of dimer species, with the 

backbones of the strands in a variety of anti-parallel orientations, structures b) - d). In 

certain cases solution conditions cm dictate the preference of one structure over another, 

as observed by Sen & Gilbert (1990). Longer single stranded sequences containing 

several guanine repeats are also capable of fomiing a variety of intra-molecular G- 

quadruplexes, structures e)  - g). Again, the variability of these sequences arise fkom the 

directionality of the DNA backbone. 

Of al1 the diverse possibilities of G-quadruplex structures that can potentially 

form fiom some sequences, the all-paralle1 structure (figure 1-9a) is the most 

thermodynamically favorable (Sen & Gilbert, 1990). The other various anti-parallel 

structures arise because they are stable kinetic traps that form more quickly than the all- 

parallel structures. Parallel structures require the association of four strands while the 

other types are dimers or intra-mûlecular structures. 



Introduction - Chapter I 

Figure 1-9. Structural diversity of guanine quadruplexes (Wellinger & 

Sen, 1997). a) An all-parallel guanine quadruplex. b) - d) Anti-parallel 

guanine quadruplex structures. e) - g) Structures containing intra- 

molecular G-quartets. 
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3. Thesis overview 

This manuscript is composed of five parts, with this general introduction and 

conclusion constituting two of the parts. Parts &IV are composed of a compilation of 

research from three distinct research areas. The underlying theme, is that al1 three parts 

describe novel, and non-genetic applications of DNA 

Three 'alternativey roles of DNA covered in this manuscript inciude: 1) DNA 

nanostructures, 2) Catalytic DNA or DNAzymes and 3) Electron transfer through DNA. 

Part II includes a body of work pertaining to the construction of nano-scale 

objects fiom DNA. In particular, this work revolves around the formation of 

nanosh-uctures utilizing a guanine-quartet (G-quartet) framework. The system we have 

been working with are "synapsable duplexes", which are double stranded DNA 

constructs containing GOG mismatches. The mismatches can be induced to form G- 

quartets by the addition of appropriate cations to the solution. Work on this system has 

been aimed at the development of self-selectivity in the system. Most of the information 

in chapters two and three has been published at the time of writing this thesis (Fahlrnan & 

Sen, 1998 & 1999), while the work in chapter four is currently unpublished work. 

Part III is a bnef section on catalytic DNA. 1 have been involved in refining the 

secondary structure of a DNAzyme known as Na-8. Na-8 was originally isolated and 

reported by a former student in our laboratory, Ron Geyer (Geyer & Sen, 1997). This 

section gives a bnef introduction to catalytic DNA as well as the presentation of a new 

proposed secondary structure mode1 for the Na-8 DNAzme. 

Part N covers Our work on charge transfer through DNA. The main objective of 

our work in this area is the examination of charge transfer through branched DNA 
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structures as well as the development of DNA assemblies that can regulate the process of 

charge transfer. This aspect significantly contrasts with the work of others, who mainly 

examine the process of  charge transfer through double stranded DNA in trying to 

determine the much disputed mechanism and efficiency of the process through DNA. 



Part II 

'Synapsable' DNA 
Guanine Quartet Based Nanostructures 
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Chapter 2 

Cation Speczjic Synapsable Duplexes 

1. Introduction 

1.1 Alternate DNA Nanostructure Design 

A majority of the published work on using DNA as a rnatenai in nanostructure 

construction is based upon two main designs as discussed in chapter 1. 1) The 

association of single stranded DNA sequences into double helices. 2) Branch points or 

structura1 junctions based upon immobile junctions. 

There has been some pursuit of other strategies or structural motifs in the 

assembly of DNA and RNA superstructures. The development and evalilation of other 

methods can greatly increase the variety and complexity of DNA structures that c m  be 

designed and assembled. Tertiary structural motifs found in the naturally occumng 

ribozymes have been shown to be effective in RNA based assemblies (Jaeger & Leontis, 

2000; Jaeger et al, 2001). The self-association of guanine bases in the formation of G- 

quartets (figure 2-la) has also been shown io forrn long linear polymnc structures (Sen 

& Gilbert, 1992; Marsh & Henderson, 1994) and higher order arrays (Chen, 1995). 

1.2 Synapsable DNA 

We have recently described a quite different paradigm for the stable self- 

association of two DNA double helices, that does not exploit stickyend 

complementarity. This methodology involves a side-by-side association, or "synapsis", 

of two DNA duplexes, at pre-determined "synapsable" sites constructed within them 
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(Figure 2-l(a)). Unlike single-stranded DNA, standard DNA duplexes have little ability 

to interact with one another. Two duplexes do not have significant shape 

complementarity; and the DNA bases with their hydrogen-bonding and x-stacking 

ability, are fully base-paired in a Watson Crick sense (A=T; GEC) in the interior of the 

double helix; and that the sugar-phosphate backbones of duplexes possess high (and 

therefore mutually repulsive) negative charge densities. However, the simple innovation 

of introducing a stretch of contiguous guanine-guanine mismatch base-pairs (called a "G- 

G domain") into an otherwise standard Watson-Crick base-paired duplex (shown 

schematically in figure 2-l(a)) has been shown to enable a stable side-to-side association 

and binding of two such duplexes, under physiological and near-physiological conditians 

of temperature and salt (Venczel & Sen, 1996). A DNA duplex incorporating a G-G 

domain is referred to as a "synapsable" DNA duplex. Two such duplexes are able to 

dimerize via synapsis of their respective G-G domains to form "duplex dimers", held 

together by the very stable hydrogen-bonded arrangement of guanine bases in G-quartets 

(Figure 2-lb) (Venczel & Sen, 1996). 

Utilization of G-quartets in the fiarnework of double stranded DNA limits the 

potential conformations of G-quadruplex structures that form. This restriction allows for 

a more predictable formation and allows for the use of G-quartets in more highly defined 

structures than previously reported. 
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5' 

1 G i G  + 
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Figure 2-1. Synapsable DNA. (a) Schematic of the dimerization of two 

duplexes containing GOG mismatches in the formation of a synapsed 

duplex. (b) A guanine quartet, the structure responsible for the association 

of the synapsable duplex. 

In other contexts, the formation of guanine-quartets and guanine-quadruplexes 

@NA structures composed of, or containing, guanine-quartets) in aqueous solutions has 

been shown to be favored by the presence of specific Group LA and IIA cations, notably 

potassium and strontium (and, less effectively, by sodium and rubidium; calcium and 

bariurn), which bind within the cavity formed between two adjacent guanine-quartets 

(Williamson, 1994; Wellinger & Sen, 1997). The dimerization of synapsable duplexes 
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was also found to follow this general trend (Venczel & Sen, 1996). Given that different 

Group IA and IIA cations differentially stabilized the duplex-dimers (for instance 

potassium was strongly stabilizing; whereas lithium was not), the assembly and 

disassembly of superstructures built with duplex-dimer modules rnight in principle be 

achievable by sirnply changing the cation present in solution - for instance, replacing 0.5 

M ~ i '  for 0.5 M K', and vice versa. 

1.3 Parallel GOG Domains 

We wished to investigate whether it might be possible to generate more than one 

class of synapsable domain within duplexes, such that each class was able to distinguish 

"self7 fiom "non-self7. This was one major goaI of my thesis work in order to design 

domains that would recognize their correct pair even in mixed solutions, such that 

multiple domains could be used in the assernbly of DNA nanostructures. 

The original synapsable domain, A-B, shown in figure 2-2(a) has strands running 

conventionally anti-parallel to each other. The ad-parallel G-G mismatch containing 

duplex was originally used by Venczel & Sen (1996) in the initial demonstration of the 

formation of synapsed duplexes. The dimerization of A-B would necessarily have strand 

orientations in (AvB)~,  that were anti-parallel (figure 2-2@), structure j), or partially anti- 

parallel (structure k). 

As previously mentioned in chapter 1, it has been found as a rule that G- 

quadruplexes in which all four participating strands lie in a parallel orientation are more 

thermodynamically stable than complexes that have their strands in an antiparallel or 

partially antiparallel orientation (Sen & Gilbert, 1990; Lu et al, 1993). If it were possible 
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to gerierate a synapsed complex with a purely parallel orientation of strands in the 

synapsed region, such a complex may have superior stability to that of (A-B)2. 

We chose to generate a parallel strand- orientation of the G-G mismatch base pairs 

within an othenvise anti-parallel Watson and Crick duplex by introducing 5'-5' and 3'-3' 

phosphodiester linkages at the borders of the guanine-motif within one of the constituent 

strands (strand p) in the duplex. The resulting duplex, A$, is shown in figure 2-2(a). 

The synapsed complex produced by the A-P duplex wodd be expected to have parallel 

quadruplex strand orientations, as shown for structure Z in figure 2-2@) (in theory, a 

partially parallel complex, similar to structure k, could form, but we would expect the 

purely parallel quadruplex to fom fiom thennodynamic considerations). Our goals were 

therefore to detzrmine whether the duplex A$ would indeed dimerize or synapse to form 

and whether the conditions for such synapsis would be different fiom that found 

for A.B. A cornparison of the relative stabilities of the complex (A-B)2 and that of the 

putative was done to determine whether (A.P)2 was indeed more stable than 

(ASB)~.  FinalIy, we wished to determine whether the synapsis of A-B and potential 

synapsis of A$ were selective in mixed solutions. 
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Duplex A-B 
S'GTGACTCGAGAAGCTCCTGAGGGGGGGGTGTGGTTCAAGG 

CACTGAGCTCTTCGAGGACTGGGGGGGGACACCAAGTTCCTAGGTGTC5' 

Duplex A-@ 
S'GTGACTCGAGAAGCTCCTGA-----GGGGGGGG-----TGTGGTTCAAGGATCCACAG 

Figure 2-2. Synapsable duplex design. (a) Sequences for the 

synapsable duplexes A B  and A-P. (b) Anticipated strand orientations for 

the synapsed duplexes ( A o B ) ~  and (A43)2. Arrows in the synapsabie 

domains indicate strand polarity (5' i 3'). 
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2. Materials and Methods 

2.1 DNA Synthesis and Purification 

The three DNA sequences used to construct the two duplexes, A.B and A,$, are 

shown in figure 2-2(a). The oligomers were synthesized at the University of Calgary 

Core DNA Senices; the dG-5'-CE phosphoramadite for the eight "reversed polarity" 

guanine resides in the p strand were purchased from Glen Research. The oligomers were 

dissolved in 35 pl of denaturing gel loading bufEer plus 5 pl 80 rnM LiOH, and treated at 

95°C for three minutes to break down any pre-formed G-quadraplex complexes. The 

oligomers were then size-purified in 8% (w/v) denaturing polyacrylamide gels. EIuted 

samples were filtered through 0.2 prn micro filters and then desalted and concentrated 

using C-18 Spice Columns (Analtech). The lyophilized, pure DNA pellets were finally 

suspended in 50 pl TE ( 1  O mM Tris-Cl, pH 8.0, and 0.1 mM EDTA) buffer. The 5' end- 

labelirig with [ y - 3 2 ~ ] ~ ~ ~  was done using standard kinasing procedures. Ethanol 

precipitations, were they carried out, always were made up to 0.3 M LiCl (rather than 

NaCl) to discourage the formation of G-quadraplex structures. 

2.2 Double-Stranded DNA Preparation 

n i e  duplexes, A-B and A$, were assembled by mixing in water at room temperature, 500 

pmol of a given oligomer with 470 pmol of unlabeled and 20 pmol of a 32~-labeled 

complimentary sequence. The combined oligomers were then made to 50 mM 

tetramethyl ammonium chloride (TMACI), heated to 95"C, and allowed to cool slowly to 

30°C. The crude duplex samples were loaded in an 8% native polyacrylamide gel, run in 

50 mM Tris-borate, (pH 8.0), 1 mM MgC12, and 10 mM TMAC1, at room temperature. 
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Duplex bands were detected by autoradiography, cut out, and eluted over night with 

TMACl buffer (50 mM TMAC1, 10 rnM Tris-Cl buffer, (pH 7 . 9 ,  and 0.1 rnM EDTA). 

2.3 Formation of Synapsed Duplexes 

Double-stranded DNA samples, as prepared above, were diluted with TMACl 

buffer to a final concentration of 5 pM duplex. Samples (5  pl) of such DNA duplex 

solutions were combined with 5 pl of various salt solutions and incubated at 37OC for 20 

hours. Tightly sealed tubes were used throughout and the tubes were fully submerged in 

water during incubations to prevent changes in the sample volume f?om evaporation and 

condensation. Aliquots from each sample were then removed, combined with standard 

non-denaturing loading buffers and run in 8% native polyacrylamide gels in KMg buffer 

(50 mM Tris-Borate, (pH &O), 1 mM MgC12, and 10 rnM KCl), nin at 6 W. The gels 

were dried, radioactive bands visualized and assayed using a BioRad GS-250 Molecular 

hager.  

2.4 Methylation Protection Assays 

DNA samples (10 pl) were incubated as described above in 2.3, to produce 

mixtures of both duplexes and synapsed duplexes, in buffers containing, respectively, 50 

mM TMACl buffer, 25 mM TMACl buffer containing 1 O m M  10 mM SI?, or 35 

mM ca2+. Followuig overnight incubations at 37"C, the samples were each cornbined 

with 200 rnM lithium cacodylate, and were made up to 0.1% (v/v) dimethyl sulphate. 

Methylation was allowed to proceed at 37OC for 30 minutes. Samples were then loaded 

on 8% native gels run in KMg buffer (see above). The wet gel was exposed to X-ray film 
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and bands corresponding to DNA duplexes and synapsed duplexes were cut out of the 

gel, eluted into 100 p1 TMACl buf5er ovemight, and pwified by ethanol precipitation. 

DNA pellets were then dissolved in 50 p1 of 10% (v/v) piperidine and heated at 90°C for 

20 minutes. Following lyophilization and dissolution in denaturing loading buffer, equal 

counts fiom different sarnples were loaded on a 10% sequencing gel, run at 20 W. The 

gel was dried prior to visualization on a BioRad GS-250 Molecular Imager. 

2.5 Melting Point Assays 

Synapsed dupIex samples were prepared as described above, with prolonged 

periods of incubation (up to six days) to ensure the equilibriurn (and hence maximal yield 

of duplex dimers) had been reached. Samples were then diluted to O. 1 p M  DNA, and the 

solutions were adjusted to have final concentrations of both 10 mM caZC and 10 rnM S? 

in a buffer containing TMACl buffer. The diluted sarnples were equilibriated for two 

hours at 37OC, and then subjected to a routine where they were heated for 15 minutes 

each at a series of progressively increasing temperatures, from 70 to 90°C, in 2S°C steps. 

Following incubations at given temperatures, 10 pl aliquots were removed and mixed 

into 5 pl of non-denaturing dye solutions on ice. Affer brief cooling, each sarnple was 

loaded on an 8% native gel run in KMg buffer (see above). 

2.6 Cross Reactivity 

Testing for reactivity between the dimenzation domains was done with A-B or 

A$ along with a DNA hairpin sequence, mH8, shown in figure 2-6. Experiments were 

done identically to procedures listed in 2.3 in forming synapsed complexes, with one 
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exception. In cross reactivity reactions 5 pl of a solution containing 2.5 p M  of each DNA 

constnicted was rnixed with 5 pl salt containing samples and incubated and treated as 

rnentioned in 2.3 above. 

3. Results and Discussion 

3.1 Ion Requirements 

We wished to investigate the following: (a) whether the duplex A$, in the 

presence of appropriate group La or group Ha cations, were able to synapse to form (A$)2 

in the rnanner of A-B forming (A-B)2; and (b) whether the cation dependence of (A-B)2 

(and, (A-B)2, if formed) followed the conventional pattern for the formation of G-quartets 

in general. 

3.1.1 Monovalent Cations 

Figure 2-3(a) shows the results of incubating gel-purified A-B and A$ duplexes 

in the presence of different alkali chlorides. The incubations were done in 1M salt (much 

higher than required for A-B synapses) so that low concentrations of the starting duplexes 

might be used. A stnking observation from these experiments was that A-B and A-P 

formed synapsed complexes with vastly differing efficiencies. The yields of synapsed 

complexes in these 24 hour incubations were found to be within 10 to 15% of the yields 

at equilibriurn, and were measured to be -60% (A-B)2 in potassium and rubidium, where 

as the highest yield of (A$)* was < 20% (in sodium). The yield of (A-B)2 with the 

different cations followed the conventional order of K>Rb>Na>Li, Cs, that has been 
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observed with most G-quartet complexes (reviewed by Williamson, 1994; Wellinger & 

Sen, 1997). 

Figure 2-3. (a) The influence of monovalent cations on the formation of (A*B)z and (A$) 

synapsed duplexes. Samples of 2.5 pM duplex DNA (A-B and A$) were incubated 

separately for 20 hours at 37°C in the presence of the different alkali chlorides. Controls 

contained 50 mM TMACl buffer, whereas the sarnples cantained 1M XCI (X = Li, Na, K, Rb 

or Cs) and 25 mM TMACl buffer. (b) The influence of divalent cations on the formation of 

(A*B)* and (A'P)Z synapsed duplexes. Incubation conditions are identical to a) with the 

exception of 10 XC12 (X = Mg, Ca, Sr or Ba) are used in replacement to the alkali chlorides. 

Nagative controls contained 50 mM TMACl buffer only, and a positive control (K) 

contained f M KCI in 25 mM TMACl buffer. 



A likely explanation for poor fields of fkom A-B was that the guanine 

mismatches within A$ were not substantially hydrogen-bonded in Hoogsteein base-pairs, 

which are necessary precursors to the formation of G-quartets. Altematively, in the event 

of conformational and hydrogen-bonding fluxionality in the G-G mismatch region of A$, 

the mismatches only transiently adopted Hoogsteen base pairs. In the A-B duplexes, by 

contrast, the mismatches appeared to fonn Hoogsteen G-G base pairs with a higher 

fiequency. Interestingiy, a study by Suda et al. (1995) on single-stranded oligomers of 

the sequence (dGGA)9 found that these oligomers dimerized to form parallel-stranded 

duplexes in a pH-independent manner. Probing of this unusual parallel duplex indicated 

the existence of G-G base pairs probably of the reverse Watson & Crick variety. These 

findings are certainly consistent with the poor ability of the parallel G-G mismatches in 

A-P to synapse to give nse to (A$)2 complexes. 

3.1.2 Divalent Cations 

Figure 2-3(b) shows the results of incubating gel-purified A-B and A$ duplexes 

with 10 mM of the group IXa metal chlorides, f?om MgClz to BaC12. The first major 

observation with these incubations was with the monovaIent ion incubations (above), 

(AB)2 formed far more efficiently than did the (A$)2. Once again, A-B showed the 

expected cation requirement for dirnerization in the presence of 10 mM M ~ + ,  with the 

order of efficiency of Sr > Ba > Ca > Mg (Chen, 1992; Venczel & Sen, 1993). A-P 

duplexes, however, showed a very different ion preference: Ba > Ca > Sr > Mg, which 

was not at al1 characteristic for the formation of most G-quartet stnictures. For instance, 

results ftom previous studies (Chen, 1992; Venczel & Sen, 1993) had indicated that of 
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the group IIa cations, S? was the most efficient at supporting guanine quartet formation 

by single-stranded sequences containing a single stretch of guanine residues; srZ' was 

found also to stabilize G-quartets more strongly than the other group IIa cations. We 

carried out incubations of the single strand B and, separately, P, in the presence of sr2+; 

and, separately, 10 rnM ca2+. B and P showed similar patterns of G-quartet formation in 

the presence of each of these two cations (data not shown), with ca2' weakly supporting 

the formation of Bq and fi4; and, robustly supporting the formation of hairpin 

dirnrners of both B and P. Therefore, the unusual, and mutually different, cation 

preferences shown by A-B and Asfi are unique to those synapsed duplexes, and not 

properties of B and B per se. 

To explain the above results regarding we set out a hypothesis that the 

failure of S? to support (A$)2 formation had a kinetic, rather than thermodynamic basis. 

3.1.3 Examining Conditions for Efficient Formation of 

We wished to establish first whether any salt conditions could be found for 

efficient production of (A$)2 (-8% yield with 10 mM caZC, incubated for 20 hours at 

37OC). Contrastingly, ca2' kvas poor in supporting the formation of (ASB)~. We therefore 

carried out experiments to determine whether incubation with higher concentrations of 

calcium would result in more substantial yields of (Aj3)z. Figure 2-4 shows the results of 

incubating gel-purified A$ duplexes and, separately, A-B duplexes (2.5 p.M for each 

duplex) in the presence of 0, 10, 20, 35, 50 mM CaC12, respectively. The 50 mM 

incubation gave (A$)* at a -50% yield (en route to an equilibnum yield of 77%, 
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measured following six days of incubation). The A-B duplex, incubated under the same 

conditions, gave less than 2% yield of the (ASB)~  complex. 

-- a b c d  e f g h  I J 
Y -  

Figure 2-4. The effect of calcium concentration on the formation of ( A O B ) ~  

and synapsed duplexes. Samples o f  2.5 PM duplex DNA (A-B or A- (3) 

were incubated for 20 hours at 37°C in  different concentrations of CaCI2. 

Lanes a and f, negative controls, containing 50 mM TMACl buffer. The 

remaining lanes contain 25 mM TMACl buffer and the following CaCI2 

concentrations: lanes b and g, 10 mM ~ a " ;  lanes c and h, 20 mM ca2'; 

lanes d and i .  35 mM ca2*; lanes e and j, 50 mM cari. 

3.2 Mechanisrn of Ion Selectivity 

To test how many of the eight G-G mismatches in the A-B and A$ duplexes 

actually participated in synapsis via the formation of a short stretch of inter-duplex G- 

quartets, we carried out methylation protection experiments. Treatrnent of DNA with 

dimethyl sulphate @MS) preferentially methylates the N-7 position of guanine (figure 2- 

5). The site of modification on the DNA can be determined by heating the sarnple in 
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basic solution, which results in strand scission at the methylated guanine (Maxim & 

Gilbert, 1977). 

Other positions and bases also react with DMS but these modifications are not 

sensitive to cleavage upon treatment with hot piperidine. 

Figure 2-5. Methylation of guanine. The N-7 site on guanine, indicated 

by an arrow, can be methylated by DMS. 

In a G-G Hoogsteen base pair, one of the two participating guanine residues is 

protected fiom methylation at its N-7 position, whereas the other is methylatable. G-G 

Hoogsteen pairs that participate in the formation of G-quartets would, by contrast, be 

fully protected fiom methylation, since every N-7 position in a G-quartet is involved in 

hydrogen bonding. In an earlier study (Venczel & Sen, 1996), methylation protection had 

been used as a sensitive probe for detemining which guanine Hoogsteen pairs dimerized 

to give guanine quartets. Here, methylation protection was also a potentially important 

tool for determining whether in the presence of strontium the A$ duplex @ut not the A-B 

duplex) formed some alternative guanine-mediated structure, which was lonetically 

unable to dimerize to f o m  the (ASB)~ synapsed cornplex. 

Figure 2-6 shows methylation protection patterns for the undirnerized duplexes 

A-B and A-P (with strand A 5'-labeled in each case) in TMACl buffer (lanes a and e), 

calcium (lanes b and f ) ,  and strontium ions (lanes c and g), respectively, as well as 

protection patterns for the synapsed complexes (AB)* (lane d), and (A.B)Z (lane h). In 
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the presence of TMACI or caZf (or, M ~ ~ +  data not shown) the eight-guanine residues (G1 

to G8) in the G-G mismatch domains of both A-B and A-fi were methylated relatively 

uniformly. In the two synapsed complexes (Ianes d and h), by contrat, al1 but the 3' and 

5'- most guanine residues (G1 and G8) were protected, consistent with the notion in these 

complexes approximately six guanine quartets were forming in each synapsed region. 

Analogous experiments canied out with strmd B or B being 5'-labeled, instead of strand 

A, gave data that were fully consistent with the above. 

However, methylation patterns of unsynapsed A-B and A-B in the presence of sr2' 

(Sr-A-B {lane c) and Sr-A$ {lane g)), showed important differences between them. 

Whereas the pattern of Sr-A-B (lane c) resembled those of Ca-A-B, Sr-A$ (lane g) 

showed a unique methylation pattern, in which Gl and G8 were strongly methylated (as 

above); G2, G3, G6 and G7 were protected, as they might be if they might be forming G- 

quartets; however, the two most central guanines, G4 and G5 (indicated with arrows) 

were strongly methylated (a pattern sirnilar to this was f o n d  also with Ca-A$ at low 

temperatures but not at 37OC). 

This data is consistent with a particular conformation of duplex Sr-A$ shown in 

figure 2-7, a 'pinched' duplex, in which two intra-duplex guanine quartets have formed. 

Analysis of the methylation pattern of Sr-A-P with strand P labeled instead of strand A 

showed a similar but somewhat more complex pattern (data not shown), which, together 

with the data from strand A suggested the existence of two sirnilar pinched duplexes, 

shown in figure 2-7(a) and 2-7(b) respectively ( in mode1 b, the asymrnetry of guanine- 

participation from strand p is a consequence of the shorter than usuai separation of 
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adjacent nucleotides across the 3'-3' linkage, and larger than usuai separation of adjacent 

nudeotides across the 5'-5' linkage). 

e f g h  

Figure 2-6. Methylation protection studies on AB, A$, and their 

respective synapsed complexes. Methylation protection patterns with the 

A-B duplex. Lanes a to c are protection patterns of the undimerized A*B 

duplex after incubating for 20 hours at 37OC. Lane a) is in the presence of 

50 mM TMACl buffer; lane b) is in the presence of 35 mM ca2'; and lane c) 

is in the presence of 10 mM SI? Lane d) shows the protection pattern of 

the (A-B)* complex, forrned from the dimerization of A-5 in the presence of 

10 mM SI? Methylation protection patterns of the A-@ duplex, under 

identical conditions to the A-B duplex. Lanes e) to g) are of the 

undimerized duplex in TMACl buffer, 35 mM ca2*, and 10 mM s?, 
respectively. Lane h) is of (A-@)2, from dimerization of the A-P in the 

presence of 35 mM ca2+. 
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The formation of two putative intra-molecular G-quartets by the Sr-A$ pinched 

duplex @ut not by the Sr-A-B duplex) explains why the formation of (A.B)z is favored by 

the strongly stabilizing s?, but not the formation of the likewise six-quartet containing 

(A-&. A Sr-A$ "pinched" duplex forms as kinetic by-product, resulting in an inability 

to dimerize to form Strontium appears to stabilize the intra-molecular G-quartets 

of the pinched A-B duplex sufficiently to dlow them to endure. Presumably, this 

stabilization is greater than that for the putative intra-duplex quartets that might form in 

A-B. A reason for this difference may lie in the strand orientations of intra-duplex 

quartet regions of Sr-A-B and Sr-ASP. In Sr-A-B pinched duplexes the stand orientation is 

unavoidably partially parallel, which may be a thermodynarnically favored arrangement 

compared to the antiparallel strand orientations in a hypothetical A-B pinched duplex. 

5' 

Figure 2-7. Two models for a "pinchedg' duplex. 

consequence of intra-molecular Gquartets, forrned by the 

presence of s?. 

Formation 

A$ duplex 

is a 

in the 
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Interestingly, a somewhat parallel situation for the existence of a kinetic bamier to 

the formation of a thermodynamically preferred G-quadruplex complex, had been 

reported by Sen & Gilbert (1990) for the formation of parallel quadruplexes fiom single 

stranded DNA molecules containing multiple guanine motifs. In that study the apparent 

paradox was presented that in buffers containing the highly G-quartet stabilizing cation 

K+, the thermodynamically preferred product, the parallel quadruplex, did not form at all. 

In the presence of the less stabilizing ~ a +  and ~ b +  cations, however, the parallel 

quadruplex formed well. The explanation for that phenornenon was similar to the one 

descnbed above, namely that in the presence of potassium (but not in the presence of 

sodium or rubidium), alternative G-quadruplex structures (antiparallel hairpin dimers) 

were stabilized so well that the kinetics of parallel quadruplex formation were severely 

cornpromised. 

3.3 Stability of Synapsed Du plexes 

1s a synapsed duplex expected to contain a parallel-stranded G- 

quadruplex, more stable than (A-B)*, whose quadruplex could only contain purely 

antiparallel or partially antiparallel strand orientations? Melting experiments designed to 

test the above hypothesis were carried out as follows. Pre-formed and (A$)2 

complexes were first equilibrated, separately, for 2.5 hows at 37OC under conditions of 

identical ionic strength in a buffer of 10 mM Tris (pH 7 . 9 ,  25 mM TMAC1, 10 mM 

CaC12, 10 mM SrC12. Melting expenments were then cmied out as described in 

Materials and Methods, and the results were analyzed using gel electrophoresis. For both 
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complexes the melting behavior appeared to be non-cooperative, with ccmeltingyy of the 

synapsed duplexes occurring over fairly broad temperature ranges. The midpoints of the 

two melting transitions, however, were: (A.B)2 at 87.S°C; and (A*j3)2 at 97S°C (data not 

shown). Therefore, the expected order of stability seen with broad classes of G- 

quadmplex structures (parallel more stable than antiparallel) was true for these synapsed 

duplexes as well. 

The formation constants for both classes of synapsed duplexes were also notably 

lower than those measured by Lu et al. (1993) for the dimerization of G-G base-pair- 

containing DNA hairpins to form antiparallel quadruplexes. Lu et al. studied the 

thermodynarnics of G-quadruplex formation by hairpin dimers fomed by the oligomers 

5'-dGGGGTTTTGGGG-3 ' and 5'-dGGGGTT3'-3 'TTGGGG-5' , and obtained formation 

constants of 6.5 x 108 M-' and 9.4 x 1012 M-', respectively (measured in 200 mM NaCl 

solututions). The formation constants of (A-B)2 and (A-P)2 forrning fiom A-B (in 10 mM 

SrC12), and A$ (in 35 mM CaCl*), respectively, were estimated fiom equilibrium 

distributions of the fiee and synapsed duplexes to lie between los and 106 M-' . It is likely 

that higher charge repulsion between individual A-B (or A$) duplexes, as well as stenc 

problems with the formation of (A-B)2 and relative to the formation of the small 

hairpin-based quadruplexes described by Lu et al., accounts for their stabifity differences. 

3.4 Cross Reactivity 

Variable conditions for the formation of (A-Bh and synapsed duplexes 

suggested these duplexes may be self-selective in dimerization. We wanted to determine 

whether a solution containing both A-B and A$ could be selectively induced to form 
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only ( A S B ) ~  or by the addition of SrCl2 or CaC12, respectfiilly. This could not be 

tested wiîh the two duplexes being used because of their identical sizes. A new DNA 

sequence was made, mH8, to test for selectivity in dirnerization. The ml38 DNA 

construct s h o w  in figure 2-8 contains the same 8 G-G misrnatch domain possessed by 

the A-B duplex. This mH8 DNA has the same dimerization properties as the A-B duplex, 

such as ion preference (data not shown), but the synapsed product has a higher 

electrophoretic gel mobility in cornparison to (A-B)2 and 

5'-CTGTGGATCCTTGAACCAGGGGGGGGAGCAGCAC T 
GACACCTAGGAACTTGGTGGGGGGGGTCGTCGTG TT 

Figure 2-8. Structure of mH8. The mH8 construct that contains the 

conventional eight G-G mismatch domain, as in the A-B duplex. 

Cross reactivity of A-B or A$ with mH8 c m  be seen on a native gel as a 

synapsed product with intermediate gel mobility in cornparison to mH8 and the duplex 

being tested. Figure 2-9(a) demonstrates the cross reactivïty between mH8 and A-B. The 

hybrid product mH8-A-B dong with the pure dimers of (mH8)2 and (A-B)2 c m  be 

observed in the presence of s?+ and This cross reactivity is expected, as the two 

constructs possess identical dimerization domains. 

When A$ duplexes are incubated in combination with mH8 a peculiar cross 

reactivity is observed. As seen in figure 2-9@) the hybrïd synapsed complexes are 

fomed in ca2+, sr2+ and ~ a * +  containing samples. The presence of cations in which a 

homo-synapsed product does not form (i.e. A-B in ca23,  still results in a hybrid synapsed 

cornplex. 
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Figure 2-9. Cross dimerization of synaptic domains. (a) Cross dimerization between 

Ag6 duplexes. Samples of 1.25 MM duplex DNA (AB and mH8) were incubated separately 

or as a mixture for 20 hours at 37OC in the presence of the four indicated divalent cations. 

Final cation concentrations of the chloride salts was 10 mM with the exception of CaClz 

which was 35 mM. Black arrows indicate the homo-synapsed duplexes while open white 

arrows indicate the hybrid (mH8)=(A-B) dimer. (b) Cross dimerization of A-P. Samples are 

identical to those in (a), but A$ rplacing A B  in al1 cases. 

3.4.1 Unusual Structure of the Hybrid Synapsed Duplex 

Formation of the (A*p)-(mH8) hybrid results in a peculiar quadruplex. The 

directionality of the backbones of the G G  misrnatch domains in the duplexes dictates that 

the quadruplex has to have three backbone strands in one orientation, while a single 

strand being anti-parallel to the others as shown in figure 2-10(a). This strand orientation 

has been observed a couple of times in G-quadruplex structures formed fiom 

Tetrahymena (Wang & Patel, 1994) and Oxytricha (Wang & Patel, 1995) telomeric 

repeats under some conditions. The formation of the hybrid structure (A$)-(mH8) now 
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dernonstrates a new way to assemble G-quadrupïexes with this relatively unusual strand 

polarity. 

Figure 2-10. (A$)-(mH8) synapsed hybrid. (a) Formation of the 

(A$)-(mH8) hybrid results in a quadruplex that have three strands with their 

backbones in parallel. (b) Proposed glycosidic bond orientations 

participating guanines in the Gquartets of the synapsed hybrid 

quadruplex. Symbols (+) and (-) indicate strand directionalities of into or 

out of the page, respectively. 
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The ability of this class of quadruplex (three parallel strands) to form in ca2+ 

solutions while the anti-parallel types formed fiom AeB do not, is indicative of a greater 

thermodynarnic stability in comparison with typical anti-parallel quadruplex structures. 

A reason for this rnay be due to the fact that in three of the participating strands, the 

guanine bases can be in the anti-confurmation while the fourth anti-parallel strand the 

guanine would adopt a syn-position (see figure 2- 1 O@)). 

4. Conclusions 

This work introduces the notion of cation selectivity into the processes of 

guanine-mediated synapsis of "synapsable" DNA duplexes. We have described two 

different kinds of synapsable DNA duplexes, A-B and A$, which have different salt and 

cation requirements for the formation of theù- respective synapsed complexes. The 

synapsable duplexes do not exhibit self-selectivity in mixed solutions, so these constructs 

did not achieve our initiai goal. Still, these duplexes exhibit a peculiarpartial-selectivity, 

where only one of the homo synapsed products (the identity of which depends on whether 

ca2+ or sr2+ are present in solution) and always the mixed product are observed. Future 

work could potentially examine whether variations of solution conditions could favor 

self-selectivity, like temperature, alternate ion species and concentrations. 

Our efforts have continued to define types of "self-recognizing" synapsable 

motifs, involving the introduction of non-G-quartet forming bases, such as thymine, into 

the GOG mismatch domains as described in chapter three. 

Guanine-mediated synapsis, as descnbed above, is unique in that it provides a 

means for the self-recognition and suprarnolec.ular assembly by intact, unmelted DNA 
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double helices under low temperature conditions. Such site-specific stable associations 

of two or more DNA duplexes are of potential utility both in the investigation of in vivo 

molecular biological phenornena, such as in distinguishing between "looping" versus 

"acking" motions of DNA-binding proteins on DNA duplexes (reviewed by Schleif, 

1992), as well as in a variety of in vitro applications such as the creation of quasi- 

crystalline DNA or DNA-protein arrays for structural studies (Seeman, 1985), or in novel 

signal-amplification devices (Venczel & Sen, 1996). The possible use of huo distinct 

kinds of synapsable domains described above will only contribute to the riclmess of 

potential applications of these unique DNA structures. 
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Chapter 3 

Serf-Selective Synapsa ble Duplexes 

1. Introduction 

The work presented with the A-B and A-B duplexes, in chapter 2, fell short of our 

original objective of designhg synapsable duplexes that exhibit self-selectivity in 

dimerization. For instance, in the sirnplest case, whether fiom a mixed solution of 

duplexes containing synapsable domains "a" and "b ", only the a 2  and b2, and not the a. b 

types of synapsed duplex-dimers might be obtained. 

An altemate strategy in the design of G G  misrnatch domains was pursued and is 

described in this chapter. Spacing the G-G mismatches into patterns, by dismpting 

contiguous runs of G-G mismatches with T-T mismatches, we postulated that different 

patterns would not have their respective G-G mismatches in correct a l i m e n t  for optimal 

G-quartet formation. With this strategy, self- or homo-dimerization would result in a 

greater number of G-quartets than with cross-dimerization. Minimal G-quartet formation 

with cross- or hetero-dimer products would yield a thermodynarnic preference for self- 

selectivity. 

In this chapter we demonstrate that it is indeed possible to design such non- 

equivalent synapsable G-G dornains, which have the property of "self"-synapsis. We also 

demonstrate that fiom a solution containing a mixture of a and 6, it is possible, utilizing 

small variations in the incubation conditions, to generate the a2 and br complexes 

simultaneously; a, alone; and b, alone. In none of the above incubations is the a.b 

product observed. 
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Utilization of synapsable domains until now has only been to associate simple 

DNA duplexes. We have also, for this first time used synapsable domains in the 

assembly of a more complex structure. 

2. Materials and Methods 

2.1 DNA Synthesis and Purification 

The two DNA oligomers used to constnict the JeK duplex had the following 

sequences (the underlined sequences indicate the bases designated to f o m  its G-G 

domain in the assembled duplex): 

J: 5'-GTGAC TCGAG AAGCT CCTGA TTGGT TGGGG GTTTG TGGTT CAAGG 

ATCCA CAG and 

K: 5'-CTGTG GATCC TTGAA CCACA TTGGG GGTTG GTTTC AGGAG CTTCT 

CGAGT CAC, respectively. 

The oligorners for the LaM duplex were: 

L: 5'-CTCGA GAAGC TCCTG ATTGG GTGGG TTTGT GGTTC AAGGA TCC, and 

M: 5'-GGATC CTTGA ACCAC ATTGG GTGGG TTTCA GGAGC TTCTC GAG. 

The oligomers for the He1 duplex were: 

H: 5'-TGACT CGAGA AGCTC CTGAT TGGGG GTTTG TGGTT C U G G  ATCCA 

CA, and 

1: 5'-TGTGG ATCCT TGAAC CACAT TGGGG GTTTC AGGAG CTTCT CGAGT 

CA. 
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The oligomers for the three-way junction were: 

W(H.I)T(LM): 5'-TGCAG TTGAG TTGGG TGGGT TCTGG CGAAC GGACG 

TTGCA GGCTT TTGCC TGCCA CCGGC GGAAG CTCTT GGGGG TTGCG 

ACGAT GG, 

and 

C(H.I)T(LM): 5'-CCATC GTCGC TTGGG GGTTG AGCTT CCGCC GGTGC 

GTCCG TTCGC CAGTT GGGTG GGTTC TCAAC TGCA. 

AI1 oligomers were synthesized at the University of Calgary Core DNA Services. 

Cnide oligomer samples were dissolved in 50 p1 of denaturing gel-loading buffer (0.25% 

bromophenol blue; 0.5% xylene cyan01 FF, 30% glycerol; 10 mM Tris-Cl, pH 7.5), 

heated at 95" C for 3 minutes to break down any pre-formed G-quadraplex complexes, 

and size-fiactionzted in 8% (w/v) denaturing polyacrylarnide gels. The DNA bands in the 

gel were visualized by UV-shadowing, excised, and the DNA recovered by ovemight 

elution into TE buffer (10 rnM Tris, pH 7.9; 0.1 mM EDTA). The DNA solutions were 

filtered through 0.2 pm micro filters (Gelrnan Sciences) and desalted and concentrated 

using C-18 Spice Columns (Analtech). The lyophilized pellets of purified DNA were 

finally dissolved in 50 pl of TE buffer. 5' end-labeling with [y-32~] ATP was can-ied out 

using standard kinasing protocols (Sambrook, 1989). Ethanol precipitations of the DNA, 

where necessary, were camied out by adding 2.5 volumes of EtOH to aqueous DNA 

solutions made up to 0.8 M LiCl. 
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2.2 Preparation of Double Stranded DNA 

Ail duplexes and the three-way junction were assembIed by mixing in water at 

room temperature 500 pmoles of a given oligomer with 500 pmoles (470 pmoles of 

unlabeled and 30 prnoles of ~ ' -~*~- labeled)  of its cornplernentary oligomer. The 

oligomer mixtures were made up to TMACl buffer [IO0 rnM tetramethylarnmonium 

chloride (TMACl); 10 rnM Tris, pH 7-91, heated to 95" C for 2 min, and ailotved to cool 

slowly to 30" C. The resulting duplex DNA sarnples were purified by loading in 8% non- 

denaturing potyacrylamide gels, which were electrophoresed in TBT buffer (50 mM Tris 

borate, pH 8.0; 10 mM TMACI) at 6W at room temperature. Bands of dupIex DNA in 

the gel were detected by autoradiography, excised, and the DNA eluted into two times 

TMACl buffer. Eluted samples were concentrated using Microcon microconcentrators 

(Amicon) with a 10 k D  molecular weight cut-off. 

2.3 Formation of Synapsed Duplex-Dimers and Three-way Junction 

Dimers 

Duplex DNA sarnples, as prepared above, were diluted with two times TMACl 

buffer to two times the final DNA concentration to be used for dirnerizations. Samples 

containing more than one duplex were also prepared in this fashion. 5 pl aliquots of such 

duplex DNA solutions were combined with 5 p1 of various salt solutions and incubated at 

37" C for different times. Tightly sealed 100 pl tubes were used throughout and the tubes 

were completely irnmersed in a water bath at 37" C to prevent changes in the sample 

volume fiom evaporation and condensation. For analysis aliquots were removed fkom 

each sample, combined with non-denahiring gel-loading buffer and run in 8% non- 
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denaturing polyacrylamide gels (6% gels were used for the three-way junction sequenccs) 

r u  in KMg buffer (50 mM Tris-borate, pH 8.0; 10 mM KCl; 2mM MgClz), at 6W at 4" 

C, unless stated othenvise. Gels were then dried and radioactive bands visualized and 

assayed using a BioRad G S-250 Molecular Imager. 

2.4 Melting Point Determinations 

Melting points of duplex DNA sarnples were d e t e d n e d  spectrophotometrically 

using a Cary 300 Bio UV-Visible Spectrophotometer with a temperature controller 

(Varian). The absorbante at 260 nrn of 0.3 pM samples of duplex DNA were monitored 

fiom 37" C - 90" C, with a heating rate of 0.1" C / min. Absorbante profiles were 

analyzed with the Cary Thermal Software v 1 .OO(6). 

The melting behavior of synapsed duplex-dimers was followed rnost accurately by 

electrophoretic methods. Samples were prepared as described above, with prolonged 

incubations to ensue that equilibrium had been reached in the formation of syr.apsed 

duplex-dimers. Samples were ther, diluted to 0.1 pM total DNA, while keeping the salt 

concentration (1M KCI, in TMACl buffer) constant. The diluted samples were incubated 

at 37" C for one hou,  and then subjected to a routine where they were heated for 15 

minutes each at a series of progressively increasing temperatures, from 50" to 95" C, in 5" 

C steps. Following each incubation at a given temperature, 2 pl aliquots were removed 

and mixeci into 3 pl of non-denaturing gel-loading buffer solution on ice. M e r  being left 

on ice for three minutes, each sample was loaded into an 8% non-denaturing gel run in 

KMg buffer (see above) for analysis. 
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2.5 Methylation-Protection Assays 

Methylation expenments were carried out using a modified version of the DNA 

sequencing procedure of Maxam and Gilbert, 1977. DNA samples (10 pl; 5 pM final) 

were incubated in solutions containing 1M LiCl in TMACl buffer (where synapsis was 

not desired), or in 1M KCl in TMACl buffer (where synapsis was desired). Following 

ovemight incubations at 37" C ,  each sample was combined with 3.3 pl of 200 mM 

lithium cacodylate @H 7.9, and made up to 0.1-0.4% (vlv) dimethyl sulfate (DMS). 

Methylation was allowed to proceed at 37" C for 30 minutes, and each sample was then 

combined with 5 pl of non-denaturing loading buffer and run in 8% non-denaturing gels 

run in KMg buffer (see above). The wet gels were exposed to X-ray film and bands 

corresponding to DNA duplexes and synapsed duplex-dimers were cut out of the gel. 

The DNA fiom al1 excised gel bands was eluted into 300 pl TE buffer ovemight, and 

recovered by ethanol precipitation (see above). The purified and washed DNA pellets 

were dissolved in 50 cil of 10% (v/v) piperidine in water and heated at 90" C in sealed 

tubes for 30 minutes. Following this treatment the sarnples were lyophilized to remove 

water and piperidine, and the DNA dissolved in denahving gel-loading buffer. Samples 

containing equal counts of radioactivity were loaded and run in 10% sequencing gels r u  

at 25W. The gels were dried, and the radioactive DNA bands visualized using a BioRad 

GS-250 Molecular Imager. 
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3, Results and Discussion 

3.1 The Design of Self-Selective Synapsable DNA Duplexes 

Pnor studies on synapsable DNA duplexes had utilized duplexes that contained 

stretches of eight contiguous G-G mismatches within their synapsable G-G domains 

(Venczel & Sen, 1996; Fahlman & Sen, 1998). These experiments left open the question 

whether more than one kind of G-G domain, Say, a, 6, and c, could be used for synapsis, 

such that dornain a was specific for synapsing only with another a, and not with b or c. 

We therefore designed two divergent G-G domains by interspersing T-T base mismatches 

arnong the G-G mismatches to spatially separate contiguous G-G domains. T-T 

mismatches were chosen in part because pnor work (Venczel & Sen, 1996) had indicated 

that their presence at the ends of G-G domains did not interfere with the latters' synaptic 

propsrties. Along with internai intempting T-T mismatches, two T-T mismatches on 

either side of the synapsable domain were included to provide conformational flexibility 

between the synapsable domain and the double stranded arms. Two different synapsable 

duplexes, J-K and L-M, were thus created (figure 3- 1). 

Synapsable Domains 

Figure 3-1. G-G domains of synapsable duplexes J-K and LM. The 

highlighted bases constitute the G-G domains, and boxes surround G-G 

mismatch base pairs. 
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We posnilated that self- or homo-synapsis by each of these duplexes would 

potentially form a larger number of guanine quartets [up to seven in (JK)z; and, six in 

than might form fkom cross- or hetero-dimerization of  the duplexes [at best, five 

quartets in the heterosynapse (J-K)-(LM)]. We therefore sunnised that at equilibrium, the 

greater predicted thermodynamic stability of the two homo-synapsed dimers might lead to 

their accumulation relative to the hetero-synapsed dimer. 

Figure 3-2. Symmetry of 1-M and J-K dimerization domains. The 

symmetry of the L M  dimerization domain results in two possible 

orientations for dimerization that would result in maximal G-quartet 

formation. In cornparison the non-symetric J-K domain only has one 

orientation. 
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Only the dirirerization domain of L-M is syrnrnetricai, which results in two 

possible orientations for dirnerization that maximized G-quartet formation (figure 3-2). 

This aspect should have no influencing affect on selectivity, but should result in a modest 

increase in the rate of dimerization in cornparison to J-K. A possibly detrimentai affect of 

using symrnetrical domains is in the assembly of constructs of higher complexity, as in 

section 3-6 of this chapter. 

3.2 Syoapatic-Dimerization of JaK and LeM Duplexes. 

The individual abilities of the duplexes J-K and L-M to dirnerize via synapsis was 

examined in the presence of 1M of different alkali cations, at 37" C. Conventionally, G- 

quadruplex formation (whether starting with single-stranded DNA, or with synapsable 

duplexes) follows the ion preference of K+ > ~ b + ,  N$ » ~ i + ,  CS+ (Williamson, 1994; 

Wellinger & Sen, 1997). Figure 3-3 shows that L-M exhibited the above cation 

preference for its dimerization. However, an anomalous cation preference was observed 

for the dimerization of the J-K duplex, with both ~a and ~ b +  supporting a larger yield of 

dimerized product than K+ (Figure 3-3). Such anomalous cation preferences for the 

formation of certain specific G-quadruplex structures have been reported (Sen & Gilbert, 

1990; Fahlman & Sen, 199S), and are generally the consequence of the formation and 

stabilization by the highly-stabilizing potassium ion of alternative G-quadruplex 

complexes. A mechanistic mode1 for the observed anomalous ion dependence for the 

formation of (J-K)2 is given below in section 3.5. 



Self-Selective Synapsable Duplexes - Chapter 3 

Figure 3-3. Nondenaturing polyacrylamide gels showing the influence of 

the different alkali cations on the synaptic dimerization of the J-K and L M  

duplexes. Samples of 2.0 PM duplex DNA (J-K and LM) were incubated at 

37OC for 48 h in the presence of different alkaii chlorides. Control samples 

contained 100 mM TMACl and 10 mM Tris (pH 7.9), while the other samples 

were incubated in 1 M XCI (where X = Li, Na, K, Rb or Cs), 1OOmM TMACI, 

and 10 mM Tris (pH 7.9) 

In addition to the divergent alkali cation-dependences for the formation of (JvK)~ 

and (LWM)~, the rates of formation of these two complexes was found to be remarkably 

different. Figure 3-4 shows that the synaptic dimenzation of 0.5 p M  L-M reached 

equilibrium almost 1000 times faster than that of 2.5 p M  JK,  when both were measured 

under standardized dimerization conditions (1M KCI in TMACl buffer, at 3 7 O  C). The 

dimerization of duplex L-M followed second-order kinetics, with an observed rate 

constant of 1.5 & 0.3 x 1 O* M-' min-' under the above standard conditions (average of four 

experiments). Using the I(d value of 130 & 70 nM computed fiom the equilibrium 

distribution of L-M and under these conditions, a dissociation rate constant for 

(LM)2 to L-M of 0.025 + 0.014 min-' was calculated. A cornparison of the rate of L-M 

dirnerization with that of the formation of duplexes fiorn single-stranded DNA (2.6 x 10' 

~- l rn in- '  at 32.5" C and 1.14 x 108 w1 mui' at 40.2" C) ( Porschke & Eigen, 1971), 
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indicated that the L-M duplex dimerizes about three orders of magnitude slower than 

duplex-formation by single-stranded DNA. In contrast, other G-quartet forming 

sequences exhibit significantly slower kinetics of formation than the dùnerization of L-M, 

with typical rates of behveen 6-300 M' min-' (Guo et al, 1992; Guo, Liu & Kallenbach, 

1992; Fang & Cech, 1993). 

a) 
Time Dependance of (L.Mh 

b) 
Time Dependance of (J.Kh 

Formation Formation 

1.01 0.51 

Time (min) Time (min] 

Figure 34 .  Time dependences for the synaptic dimerization of L-M (a) 

and J-K (b) into their respective duplex dimers. The duplex concentrations 

used were 0.5 VM for L-M and 2.5 pM for J-K. Samples mere incubated in 1 

M KCI, 100 mM TMACI, 10 mM Tris (pH 7.9) at 37°C. 

The dimerization of the J-K duplex did not follow simple second-order kinetics. 

The formation curve for (J-K)2 formation (Figure 3-4(b)) showed at least two 

components. We postulated that this complexity of kinetics was related to this duplex's 

unusual ion preference for dimerization (Figure 3-3). A possibility was that the J-K 

duplex, in the presence of potassium, existed in two interchanging confornational forms, 

J-K and J-K', of which J-K' perhaps was incapable of synaptic dimerization (owing 

possibly to the presence of intramolecular G-quartets within its own structure). 
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Experiments to detemine the existence and nature of such a putative J-K' conformer are 

described below. 

3.3 Duplex-Dimer Stability 

The thermal stabilities of the synapsable duplexes J-K and L-M duplexes were 

measured in 1M LiCl in TMACl buffer, using standard W-spectrophotometric 

techniques. Figure 3-5 shows the absorbance data for the two duplexes as functions of 

temperature. The melting points of the duplexes were determined to be 80.4" and 74.4" 

C, respectively, and the melting behavior of both duplexes was cooperative, as is found 

for standard DNA duplexes. 

Melting Curves of DNA 
Duplexes and Synapsed 

Duplexes 

56 55 60 65 70 75 86 85 90 95 100 

Temperature (C)  

Figure 3-5. Thermal melting profiles of the duplexes J*K and L-M and of 

their duplex dimers. 
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The melting behavior of the duplex-dimers (JSK)~ and was rnost 

conveniently rneasured using gel-electrophoretic techniques (Venczel & Sen, 1996; 

Fahlman & Sen, 1998). Owing to the hi& double-stranded DNA content (relative to 

quadruplex content) of both (JSK)~ and (LM)2 , the dimer dissociation is difficult to 

monitor spectroscopically, owing to the large spectroscopic contribution of those double- 

stranded arrns. Pre-formed duplex-dimer samples were diluted to lower their DNA 

concentration to 4 0 0  nM, such that a re-association of dissociated duplex dimers was 

esscntially undetectable within the experimental timescale. The sarnples' ionic strength 

was maintained at 1M KCI in TMACl buffer. The melting behaviors of (J-K)2 and 

were then measured as described in Materials and Methods. Figure 3-5 shows that the 

to L M  transition was cooperative and had a midpoint of - 71 * 2" C .  The (J-Kl2 

complex was, by contrast, more stable, and did not describe a complete melting curve by 

95" C. In fact, the broad initial phase (fiom 75" - 95") of (JSK)~ breakdown rnay represent 

the breakdown of a proportion of (JSK)~ complexes containing fewer G-quartets than the 

bulk of the (J-K)2 complexes (fkom a "slipped" or imperfectly aligned side-by-side 

arrangement of the two participating J-K duplexes). Altematively, this initial phase of 

(J-K), brealcdown may reflect very slow kinetics of dissociation (on the experimental 

timescale) of the ( JVK)~  complex. In either event, it was clear that the (J-K)2 dimer was 

significantly more stable than the dimer. 

3.4 Self-Selectivity of Synaptic Dimerizations 

To determine whether the duplexes would cross-react to f o m  hetem-dimers, 

solutions containing both duplexes, J K  and L-M, were incubated under standard 
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dimerization conditions (see above). Figure 3-6 shows these results. It had been 

previously demonstrated that if two synapsable duplexes, Say A.B and mH8, containing 

the same synapsable G-G dornain, but being of different overall lengths (and therefore 

having different electrophoretic mobilities) were allowed to dimerize together, a hetero- 

dimer (A*B).(mH8) formed, in addition to the (A-B)2 and homodimers. Being of 

intermediate molecular weight the (A-B)-(mH8) complex ran in the gel between the 

(A.B)2 and (1nH8)~ complexes; in other words, a total of three product bands was seen 

(Venczel & Sen, 1996). Figure 3-6, lane C, shows that when a dimerization mixture 

containing J.K and L-M was allowed to reach equilibrium in 1M KC1 at 37' C, only the 

two bands corresponding to the homo-dimer products ( J -Q2 and (LM)2 were observed. 

Therefore, dimerization by these two duplexes appeared to be sey-specific. 

Furtherrnore, if the same dimerization mixture was incubated briefly (- 20 

minutes), such that equilibrium was not reached, only the product was observed 

(Figure 3-6, lane B). Therefore, the rapid kinetics of formation could be exploited 

to obtain just this dimer out of a J-K and L-M mixture. Analogously, we found that the 

greater thermodynamic stability of ( J Q  couId be taken advantage of to obtain only the 

(J-KIz complex out of the sarne dimerization mixture. If the 1M ionic strength of a 

solution containing an equilibrium distribution of J-K, L-M, (J-K);! and was diluted 

to a final salt concentration of 10 rnM KC1 in TMAC1-buffer, and the diluted solution 

incubated at 3 7 O  C for 20 min, was found selectively to dissociate (Fi-oure 3-6, 

lane D). Lane E shows that under these low salt conditions for the selective breakdown 

of (LM)2 neiti~er J X  nor L-M were able to dimerize, even afier 3 days of incubation. 



Self-Selective Synapsable Duplexes - Chapter 3 

Figure 3-6. Self-selectivity of J-K and L-M dimerization. Samples of J-K 

and L M  atone (left panel) contain 2.0 FM dsDNA in TMACI buffer (100mM 

TMACI) and 10 rnM Tris (pH 7.9), with and without 1 M KCI. These samples 

were incubated at 37°C for 72 h. Mixed samples containing 2.0 pM each of 

the J-K and 1-M duplexes are shown in lanes a-f, in al1 cases incubated in 

TMACI buffer. Lanes b and c, incubations in TMACI buffer containing 1 M 

KCI; lane b shows a 20-min incubation, lane c shows a 72-h incubation. 

Lane d, the effect of  diluting a preincubated sample (as in lane c) to a KCI 

concentration of 10 mM. Lane c, incubation in I O  mM KCI. Lane f, 

incubation in 1 M NaCI. 

The above experirnents demonstrated the high versatility of this system; such that 

fiom a single starting solution containing the J-K and L*M duplexes, we were able to 

obtain at will a (J-K)2 synapsis, a &M)2 synapsis, or bcth synapses at the sarne time. 

Control incubations with singIe-stranded J and L oligomers carried out in 1M KC1 at 37" 

C indicated that these oligomers formed J4 and L4 quadruplexes, as expected, but also 

cross-associated, to give the series of complexes J3L, JzLz, etc (data not shown). 
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Therefore, the specificity of self-association described above was unique to the J-K and 

L-M duplexes, and not to their component single-strands. This example of self-selectivity 

by G-quadruplex-forming DNA species is currently unique. 

3.5 The dupIex J*K forms a dimerization-incompetent conformer, J*K1 

In order to understand the molecular events that perrnitted self-selective synaptic 

dimerizations by J-K and L-M to occur out of mixtures of the two duplexes, it was 

necessary to examine both the anomalous kinetics and cation-preference observed for the 

formation of (J-K)*. To do this we exarnined precisely which of the guanines in J-K were, 

under different solution conditions, involved in G-quartet formation-- to determine 

whether intra-molecular G-quartets could form in the undimerized J K  duplex. The 

technique used for this investigation was methylation-protection. Guanines that are 

involved in G-quartet formation (unlike those that are either not base-paired or are 

involved in Watson-Crick GEC base-pairs) are resistant to methyktion by dirnethyl 

sulfate @MS) at their N-7 positions, and this "protection" from methylation c m  be used 

to pinpoint those guanines in a synaspable duplex or in a synapsed duplex-dimer that are 

participating in a guanine-quartet (Sen & Gilbert, 1988). 

The results of the DMS probing of J, L, J-K, L-M, (J-K),, and (LSM)~ are shown 

in Figure 3-7 as sequencing gels, with the guanines in strands J and L, respectively, being 

examined in al1 cases. As expected, in the duplex dimers (J.K)Z and (LM)2, the guanines 

in the respective G-G domains (indicated within brackets) showed methylation protection 

of al1 or some of the guanines within the domains, relative to the duplex samples 

methylated in LiCl. The duplex dirner exhibited complete protection of its 
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mismatch guanines while (J-K)z exhibited only a partial protection of 5 of its 7 rnismatch 

guanines. It was the J-K and the L-M samples in potassium solutions that showed the 

most revediag results. Whereas the LeM duplex showed similar methylation patterns of 

its G-G domain guanines in both lithium and potassium solutions [the slight protection of 

al1 the dornain guanines in potassium was probably due to a partial interconversion of 

L.M and (L.M)2 within the methylation tirnescale], the J-K duplex in potassium solution 

showed a quite different protection pattern nom its counterpart in lithium solution. Ln the 

J-K sarnple in potassium the bvo isolated guanines of its motif TTaTTGGGGGTT were 

fully methylation-protected along with two of the guanines out of the remaining stretch of 

five. This protection pattern was highly suggestive of the possibility that even in its 

duplex form J-K formed a significant conformer, J-Kr, which already contained 

(intramolecular) G-quartets, thus rendenng this conformer incapable of dirnerizing to 

( J Q .  A schernatic diagram for the structure of the conformer J-K', which we term a 

"pinched" duplex, is given in Figure 3-8. 
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Figure 3-7. Sequencing gels showing Methylation protection patterns of 

the L-M and J.K duplexes. DNA samples were partially methylated by DMS 

and cleaved at methylated guanine bases with piperdine as described in the 

Materials and Methods section. All Methylation reactions wee carried out in 

TMACl buffer at 37°C. Lanes J and L display the patterns of the single- 

stranded DNA sequences J and L methylated in 1 M LICI. Lanes containing 

the duplex DNA samples, J-K and LM,  were methylated either in 1 M LiCl or 

in 1 M KCI (as indicated). Methylation of the duplex dimers, lanes (J=K)2 and 

(LmM)P, was carried out in 1 M KCI. 
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Figure 3-8. Model for the potassium confomer of J-K, the J-K' "pinched" 

duplex. 

3.5.1 H*I a Minimized form of the J-K Domain 

To test our hypothesis that the above mode1 was true, a simplified version of the 

J-K G-G domain was created. The new duplex, H-1, had the domain sequence of 

TTGGGGGTT, which would be expected to lack the ability to fold back to form 

intrarnolecular G-quartets, such as found within J-K. The removal of the extra doublet of 

G-G mismatches of the J-K dornain rid of al1 indications of a 'pinched' duplex. As 

predicted, the H-1 duplex exhibited a normal preference shown in figure 3-9 for the alkali 

cations: K+ > ~ a +  - ~ b +  > ~ i + -  CS+, unlike J X  but similar to L-M. 



Figure 3-9. Hal Dimeriration. Nondenaturing polyacrylamide gels showing 

the influence of the different alkali cations on the synaptic dimerization of 

the H-l duplex. Samples of 2.0 pM duplex DNA were incubated at 37OC for 

48 h in the presence of different alkali chlorides. Control samples 

contained 100 mM TMACI and 10 mM Tris (pH 7.9), while the other samples 

were incubated in 1 M XCI (where X = Li, Na, K, Rb or Cs), 100mM TMACI, 

and 10 mM Tris (pH 7.9) 

Comparison of the Rates of 
Dimerization 
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Figure 3-10. Comparison of the time dependence of dirnerization of the 

three duplexes: LM, H-l and JeK. Duplex concentrations are 0.5, 1 .O, and 2.5 

uM respectively. Samples were incubated in 1M KCI, 100 mM TMACI, 10 

mM Tris (pH 7.9) at 37°C. 
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Figure 3-1 1. Methylation protection of the H-l duplex. DNA samples were 

partially rnethylated by  DMS and cleaved at methylated sites with piperdine 

as described in the Materials and Methods section. All Methylation 

reactions were canied out in TMACl buffer at 37°C. Lane H displays the 

patterns of the single-stranded DNA sequence H methylated in 1 M LiCI. 

Lanes containing the duplex DNA samples, labeled H-1, were methylated 

either in 1 M LiCI or in 1 M KCI (as indicated). Methylation of the duplex 

dimer, lanes (H*l)2, was carried out in 1 M KCI. Arrows indicate the 5 G-G 

mismatches in the dirnerization domain. 

Duplex H-1 also dimerizes significantly faster than J X  and in contrat exhibited 

second-order kinetics with a rate constant of 3.3 x 10) * 0.8 x 10' M-' min-' at 37" C in 

1M KCl. The rate constant was detennined by triplkate experiments using different 

DNA concentrations. As shown in figure 3-10, the H-I duplex still dimerizes 

significantly slower than L-M suggesting another phenomena may also be occurring other 

than a 'pinched' duplex structure. The dissociation constant for the dirner was 

deterrnined to be 76 * 40 nM under these sarne conditions. Thermal denaturation 
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experiments revealed a melting temperature for the synapsed (H-02 product of 88 2 2" C 

under the sarne conditions used in examining J K  and L-M in section 3.3 above. 

Methylation studies shown in figure 3-11 of the H-1 duplex also showed, 

predictably, that the reactivity pattern of domain guanines in un-dimerized H-1 duplexes 

were equivalent in lithium and potassium solutions. As with the (J-K)2 synapsed 

duplexes and the (A-B)t and (A-& synapsed duplexes discussed in chapter 2 section 3.2, 

the periphery G-G mismatches do not exhibit methylation protection as opposed to the 

observation for in figure 3-7. The T-T mismatches that flank the G-G mismatches 

provide enough conformational flexibility to allow for a G-quartet to double helix 

transition (otherwise the same observation would have been made for A 

potential explanation is that a significant proportion of H-I dimerizes out of phase, such 

that only 4 G-quartets forrn. This would result in only partial protection of the terrninal 

guanines (partial because guanines on either end would be randomly excluded fiom G- 

quartet participation). This explanation cannot completely explain the results as the 

methylation of the teminal guanines is more than 50% of those in the double helical 

amis, so other factors must also be involved. 

To test whether the self-selectivity of synapsis that we had observed fiom 

mixtures of J K  and L*M also occurred in mixtures of H-1 and L.M, incubations for 

dimerkation of mixed sarnples in 1M KC1 were camed out (figure 3-12). As with the 

J-K and L-M combination no heterodimer product (H-I).(L-M) was observed, even when 

incubations were carried out at the permissive temperature of 4" C in 1M KCI (data not 

shown). 



Figure 3-12. Seiectivity between H-i and LM. Samples containing 1 pM 

of the indicated dsDNA where incubated overnight at 37OC in TMACl buffer 

and with or without 1 M KCI. No hybrid dimer is observed, indicating that 

the H-l and L-M domains exhibit self-selectivity upon dimerization. 

3.6 The Assembly of More Sophisticated DNA Superstructures. 

3.6.1 Design of 3-Way Junction Containing L-M and H-1 Dimerization 
Domains 

We constructed a 3-way junction of DNA duplexes, (H-I)T(L-M), two of whose 

a r m s  contained, respectively, the G-G domains of H-1 and L-M (%Y and ''Z.rn", Figure 

3-1 3(a)). A known stable 3-way junction was used as the core of the structure that had 

two bulged thymines at the junction. Incorporation of extra bases and the junction of 3- 

way junctions is known to increase the stability of these structures (Leontis et al, 199 1 ; 

Stuhmeier et al, 1997). The core 3-way junction we chose to use has been studied by 

high-resolution NMR by Leontis et al, 1993, who found that it preferred to adopt a "T"- 
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like conformation of the three arms (rather than a "Y"-iike conformation observed with 3- 

way junctions with no extra bases at the junction). The structure of this 3-way junction is 

shown in figure 3-13(b). Extra sequences were added to the ends of the arrns of this core 

structure to form the final (H-UT&-M) constnict. The spacing of the synapsable domains 

fiom the junction was such that their major grooves would be on the opposite side of that 

of the third arm of the junction. The (H-I)T(L-M) constnict was simply constructed by 

annealing together the two synthetic single-stranded DNA oligomers (see Materials & 

Methods). Only two sequences where required because as indicated schematically in 

figure 3-13(a), two of the sequences were linked by a hairpin loop at the end of one of the 

arms of the 3-way junction. 

Figure 3-13. a) Depiction of (H-I)T(L.M). The three-way junction is 

assembled from two DNA sequences by the use of a hairpin loop in the 

short double stranded arm. b) The NMR structure of the 3-way junction 

published by Leontis et a l  (1993)' that the (H-I)T(L.M) construct was based 

on. The DNA backbone is highlighted to emphasize the overall 

directionality of the helices. Orientation of the structure is matched to the 

diagram in a). The two bulged bases at the junction are shaded in as a 

space-filling model. 

' Protein Structure Database (www.rcsb.org/pdb/) PDB ID: IEKW. 
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3.6.2 Dimerization of the 3-Way Junction 

Upon dimerization of the domains of (H.I)T(L-M) there are two potential results. 

Two constructs c m  dimerize by matching up both of their H-1 and L-M domains with 

each other's as depicted in figure 3-14(a). The alignment of the synapsable domains such 

that the proximal ends, with respect to the junction, of each domain are associated is 

termed a 'head to head' association. Directionality of association must be described 

because of the syrnrnetry of the synapsable domains. Altematively each domain of an 

(H-I)T(L-M) construct may dimerize with a domain on two different (H.I)T(LM) 

constructs. In this case the domains are associated in a 'head to tail' orientation. In the 

second case of association the result would be a linear (in the sense of comectivity) 

polyrneric assembly of unpredictable unit length (figure 3-14(b)). This scenario would 

result in a 'ladder' of slow migrating bands in electrophoresis experiments. The dimer 

would predictably nui as a single entity but the end to end polymeric assembly would be 

observed as multiple species, each corresponding to a specific unit length of the 

assembly. 
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Figure 3-14. Models for the association of (H-I)T(L-M). a) A dimeric 

structure where association at the synapsed sites is to the same (H-I)T(L-M) 

construct. 6) A polymeric assembly of (H-l)T(LM), where each domain 

associates to a different (H*I)T(L-M) construct. 

On incubation of (H-I)T(LM) with potassium a single predominant higher-order 

complex formed rapidly and almost quantitatively (figure 3-1 5). A single major product 

indicates that both postulated products in figure 3-14 do not fom,  and the identity of this 

product was pursued. The simplest explanation for the formation of a single product 

species is that it is a dimer. Whether it is the dimer shown in figure 3-14(a) or whether it 

is a dimer that utilizes only one dirnerization domain could not be established with out 

further examination. 
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Figure 3-1 5. Dimerization of the (H-I)T(L-M) three-way junction. Samples 

containing 1.0 WM (H-I)T(L-M) were incubated in TMACI buffer (lane 1) and in 

TMACI buffer containing 1 M KCI (lane 2). Samples were incubated for 3 h 

at 37OC. The lane on the right shows DNA sire markers. 

Evidence that the major product was a d h e n c  product, [@-I)T(LM)I2, (such as 

shown schematically in figure 3-14(a)) was obtained eom methylation-protection 

experiments (figure 3-16). This experiment revealed that both the h-i and Z-m dornains 

showed the methylation-protection patterns characteristic of their having undergone 

synapsis. M e n  methylation-protection experiments were c k e d  out in a time-dependent 

marner, it was found that, as expected, that the I - rn  domain synapsed first, in the first 10 

minutes, followed by the h-i domain (data not shown). Further evidence that 

[(H.I)T(L.M)]2 was held together at both the H-1 and L-M synaptic sites was suggested 

M e r  by the fact that this complex was fully stable to rnelting even at 95O C ,  at which 

temperature the individual (HVI)~ and duplex-dimers had melted (see previous 

section 3.3 and 3.5.1). 



a b c  

Figure 3-16. Sequencing gel showing Methylation protection of guanine 

bases. DNA samples were partially methylated by DMS and cleaved at 

methylated sites with piperdine as described in the Materials and Methods 

section. All Methylation reactions wee carried out in TMACl buffer at 37°C 

after a Zhour pre-incubation in the appropriate salt solution. Lanes (a) and 

(b) show the probing pattern of undimerized (H-I)T(L-Y) in 1M LiCl or KCI 

respectively. Methylation of the dimer, lane (c), was carried out in 1 M KCI. 

Square brackets indicate the two dimerization domains, Lm upper and hi 

lower. 
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The absence of polymeric association of (H-I)T(L-M) is peculiar. There should be 

no steric interference to prevent association. The double stranded region distal to the 

dimerization domains, with respect to the junction, is shorter (10 bp) in comparison to the 

proximal double stranded region (15 & 14 bp). These distances prevent the ends of the 

arms of two different constructs from interfering with each other during association with 

the same (H-I)T(L-M) construct. Despite the fact that the dimeric structure is predicted to 

be thermodynamically more stable, with two synapsed sites maintainhg association, the 

association constants measured for individual L-M and H.1 duplexes indicate favorable 

enough association to allow the polymeric assemblies to persist in solution to a 

reasonable extent. 

3.6.3 An Alternate Dimeric Structure for (H.I)T(L-M) 

The pursuit of a explanation of why (H-I)T(L-M) does not forrn polymeric 

assemblies led to the realization of an altemate dirneric structure to that original shown in 

figure 3-14(a). If hvo constructs associate in a 'head to tail' fashion as would occur in the 

formation of polyrnenc assemblies an altemate outcome could occur. The flexibility of 

the two T-T linker mismatches flanking each domain and the parameter that G-quartet 

structures are right handed helical structures with a rotation of -30' a quartet (Kang et al, 

1992) would allow for the undimerized domains to also come in contact with each other 

and also dimerize as indicated in figure 3-17. The determination of what kind of dimer 

product forms cannot be determined by the data on hand. There is also a possibility of 

mixed types where one domain is associated in a 'head to head' fashion while the other is 

in a 'head to tail' orientation in the dirner structure. The degree of variability in the 
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different modes of association will in essence be dependent on the flexibility of the 

junctions and linker sequences. 

This type of unpredictability in the structure of dimerization would be prevented 

by the use of synapsed domains that cannot dimerize in a symrnetricaI fashion. The 

designs of such synapsable domains are descnbed in section 3.7. 

Figure 3-1 7. An alternate structure for (H-I)T(L-M). Individual (H-l)T(L-M) 

constructs are indicated as either a solid or a dashed line. The symmetry of 

the H-l and L M  domains also allows for a 'head to tail' type of association 

along with the 'head to head' type association depicted in figure 3-14(a). 

3.6.4 Higher Order Assemblies 

Constructs like [w-I)T(L-M)l2 may be regarded as a structural %le" for the 

assembly of DNA superstructures and, as s h o w  in figure 3-1 8(A), it is a structural 

analogue of the double-crossover cornplex (figure 3-18(B)) used as a construction "tile" 

by Seeman and coworkers (Winfkee et al, 1998; Liu et al, 1999; Mao et al, 1999b). A 

key difference between the two "tiIes1I is that constructs like the [(H.I)T(L.M)I2 tile may 

be broken down and reconstructed fiom its synaptic precursor (H.I)T(LM) by controlling 

solution conditions (Le. by adding or removing potassium), and without the need for a 

topological untangling of strands as might be required for the double-crossover. In order 

to have precise control over the way synapsable domains associate, non-symmetrical 
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domains would have to be used for the reasons observed in section 3.6.2. In the case of 

higher order DNA assemblies, synapsable domains described in section 3.7 would have to 

be used. 

Figure 3-1 8. Using (H-I)T(L*M) 'Iike' constructs as 'tiles' in Z-dimensional 

arrays. A) Three-way junction construct containing synapsable domains 

can potentially associate into higher-order structures by the use of sticky 

end methodologies. B) For cornparison the double crossover is shown ta 

indicate similarities between the structures. C) Proposed schematic for a 

two-dimensional array associated by synapsable domains and sticky ends. 
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Figure 3-l8(A) shows schematically that either two, four, or six unique sticky-end 

sequences c m  be associated with the [(H-I)T(L-M)I2 tile, in a predeterrnined orientational 

relationships to one another. Such a tile, either by itself, or in combination with double- 

crossover tiles, could be used to generate a varîety of repeating shucturaI arrays. A 

schematic diagram of 'tile' structures, using postulated X and Y synapsable domains, is 

associated in a two dimensional array by association six sticky end sequences in shown in 

figure 3-1 8(C). An interesting new flexibility in assembling DNA superstructures or 

repeating arrays using both the [(H-I)T(LM)]2-like and double-crossover modules might 

be that assernbly could be canled out in two different sequential orders, depending on the 

superstructure being assembled. For instance, the sticky-end annealing processes of the 

double-crossovers (which are favored by the overall solution ionic strength, but not by 

specific Group IA or IIA cations) could either precede or follow the G-G domain- 

mediated synaptic annealing (which are favored specifically by potassium ions and 

disfavored by lithium ions). 

3.7 Future Design on Non-Symmetrical Domains 

We have determined that for efficient and detailed control of DNA nanostructure 

assembly using synapsable DNA we need more that specificity in dimerization. A second 

component for dimerization is also essential. Precise and predictable orientational 

association is also critical to make synapsable DNA methodologies practical for 

nanostructure assembly. 
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It should be possible to design synapsable domains that exhibit specificity as the 

domains we have discussed in this chapter that also only dirnerize in one orientation. 

Domains like J-K could be used, but 1 think this motif is also impractical because of 

extremely low rates of dimerization. 

Taking what we have learned in this chapter and chapter 2, we can apply this to 

systems that include the self-association of other bases. Of particular interest is 

isoguanine (figure 3-19(A)), which can also associate into quartet structures in a cation 

dependent manner as s h o w  in figure 3-19@) (Seela et al, 1996; Tirumala & Davis, 

1997). The properties of isoguanine have had significantly less investigated than G- 

quartets, but it is known that they exhibit a similar cation preference of K+ > ~ a +  (Roberts 

et al, 1997). 

What makes isoguanine potentially better suited for our task is that isoguanine has 

been reported to only form quadruplex structures with their backbones in an all-parallel 

orientation (Roberts et al, 1997). Formation of only al1 parallel structures also holds true 

in quadruplex structures containhg quartets composed of guanine and isoguanine bases. 

The incorporation of isoguanine bases along with guanines in reverse polarity, synapsable 

dornains can be constructed like L-M and H4, which should only be able to dirnerize in 

one orientation as in figure 3-19(C). By incorporating the different designs highly 

selective synapsable domains with a precise directional alignment upon dimerization 

should be readily obtainable. 
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Figure 3-19. lsoguanine quartets. A) Comparison of guanine and 

isoguanine bases. B) Proposed structure of an isoguanine quartet. C) A 

synapsable domain using isoguanine that mimics the structure of LMTT-O 

(LM) but should posses a single orientation in dimerkation. 
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4. Condusions 

A key result reported in this chapter is the properiy of synaptic specificity, 

observable in solution mixtures of two synapsable duplexes with non-identical G-G 

domains. We have shown that experimental conditions can be established in which (a) 

two non-identical synapsable duplexes both dimerize by synapsis, but overwhelmingly to 

self(simu1taneous specificity); and (b) one duplex at a time dimerizes selectively to give 

its homosynapsed dirner; whereas the other duplex remains undimerized (individual 

specificity). Undoubtedly many more such self-specific G-G domains can be designed. 

The availability of a nurnber of such domains will facilitate the self-assembly of complex 

DNA superstructures. In this paper we have dernonstrated a simple example of the utility 

of the simultaneous specificity scheme, whereby two different G-G mismatch domains 

incorporated into the arms  of a 3-way junction DNA molecule, (H.I)T(LM), were able to 

synapse, upon the addition of an stabiiizing cation (potassium), to form a the dimer, 

[m-I)T(L.M)J2. The use and versatility of controlled individual dimerization of G-G 

domains within a single molecule may be particularly useful in the construction of 

complex objects. 
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Chapter 4 

Effects of TmT Spacers on 'Synapsable ' DNA Duplexes 

1. Introduction 

We have previously exarnined the affect of arranging the G.G mismatches into 

'patterns' by incorporating interrupting thymine - thymine (TT) mismatches within 

contiguous sketches of G-G mismatches. This approach discussed in chapter 3),  

demonstrated that 'patterned' G-G rnismatches could be made self-selective, in that one 

'pattern' or domain selectively dimerizes with similar domains even in mixed solutions 

(Fahlrnan & Sen, 1999). 

Unexplained observations arose in this study of domains containing T-T 

mismatches. The L-M duplex dimenzed significantly faster than the H-1 duplex, while 

neither were identified to form an inhibitory pinched duplex as seen previously with the 

A$ and J-K duplexes. 

In this chapter an examination of the dimerization properties were done on a G-G 

mismatch domain while systematically varying the nurnber of T-T spacer mismatches 

between the G-G mismatches. The basic design we chose to examine was the originally 

designed L-M duplex. We chose this constnict because of its simple symrnetrical design 

and its unusually fast rate of dirnerization (observed second order rate constant of 1 .5x105 

 min-l (Fahhan & Sen, 1999) 

The original L.M. domain had a single T-T mismatch spacing two G-G mismatch 

triplets. To examine the affects of this T-T spacer, we varied this interna1 T-T mismatch 

from O to 3 T-T rnismatches as depicted in figure 4-1. To examine whether potential base 

pairs in place of the T-T mismatches have any affect, duplexes containing AT base pairs 
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(figure 4-5) where also examùied. For consistency, the original L.M duplex is re-named 

LMTT-1 in this manuscript. 

With this study we hoped to gain sorne insight into what is required for 

specificity. Do the slightest differences cause the synapsable domains be selective or are 

signi ficant di fferences in the designs required. 

2. Materials and Methods 

2.1 DNA Sequences 

Al1 oligonucleotides were purchased fiorn Sigma Genosys, except L-O, M-O, L-1T 

and L-2T, which were synthesized at the University of Calgary Core Services. DNA 

samples were resuspended in TE buffer and gel purified as described in chapter 3. Final 

concentrations of sarnples were determined by measuring optical densities of the 

solutions. 

The following sequences were used in the assembly of the indicated synapsable 

duplexes. Underlined sequences indicate the sequences that make up the synapsable 

domain when the duplexes are assembled. 

Duplex L M 4  (43 bp). 

L-O: 5'-CCTCGAGAAGCTCCTGATTGGGGGGTTTGTGGTTCAAGGATCC-3 ' 

M-O: 5'-GGATCClT'GAACCACATTGGGGGGG'TM'CAGGAGCTTCTCGAGG-3 ' 
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Duplex LMTT-1 (43 bp) - the original L-M dupIexfiorn chapter 3. 

L-T: 5'-CTCGAGAAGCTCCTGATT'GGGTGGGT'ITGTGGT- ' 

M-T: 5'-GGATCCTTGAACCACATTGGGTGGGTTTCAGGAGCTTCTCGAG-3 ' 

Duplex LMTT-2 (43 bp) 

L-2T: 5'-TCGAGAAGCTCCTGAT'I'GGGTTGGGT'TT'GTGGTTCA4GGATCC-3' 

M-2T: 5'-GGATCCTTGAACCACATTGGGTTGGGTTTCAGGAGCTTCTCGA-3 ' 

Duplex LMTT-3 (43 bp) 

L-3T: 5'-TCGAGAAGCTCCTGATTGGGTT'TGGGTTTGTGGT'TCAAGGATC-3' 

M-3T: S7-GATCCT'TGAACCACATTGGGT?TGGGTTTCAGGAGCTTCTCGA-3' 

Duplex LMTT-1 L (53 bp) 

L-1T L: 

5'-AGTGACTCGAGAAGCTCCTGATTGGGTGGGmGTGGTTCAAGGATCCACAGT-3 ' 

M-1T L: 

5'-ACTGTGGATCCnGAACCACATSGGGGTGGGmCAGGAGCmCTCGAGTCACT-3 ' 

Duplex LMTT-2 L (53 bp) 

L-2T L: 

5'-GTGACTCGAGAAGCTCCTGATTGGGTTGGGTTTGTGGTGGATCCACAGT-3 ' 

M-2T L: 

Sy-ACTGTGGATCCTTGAACCACA'ITGGGTTGGGTTTCAGGAGCTTCTCGAGTCAC-3' 

Duplex LMAT-1 L (53 bp) 

L-ITL: sequence shown above. 

M-1A L: 

5'-ACTGTGGATCCTTGAACCACATTGGGGAGGGmCAGGAGCmCTCGAGTCACT-3' 
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Duplex LMAT-2 (43 bp) 

L-2T: sequence shown above. 

M-2A: S'-GGATCCTTGAACCACATTGGGAAGGGTTTCAGGGTTTCAGGAGC'TTCTCGA-3' 

Duplex LMAT-2 L (53 bp) 

L-2T L: sequence shown above. 

M-2A L: 

5'-ACTGTGGATCCTTGAACCACATTGGGMGGGTTTCAGGAGCTTCTCGAGTCAC-3 ' 

Duplex LMAT-3 L (53 bp) 

2.2 Duplex Assembly 

One strand of a duplex was radio-labeled at 5'- phosphate by T4 kinase and y - 3 2 ~ -  

ATP. The labeled DNA was then ethanol precipitated by mixing with 300 mM sodium 

acetate and 3x volume of EtOH. The precipitated DNA was resuspended in 20 pl of TE 

buffer . 

Formation of double stranded DNA was carried out by mixing 1 nmol of one 

unlabeled strand with 0.9 nmol of the complementary unlabeled strand plus 0.1 nmol of 

its labeled strand in 1 pl of l x  TMACl [IO0 rnM tetrarnethylarnmonium chloride 

(TMAC1); 10 mM Tris, pH 7.91. The solution was heated to 95 OC for one minute and 

allowed to cool to 37 O C .  The DNA duplex formed was gel purified in 8% non- 
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denahiring polyacrylarnide gel, which was electrophoresed in TBT buffer (50 m .  Tris- 

borate, pH 8.0; lOmM TMACl) at 9W at room temperature. Bands of DNA duplex were 

visualized by autoradiography, excised and eluted into 500 pl of 2 x  TMACl buffer. The 

eluted DNA samples were concentrated by Micron Microconcentrators (Amicon) if it 

was necessary. 

2.3 Formation of duplex dirners 

2.3.1 Kinetic of Dimerization 

The concentrations of the eluted DNA duplexes were determined by optical 

densities. 40 pl of one DNA duplex sample was mixed with 40 pl of 2 M KC1 at 37 OC. 

The final concentration of the DNA was therefore 1/2 of the initial concentration. Smali 

aliquots were then rernoved fkom the mix at different time points and Ioaded on a 8% 

non-denaturing polyacrylamide gel, which was electrophoresed in KMg buffer (50mM 

Tris-borate, pH 8.0; 10 mM KC1; 2 mM MgC12 ) at 6W at room temperature. The gels 

were dried and the bands were visualized on a phosphoimager (BioRad G5-250). The 

intensities of the bands representing the duplexes and the dimers were quantitated and 

compared. 

2.3.2 Cross-reactivity of Dimerization 

The concentration of each DNA duplex was determined, and aliquots were made so 

that each had the same concentration (1.46 FM). 2.5 ul of one short duplex (43 bp) was 

mixed with 2.5 pl of one long duplex (53 bp), combined with 5 pl of 2 M KCL and 1 pl 

of 10 mM EDTA. Therefore, the final concentration of one duplex was roughly ?h of the 
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initiai concentration. The mixtures were incubated in 37 OC for 26 hours. The sarnples 

were loaded on a 8% non-denaturing polyacrylamide gel, which was electrophoresed in 

KMg buffer (50mM Tris-borate, pH 8.0; 10 rnM KCl; 2 mM MgClz ) at 6W at room 

temperature. The gels were dned and the bands were visualized on a phosphoirnager 

(BioRad G5-250). 

2.4 Chemical Probing 

Methylation protection, permanganate oxidation and diethyl pyrocarbonate assays 

Al1 three assays were utilized to study the tertiary structure of LM3TA-L in the 

presence of K+ ion. In this experiment, single stranded DNA ('L3T-L and M3A-L) was 

first treated with 10% piperdine and incubated at 90 OC for 30 minute and then 

lyophilized. The purpose of this initial piperdine treatment was to remove damaged DNA. 

The single stranded DNA was then radio-labeled by the standard kinasing protocols 

described above, followed by ethanol precipitation. The DNA sample was gel purified on 

8% denaturing polyac~lamide gel, which was electrophoresed in TBE buffer (50rnM 

Tris-borate, pH 8.0; lOmM EDTA) at 20 W at room temperature. Bands closet to the top 

of gel were excised and eluted into 300 pl of 300mM sodium acetate. It was followed by 

another ethanol precipitation. Formation of double stranded DNA was carried out by 

mixing 500 pmol of one unlabeled strand with 450 pmol of the complementary unlabeled 

strand plus 50 pmol of its labeled strand in 2x TMACl [200 mM tetramethylamrnonium 

chloride (TMACI); 20 rnM Tris, pH 7.91. 

The DNA duplex prepared was mixed with l x  volume of either 2M KCI (where 

synapsis was desired) or 2M LiCl (where synapsis was not desired), the mixtures were 
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incubated in 37°C for 30 minutes. The solutions were equally divided into three 9 pl of 

aliquots, and each aliquots was treated by dimethyl sulphate (DMS), permanganate 

(Mn043 or Diethyl Pyrocarbonate (DEPC). 

2.4.1 Methylation protection assay 

DMS methylates guanines (Sambrook et al, 1989), and therefore, it was used to 

characterize the G-G mismatch region on LM3TA-L. 2 pl of 1.2% DMS was added into 9 

pl of the aliquots, and the mixture was allowed to stand at room temperature for 17 

minutes. 3 pl of stop solution (Sambrook et al, 1989, pg. 13.84) was added to quench the 

reaction, followed by the addition of lOul of 300mM sodium acetate and 3x volume of 

100% ethanol. 

2.4.2 Permanganate oxidation assay 

The reaction to oxidize thymines with single stranded charater was similar to that 

previously descnbed Nielsen (1 990). Aliquots of 9p1 containing the DNA and appropriate 

salts were rnixed with 1 pl of 1.2mM of KMn04 and incubated at room temperature for 2 

minutes. The reaction was stopped by the addition of 1 pl of allyl alcohol followed by 39 

pl of 0.3 M sodium acetate (pH 7.5) and 3x volumes of 100% ethanol. Sarnples were 

then precipitated, washed l x  with 100 pl 70 EtOH then resuspended in 100 pl 10% 

piperidine. Resuspended samples were then heated to 90°C for 30 minutes the dried 

under vacuum. The samples were then resuspended in 50 pl ddHzO, then dried again. 

Finally the samples where dissolved in denaturing loading buffer and loaded on a 10% 
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sequencing gel. The gel was dried and the bands were visualized on a phosphoimager 

(BioRad G5-250). 

2.4.3 Diethyl pyrocarbonate assay 

DEPC carboxylates the N-6 and N-7 positions of adenines (Kohwi-Shigernatsu & 

Kohwi, 1992) and was used to probe the behavior of adenines at the Iinker site of 

LM3TA-L. The 9 pl aliquot was incubated with 1 pl of 100% DEPC at room temperature 

for one hour, followed by the addition of 60 pl of 0.3 M sodium acetate (pH 7.5) and 3x 

volume of 100% ethanol (The addition of 1 pl DEPC is excessive and will not al1 

dissolved, but what is desired is a saturating solution of DEPC for the assay). Samples 

were then precipitated, washed 1 x with 100 pl 70 EtOH then resuspended in 100 pl 10% 

pipendine. Resuspended sarnples were then heated to 90°C for 30 minutes the dried 

under vacuum. The samples were then resuspended in 50 pl ddHzO, then dned again. 

Finally the samples where dissolved in denaturing loading buffer and Ioaded on a 10% 

sequencing gel. The gel was dried and the bands were visualized on a phosphoimager 

(BioRad G5-250). 

2.5 Reversibility of sr2?nduced Pinched Duplex Formation of LMAT-3 

This experiment followed the same protocols as those described in the "Methylation 

protection, permanganate oxidation and diethyl pyrocarbonate assays" section, with 

several differences. Firstly lx TMACl was used instead of 2x during the formation of 

LMAT-3L duplex. Secondly 0.5~ volumes of 15 rnM of SrCl* (where synapsis was 

desired) and 0.5~ volumes of 15 mM of MgCIz (where synapsis was not desired) have 
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replaced 1 x volume of 2M KCl and 2M LX1 in the 30 minutes incubation. For example, 

20 pl of LMAT-3L duplex was mixed with 10 pl of 15 m M  SrClr or with 10 pl of 15 rnM 

MgC12. Thirdly, after the 30 minute incubation, the mixture was equally divided into half; 

while half of the sample was added with 1/3x volume of 100 mM EDTA, the other half 

was added with 1/3x volume of dH20. For exarnple, 15 pl of the sample, already 

containing the duplex and the ion, was rnixed with 5 pl of 100 mM EDTA or 5 pl of 

dH20. Both of the samples were allowed to stand at room temperature overnight. The rest 

of steps in the experiment were carried out using the same protocols. 

3. Results & Discussion: 

3.1 Sequence Design 

As previously rnentioned al1 duplexes where designed around the originally 

characterized L-M synapsable duplex. In al1 cases two flanking T-T mismatches were 

retained on either side of the dimerization domain (figures 4-l(a) and 4-5(a)). These 

flanking mismatches appear to aid the dimerization of the duplexes into 'synapsed' 

dimers by providing a transition region between the double helices and G-quartets 

(Venczel & Sen, 1996) 

3.2 T-T Domain Dirnerization 

The first question we wanted to address was whether al1 of the domains listed in 

figure 4-l(a), could dirnenze and whether they exhibit any selectivity in dimerization. 

Incubating duplexes possessing dimerization domains in K+ containing solutions results 

in synapsed duplex dimer, which possesses a characteristically reduced mobility in a non- 
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denatunng acrylamide gel. Incubating long DNA duplexes containing dimerization 

domains with short duplexes containing dimerization domains results in observed 

synapsed duplex dimers with varying gel mobility. If the domains in the long and short 

duplexes cm cross-react to form a hetero-synapsed duplex, it is observed as a species 

with intermediate gel mobility in cornparison to homo-synapsed duplex products. Two 

experiments shown in figure 4-l(b) and 4-l(c), were conducted using long DNA 

duplexes (53 bp) containing either LMTT-1 (figure 4- le) )  or LMTT-2 (figure 4-l(c)) 

domains, which were incubated with short duplexes (43 bp) containing one of the four 

different LMTT dimerization domains. 

Examination of figure 4-lm) shows that long duplexes containing LMTT-1 do not 

cross-hybridize with duplexes containing LM-O. This demonstrates self-selectivity 

between the LMTTI and LM-O domains. Cross-hybridization is observed with short 

duplexes containing LMTT-1 (as expected) and LMTT-2 domains. This observation 

indicates there is no selectivity between LMTT-1 and LMTT-2 domains. The sample 

containing short duplexes with LMTT-3 domain indicates that this duplex does not form 

a 'synapsed' duplex at all. Duplexes containing the LMTT-3 domain have been 

incubated in 1M KCI for over 48 hours at 37OC with no significant dimer product (< 1%) 

observed (data not shown). 
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X = 0,1,2 or 3 thymines 

in KCI 
+ Short duplex: S .- 
m a -  q 4  
r r r  

in KCI 
+ Short duplex: 

Synapsed 
Du plexes 

Figure 4-1. Affects of TOT Spacers on Dimerization. (A) G-G mismatch 

domains tested for dimerization and specificity. The mismatch domains 

contain a central spacer that contains from O to 3 T-T mismatches. The 

dornains are termed; L M 4  for no mismatches, LMTT-1 for one T-T 

mismatches and so forth. The domains where contained in either short or 

long duplexes with lengths of either 43 or 53 base pairs. (6) Incubation of 

long duplexes containing the LMTT-1 domain with short duplexes 

containing one of the four-dimerization dornains. Samples of 1 pM 

duplexes in I M  KCI (other than the LiCl control) were incubated for over 20 

hours at 37OC then resolved on a native gel as described in the materials 

and methods. (C) The same as B, but the long duplex contains the LMTT-2 

dimerization domain. 
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Figure 4-l(c) shows complimentaxy observations to figure 4-l(b). When long 

duplexes containing the LMTT-2 domain are used, self-selectivity is observed when 

incubated with short sequences containing the LM-O domain. Consistently no selectivity 

is observed between LMTT-1 and LMTT-2 domains. Again no dimerization is observed 

with duplexes containing LMTT-3. 

Disrupting a run of six G-G mismatches in dimerization domain by a T-T 

mismatch results in self-selectivity behveen the two domains. A second T-T mismatch 

remains selective against 6 contiguous G-G mismatch domain while it exhibits no 

selectivity to a domain containing a single T-T mismatch. These two observations may 

be partially explained fiom a thermodynamic perspective. Optimal dimerization of LM-O 

results in 6 continuous G-quartets while LMTT-1 will result in two runs of three. 

Considering a simple alignment of the domains: 

LM-O 

LMTT- 1 
L MTT-2 

Figure 4-2. Alignment of synapsable Domains. Individual strands of the 

mismatch domains are shown for a simple alignment of the G-G 

mismatches. 

The formation of cross products or hetro-dimers between LM-O and LMTT-1 will 

only form 5 G-quartets, which results in a themodynarnically less stable complex. 

Alignment of the LMTT-1 and LMTT-2 domains results in a similar calculation, but 

selectivity is not observed. This is likely due to the flexibility of the T-T mismatch 
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'spacers', which could take on a conformation to dlow the G-G rnismatches to align 'in 

phase' to maximize G-quartet formation. The extent that the T-T rnismatches will space 

the two G-G domains is hard to predict. There is some evidence that intervening bases 

between G-quartets c m  be extruded out of the structure to possibly allow the G-quartets 

to f o m  a continuous stack (Chen, 1995). 

The absence of a 'synapsed' dirner for the LMTT-3 domains is likely due to the 

formation of intra-molecular G-quartets. Three T-T mismatches appear to have enough 

fieedom of motion to allow the duplex to fold back upon itself forming a 'pinched' 

duplex. Other duplexes containing G-G mismatches have also previously been s h o w  to 

form 'pinched' duplexes in the previous two chapters (Fahlman & Sen, 1998, 1999). 

Determination of the existence of this product follows. 

3.3 Probing the LMTT-3 Structure 

Chemical probing was used to determine whether the inability of LMTT-3 

dornains to dimerize is due to the formation of intra-molecular G-quartets. The protocol 

is dependent on the observation that G-quartets render the participating guanines to be 

resistant to methylation at N-7 (Sen & Gilbert, 1988). DNA methylation can be 

visualized due to N-7 methyl guanine being susceptible to cleavage in hot piperidine. 

Figure 4-3 demonstrates that in the presence of 1M KCI, the guanines in the dimerization 

domain become resistant to methylation in cornparison to the other guanines in the 

double-stranded arms. The same guanines exhibit no protection in the presence of 1 M 

LEI. Methylation protection in the presence of potassium and not in lithium is highly 

indicative of G-quartets because ions such as lithium do not promote their formation. 
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Figure 4-3. 

Methylation protection of duplexes containing the LMTT-3 domain. DNA 

samples were partially methylated with DMS and then cleaved at 

methylated sites with piperidine as described in the materials and methods. 

G and C+T ladders are Maxim and Gilbert sequencing reaction products 

(Maxim & Gilbert, 1977). As ssDNA or dsDNA there is not apparent 

protection to methyation to any of the guanines in 1M LiCI. When the 

duplex is in 1 M KCI the central guanines (highlighted by a square bracket) 

become highly resistant to rnethylation. 
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A structural mode1 for a 'pinched' duplex of LMTT-3 with the G-G mismatches 

participating in intramolecuIar G-quartets is depicted in figure 4-4. The sarne DNA 

construct was also probed with potassium permanganate (KMn04), which reacts with un- 

stacked or single stranded thymines, see section 3.6.1 of this chapter. Misrnatch 

thymines (linker and spacer) al1 exhibit relatively sirnilar reactivity to KMn04 in either 

~ i +  or ISC solutions (data not shown). This suggests that in either the 'open' or 'pinched' 

duplex, the T-T mismatches are not stacked in the structure. So these regions are most 

likely relatively unstructured. 

Figure 44 .  Model for the 'pinched' duplex formed by LMTT-3 that results 

in the inability of the duplex to dimerize. 

3.4 Kinetics of Dimerization 

The rates of dimerization of the different duplex dimers where determined for 

short duplexes (43 bp) containing either the LM-O, LMTT-1 or LMTT-2 domains. Rates 

were measured under standard conditions of 1 M KC1, 50 rnM TMACl and 50 rnM Tris- 

Cl (pH 7.9) at 37OC. A summary of the results is shown in table 1. Reported constants 

are an average from at least three different experirnents. Each experimental run was 

performed at different concentrations (Le. 0.25, 0.60 and 1.25 uM for LMTT-1) to 
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confirm dimerization is obeying second order kinetics. A remarkable trend is observed, 

with the LMTT-1 & 2 domains possessing rate constants almost two orders of magnitude 

higher than that of LM-O. 

Table 4-1 Rates of Dimerization by LMTT-type Duplexes 

Dimerization Domain Rate Constant do  min-') 
LM-O 4.9(11.3)~10' 

Second order association rate constants where determined at 37OC in 

solutions containing 1 M KCI and 50 mM TMACl buffer. Numbers reported 

are averages of at least three experiments. * No significant dimerization is 

obsewed but an upper limit has been determined. 

The first key point that can be made fiom kinetic observations is that for 

'pinched' duplexes to form a spacer of at least 3 bases is required to allow the duplex to 

stably fold back upon itself. This is with the observation that LMTT-3 does not dimenze, 

while both LMTT-1 & 2 both rapidly dirnerize with sirnilar rates. 

The trend breaking observation of the rate of dimerization of duplexes containing 

LM-O domains is more difficult to interpret. We have also previously reported sirnilar 

reduced rates with another domain, H-1, which contained 5 continuous G-G mismatches 

(LM-O has 6), where the observed second order rate constant was found to be 

(3.3*0.8)x103 ~- ' rn in- '  (Fahlman & Sen, 1999). There appears to be another inhibitory 

aspect to longer continuous stretches of G-G mismatches, which is disrupted by the 

intempting interna1 T-T mismatches as in LMTT-1 & -2. Methylation studies of 
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duplexes containing continuous stretches of G-G mismatches do not present any evidence 

for an alternate structure where the guanines in the synapsable domain exhibit the same 

reactivity as the guanines in the double stranded arms of the duplex (data not shown, but 

similar probing patterns are shown for H-1 in figure 3- 1 1 in chapter 3). So it is speculated 

that if the G-G mismatches are participating in so other type of stable interaction which 

prevents the formation of G-quartets, it does not involve the use of the N-7 of the 

participating guanines. 

3.5 Dimerization of A-T Spacer Containing Duplexes 

Flexibility of T-T mismatches of the spacer are potentially responsible for the 

cross reactivity between LMTT-1 and LMTT-2 domains as well as for the formation of 

the 'pinched' duplex of LMTT-3. We wanted to determine whether replacing the T-T 

mismatches with Watson & Crick A-T base pairs, as depicted in figure 4-5(A), could 

reduce the flexibility of the spacer. We hoped that a reduction in the flexibility could 

allow the LMAT-3 structure to dimerize as well as allow for specific dirnerization 

between LMAT- 1 and -2. 

It was unknown at this point whether that these short runs of A-T base pairs would 

even form in the contexts of long rnismatch domains. A series of mixtures of long and 

short duplexes were tested to determine the ability of the LMAT domains to dimerize 

along with their specificity of dimerization. As shown in figure 4-5@), the results are 

identical to those of the LMTT domains. In the presence of 1M Wl, the LMAT 1 & 2 

domains dispIay selectivity towards LM-O, while exhibiting no selectivity to one another. 
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Again no synasped product is observed with LMi4T-3, suggesting the formation of a 

'pinched' duplex. 

ds DNA Dimriza fion Domain 
..i -..... m..-m.... ...a... \ /..............-O.- ..--.. --. ....- A 

X = 0,1,2 or 3 thymines 
Y = 0,1,2 or 3 adenines 

LM-O t MAT-2 
in KCL in KCL 

+ Long duplex: + Long duplex: 
B 

Figure 4-5. (A) G-G rnismatch domains containing A-T spacers. The mismatch 

domains contain a central spacer that contains from O to 3 A*T base pairs. Dornain 

LM-O remains the same with no spacer sequence. The domains are termed; LMAT- 

1, LMAT-2 and LMAT-3 for 1, 2 or three A-T base pairs respectively. The domains 

were within either short or long duplexes with lengths of either 43 or 53 base pairs. 

(B) Incubation of short dupfexes containing the LM4 domain with long duplexes 

containing either LMAT-1, 2 or 3. Samples were 1 FM for each duplex in 1 M KCI 

and were incubated for over 20 hours at 37OC then resolved on a native gel as 

described in the materials and rnethods. (C) The same as 8, but the short duplexes 

contain the LMAT-2 dimeritation domain. 
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3.6 Chemical Probing of LMAT-3 

With no product formation with LMAT-3, we wanted to test whether again a 

pinched duplex was forming and whether the 3 potential A-T base pairs were in fact 

forming. For this we resorted to chernical probing; of particular interest was a reaction 

with diethyl pyrocarbonate @EPC). DEPC is h o w n  to specifically react with single 

stranded adenines at N-7 positions (figure 4-6(A)). Specificity for ssDNA results fkom 

DEPC being too large to access the N-7 of adenine through the major groove of the 

double helix so disruptions in the helix's structure allow for DEPC reactivity (McCarthy 

et al, 1990). DEPC can also react with N-6 of adenine but only the modification at N-7 

results in a base labile product that allows for detection by electrophoresis. 

3.6.1 Probing the M A 3  Strand 

When the strand containing the 3 adenines of interest (strand M-A3) was P32-end 

labeled, contrasting results were observed in ~ i +  and K' containing solutions. Reactivity 

to DMS mirrors that of the LMTT-3 duplex where the G-G mismatches become resistant 

to methylation in K' containing solutions as seen in figure 4-7(A). What make the 

LMAT-3 duplex results different is with the DEPC reaction, where in ~ i '  solutions the 3 

adenines are resistant to DEPC. This protection would suggest that these adenines are 

involved in a 'mini'-helix under these conditions. If ~ i +  is replaced with K*, a 

remarkable hyper-reactivity is observed with the two 5' most adenines of the spacer 

region. A remarkable change in reactivity is observed in K', again suggesting the 

formation of a 'pinched' duplex as shown in figure 4-8. 
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0 0 4  -*Y K 
0 O 

T H 2  (DEPC) 

d~ d~ 

Figure 4-6. Adenine and thymine specific chernical probing reactions. 

A) Reaction of DEPC with the N-7 adenine gives the depicted product. The 

site of modification can be determined by treatment with hot piperidine, 

which causes strand cleavage at the site of modification. 6) Oxidation of 

thymine by KMnO, results in the rernoval of the 5-6 double bond. The 

resulting product is also susceptible to strand cleavage by hot péperidine 

treatment. 

Potassium permanganate is known to oxidize thymines forming a thymine di01 

(figure 4-6(A). The participation in the base stack in double helical DNA prevents 

accessibility of the 5,6 double bond to reaction, so only thymines not in B-DNA are 

reactive to permanganate (Jeppesen & Nielson, 1989 & 1989; Fox & Gngg, 1988). 

3.6.2 Probing the LOT3 Strand 

Expenments using the strand with the thymines in the spacer (strand L-T3) do not 

show completely complimentary results. As seen in figure 4-7(B), the G-G rnismatches 

exhibit identical results with respect to DMS protection in the presence of K+. The 

reaction with KMn04 shows somewhat contrasting results in comparison to the DEPC 
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resuIts above. With KMn04 the thymines in the spacer exhibit reactivity in sarnples in 

Li' solutions as seen in figure 4-?(B), which would suggest the bases are not stably base- 

paired to the adenines in the 'mini'-helix. When the duplex is in K+ containing solutions 

there is an enhancement to the reactivity with KMn04 to the 5' most thymine in the 

spacer. The change in reactivity when sarnples in Li+ and K+ are compared also suggests 

a conformationai difference between the two samples. 

Discrepancies on the status of an A T  'mini'-helix in ~ i +  containing solution 

determined by DEPC and probing reflect the different accessibilities of the two 

compounds. DEPC is a larger compound that requires sufficient space in order to react 

with the N-7 of adenines, so a lack of reaction suggests that the region of the spacer does 

not open up sufficiently to expose the adenines to attack by DEPC. In contrast Mn04- is 

much smalIer, fits more readily in the groove of the DNA helix, and c m  react with 

thymines that become exposed or un-stacked during minor perturbances in the structure. 

These contrasting observations between rezctivities of the two compounds suggest that 

on a global scale the LMAT-3 domain probably remains relatively linear but rninor 

deformations in the helix are continually occwring. These perturbances are to be 

expected because if the linear structure were very stable, the pinched duplex would not be 

expected to fonn at atl. 

The suggestion of the LMAT-3 domain being relatively linear in ~ i +  containing 

solution while KMn04 reactivity persists opens the possibility that the LMTT-3 domain 

could also possibly be linear. 
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Figure 4-7. Chemical probing of duplexes containing the LMATS G-G 

mismatch domain. (A) The P32-endlabelled strand contains the adenines in 

the spacer sequence (strand M-3A). Duplexes were partially modified with 

DMS, KMn04 or DEPC in either 1 M LiCl or 1M KCI. Sites o f  modification are 

cleaved by piperidine treatment as described in the Materials and Methods. 

The control lane is of duplex DNA only treated with piperidine. Brackets 

indicate regions with variable probing between Li+ and K+ conditions. (B) 

The P32-endlabelled strand i s  complimentary (L-3T) to  that in A, and 

contains the thymines in the spacer sequence. Duplexes were partially 

modified with DMS or  KMn04 as in A. Brackets indicate regions of variable 

reactivity between Li+ and K+ solution conditions. 
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3.6.3 The LMAT-3 Pincbed Duplex 

Chernical probing data as discussed suggest that the LMAT-3 duplex forms the 

pinched duplex shown in figure 4-8. Other observations in the chemical probing of this 

structure beyond the support of its existence are also noteworthy. The probing patterns of 

both M-3A (figure 4-7(A)) and L-3T (figure 4-7@j) exhibited unusual features of the 

bases in the spacer region in the pinched duplex structure (K+ sarnples). In the case of 

probing LMAT-3 when M 3 A  is end-labeled, the 3' rnost adenine in the spacer does not 

become reactive to DEPC in the pinched duplex structure like the other two bases in the 

spacer. Likewise, experiments where L-3T is end-labeled show the 3' most thymine 

becoming hyper reactive in the pinched duplex in cornparison to the other thymines in the 

spacer sequence. The positions of these protected and hyper reactive bases are indicated 

on the schematic structure shown in figure 4-8. 

Figure 4-8. Model of the folding of LMAT-3 in the presence of KCI, which 

disrupts the 'mini'-helix of the three A-T base pair spacer. Protected 

adenine is indicated with a black arrow while the hyper reactive thymine is 

indicated with a white arrow. 
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Observations suggest the spacer sequences that form the loop are forming some 

sort of deoned structure and nor simply extended into the solvent in a random way. The 

detailed structure of this loop cannot be determined by chemical probing alone. Other 

methods that can examine molecular detail would have to be used. 

3.7 Cornparison of Pinched DupIexes 

Over the course of this work we have observed the formation of pinched duplexes 

on several occasions. Synapsable domains constructed with normal anti parallel DNA 

duplexes al1 required loops of three bases in order to fold back upon itself to form a 

pinched duplex (Le. J-K, LMTT-3 & LMAT-3). Contrasting this observation were the 

results in chapter 2 with the A-B duplex, which possessed 2 bases in the loops of the 

pinched duplex. An explanation for this difference most likely resides in the type 

quadruplex structure of these pinched duplexes. As a necessity the pinched duplexes like 

LMTT-3 are al1 anti-parallel. In contrast the A$ duplex has its G-G mismatches in a 

parallel orientation, so when the duplex folds to a pinched duplex the resulting 

quadruplex will be partially parallel as discussed in chapter 2). 

As suggested the partially parallel structure seems to be more stable so it may 

allow for a strained loop in the pinched complex. 

3.8 Reversible Formation of the Pinched Duplex Structure 

The ability of the pinched duplex to form at the expense of the 'miniy-helix led us 

to the idea that this system rnight be used as a salt induced conformational switch. Under 

inert solution conditions the duplex remains relatively linear, but upon the addition of the 

appropriate cation species, the duplex folds back upon itself to form the pinched duplex. 
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This gives us a two state system that can be rnodulated by controlling the cation species 

present in solution. The LMAT-3 domain is more applicable for conformational changes 

that the other duplexes in this manuscript that have also been shown to form pinched 

duplexes. The duplexes Aj3 and J-K are both capable of dimerizing, so in a system where 

only the pinched duplex is desired, dhnerization can result in unwanted association of 

structures. For a more practical use the dynarnic change in structure has to be reversible, 

so we examined altemate conditions to induce the formation of the LMAT-3 pinched 

duplex. Instead of using K+ to induce G-quartet formation, we used s?, which can me 

readily removed by the addition of chelators such as EDTA. 

Figure 4-9 shows the results of chemical probing of LMAT-3 with DMS and 

DEPC when the samples are treated with sr2+ or M ~ ~ + .  If the presence of s?' alone the 

DMS and DEPC probing patterns are indicative of the formation of the pinched duplex. 

When this same sample is then treated with a five-fold excess of EDTA al1 probing 

patterns resemble that of MS+ containing samples. The M~~~ samples are control 

samples since M~~~ does not promote G-quartet formation and allows the LMAT-3 

duplex to remain linear while accounting for the ionic strength of sr2+. The results show 

that the formation of the pinched LMAT-3 structure is completely reversible in solution. 
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DMS DEPC 

Figure 4-9. Reversibility in the formation of a pinched duplex. Chemical 

probing with DMS and DEPC were performed on LMAT-3 incubated in the 

presence of divalent cations. Samples were incubated in the presence of 5 

HM XClz and 50 mM TMACl buffer for 30 minutes at 37°C. The sample was 

then treated with DMS or DEPC immediately or EDTA was added ta a final 

concentration of 25 pM and incubated for several hours then treated with 

the chemical agents. After treatrnent with DMS or DEPC samples are 

piperidine treated before loading. Control lane is a DNA sample only 

treated with piperidine. Brackets indicate bases participating in the 

synapsable domain. 
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3.9 Large Scale Conformational Changes Using Pinched Duplexes 

A potential use of the formation of pinched duplex structures is in conformational 

changes in DNA constmcts. Controlling which cations are present in solution can then 

regulate the conformation of the structure. Domains such as LMTT-3 and LMAT-3 are 

the best suited for this type of task because of their lack of ability to dimerize with other 

domains. 

A relatively simple example of a structure that can potentiaily demonstrate this 

effect is with the retractable scaffolding shown in figure 4-10. This structure incorporates 

G-G mismatch domains that can form pinched structures as well as 4-way junctions. 

The basis of the design of a retractable scaffolding structure is that under solution 

conditions that do not promote G-quartet formation (Le. no K+ or ~23, the 4-way 

junctions adopt the preferred 'X' conformation. For more details on the stacking 

preference see section 2.2.3 in chapter one. In this conformation the DNA adopts an 

extended structure as shown in figure 4-10. 

The addition of G-quartet promoting cations (like s?) induced the G G  mismatch 

domain (a LMAT-3 like domain) to form a pinched complex. Formation of the pinched 

duplex would then cause the structure to shorten as shown in figure 4-10, as the 4-way 

junctions are forced fiom their preferred stacked structure. Guanine quartets are 

significantly more stable than the 4-way junction so there is a large energetic driving 

force for this transition. Forced fiom its preferred stacked configuration the junction is 

likely to form less favorable coaxially stacked pairs between the amis of the structure. 
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The structure can then be retumed to its original state by the removal of the cations that 

induced the structural change. 

=--.-* -... '4-Way J u nctio n 

-''-GOG Misrnatch 

Figure 4-1 0. Large scale conformational changes using pinched 

duplexes. A model of a proposed retractable scaffolding complex 

composed of conventional 4-way junctions and synapsabIe domains that 

form pinched duplexes. Regulation of the structure would be by 

controlling whether cations that promote Gquartets are in solution or not. 

Conclusions 

This chapter demonstrates the inclusion of spacer mismatch bases within 

contiguous runs of G-G misrnatches is al1 that is required for synaptic specificity. 

Additional unpaired bases beyond a single mismatch or base pair does not add another 

degree of specificity, which is apparently due to the flexibility of the spacer. 

Introduction of spacer sequences of one or two base-pairs or mismatches 

drastically increase the rate of dimerization of the synapsable domain. The mechanism of 

this still eludes us but it does not involve the formation of pinched duplexes. 
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We have demonstrated that for îhe synapsable domains constructed of 

conventional anti-parallel domains will prefer the fold-back structure of a pinched 

duplexes when the G-G misrnatch domains are separated by spacer sequences of at least 3 

mismatches or base pairs. When such duplexes contain 3 G.G mismatches on either side 

of the spacer region (LMAT-3 and LMTT-3 versus J-K) the duplex becomes incompetent 

to dimerize. We have postulated that these domains that can o d y  form pinched duplexes 

may be used in conformational changes in latter generations of DNA nanostmctures. 
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Catalytic DNA 

"Chance is the only source of true novelty." 

[ From Life Itself, 1982 ] 
Francis Crick 
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Chapter 5 

A New Secondary Model for the Na-8 DNAtyme 

1. Introduction 

1.1 The RNA World 

The discovery of the ability of RNA molecules to catalyze chemical reactions 

(riboqmes) (Kruger et al, 1982; Guemer-Takada et al. 1983) brought to light that 

proteins were not the only biopolyrner that can fold into complex shapes to form 

enzymatic active sites. The number of different types of naturally occurring ribozymes is 

still rather small, now being eight with the ribosome just being added to the list (Ban et 

al. 2000; Nissen et al, 2000; a perspective on this work has been w-ritten on this by 

Thomas R. Cech, 2000). n i e  initial discovery of the ability of RNA to catalyse chemical 

reactions brought support to the notion of the RNA World Hypothesis m t e ,  1976; 

Gilbert, 1986; Bermer et al. 1989) soon after the original discovery of ribozymes. This 

hypothesis suggests that early life forms lacked proteins and these organisms relied on 

RNA for enzyrnatic catalysis and other fimctions. The appeal of RNA as the first 

complex biopolyrner cornes fiom its ability to code for genetic information through 

Watson and Crick base pairing and potentially catalyze al1 the reactions required for a 

metabolism. In some opinions, modern naturally occurring ribozymes are vestiges or the 

prior RNA world. The process of evolution would have replaced most of the original of 

RNA in the early organisms by the evolutionarily later biopolymer - proteins. 

The success of the RNA World Hypothesis depends on demonstrating the ability 

of RNA to be able to catalyze a variety of chemical reactions that would be required for 

even a very simple metabolisim. The small variety of extant riboqmes does not give an 
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adequate picture of the repertoire of chernical reactions RNA c m  cataIyze. The majorïty 

of reactions catalysed by ribozymes include RNA processing reactions, like RNA 

cleavage, splicing and ligation, with the exception of the peptidyl transferase function of 

the ribosome. 

1.2 I n  Vitro Selection 

In vitro selection methods have been developed that allow for the successfid 

isolation of new ribozymes. This method is an iterative procedure that enriches and 

eventually isolates nucleic acid sequences with desired properties from an initial large 

randomized pool of sequences, typically 4016 variants (Ellington & Szostack, 1990; 

Kinzler & Vogelstein, 1990; Robertson & Joyce, 1990; Tuerk & Gold, 1990). 

In vitro selection has resulted in a number of different ribozymes, which have 

demonstrated a greatly diversified catalytic repertoire for this class of enzymes (for 

reviews see Joyce, 1994; Lorsch & Szostack, 1996; Breaker 1996). Some recent novel 

ribozyme that have been selected for, that would be relevant to an RNA world, include: 

ribozymes catalyzing the Diels-Alder reaction (Seelig & Jaschke, 1999; Tarasow et al, 

1997), self-alkylation (Wilson & Szostack, 19951, nucleotide synthesis -au & Bartel, 

1998) and, recently, an RNA polyrnerse (Johnston et al, 2001). 

Beyond using in vitro selection to identiQ ribozymes this methodology has also 

been applied in the identification of RNA molecules with other functions, including 

aptamers (RNA sequences that bind particular ligands). Unusual examples of non- 

catalytic RNAs that have been isolated, which may also have relevance to an RNA 

World, are RNAs that bind and permeate lipid membranes (Khvorova et al, 1999). 
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1.3 Catalytic DNA 

The selection of new ribozymes through in vitro selection suggested the 

possibility of isolating catalytic DNA rnoIecules (DNAzymes or deoxyribozymes). No 

known catalytic DNA sequences are known in nature, but the development of selection 

methodologies opened the opporhmity to identifjr DNAzyrnes de nova The structural 

similarities between RNA and DNA polyrners are such that if RNA is capable of folding 

into complex catalytic structures, DNA would also be predicted to have a similar ability. 

An early attempt at isolating novel DNAzymes using in vitro selection was successful, 

with the original DNAzyme being a lead depended RNA phosphodiester cleaving 

enzyme (Breaker & Joyce, 1994). Since this first example several other types 

DNAzymes have also been selected (for reviews see Breaker, 1997; Sen & Geyer, 1998; 

Li & Breaker, 1999). 

1.4 A Co-Factor Independent DNAzyme 

Original work with the naturally occumng ribozymes suggested that they were al1 

metalloenzymes. The lack of chernical fùnctional groups for acid-base chemistry led to 

hypothesis that al1 nucleic acid enzymes were metaHoenzymes and folded into structures 

to optimally position metal cations to catalyze a reaction (Yarus, 1993; Pyle, 1993). 

An in vitro selection experiment by Ron Geyer, a previous mernber of our 

laboratory, demonstrated that DNA can catalyze the cleavage of an RNA phosphodiester 

bond in the absence of di- or tri-valent cations or any other cofactors (Geyer & Sen, 

1997). After this reported cofactor independence of this family of catalytic DNA 
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sequences, several of the naturally occurring ribozymes where re-examined and where 

also found to be fûnctional in the absence of metal cofactors (Murray et al, 2998). 

The original selection for DNA sequences that catalyze the cleavage of RNA 

phosphodiester bond in the absence of a CO-factor resulted in a few families of enzymes. 

A representative clone, G3, f?om one of the families was used, by Ron Geyer in the 

construction of a mutagenized Iibrary for a secondary selection. The mutagenized library 

contained sequences similar to the parental G3 sequence, but each position in the original 

random region was mutagenized with a fiequency of 15%. Afier six rounds of selection 

the secondary selection resulted in a nurnber of related sequences. The sequences shown 

in figure 5-1 surnrnarïze the "Nayy-farnily of sequences fiom this secondary selection. 

This figure also shows the regions of conservation between the sequences, compared to 

the parental G3. 

Of the regions of conservation a long invariant sequence 5'-CCCAAGAAGGG-3' 

is of particular interest. The manifested high degree of conservation is bolstered by the 

fact îhat this domain also emerged in another selection for RNA cleaving DNAzymes by 

Faulhammer & Famulok (1997). The occurrence of this conserved sequence from two 

independent selections is highIy supportive of a critical catalytic role for the sequence. 

The sequences selected by Faulhammer & Farnulok (1997), were never tested for 

cofactor independence but were found to be active under low magnesiun concentrations. 



Figure 5-1. The Na-family of sequences. Comparison of the randomized 

regions of the clones isolated after the selection with the randomized 

sequence of G3 (Geyer & Sen, 1997). The bottom fine shows the 

consensus sequence. 

A structural model for the Na-family was proposed based upon sequence 

homologies and limited chemical and enzyrnatic probing. The proposed secondary model 

is shown in figure 5-2. 
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Fig lJW 5-2. Structural mode1 for the Na-family of self%leaving c ofactor dependant 

DNAzymes (Geyer & Sen, 1997). Site of self-cleavage (RNA phosphodiester) is shown 

as rA. Double helical regions are numbered 1-V for positional reference. 

1.5 Chapter Overview 

This chapter is a reevaluation of the secondary structure of an individual clone of 

the Na-farnily, Na-8. My work is part of a long-term project of the lab of trying to 

understand, mechanistically, how this DNAzyme can catalyze the cleavage of an RNA 

phosphodiester bond in the absence of a cofactor. 
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2. Materials and Methods 

2.1 DNA Sequences and Preparation 

Al1 DNA sequences were purchased fiom the University of Calgary Core DNA 

services and upon arriva1 were suspended in denaturing buffer (10rnM Tris-CI, pH 8.0, 1 

rnM EDTA, 95% formamide), heated to 90°C for 2 minutes, and purified on an 8% 

denaturing gel (8.4 M urea, 0.5~ TBE). Bands were visualized by UV-shadowing and the 

gel containhg the DNA was excised and crushed. The DNA was passively eluted with 

shaking in 300 mM NaOAc, pH 7.5. After elution the süpernatant was filtered on 0.2 p 

syringe filters the loaded on C-18 Spice Columns. Once the DNA was loaded on the 

column it was washed extensively with ddHzO; the passing of 30% acetonitrile through 

the column then eluted the DNA. Sarnples were then evaporated to m e s s  under 

vacuum, and then resuspended in 100 p1 TE (1 0 mM Tris-CI, pH 7.5, 0.1 rnM EDTA). 

Concentrations of DNA sarnples were then determined by measuring opticaI densities at 

260 nrn, and using the simple conversion of 1 OD = 0.033 pg/pl of single stranded DNA. 

The foIIowing is a list of the sequences used: 

Primers for generating Na-8 or dNa-8. 

JDPl: 

5'-GGT GCC AAG CTT ACC GTC 

JDP2: 

5'-CTG CAG AAT TCT AAT ACG ACT CAC TAT AGG AAG AGA TGG CGA C 

JDPl bio: 

5'-biotin-GGT GCC AAG CTT ACC GTC 
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rAP4: 

5'-GGG ACG AAT CTT AAT ACG ACT CAC TAT rA 

Where rA has a ribose sugar (RNA) not a deoxyribose. 

dAP4: 

5'-GGG ACG AAT CTT AAT ACG ACT CAC TAT A 

Mutant primers: 

JDPl-V': 

5'-biotin-CCC TGC AAG CTT ACC GTC AGT GAA 

dAPL-V' : 

5'-CCA CGG AAT TCT AAT ACG ACT CAC TAT A 

2.2 Preparation of Na-8 Samples 

The Na-8 single-stranded oligomers were generated by PCR amplification using 

the JDPZ and JDP2 primers and the plasmid containing the original cloned sequence. 

After PCR, the DNA was gel purified on an 8% non-denaturing gel ( l x  TBE) and a 

second PCR was performed using a second set of primers, dependirig on the desired final 

sequence ('wild type' or mutant). In the generation of the wild type Na-8 the following 

primers were used; (a) rAP4, to introduce the single ribonucleotide, and (b) JDPlbio, to 

introduce the 5' biotin. The generation of Na-8 mutants different primers were used at 

this step to incorporate the desired modifications. The PCR products were ethanol 

precipitated, and then dissolved in binding buffer (50 mM Hepes, pH 7.0, 0.5 M NaCl, 5 

mM EDTA) and applied to a streptavidin column. The column was washed to remove 

unbound DNA, and the cataIytic strand of DNA (not biotinylated) eluted fkom the column 

using 3 x 100 pl of 0.2 N NaOH. Following neutralization with 60 pl of 3 M NaOAc, pH 

6.5, the DNA was precipitated by the addition of 1 ml EtOH. Following suspension of 
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the pellet in TE, the DNA molecules were kinased using T4 polynucleotide kinase and y- 

3 2 ~ - ~ ~ ~ .  The kinased DNA molecules were ethanol precipitated and resuspended in 

denaturing loading buffer and purified on 8% denaturing gel. The product was visualized 

by exposing the wet gel to X-ray film and the corresponding band was cut out and eluted 

in 400 pl TE buffer. After eluting the DNA fiom the gel the DNA was ethanol 

precipitated and resuspended in 50 p1 50 rnM Hepes, pH 7.0, and stored at -80°C until 

use. Note, when handling the sample as single stranded DNA a11 steps must be done 

quickly, and on ice, if possible, because otherwise the Na-8 molecules will begin self- 

cleavage during many of these steps. 

2.3 Kinetic Analysis 

Standard self-cleavage assays were carried out in the following Reaction Buffer: 

50 mM Hepes, pH 7.0, 1 rnM EDTA, 0.5 M NaCI, and 0.1-pg/p1 glycogen. Al1 reactions 

were canied out at 22'. First, the DNA was dissolved in the above buffer (minus NaCl), 

then heated to 92OC for 1 minute followed by slow cooling to room temperature. The 

cleavage reactions were initiated by the addition of NaCl fiom a stock to a final 

concentration of 0.5 M, and the reaction was quenched by a 5 x dilution into denaturing 

loading buffer and placed on dry ice until electrophoresis. M e r  al1 time points are 

collected sarnpies are placed in a boiling water bath for 1-2 minutes and loaded on a 8% 

denaturing gel, and the bands were quantified using a BioRad GS-350 Phosphoimager. 
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2.4 Chernical Probing 

Structural probing expenments were performed on Na-8 that was generated with 

the dAP4 primer in place of the rAP4 primer. This dAP4 primer replaces the single 

ribose with a deoxyribose in what would otherwise f o m  the cleavage site in the mature 

Na-8. The generated ma-8 is not enzyrnatically active but allows the sequence to be put 

through various probing protocols that would otherwise cleave the ribose substrate. 

2.4.1 Methylation 

A sample of dNa-8 was prepared as described above then folded as described for 

kinetic analysis. To a sample of 10 pl was added 2 pl 1.2% DMS (v/v), and the solution 

incubated for 20 minutes, followed by ethanol precipitation. 

2.4.2 Permanganate 

To 10 pl samples of dNa-8 folded with or without Reaction Buffer 6ee 2.3 

above), was added 2 pl of 12 rnM KMn04, the reaction mixture was then incubated for 5 

minutes at room temperature. The reaction was quenched by the addition of 1 pl allyl 

alcohol, the sarnple was then brought to a total volume of 100 pl with 0.3 M NaOAc, pH 

7.5. The sarnple was then precipitated by the addition of 300 pl cold 100% EtOH. The 

resulting pellet was suspended in 100 pl 10% piperidine and heated at 90°C for 30 

minutes. AAer piperidine treatment the sarnple was dried under vacuum, resuspended in 

50 pl HzO and dried again. The pellet was suspended in denaturing loading buffer and 

then loaded on a denaturing gel. 
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2.4.3 Diethyl Pyrocarbonate 

To 50 pl samples of dNa-8 folded with or without Reaction Buffer (see 2.3 

above), was added 1 pl DEPC and incubated for 35 minutes. The sarnple was brought to 

a total volume of 100 pl with 0.6 M NaOAc, pH 7.5. The sarnple was then precipitated 

by the addition of 300 pl cold 100% EtOH. The collected pellet was suspended in 100 pl 

10% piperidine and heated at 90°C for 30 minutes. Following the piperidine treatrnent 

the sample was dned under vacuum, resuspended in 50 pl &O, and dried again. The 

pellet was suspended in denaturing loading buffer and c m  then be loaded on a denaturing 

gel. 

2.4.4 Hydroxylamine 

To 20 pl samples of dNa-8 in reaction buffer was added 20 pl of 4 M 

hydroxylarnine (pH 6.0). The sarnples are incubated for 20 minutes at room temperature. 

Addition or absence of salt does not have an affect on the experiment because the 4 M 

hydroxylamine is enough to fold the DNA without NaCl. After the incubation the 

sarnple, it was brought to a total volume of 300 pl with 0.3 M NaOAc, pH 7.5. The 

sarnple was then precipitated by the addition of 900 pl cold 100% EtOH. The collected 

pellet was suspended in 100 pl 10% piperidine and heated at 90°C for 30 minutes. After 

the piperidine treatment the sample was dried under vacuum, resuspended in 50 pl H 2 0  

and dried again. The pellet was suspended in denaturing loading buffer and can then be 

loaded on a denaturing gel. 
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3. Results and Discussion 

Based on sequence cornparison and limited chemical and enzymatic probing the 

Na-8 DNAzyme was postulated by Geyer & Sen (1997) to have the secondary structure 

as shown in figure 5-3. We wanted to evaluate the structure by a more complete survey 

of adenine, thymine and cytosine modifications, using specific reagents. 

Figure 5-3. Proposed secondary model for the Na-8 DNAzyme as 

presented by Geyer (1998). Double stranded stems are numbered with 

roman numerals. 

3.1 Chemical Probing 

Samples of dm-8 were prepared and were treated with a variety of chernicals that 

react with DNA in a stmcturally dependent manner. In al1 cases the dNa-8 version of the 

enzyme was utilized since the treatment step to determine the site of chemical 

modification, heating in 10% piperidine, cleaves the interna1 ribose cleavage site. 

Otherwise, if Na-8 were used, only sites of modification 5' of the ribose cleavage site can 

be determined. We have done these probing experiments on Na-8, but results are not 

shown as they show identical probing patterns to that of clNa-8 discussed below. 
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Preparation of dNa-8 is accomplished by using W 4  and JDPlbio primers during PCR, 

as described in the materials and methods. 

Sarnples of ciNa-8 were treated with potassium permanganate, DEPC, or 

hydroxylanine. These chernicals pre ferentidly react with thymines, adenines, and 

cytosines, respectively, when the bases are in a single stranded and unstacked 

conformation. The reactions of potassium permanganate and DEPC have been descrïbed 

in chapter 4. The reaction of hydroxylamine with cytosine, is shown in figure 5-4, leads 

to piperdine sensitive modifications. 

Figure 5 4 .  Reaction of cytosine with hydroxylamine. Two products form 

during the reaction, depending on at which site the reaction occurs first. 

60th products are sensitive to strand cleavage by hot piperidine treatment. 

As mentioned above, selectivity for single strands by these reagents is not 

exclusive; some bases in non-double stranded regions are also resistant to these chernical 

agents. Also, some mismatch base pairs and some hairpin loops can provide 

environments for an "unpaired" base such that chemical susceptibility to the chernical 

used is abrogated. A general rule of thumb when interpreting the modification data with 
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these chernicals is that bases that are reactive are not in a double stranded context while 

bases that show protection may be double stranded or in some other compact structure. 

Figure 5-5 shows the results of ciNa-8 being treated with the three previously 

mentioned reagents. In the cases of permanganate (T-rxn), and DEPC (A-rxn), reactions 

were done in the presence or absence of Reaction Buffer to allow a cornparison of folded 

and unfolded protection patterns of the thymines and adenines. In some cases, even 

under the absence of additional salt, some bases are protected, suggesting areas that fold 

into stable secondary structures under low ionic strength conditions. The cytosine 

specific reaction could not effectively be carried out under high and low ionic strength 

conditions, since 2.7 M hydroxylamine results in a cornplete folding of the DNA sample, 

resulting in identical results for the "low salty' and "high salt" samples (data not shown). 

Sarnples of dNA-8 were also probed with DMS in the presence and absence of 

Reaction Buffer, with essentially no protection being observed on any panines (data not 

shown). This indicated that no N-7 of guanines were involved in stable hydrogen bonded 

interactions within the folded structure. 

Along with the evaluation of secondary structure, figure 5-5 shows a sequencing 

error that occurred in the original characterization of Na-8. Brackets in figure 5-5 

indicate a CAC sequence that is reported as CCAC just inside of the JDP1 primer binding 

sequence. This error is rnost likely not significant as it is not conserved within the 

family, but the CAC sequence will be used in the remainder of this manuscript. 



Figure 5-5. Sequencing gel showing chemical probing patterns on the dNa-8 construct. 
Left and right lanes contain repeat samples which were staggered in the tirne of loading on 
the gel in order to better visualize 5' and 3' ends. T-rxn, C-rxn and A-rxn are sample that 
were treated with permanganate, hydroxylamine and DEPC respectfully. In the cases of 
the thymine and adenine reactions the +Io indicate whether the samples where treated in 
the presence of 0.5 M NaCI. The C-rxn, hydroxylamine, cannot be done at low and high 
siilt conditions for the reason described in the text. 
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Each of the three bases, A, T and C, dong the Na-8 sequence, were designated as 

"protected" or "reactive" to the various reagents and are indicated as such on the 

proposed secondary stnicture of Na-8. Positions that were difficult to assign were not 

used in structural interpretations. No simple equivalent reaction exists for guanine bases 

so they were not examined in this fashion, but DMS has been used as discussed above. 

As seen in figure 5-6(a), the data agree with the proposed structure in regions of the 

proposed structure like stems 1 and IV. Other regions like stem III do not correspond to 

the chernical probing data. This first suggestion of a problem with the pre-existing Na-8 

model (Geyer & Sen, 1997) led to a re-evaluation of the secondary structure. 

3.2 Re-evaluating the Secondary Structure of Na-8 

Ambiguous fitting of the chemical probing data with the previously proposed 

model for Na-8 (figure 5-6(a)) led me to re-evaluate the structure. Two different models 

for the secondary structure were created to better fit the chemical data. The first model, 

Mode1 B, had stem IIi shifted to be consistent with the chemical protection data, while 

the chemically reactive sequences were placed in single stranded environments (figure 5- 

6(b)). While this model closely fits the original, along with fitting the new chemical 

probing data, it is problematic in that there is no obvious reason why stem III should 

achially form. There is almost a complete absence of Watson & Crick base pairing in the 

stem. Alternative association may be involved; however, other structural models were 

also investigated. 
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a) 
protection 

A reactjve 

IV 
A A  *@.TT 

GCT A CGTTA CA 
CaATGG$!+GT~~ 

AA 

Figure 5-6. Secondary structure models for Na*. Models for N a 4  highlighted 

with the chernical probing data from figure 5-5. (a) Initial proposed mode1 for Na4. 

(b) Postulated Model B. (c) Postulated Model C. 
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An entirely new mode1 was constructed de novo, such that it would not be biased 

by the original structure. The MFOLD program for predicting DNA secondary structures 

(SantaLucia, 1998) was used while using constraints for folding such that bases that were 

chernical1 y reactive were no t involved in Watson-Crick base pairs. Regions of protection 

were not used as constraints because chemically protected bases are not always in 

Watson-Crick base pairs, as previously mentioned. The final result is a sigrdicantly 

different structure that agrees with the chemical probing data (fi,ve 5-6(c)). A couple of 

the stems are conserved: stems 1, II and TV, while new helices replace III and V. The 

most obvious difference in the proposed models is that in model C, the 5' and 3' ends of 

the DNA molecule are no longer associated. 

3.3 Secondary Mode1 Evaluation 

To determine which model, B or C, is the more likely secondary structure for Na- 

8, three different mutants of Na-8 were synthesized and assayed for catalytic ability along 

with the wild type Na-8 DNkzyme. The structural impact on Na-8 of these mutations is 

outlined in figure 5-7. Mutations Va and Vb would both disrupt the putative stem V in 

model B (or A) and inactivate the enzyme. In combination, these mutations would re- 

form the double helix of stem V and presurnably allow for enzyrnatic fimction if model B 

were correct. In the case of model C, altemate but less predictable observations are 

expected. 
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5' 

Wild Type 

-TT 
GGCACC 

Double Mutant (Va + Vb) 

Figure 5-7. Structural mutations of Na-8. A schematic drawing of the 

three mutations tested: Va, Vb and the double mutant. Roman numerals 

label each stem on the diagram of the wild type Na-8 enzyme. All three 

mutants affect the postulated stem V of the Na4 model. Sequences in the 

shaded boxes below each structure show the composition of the bases in 

the stem V region in  each particular case. 

The results of the self-cleaving assays of the three mutants in cornparison with the 

wild type enzymes is shown in figure 5-8, while numerical parameters fiom the 

experiments are sumrnarized in table 5-1. 
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O 500 1000 1500 T h e  (minutes) 
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Figure 5-8. Rates of self-cleavage of Na-8 mutants. Kinetic assays were 

performed at 2Z°C in 500 mM NaCI, 50 mM HEPES (pH 7.0), 10 mM EDTA 

As shown in figure 5-8 and table 5-1 both mutant Va and the double mutant 

exhibit very Iow total yields of self-cleavage, about 5% of the "wild-type". The 

mutations also exhibit a 3-fold drop in the observed rate of the reaction. In cornparison, 

mutant Vb shows significantly different results. With this mutant the total maximal 

cleavage remains approximately the sarne as the wild type enzyme, while a comparable 

drop in the rate of self-cleavage with respect to mutant Va and the double mutant is also 

observed. 
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Table 5-1 

Enzyme k ~ b ~  (min") Maximal 
Cleavage (%) 

Wild Type Na-8 0.01 20,004 54 + 5 
Mutant Va 

Mutant Vb 

Double Mutant 0.0029 +0.0010 
(Va & Vb) 

Kinetic parameters of Na4  mutants. A summary of the kinetic parameters 

from the experirnents in figure 54 .  

This indicates that the 3' end of Na-8 appears to be very critical for proper 

folding, as improperly folded sequences will not cleave at all. These results strongly 

favor the new model C over either model A or B, since the enzyrne is active in the 

absence of stem V. 

Further insight is also gained by the examination of the results on the mutants. In 

al1 cases the mutants have a significant catalytic activity. The background, unanalyzed 

rate of this self-cleavage reaction cannot be measured directly because it is too slow for 

accurate measurements. It has been estirnated, however, to be 6x10-* min-' (Li & 

Breaker, 1999b) under our experimental conditions. Enzyrnatic activity of the mutants 

tells us that the sequences that we mutated in fact do not compose critical bases in the 

catalytic core, so are likely to be only important for the effective and efficient folding to 

the active structure of Na-8. Mutant Vb is of particular interest because it allows for the 

sarne degree of cleavage as the wild type enzyme, while only reducing the rate of 

cleavage. The &br of Mutant Vb is comparable to that of the parental G3 enzyme [b, = 

0.003 min-' (Geyer & Sen, 1997)]. This mutated region of Vb may thus be involved in 

structural interactions that allow the Na-8 to have a higher rate of cleavage than G3. Still, 
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the mutations seem to perform a subtle supplementary role to the enzymes function, 

indicating to us that the 5' region may be a target for fùture deletion studies in trying to 

minimize the structure of the enzyme. 

4. Conclusions 

We have pïoposed a new secondary structure model for the Na-8 DNAzyrne that 

better fits the data f?om chemical probing experiments compared to the original proposed 

model. This model in figure 5-9 fits al1 of the chernical and enzymatic probing data 

obtained to date. It is apparent that this is still not the "rninimized" structure of the 

enzyme, as part of the 5' end of the sequence appears somewhat dispensable. The 3' end 

of the enzyme also appears to be important for proper folding of the enzyme to an active 

structure. Future work with Na-8 should determine how much of the 5' sequence can be 

removed without disabling the catalytic activity. 

This new insight to the secondary structure of the enzyme rnay also allow for 

other work on the Na-8 enzyme. Previous work failed to separate the Na-8 sequence into 

catalytic and substrate components such that a tnie enzyme could be constructed, that 

possessed the ability to cleave multiple substrate sequences. Original attempts were 

based on the assurnption of the formation of stem III. Material presented here indicates 

that stem HI does not form, which would explain the failure of those original attempts. 

With the new secondary model the conversion of Na-8 into a tnie enzyme may be 

achievable, which would aid in mechanistic studies of the system. 
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A CGT 

Figure 5-9. Proposed secondary model of Na-8. The single ribose base 

cleavage site is indicated as rA 

This work is a small part of a long term goal of trying to understand how this 

DNA sequence can catalyze the cleavage of an RNA phosphodiester bond in the absence 

of a cofactor with a rate enhancement of approximately -10~. 



Part IV 

Charge Transfer in DNA 
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Chapter 6 

Electron Transfer Agents 

1. Introduction 

The question of whether and how electrons (or electron holes) may rnigrate over 

long distances through DNA was raised almost 40 years ago (Eley & Spivey, 1962; 

Hoffinan & Ladik, 1964). Experiments in the 1990s led to various contradictory 

conclusions about the efficiency and rate of the process of electron transfer through 

DNA. Reports on DNA acting as an efficient electron carrier through the aromatic base 

stacks of duplex DNA, where the term 'n-way' was used to describe an efficient DNA 

conduction system (Arkin et al, 1996; Murphy et al, 1993). Other groups reported 

contradictory results, where DNA \vas detennined to act as an insulator (Lewis et al, 

1997; Debije et al, 1999). A heated debate has persisted over the interpretation and 

validity of various results (Dotse et al, 2000; Wilson, 1997). 

Recently, a larger variety of experiments have been done, including direct 

rneasurements on 600 nm-long 'ropes' of intertwined, desiccated DNA (Fink & 

Schonenberger, 1999); and, through individual DNA duplexes (Porath et al, 2000), the 

consensus seerns to be that both sides of the debate are correct - to some degree. This 

unintuitive conclusion arises because of the complex nature of the charge transfer 

process, which appears to depend on several factors, such as nucleotide sequence, the 

driving force of the reaction and, interaction, or z-overlap, of the electron 

donor/acceptor with the DNA base stacks. 

The understanding of the fundamental mechanisms of charge migration in DNA 

is pertinent to current developments in DNA-based molecular eiectronics, 
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electrochemistry-based DNA chip technology (Wang, 2000; Boon et al, 2000), as well 

as biologically relevant genomic DNA damage (Burrows & Muller, 1998). 

In addition to studies on electrical conduction through DNA, DNA has been used 

to form other kinds of conducting structures. DNA has been used to template the growth 

of nanoscale silver wires (Braun et al, 2998), and the electrical properties of DNA 

assernbled gold colloids has also been examined (Park et al, 2000). A novel metal-DNA 

complex, known as M-DNA, has also been reported to act as an efficient electrical wire 

(Aich et al, 1999). 

1.1 Mechanisms of Charge Transport 

Several rnechanisms for charge transport through DNA have been reported; 

however, there is still no generally accepted mechanism for the process (Grinstaff, 

1999). The two most prevalent models are the unistep superexchange mechanism and 

the rnultistep hole hopping rnechanism. These contrasting mechanisms are believed to 

occur in different situations depending on the specific details of the system being 

examined, particularly, the charge separations, behveen the donor, acceptor and bridging 

sequences (Jortner et al, 1998). A third mechanisrn, that is somewhat related to the 

hopping model, is the phonon assisted polaron like hopping model. In addition to these 

three models, others have been proposed, but the above three are the rnost commonly 

discussed in the literature. These different mechanisms predict significantly different 

rates for charge transport as well as different distance and sequence dependences for the 

process. It is unlikely that only one of the models is correct, as experimental evidence 

suggests that the mechanisrn of charge transfer through DNA changes depending on the 
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driving force of the reaction as well as on the DNA sequence being tested. For a more 

detailed discussior, on the process of charge transport, review articles by Schuster 

(2000), Giese (2000) and Turro & Barton (1998) are suggested. 

1.1.1 Unistep Superexchange 

In the unistep superexchange rnodel, the DNA behaves as a molecular wire 

having a continuous delocalized molecular orbital. In this orbital each base pair is in 

electronic contact with every other. This allows transfer of an electron from the donor to 

acceptor in a single step (Murphy et al, 1993; Turro & Barton, 1998), allowing for very 

rapid electron transfer. This system of charge transfer is believed to occur in systems 

where the electron acceptor and donor are incapable of oxidizing or reducing the 

bridging DNA sequences. This process is expected to be highly distance dependent, 

exhibiting an exponertial decay as a function of distance (inasmuch as long stretches of 

duplex DNA are not static, i.e. are not characterized by continua1 base stacks). The 

DNA double helix is quite dynamic, with motions in the structure occurring at 

timescales as short as 30 pic0 seconds (Borer et al, 1994). 

1.1.2 Muitistep Hole Hopping Mechanism 

The hole hopping mechanism is thought to be pertinent to long-range charge 

transfer through DNA, and is the mechanism currently the most widely supported 

(Nunez et al, 1999; Henderson et al, 1999; Meggers et al, 1998b; Nakatani et al, 1999; 

Grozema, 2000). In this mechanism an electron hole is created by an initial oxidation 

event, where a guanine radical cation (~'3 is formed. This process requires the original 
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oxidizing agent to be strong enough to oxidize guanine, in order to initiate the process. 

The guanine radical cation so formed is unable to oxidize any of the other three bases, 

owing to their higher ionization potentials, but is able to oxidize other guanines. The 

oxidation potential of guanine is 1.34 eV while the oxidation potential of adenine [the 

base with the next highest potential with an oxidation potential of 1.42 eV (Seidel et al, 

1996; Steenken & Jovanovic, 1997)]. These values are for the fkee nucleobases. Values 

in duplex DNA are specific to a sequence context, but the general trend is maintained (G 

< A < C = T ) .  

The ability of the guanine radical cation to oxidize a nearby guanine allows the 

electron hole to hop fiom guanine to guanine by a thermally activated process in a 

random walk &y et al, 1996). The process occurs until a side reaction such as the 

formation of an oxidized guanine, tenninates it. 

Some difficulties with this mechanism arise in cases where two GG or GGG runs 

are separated by a sequence that contains isolated guanines. A Go+ is capable of 

oxidizing the 5'-most guanines in these GG or GGG m s  because of their lower 

ionization potential (see below), but once a G*+G is formed it should be incapable of 

oxidizing an isolated guanine, while remaining capable of oxidizing another GG m. 

Nevertheless, charge migration is still observed to proceed, even to the most distal GG 

run. In such a situation it is believed that the central, isolated, guanine does not get 

oxidized, while forming a 'stepping stone' that acts to reduce the ionization potential of 

the bridge and allow superexchange to occur between the two GG runs (Nakatani et al, 

2000). 
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1.1.3 Phonon Assisted Polaron Like Hopping 

This mode1 also relies on the formation of a radical cation or electron hole in the 

duplex. Such a base radical cation is electron deficient, and the local structure of the 

DNA distorts to stabilize this deficiency by delocalization ont0 adjacent bases. 

Structural changes that could accomplish this include a local partial unwinding of the 

helix to increase base overlap, or a change in the inclination angle of neighbonng bases 

to bnng them closer together. 

Such a structural distortion of the duplex around the radical cation has been 

described as a 'polaron-like species' (Jortner et al, 1998). The definition of a polaron is 

a 'self-trap' of a radical cation within its containing medium. The inability of the 

structural distortions to continue indefinitely down the helix, as well as the sequence 

dependences of the structural distortion are such to prevent the distortions in the DNA 

fiom being classified as a true polaron (hence the name of polaron-like hopping). 

Polaron formation provides a means to average out the ionization potentials of 

adjacent sequences and allow for efficient migration of the electron hole. Movernent of 

the polaron, like the hopping mechanism, is a thermal (phonon) activated process. The 

thermal activation will cause base pairs in or near the polaron to leave or join the 

polaron, with the net result of migration down the DNA duplex. A review article by 

Schuster (2000) is suggested for a more detailed discussion of this process. 

1.1.4 Other Mechanisms 

In addition to the theory of long range hole hopping, a coupled proton transfer in 

the G C  base pair has been proposed (Steenken, 1997). Xn contrast to the migration of 
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radical cations or electron holes, negative charge or electron transport has been 

suggested for some cases (Bixon et al, 1999). In the case of electron transfer it is 

expected to proceed via the reduction of the pyrimidines. Cytosine and thymine are the 

most readily reduced bases, with both having similar reduction potentials (Seidel et al, 

1996; Steenken & Jovanovic, 1997). The existence of a pyrimidine in each Watson- 

Crick base pair would allow for efficient electron transfer with little if any sequence 

dependence. 

1.2 Monitoring Charge Transport 

Several methods have been developed to monitor the process of charge transport. 

Ideally, direct measurements are optimal but cwrently technical limitations prevent 

direct measurernents at an atomically defined level. A cathode and anode cannot be 

attached to DNA at defined spots on a particular DNA molecule. Direct measurements 

are also Iimited to long DNA double helices because of the limitations of reliably 

making anode and cathode contacts only a few nanometers apart. 

The preferred methods of monitoring charge transport through DNA are to use 

DNA that has been covalently modified at a defined position(s) with an oxidizing andor 

reducing agent. Typically, such chernical functionalities are light sensitive; such that the 

process of charge transport can be initiated at will by irradiating the sample with the 

correct wavelength of light. 

Several different compounds have been incorporated into DNA in order to 

monitor charge transport (reviewed by Grinstaff, 1999). Depending on the process one 

wishes to monitor, i.e. fast superexchange or long-range 'hole' hopping, different 
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chemical goups are used. Monitoring the short-range superexchange process usual!y 

entails the use of fluorescent compounds that can be quenched by an electron transfer 

event through the DNA. See the above-mentioned review for a summary of compounds 

that have been utilized, along with a survey of the results obtained with these types of 

compounds. 

1.2.1 Monitoring Electron Hole Migration 

Monitoring long distance hole hopping (or phonon assisted polaron like hopping) 

is typically performed by utilizing of a light sensitive oxidizing agent that will produce a 

radical cation or electron hole in the DNA upon photo-irradiation. Once formed the 

migration of the radical cation is determined by the occurrence of a side reaction where 

the G* forms an irreversible oxidized adduct by reaction with water or Oz. Compounds 

that have been covalently attached to a DNA constnict for these types of experiments 

include an anthraquinone derivative and an organo-metallic rhodium(m) cornplex, both 

of which are used in this work, as well as several others listed by Grinstaff (1999). 

A simple schematic for the process of monitoring cation hole migration is 

depicted in figure 7-2. Photo-excit~tion of the tethered oxidizing agent (Ox, i.e. 

anthraquinone) leads to an excited singlet state (ox*). In the case of some oxidizing 

agents such as anthraquinone, an intersystem crossing to the triplet state may then 

follow. The DNA may then react with either the singlet or triplet excited state of 

anthraquinone. This reaction yields a radical cation or electron hole in the DNA (~'3, 

with an efficiency and rate expressed as kt. Whether this radical cation exists on the 

fïrst purine or guanine is debatable depending on whether the Multistep Hopping 
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mechanism or the Polaron-Like Hopping mechanisms are being discussed. For 

simplicity the Multistep hole hopping mechanism is depicted in figure 6-1. Initially 

fonned, the guanine radical cation can undergo several side reactions (Meggers et al, 

1998; Meggers et al, 1998b; Giese et al, 1999). Of the possible reactions the two of 

greatest interest are described below. 

The first outcome is a simple back reaction, where the singlet (or tiplet) radical 

ion Oxe- and G'+ undergo an electron exchange that results in the original ground state of 

the system (Ox & G). This process occurs at a particular efficiency and rate described 

by kback. It has been proposed that this back reaction can be minirnized by the exclusion 

of a guanine base in the first three base pairs at the end of the helix to which the 

oxidizing agent has been tethered (Sanii & Schuster, 2000). The evidence for this arises 

fkom the observation that on DNA duplexes of such design require 1 4 %  of the 

irradiation time needed to observe comparable guanine damage at distant sites along the 

duplex. 

The second outcome following the formation of the Oxe- and GO+ is where the 

0x'- is returned to the ground state by a reaction with O*, which leads to the formation 

of superoxide. At the same time the radical cation G*+ c m  undergo a reaction with 

another base (G), resulting in the movement, or hopping, of the radical cation's position 

along the duplex. This GO+ to G reaction allows the radical cation to randomly 'difise' 

up and down the helix until a terminating reaction occurs. The termination of cation 

migration happens when a side reaction occurs between the radical cation and either 

oxygen or water to form a base-labile guanine oxidation product. 
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U 

oi 4-b ++-u 
G GG- 

Figure 6-1. A simplified scheme for hole hopping. Photo-excitation of 

the oxidizing agent leads to radical ion formation on the DNA and 

oxidizing agent. Two possible outcornes can then occur; a back reaction 

which results in no net reaction, or charge migration can occur if the 

oxidizing agent is returned to the ground state by a side reaction with 

oxygen. 

Experimental evidence also has shown that not al1 guanines react equally well 

during this oxidized product formation. It has been demonstrated that in Watson-Crick 

double stranded sequences containing 5'-GG-3', the 5' guanine is the most electron 

donating and is more readily oxidized in cornparison to the 3' guanine or any other 

isolated guanines in the helix (Saito et al, 1995). Such a 5' G reactivity is also 

supported by theoretical calculations (Sugiyama & Saito, 1996). In addition to the 5' 

positional effect on the ionization potential of guanine, other sequence contexts 

influence the oxidation of the 5' guanine. It has been experimentally shown that the 
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efficiency of GG cleavage occurs in the following order: GGG > CGG > AGG = TGG > 

TGT (Saito et ul, 1998). 

The actual identity of the resulting oxidized guanine product has also been of some 

debate. Initially the major oxidation product was believed to be 8-0x0-guanine (Hall et 

al, 1996), but it was later shown that 8-oxoG containing sequences are not efficiently 

cleaved in hot piperidine (Cullis et alI 1996), which is the process to detect guanine 

oxidation. Later evidence suggested that the major oxidized guanine product in these 

photo-oxidation experiments was 2-aminoimidazolone (Spassky & Angelov, 1997; 

Cullis et al, 1996; Kino & Saito, 1998). Recently, this has been disputed again by work 

fkom Kan & Schuster (1999), where it is has been suggested that 8-0x0-7,8-dihydro-2'- 

deoxyguanosine is the major oxidation product (susceptible to the piperidine-dependent 

cleavage) in double stranded DNA, while 2-aminoimidazolone may be the product of 

oxidation in single stranded DNA. 

1.3 Chapter Ovewiew 

A major section of this chapter is The Materials and Methods, which includes the 

synthesis of and derivatization of DNA with anthraquinone; a rhodium complex; and, a 

rutheniurn complex, al1 of which can be used in monitoring charge transport through 

DNA. Synthesis was carried out as described in various published articles but in several 

cases a diversity of published methods had to be attempted to achieve adequate yields. 

Al1 steps are provided in detail here as a 'manual' for futwe students continuing on the 

project, while only partial product characterization is provided, a s  the remaining 

characterization is reported in the relevant references. 
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Onginally, our goal, when we set out to explore the process of electron transfer 

in DNA, was to use the rhodium cornplex ( ~ h @ h i ) ~ ( b ~ ~ ' ) ~ +  (-see description below) 

descnbed by Barton's group at Caltech (Hall et al, 1996) to monitor charge transfer 

through a variety of DNA structures. Initial expenments with this compound resulted in 

expected results in double stranded DNA sarnples, but when atternpting to use the 

compound with more complex DNA structures (3 & 4-Way Junctions), confounding and 

unexplainable results were observed. Given the difficulties with the rhodium complex, 

we then tried a different system developed by Schuster's group (Gasper & Schuster, 

1997). This was using an anthraquinone tethered to the end of a DNA duplex to form 

radical cations in the DNA upon photo-irradiation, in an analogous manner to that of the 

rhodium complex. Anthraquinone-DNA adducts yielded data that varied significantly 

fiom those obtained fiom the rhodium complex when exarnining 4-way junctions. This 

is not the first time these two adducts have given conflicting results, as c m  be seen in 

two different published manuscripts about the repair of thymine dimers via long range 

electron transfer in duplex DNA (Dandliker et al, 1997; Dotse et al, 2000) 

This chapter provides a cornparison of results obtained when the rhodium adduct, 

as compared to the anthraquinone adduct, was used to monitor charge transport through 

4-Way junctions. 
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2. Materials and Methods 

2.1 DNA Derivatization 

Al1 chernicals were purchased for Sigma-Aldrich unless stated otherwis 

Solvents were al1 purchased fkom BDH. DNA sequences with the 5' C6 arnino 

functionality were purchased nom the University of Calgary Core DNA senices. 

Unmodified oligos where purchased kom either Sigma-Genosys or the University of 

Calgary Core DNA services. 

2.11 Derivatization of DNA with a Rhodium Cornplex 

The rhodium complex to be tethered to the 5' end of a DNA sequence required 

complete synthesis, as it is not comrnerciaily available. The compound Rh@hi)z(byp') 

Cls Cphi:9,10 diarninophenanthrene; byp': 4-(4-carboxybuty1)-4'methyl-2,2'-bipyridine] 

that we synthesized is shown in figure 6-2. This compound is analogous to the rhodium 

compounds used by Jaqueline Barton's group at Caltech, which has done a significant 

proportion of al1 published work on charge transfer through DNA. Their synthesis 

protocols have been reported, but unfortunately the purification procedures where often 

omitted so we had to work through many of these steps ourselves. The difference 

between our compound and those used by Barton's group is that the 'linker' separating 

the bipyridal and the carboxylic acid is of an intermediate length to those used (Hall et 

al, 1996; Murphy et al, 1993). 
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Figure 6-2. Structure of [Rh(phi)2(byp')] Cl3. Only the A isomer is shown. 

2-1.1.1 Synthesis of 4-(4-carboxybuty1)-4'methyl-2,2'-bipyridine (byp') 

The first step in the synthesis of the ~@hi )z (byp ' ) ]  Cl3 compound was the 

synthesis of the bidentate 4-(4-carboxybutyl)-4'methyl-2,2'-bipyridie (byp') ligand. 

The synthetic route to make this compound is outlined in figure 6-3. 

N2 

142 C (Reflux) 1 ) LDA / THF 
-72 C, 1 hr 

______) 

2)  1.3-dibromo~ro~ane 

NaCN l DMSO 
Reff ux 18 hr 

20% KOH - 
Reflux 18 hr 

Figure 6-3. Synthetic outline for the byp' ligand. 
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2.1.1.1.1 Synthesis of 4,4'-dimethyl-2 J'-bipyndine (6.1) 

The reaction to synthesize 4,4'-dimethyl-2,2'-bipyridine (compound 6.1) was 

performed as essentially described by Ghosh & Spiro (1990). To a round bottom flask 

containing 91 -5 g N-picline (0.983 moles) was added 3 -57 g 10% PdK. The slurry was 

heated îo reflux for 6 days with constant stirring while under a nitrogen atmosphere. 

The solution was then hot filtered to remove the Pd/C catalyst, upon cooling the 

crystaIIine product is observed in the solution of N-picoline. The solution was reduced 

in volume under vacuum to -30 ml, to which 75 ml ethyl acetate was added. The 

solution was heated to dissolve the crystalline product, hot filtered, then placed at room 

temperature to allow recrystalization. Crystals were collected by filtration and then re- 

crystalized 2x tiom 90 ml of ethyl acetate. Final crystals yielded 8.57 g of 6.2 (9.5% 

yield). 

'H NMR (400 MHz, CDCL): 6 8.57 (d, J =  5.0 Hz, 2 H), 8.36 (s, 2 H), 7.20 (d, J 

= 5.0 Hz, 2 H), 2.49 (s, 6 H). 

2.1.1.1.2 Synthesis of 4-(4-bromobuty1)-4'-methyl-2,2'-bypyridi (6.2) 

The reaction to synthesize 4-(4-brornobuty1)-4'-methyl-2,2'-bipyridine 

(compound 6.2) was performed as essentially described by Yonemoto et al (1994). Al1 

steps are under a nitrogen atrnoshere unless stated otherwise. A 3.0 mi solution of 2.5 M 

butyl lithium (7.4 mmole) in THF was added to a solution of 1.1 ml diisopropylamine 

(7.8 mmole) in 15 ml THF with constant stirring on an ice bath. The mixture was stirred 

for 15 minutes; at this point the solution was orange-brown in color. The flask was then 
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transferred to a dry ice acetone bath and stirred. After cooling for -10 minutes a 

solution of 1.38 g of 6.1 (7.4 rnmole) in 35 ml THF was slowly added (over 20 minute 

period). At this point the solution became dark brown in color. A solution of 1.5 ml 

dibromopentane (14 m o l e )  in 15 ml THF was added rapidly (important). After 30 

minutes the solution is then transferred back to an ice bath and the reaction was allowed 

to proceed for another hou.  D u ~ g  the course of this reaction the solution goes blue 

then finally yellow in color. M e r  the reaction was competed it was quenched by the 

addition of 2.5 ml of water. 

The sample was then brought to room temperature and opened to the 

atrnosphere. A concentrated phosphate buffer solution (25 ml-pH 7.0) was then added 

to the sample. The sample is then extracted with 3 volumes of diethyl ether. The 

organic phase was then washed 3x with water then dried over sodium sulphate (do not 

use magnesium sulphate because the product chelates magnesium!). The solution was 

then filtered and the diethyl ether removed under vacuum (do not heat as the product is 

temperature sensitive). The residual yellow-brown oil was suspended in a few milliliters 

of chloroform and loaded on a short silica column (5-7 cm) to remove base line 

impurities. The yellow product was eluted with ether. Collected fiactions were 

combined and dried under vacuum yielding 1.24 g of 6.2 (55% yield). 

1 H NMR (400 MHz, CD2C12): 6 8.53 (dd, J =  5.0, 0.7 Hz, 1 H), 8.50 (dd, J =  5.0, 

2.3 Hz, 1 H), 8.26 (m, 2 H), 7.14 (m, 2 H), 3.46 (t, J =  6.5 Hz, 2 H), 2.76 (t, J =  7.5 Hz, 

2 H), 2.43 (s, 3 H), 1.92 (m, 2 H), 1.85 (m, 2 H). 
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2.1.1.1.3 Synthesis of 4-(4-cyanobutyl)-4'-methyl-2,2'-bipyridie (6.3) 

The reaction to synthesize 4-(4-cyanobutyl)-4'-methyl-2,2'-bipyridine 

(compound 6.3) was pedormed as essentially descrïbed by Nubbaumer et al (1 988). A 

sample of 2.1, 0.50 g (1.6 m o l e )  was dissolved in 10 ml DMSO and added drop by 

drop to a suspension of 0.8 g NaCN in 2.5 ml DMSO and stirred overnight. During the 

reaction the solution went orange then finally yellow. The mixture was then poured into 

a 50 ml solution containing 9.9 g K2C03 and 0.33 g KOH in 81.5 ml distilled water. 

Once rnixed the combined solution goes milky white. The solution was extracted 

repeatedly with small volumes of diethyl ether ( 5 x  25 ml), Extracts were then washed 

with several small volLuries of water (4x 15 ml). The pale yelIow organic solution was 

dried over Na2S04 then evaporated to dryness, yielding 270 mg of 6.3 as a yellow solid 

(65% yield). 

1 H NMR (400 MHz, CDC13): 6 8.59 (d, 1 H), 8.56 (dd, 1 H), 8.28 (s, 1 H), 8.18 

(si 1 H), 7.15 (m, 2 H), 2.75 (t, 2 H), 2.46 (s, 3 H), 2.4 (t, 2 H), 1.88 (m, 2 H), 1.74 (m 2 

H) - 

2.1.1.1.4 Synthesis of BYP' (6.4) 

The reaction to synthesize 4-(4-carboxybutyl)-4'-methyl-2,7'-bipfidine 

(compound 6.4) was perforrned as essentially descnbed by Nubbaumer et al (1988). A 

250 mg sample of 6.3 was dissolved in 20 mi of 20% KOH and refluxed overnight (-18 

hours). The sample was then cooled to room temperature and neutralized with 

concentrated HC1 (test pH with pH paper). The sarnple was then extracted with five 

volumes of diethyl ether. The extract was washed with charcoal and dried over Na2S04. 
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The sample was dried down under vacuum and crystallized fiom a 1:l 

benzene:petroleurn ether solutiori. The resulting fine white crystals of 6.4 weighed 2 1 5 

mg (80% yield). 

I H NMR (400 Mlky CDC13): 6 8.57 (m, 2 H), 8.27 (s, 2 H), 7.15 (m, 2 H), 2.73 

(m, 2 H), 2.43 (s, 3 H), 2.4 (t, 2 H), 1.75 (m, 4 H). 

2.1.1 .2 Synthesis of Rh(~hi)~(byp') CI3 

The route of synthesis for the organo-metallic Rl~@hi)~(byp') Cl3 used is outlined 

in figure 6-4. 

diaminophenanthrene 
(phi) 

Figure 64. Synthetic outline for the 

synthesis of Rh(~hi)~(byp') Cl3. 
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2.1-1.2.1 Synthesis if [Rh@t~i)~Cl~]Cl 

This reaction was essentially as descnbed by Pyle et al (1990). A sample of 

0.100 g m l 3  hydrate (Pressure Chernicals) was dried under hi& vacuum for 2 hours. 

At this point 5 ml anahydrous ethanol was added, and the RhC13 was dissolved with 

gentle heating. M e r  dissolution the deep burgundy solution was purged with nitrogen 

for one hour. 

In another flask, 188 mg of 9,lO-diaminophenanthrene and 5.6 mg hydrazine 

dihydrate was dried under high vacuum for 2 hours. The solid was then dissolved in 15 

ml dry DMF and the yellow solution was purged with nitrogen for one hour with 

constant stimng. 

The solutions werc combined under a nitrogen amiosphere. The combined 

solutions were then heated to reflux for 5 hours. The brown solution was then cooled to 

room temperature then opened to air where it goes an olive green color. The solution 

was then stirred overnight at room temperature. This mixing was done open to the air 

and away fiom direct light. The solid product was filtered and washed with diethyl 

ether, yielding 1 50.5 mg racemic [Rh(phi)2C12]C1 (5 5% yield). MOLDI-TOF: d z  

Rh@hi)zC12+: 293.3 (calculated 293.16). 

2.1.1.2.2 Synthesis if [Rl~(phi)~(byp')]Cl~ 

The reaction conditions in this synthesis are the sarne as described by Pyle et al 

(1990), but the carboxylic acid functionality on the byp' linker requires different 

separation rnethods than that used for an added simple bipyridine described by the 

authors. 
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In a 100 ml round bottom flask 49.8 mg [Rh(phi)zC12]Cl (0.080 mmole) and 26.9 

mg byp' (0.1 mmole) were dissoived in 30 ml DMSO with gentle heating. After 

dissolution 1 0 ml of water containing 1.1 mg hydrazine hydrate (0.0 1 mmole) was added 

dropwise to the warm solution- The solution was then heated to 100°C for 8 hours. 

The solution was evaporated to dryness with a high vacuum roto-vap. The solid 

was then resuspended in a minimal volume of I :1 water:acetonitrile. The sarnp1e was 

loaded on a silica colurnn and eluted with 1:l 200 mM NaCl: acetonitrile. Fractions 

containing the desired orange product were combined and reduced in volume to -IO%, 

then water was added to the solution to a final volume of 20 ml. The product was then 

selectively precipitated by the addition of 5 ml of a 10% NaBF4. The solid was 

collected by centrifugation and washed 2x with 10 ml 1% NaBF4, and l x  with 10 ml 

water. The remaining solid was suspended in 20 ml of acetone and the product was 

precipitated by the addition of 10% tetraethylamine chloride in acetone. The precipitate 

was washed 3x with 15 ml aliquots of acetone. The sampIe was then dried yielding 46.5 

mg of racemic [Rh@hi)2@yp')JC13 (65% yield). Analysis by electrospray MS gives m/z 

of 393 where the predicted value for ~ h @ h i ) & b ~ ~ ' ) ~ +  is 392.9. The observed reduction 

of rhodiurn(m) to rhodium (II) is typical in mass spectroscopy (Pyle et al, 1990). The 

product also exhibited identical pH dependant spectroscopie properties as described by 

Pyle et al (1990). Isomers were not separated as both A and A both work with charge 

transfer experiments in DNA (Hall et al, 1996). 

When using the compound for labeling DNA, small arnounts are approximately 

weighed out and dissolved in water. Accurate concentrations can be determined by 

measuring the samples absorbance at 378 and 292 nrn where the complex has extinction 
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coefficients ( E )  of 28,200 and 43,200 ~ " c r n - '  respectively at pH 7.0. Both readings are 

usually done because discrepancies in the concentrations determined by the two methods 

are indicative of impurities or non-neutral pH. 

2.1.1.3 Preparation of Rhodium Labeled DNA (Rh-DNA) 

DNA with 5'-C6- d n o  label was purchased from University of Calgary 

Core DNA Services. Upon arrival, the DNA is treated to remove nitrogenous 

contaminants fiom the DNA synthesis procedures. The dried DNA sarnple was first 

suspended in 100 pl dd&O, followed by three consecutive 100 pl extractions with 

CHC13. The DNA remaining in the aqueous phase was then precipitated by the addition 

of 30 pl 1M NaCl and 340 pl 100% EtOH. After rnixing the sarnple, it was placed on 

dry ice for -10 minutes foIIowed by centrifugation at 13,000 g for 20 minutes to pellet 

the DNA. The pellet was washed 1 x with 150 pl 70% EtOH (v/v). After brkf drying 

the pellet was re-suspended in 100 pl ddH20 and the concentration determined by UV 

spectroscopy. 

In a 0.5 ml eppendorf tube is added: 15 pl 1 mM Rl1@hi)~(byp')C13, 2.5 pl 1M 

MES (pH 5.75),2.5 pl N-hydroxysulfosuccinimide sodium sait (25 &pl in HzO) and 2.5 

pl of fieshly dissolved EDAC (20 &pl in H20). The sample was incubated at room 

temperature for 10-15 minutes. To the sample was added 15 pg 5'-amino-DNA as 

prepared above. Afier the addition of DNA, 2.5 pl of 50 rnM MgCl2 is added. The 

sample was then wrapped in alurninum foi1 and placed on a shaker overnight at room 

temperature. The sample was then ethanol precipitated and rinsed 1 x with 100% 
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ethanol. The pellet was dissolved in 25 pl TE, then purïfied by reverse phase 

chromatography on an HPLC using a Cl8  Deltpack column (Waters). 

HPLC protocol is as follows: the solvent flow was continuously 0.75 

rnVminute and the colurnn was heated to 6S°C. The initial conditions were 100% 

Solvent A, changing to 30% Solvent B over 30 minutes with a linear gradient. 

Following this period, the solvent was then rapidly changed to a 100% B for 15 minutes 

before reconditioning the column to the original conditions. Solvent A was (20:l) 100 

mM triethylamine acetate (pH 6.85-7.4): acetonitrile and solvent B is 100% acetonitrile. 

Typical uncoupled DNA sequences have a retention time of 17 minutes, while the 

rhodium modified DNA has a retention time of 20 minutes. Retention times v q  

somewhat for different sequences depending on base length. Ammonium acetate (50 

mM, p H  6.0) has also been successfully used as previously reported (Holmlin et al, 

1999), and resuits in a similar resolution of product separation. 

Fractions containing the product are lyophilized, then resuspended in 100 pl 

water and lyophilized again. This process was repeated at least three times. The sample 

was then suspended in 100 pl 300 rnM sodium acetate (containing 10 pg of gglycogen), 

then precipitated by the addition of 300 pl 100% ethanol. After chilling on dry ice for at 

least ten minutes, the sarnples were then centrifbged at -10,000 g for 20 minutes. The 

supernatant was then discarded and the pellet was washed with 70% ethanol. The pellet 

was dned then suspended in 75 pl TE. The concentration of the sarnple was determined 

by measuring the optical density of the sample at 390 nrn. At this wavelength the 

rhodium complex absorbs (E = 19,000) (Nunez et al, 1999). 
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2.1.2 Derivatization of DNA with a Ruthenium CompIex 

Another metal complex that was synthesized was ~u(dppz)(phen)(byp')]Cb 

(dppz: dipyrido [3,2-a:2',3'-clphenazine; phen: 1,lO-phenanthrolùie) (figure 6-5). This 

compound has been described as a 'molecular light switch' for DNA, as it will not 

fluoresce in aqueous solutions in the absence of DNA (Friedman et al, 1990; Jenkins & 

Barton, 1992; Hiort et al, 1993). This compound has also been used in experiments in 

fluorescent based systems to monitor superexchange charge transfer in DNA (Murphy et 

al, 1993; Arkin et al, 1996; Holmlin et al, 1998; Stemp et al, 2000). Even though 

synthesis was accomplished, the utilization of the compound in o u  DNA constructs to 

monitor reactions was problematic. No results utilizing this compound are presented in 

this manuscript, but its synthesis is reported for anyone wanting to repeat the work to try 

and get ae fluorescence-based system working. 

Of the three ligands in the compound only one has to be synthesized, as phen is 

cornrnercially available and byp' has already been synthesized for use in the rhodium 

complex above. 

Figure 6-5. Structure of [Ru(phen)(dppz)(byp')1 CI2. Only the A isomer is 

shown. 
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2.1.2.1 Synthesis of A dipyrido [3,2-a:2',3'-clphenazine (dppz) 

The synthesis of dipyrido [3,2-a:2',3 '-cl phenazine (dppz) was synthesized using 

the scheme outline in figure 6-6. 

6.5 
1) conc. H2SO4 

KBr 
70% HN03 

2) 30% NaOH 
to pH -7 

1,l O-phenanthroline 
(phen) 

Reflux 45 min 
(ethanoi) 

(55%) 

Figure 6-6. ûutiine for the synthesis of the dppz ligand. 

2.1.2.1.1 Synthesis of 1,lO-phenanthroline-5,6-quinone (6.5) 

This synthesis is a slightly modified variant as reported by Hiort et al (1993). 

Note: care should be taken with this reaction and should be pe$ormed behind a blast 

shield. It is not advisable to scale-up the reactioir bqond this size othenvise it becornes 

quite volcanic. 

In a 100 - 150 ml round bottom flask, 5.02 g of 1,lO-phenanthroline (phen) (25.3 

rnmole) was slowly added to 30 ml concentrated sulphuric acid. Afier dissolution, 2.55 

g KBr was added. M e r  the KBr is completely dissolved, 15 ml of 70% nitric acid was 
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slowly added. The solution was then slowly heated to reflux, and the temperature is 

maintained for 1.5 hours. 

After the solution is cooled to room temperature, it was poured over -180 g of 

ice. The green solution was then neutralized with 70% NaOH. During neutralization 

the solution goes yellow, then white and finally orange with light brown precipitate at 

neutral pH. The suspension was then allowed to sit overnight at room temperature. The 

solution was filtered, and the solid is extracted 2x with 100 ml boiling water. The 

extracts were then combined with the original filtrate. 

The residual solid can be extracted with CH2C12 at this point to obtain 5-nitro- 

1,1 O-phenanthroline, this is the major bi-product of the reaction. This compound has 

been used in the synthesis of other ligands possessing 'tethers' (Murphy et al, 1993; 

Jenkins & Barton, 1992). 

The combined aqueous extractions and filtrate above were repeatedly extracted 

with CH2C12 (7x 100 ml). The combined organic fiactions were washed 2x 230 ml 

water, then dried over sodium sulphate. The sarnple was then reduced to dryness under 

vacuum. The residual orange product was crystallized from -400 ml toluene, yielding 

0.83 g of 6.5 (16% yield) as small orange crystals. 

1 H NMR (400 MHz, CDCl3): 6 8.79 (dd, 2 H), 7.98 (dd, 2 H), 7.35 (dd, 2 H). 

2.1.2.1.2 Synthesis of DPPZ (6.6) 

This reaction is essentially described by Dickerson & Summers (1970). To 20 

ml anhydrous ethanol was added 472 mg 6.5 (2.25 mmole) and 470 mg O- 

phenylenediarnine. The sample was then heated to reflux for 45 minutes then cooled to 
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4°C. The product crystallizes upon cooling. The fuie yellow crystals were then 

collected by filtration and recrystalized fiom aqueous ethanol to give 6.6 bentahydrate) 

as long yellow hair like fibers. The collected crystals weighed 460 mg (1.24 m o l e )  - 

(-55% yield). 

1 H NMR (400 MHz, CDC13): 6 9.72 (dd, J =  8.1, 1.7 Hz, 2 H), 9.35 (dd, J=4.7,  

0.7 Hz, 2 H), 8.38 (m, 2 H), 7.96 (rn, 2 H), 7.87 (dd, J =  8.12,4.5 Hz, 2 H). 

2.1.2.2 Synthesis of [Ru(dppz)(phen)(bypY)]Clz 

The route of synthesis used is outlined in figure 6-7 

[Ru(Phen)CIdn 
6.6 

Cl, ,Cl 
EtOH & + hc13*3H20 - cl-TU-, ' 

/ / refiuxl2hrs & + 
(phen) 

/ / 

(72%) n 

Figure 6-7. Synthetic outline for the synthesis of [Ru(dppz)(phen)(byp')]C12. 
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2.1.2.2.1 Synthesis of [Ru(phen)CG], 

To 15 ml of anhydrous ethanol, 246 mg RuC13.3Hz0 (0.940 mrnole) (Pressure 

Chemicals) was added. The solution was heated to reflux until a green color was 

observed. At this point 170.9 mg phen-H20 (0.862 mmole) dissolved in 7.5 ml 

anhydrous ethanol was added. The solution was allowed to continue to heat at reflux for 

1 hour. Afler cooling the insoluble solid black mass of polymenc product if collected by 

centrifugation (too difficult to filter properly). Wash the insoluble pellet repeatedly with 

copious arnounts of water, ethanol and acetone. The sample was then dried in the oven 

at 120°C then dried under high vacuum, resulting in 240 mg of mu(phen)C13]. (0.620 

mmole - 72% yield). 

2.1.2.2.2 Synthesis of [Ru(phen)(dppz)C12]C1 

To 3 ml DMF, 48. I mg [Ru@hen)C13], (0.124 mrnole) and 2.8 mg of LiCl are 

mixed. After some heating, 38.5 mg 6.6 ( 0.104 mmole) is added. The solution was then 

heated to reflux overnight. m e r  cooling the sample was filtered to remove unreacted 

[Ru@hen)C13],, the product was then precipitated by the addition of 13 ml acetone and 

placed at -20°C. The solid was collected by centrifugation and washed 2x with acetone 

and l x  with diethyl ether. The result was 62.7 mg of crude racemic 

wu@hen)(dppz)Cl] Clz (95% yield). MOLDI-TOF: rn/z ~ u ( p h e n ) ( d ~ ~ z ) ~ ~ :  282.9 

(calculated 2 8 1.3); ~u@hen)(dppz)~l+: 599 (calculated 599.03). 
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2.1.2.2.3 Synthesis of Ru@hen)(dppz)@yp) Clt 

The synthesis of the final rutheniurn@) complex was accomplished by mixing 

20.2 mg [Ru(phen)(dppz)C1]C12 (0.0318 mmole) and 17.1 mg of 6.4 (0.0633 mmole) 

into 3 ml fiO: MeOH (2:l). The sample was heated to reflux. The reaction can be 

monitored as the insoluble reactant ipu@hen)(dppz)Cl]C12 disappears. The reaction can 

also be monitored and purity tested by TLC on silica plates using 1:1 200 rnM NaCI: 

acetonitrile as solvent. The desired product has an Rf of -0.30 and as the plate dries the 

orange spot should become fluorescent under long wavelength UV light, ie 366 nm. For 

this visualization drying is required as this compound is not fluorescent in water. 

After the reaction was complete the sarnple is reduced in volume under vacuum. 

m e r  removal of most of the methanol the sample is then made up tol ml with water. 

The sarnple was extracted with 2x CH2Clz and 2x ether, in order to remove fiee ligands 

from solution. The sample was then loaded on a silica column and eluleted with the 

sampIe solvent as in TLC mentioned above. The fiactions containing product were 

pooled then reduced in volume. To remove to the excess NaCl in sohtion two anion 

exchanges were done by selective precipitation, as described in section 2.1.1.2.1 for the 

purification of the rhodium (ID) complex afier column purification. The final dry 

product weighed 10.3 mg (3 5% yield). MOLDI-TOF: rn/z ~ u ( p h e n ) ( d ~ ~ z ) ( b ~ ~ ' ) * + :  

3 8 1.1 (calculated 3 8 1.4). 

2.1.2.3 Preparation of Rutheium Labeled DNA (Ru-DNA) 

The 5'-amino-DNA sequences are pre-treated as described for rhodium coupling 

procedure in section 2.1.1.3. 
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In a 0.5 ml eppendorf tube was added: 15 pl 1 1 @u@hen)(dppz)@yp ' )]Clz, 

2.5 pl 1M MES (pH 5.79, 2.5 pl N-hydroxysulfosuccinimide sodium salt (25 pg/pl in 

H20) and 2.5 pl of fieshiy dissolved EDAC (20 pg/pl in HzO). The sample was 

incubated at room temperature for 10-15 minutes. To the sample was added 15 pg 5'- 

amino-DNA as prepared above. After the addition of DNA, 2.5 pl of 50 mhf MgCl2 was 

added. The sample was then wrapped in alurninum foi1 and placed on a shaker 

overnight at room temperature. 

The sample is then ethanol precipitated and rinsed lx with 100% ethanoI. The 

pellet is dissolved in 25 pl TE, then purified by reverse phase chromatography on a C-18 

column as described above for the rhodium sarnples (section 2.1.1.3). After purification 

the sarnples are treated identically to that as the rhodium conjugates. The concentration 

of these sarnples c m  also be determined spectroscopically by determinhg the optical 

density at 440 nm ( E = 19,000) (Nunez et al, 1999). 

2.1.3 Derivatization of DNA with Anthraquinone 

To label a DNA with a 5' amino modification, with anthraquinone, we decided 

to directly couple an anthraquinone derivative with a carboxylic acid to a 5' mino  

group on the end of a C6 linker on the DNA. The coupling of anthraquinone-2- 

carboxylic acid (figure 6-Sa) to the DNA's arnino group is via peptide bond formation to 

give the final anthraquinone labeled DNA (AQ-DNA) as shown in figure 6-a@). 
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Figure 6-8. Modifying DNA with anthraquinone. a) Anthraquinone-2-carboxylic acid. 

B) DNA labeled to anthraquinone (AU-DNA) through a peptide bond between the 

anthraquinone and a 5' amino group on a C6 linker. 

2.1.3.1 Activation of Anthraquinone 

To prepare anthraquinone-2-carboxy1ic acid for coupling to an amino group on 

the target DNA, it was made into the NHS ester as shown in figure 6-9. The procedure 

is slightly modified to that reported by Telser et al. (1 989). 

Figure 6-9. NHS ester of anthraquinone-2-carboxylic acid. 

In a 50 ml round bottom flask 129 mg (0.51 mole) anthraquinone-2-carboxylic 

acid and 63.4 mg N-hydroxysuccinimide (NHS) (0.55 mmole) were dissolved in 8 ml 

dry dimethyl formamide @MF) with stimng. The sample was cooled on an ice bath 

and then 114 mg 1,3-dicyclohexylcarbodiimide @CC) (0.55 mmole) dissolved in 2 ml 

of dry DMF, was added drop wise with constant stirring. The solution was removed 
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fkom the ice bath and the solution was stirred at room temperature under a nitrogen 

atmosphere. TLC using silica gel FZs4 plates with diethylactate as solvent c m  monitor 

the reaction. The final product can be observed as a new spot with an Rf of -0.8. M e r  

-5 hours the reaction was completed. 

The solution was then filtered to remove the dicyclohexyurea, and then the 

filtrate was dried under vacuum. The remaining solid was dissolved in chloroforrn 

(CHC13), filtered and allowed to crystallize by allowing CHC13 to slowly evaporate. The 

crude yellow crystals were collected by suction filtration and dried under vacuum, 

yielding 90 mg cmde crystals (-0.26 mrnole, 5 1%) of the anthraquinone NHS ester. The 

crystals were not further purified as the trace contarninants do not adversely affect the 

coupling to DNA and will be removed upon purification of the final AQ-DNA 

conjugate. 

1 H NMR (400 MHz, CDC13): 6 9-08 (dd, J =  1.8, 0.5 Hz, 1 H), 8.51 (dd, J =  8.1, 

1.8 Hz 1 H), 8.46 (dd, J =  8.1, 0.5 Hz, 1 H), 8.36 (m, 2 H), 7.86 (m, 2 H), 2.92 (s, 4 H). 

2.1.3.2 Preparation of Anthraquinone Labeled DNA (AQ-DNA) 

DNA with 5'426- amino label was purchased fkom University of Calgary Core 

DNA Services. Upon Arrival, the DNA is treated to remove nitrogenous contaminants 

from the DNA synthesis procedures as described in section 2.1.1.3 above. 

The AQ-NHS ester (4.8 mg) was dissolved in 238 p1 DMF. Aliquots are 

removed for each coupling reaction, 7 pl was added to 0.5 ml eppendorf tubes. To each 

sample was added 75 pl 100 mM sodium borate (pH 8.5) and 5-10 nmoles of prepared 

arnino labeled DIVA (typically 8-15 ul). The tube was covered in alurninum foi1 to keep 
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the sarnple dark and was placed on a shaker overnight at room temperature. The sample 

was then ethanol precipitated after the incubation by the addition of 27 pl 1M NaCl and 

280 pl 100% WOH. The sample was placed on dry ice and the pellet collected and 

washed as mentioned above. The pellet was suspended in the presence of 50 pl 100 mM 

triethylamine acetate and 100 pl CHCI,. The uncoupled anthraquinone also precipitates 

and forms a large pellet. To fully suspend the DNA, the anthraquinone must be fully 

dissolved; this is why a two-phase solvent system was used to efficiently recover the 

DNA. After collecting the TEA aqueous solution, it was extracted 2 x  with 100 pl 

CHC13. The aqueous sample was then partially dried under vacuum to remove 

remaining chloro form. The DNA was then purified by reverse phase chromatography 

on an HPLC using a Cl 8 Bondapack colurnn (Waters). 

HPLC protocols are identical to those descnbed in section 2.1.1.3. Typical 

uncoupled DNA sequences have a retention time of 17 minutes, while the anthraquinone 

labeled DNA has a retention time of 23 minutes. Retention times vary somewhat for 

different sequences depending on base length. A typical elution profile is shown in 

figure 6-10, where absorbtion at 260 nm is seen as the major black trace and the almost 

background absorbtion at 334 nm is in gray. 
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1 AQ-DNA 

Retention Time (min) 

Figure 6-10. Elution profile of AQ-DNA purification monitored at 260nm 

and 335nm. Upper panel is DNA loaded alone as a control while lower 

panel is  after the coupling reaction. A very minor peak at 334 nm (lower 

line) is observed with the coupled product (AU-DNA), the extinction 

coefficient for the anthraquinone at 334 nm is less than 1% of the extinction 

coefficient at 260 nm for the conjugated DNA and anthraquinone. A major 

peak with a slightly shorter retention time than the amino-labeled DNA 

(amino-DNA), which remains unchanged in the two profiles is DNA that was 

not coupled to the C6 amino modification during synthesis (DNA). 

After purification the samples are treatsd identically to that as the rhodium 

conjugates. The concentration of these samples can also be determined 
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spectroscopically. The absorbtion due to anthraquinone at 334 nm is too low (E < 4000) 

to get an accurate measurement with the quantity of DNA being coupled (5-10 nrnoles), 

so the sample is measured at 260 nm and an extinction coefficient is calculated for the 

conjugate using the following values for single stranded DNA E( 260 nm, ~'lcrn''): 

adenine (A) = 15,000; guanine (G) = 12,300; cytosine (C) = 7400; thymine (T) = 6700; 

anthraquinone (AQ) = 29,000. 

A typical yield of the AQ-DNA conjugates ranges fiom 50-85% depending upon 

the sequence and synthetic batch. 

2.2 DNA Sequences 

Al1 DNA sequerices used were ordered from the University of Calgary Core 

DNA services, which were gel purified upon arriva1 as described in previous chapters. 

(note: these sequences have been renamed fiom the original names used in my work. 

OId narnes are included in brackets so they can be identified in storage for individuals 

wishing to use these sequences) 

3.4': 5'-ACTAACCACCGCACGTGCAGGTTCCTTCTT 
(Ri. B ') 

2.1'-2A: 5'- GAGCCGGTAGCAGCGAJTCTCAACTGCAGACT 
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(H.X'-2A) -underlined bases are involved in the bulge in the bulged duplex. 

A.B': 5'-AGTCTCGAACCATGCTCTCACCCACTGCTA 

B.A': 5'-TAGCAGTGGGTGAGAGCATGGTTCGAGACT 

2.3 Duplex and 4WJunction Assembly 

One sequence to be used in each construct is 5' end labeled with a 32~-phosphate. 

A 100 pmole sample of the strand to be labeled is first heated at 90°C in a 100 pi 

pipendine soIution. The sample was then dried under vacuum. The piperidine cleaves 

daxnaged and partially deprotected sequences. The DNA was then resuspended in 18 pl 

water then mixed with 5 pl fonvard rextion buffer, 1 pl T4 kinase and Ipl " P - y ~ ~ ~ .  

The sample was then incubated at 37OC for 45 minutes, and then ethanol precipitated. 

The DNA was then purified on a 15% denaturing gel ( 0 . 5 ~  TBE buffer). The bands are 

visualized by autoradiography, the gel containing the DNA is excised and passiveiy 

eluted into 300 pl of 300 mM sodium acetate (pH 7.5). The DNA was finally 

concentrated by ethanol precipitation and suspended in 20 pl TE (10 mM Tris-CI, pH 

7.9, 0.1 mM EDTA). 

A stock solution of 15 pl, containing 3 pM of each DNA (the end labeled strand 

is diluted with cold DNA to make a final concentration of 2.8 PM) sequence in 50 mM 

Tris-Cl (pH 8.0) and 50 mM NaCl, 0.1 rnM EDTA was heated to 85°C for turo minutes. 

The sample was then allowed to slowly cool to room temperature. After sitting at room 

temperature for at least 30 minutes, 4pl of non-denaturing loading buffer was added to 

the sample. The sample was then purified on a 7% non-denaturing gel ( 0 . 5 ~  TB, 5 mM 

MgC12). The construct was visualized by autoradiography and the gel excised and the 
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DNA was eluted into a solution of 50 mM Tris-Cl (pH 7.9), 50 mM NaCl, 5 mM MgC12, 

0.1 mM EDTA. The DNA was then concentrated using Microcon spin filters with a 10- 

kDa cutoff. 

2.4 Photo-irradiation and Guanine Oxidation Detection 

DNA samples were diluted to a final concentrations of 0.3-0-5 pM DNA and 50 

mM Tris-Cl (pH 7.9), 50 mM NaCl, 5 mM MgC12, 0.1 mM EDTA. Aliquots of 30 pl 

were placed into siliconized 500 pl eppendorf tubes and placed in a water bath at 

ambient temperature (either in a cold room or bench top). The samples were positioned 

such that they lined up directly under a handheld lamp (366n.m peak wavelength) for 

typically 3.5 hour photo-irradiation. Various light sources (arc lamps and a nitrogen 

laser) have been tested as well as the use of bandpass filters (365 nm), but the best 

results were obtained with the small 366 nrn hand held larnp and results were identical 

with or without filters with this light source. 

After photo-irradiation, samples are precipitated by the addition of 3.5 pl 3M 

NaOAc (pH 7 . 9 ,  3 pl 100 mM EDTA, 2 pl 2 pdp1 glycogen, and 105 pl 100 % EtOH. 

The pellets were washed 2x with 70% EtOH, then resuspended in 100 pl 10% (vlv) 

piperidine. The samples were heated to 90°C for 30 minutes, and dried under vacuum. 

The samples were treated by two rounds of dissolving in 50 pl of water followed by 

drymg under vacuum. Samples were finally dissolved in denaturing loading buffer and 

loaded on a 12% sequencing gel (8.4 M urea, 0 . 5 ~  TBE). Gels were dried and 

visualized using a Molecular Dynamics Storm phosphoimager or a BioRad GS-350 

phosphoimager. 
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3. Results and Discussion 

Our objectives upon entering the field of charge transfer through DNA, were to 

examine the process in more complex DNA structures than in simple double helical 

DNA, upon which the bulk of the published work to date is based upon. 

The system we originally decided on to monitor charge transfer was DNA 

covalently tethered with ~ h @ h i ) ~ ( b ~ ~ ' ) ' + .  With this rhodium compound, radical cations 

can be formed in the DNA by photo-irradiation at 350-390 nrn (where only the rhodium 

complex absorbs). The determination of positions in the DNA where the charge can 

migrate to is performed by detemiinhg to positions where guanines form base-labile 

oxidized products. After synthesizing the rhodium cornplex and optimizing the coupling 

procedure, initial experiments were done to confirm we could obtain sirnilar results with 

double helical DNA as has been previously reported (Hall et al, 1996). 

Initial reproduction of the reported work was successfbl, where guanine 

oxidation could be detected along the length of duplex DNA upon photo-irradiation. 

When experiments were applied to DNA Cway junctions, we observed unpredicted 

charge transfer down al1 arms of the junction (see below). After pursuing an 

explanation, we began to question the rhodium-based systern and then decided to try 

another reported system where the photo-activated oxidizing agent was an 

anthraquinone derivative (Gasper & Schuster, 1997). 

The following is a cornparison of the results we observe in using the two systerns 

while monitoring charge transfer through DNA 4-way junction, along with structural 

controls of double helices and double helices containing a 2 base (adenine) bulge. 
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3.1 Structure and Predicted Charge Transfer in 4-way junctions 

As mentioned, the DNA structure of interest in this chapter for evaluating its 

ability to facilitate charge transfer is the immobile 4-way junction. As discussed in 

chapter l), 4-way junctions adopt an 'X' like structure where the arms pair up into two 

CO-axial stacks. With either parallel or anti-parallel4-way junctions, each arm only has 

two potential pairing options for coaxial stacking. With the junction shown in figure 6- 

11, arm (I) can pair with either arm @) or 0. Reported literature on 4-way junctions 

has never found evidence for the stacking of the diagonal pairs (i.e. pairing of arms (IJ 

& Cm)). The determining factor for the preferential pairing of the helical arms is the 

identity of the bases at the junction. In most cases one form is energetically more 

favorable than the other, but in the cases where the sequences at the junction have 

syrnrnetry, the two isomers form along with rapid isomerization between the two 

structures (Grainger et all 1998; Miick et al, 1997). The sequences we have 

incorporated at the junction are known to highly prefer coaxial stacks between arms 1 & 

N and II & III (Ducket et al, 1988) as shown in figure 6-11. This preferred 

conformation would result in a prediction that charge migration is to be observed down 

arrns (1) and (IV) as shown by the dashed arrow in the figure. 

During the course of our work, Barton's group had published a paper on 

immobile 4-way junctions using rhodium conjugated constmcts (Odom et al, 2001). 

Their work indicates relatively identical charge migration d o m  al1 four arms of the 4- 

way junction. Their results, which are counter intuitive to expectations, were suggested 

to be a result of conformational flexibility of the junction as charge transfer experiments 
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in double crossovers do not exhibit this prorniscuity in charge transfer (Odom et ai, 

2000) 

Figure 6-1 1. Schematic of the stacked 4-way junction tested. Ox indicates the photo- 

inducible oxidizing agent (either anthraquinone or [~h(phi)~(byp')]". Double helical amis 

are numbered with roman numerals for reference. Positions of the single stranded DNA 

sequences 1.2', 2.3'' 3.4' and 4.1' are indicated to show which arms of the junction they 

participate in. 

With what is known about the confonnational isomerization of 4-way junctions 

it is understood as mentioned above that each double helical ann c m  have two possible 

partners. In no reported cases has it been suggested that arms (I) and 0 cm stack, 

which is an essentially 'forbidden' conformation. The only structural basis we could 

come up with that would allow charge transfer to arm (III) was if the rate of 

isomerization of the structure was on the same order of magnitude as the rate of charge 

transfer. In this scenario if a radical cation migrated to arm (IV) in figure 6-1 1, then a 

structural isomerization occurs such that arms 0 and (N) stack, the radical cation 

could then migrate into arm (III). In essence this is possible, but al1 reported data 

suggests that charge migration is at least three orders of magnitude faster than the rate of 

conformational isomerization in the 4-way junction. The rate of isomerization of 4-way 

junctions is slow on the NMR time scale, resulting in an estimated rate of conversion to 

be the millisecond to second time scale. (Grainger et al, 1998; Miick et al, 1997). Even 



Electron Transfer Agents - Chapter 6 

if this occurrence is possible one would expect the magnitude of guanine darnage down 

each duplex arm to be proportional to the extent that the junction prefers one 

conformation over the other. 

To determine whether *As phenornenon of promiscuous charge transfer was an 

artifact of using the rhodium conjugated complexes or was actually an indication of an 

unusual structure feature of 4-way junctions we continued our studies. 

3.2 Assembly of Conjugated 4-Way Junctions 

Before we cornrnenced with charge transfer experiments with Cway junction 

structures, we wanted to determine whether the structures could readily fonn with our 

modified sequences conjugated to either ~h@hi)~@yp')'+ (Rh-DNA) or anthraquinone 

(AQ-DNA). 

Sarnples containing the 32~-end labeled sequence 2.3' were mixed with the other 

sequences of the Cway junction in a variety of cornbinations. These include: only the 

3.4' strand; 3.4' and 4.1 '; 3.4', 4.1 ' and AQ-1.2'; or 3.4', 4.1 ' and Rh-1.2' (AQ-1.2' & 

Rh-1.2' refer to the DNA sequences coupled to either the rhodium cornplex or 

anthraquinone). Tne samples were made to final concentrations of 1 pM of each strand 

and 1 x folding buffer (50 mM Tris-Cl @H 7.9), 50 mM NaCl, 5 mM MgC12, and 50 pM 

EDTA). The samples were heated to 90' C for two minutes, then allowed to slowly cool 

to room temperature over a 45 minute period. Aliquots of the sarnples (5 pl) were added 

to 1 pl non-denaturing-loading buffer then loaded on a 7% native gel (figure 6-12). 

As c m  be seen in figure 6-12, every time an additional strand is added to a 

sample, a new, slower migrating species is formed. The observation of four distinct 
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species indicates that the slowest migrating species upon the addition of AQ-t -2' or Rh- 

1.2' incorporates al1 four DNA sequences. Taking Watson-Crick base pairing as the 

mode of association, the associated four strands will result in a 4-way junction. Similar 

experiments were done using an unmodified 1.2' sequence that resulted in identical 

results (data not shown). 

Figure 6-1 2. Formation of conjugated 4W-junctions. Samples were 

mixed at a concentration of 1 PM of each indicated strand in folding buffer, 

heated to 90°C and cooled to allow annealing for 30 minutes. Samples 

were then loaded on a 7% non-denaturing gel (O.SxTB, 2 mM MgCI2). 

3.3 Charge Through Immobile 4-Way Junctions 

For expetinentation to monitor charge transfer in the DNA consmicts, Cway 

junctions were assembled and gel purified as described in the materials and methods. 

Junctions containing the AQ- 1.2' or Rh-1 -2' strands were made that also contain either 

32~-end labeled 2.3' or 4.1' sequences. Using these two permutations of the location of 

the 3 2 ~  label, al1 four arms of the Cway junction could be monitored. Labeled 2.3' will 
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detect charge migration to arrns (II) and (III), while the end labeied 4.1' samples can 

detect charge migration in arms (I) and 0. 

Along with the above described 4-way junction samples, gel purified duplexes 

and duplexes containing a two base adenine bulge were formed with both Rh-1.2' or 

AQ- 1 -2' sequences, and the respective 32~-end Iabeled 2.1 ' or 2.1 '-2A sequences were 

prepared. 

The gel-purified samples were photo-irradiated as described in the matenals and 

methods at 366 nrn for 210 minutes at 6-9" C. After tEis irradiation, sarnples were 

ethanol precipitated followed by hot piperidine treatment. Samples were then loaded on 

sequencing gels with appropriate ladders and dark controls. The dark controls are 

identically treated duplex sarnples that are not photo-irradiated to account for 

nonspecific DNA damage. 

Figure 6-13 shows the results of the Rh-conjugated samples. As expected, there 

is observed cleavage at every guanine in the Rh-duplex, while sirnilar cleavage is also 

observed in the duplex containing a 2 base adenine bulge. We originally were expecting 

duplexes possessing a bulge to act as a control for the effects of disrupting the base 

stacking of the duplex at that point. Analogous work by others (Gasper & Schuster, 

1997), using duplexes with abasic sites have also observed sirnilar results, indicating that 

the kink caused by the extra unpaired bases may still forrn a stacked structure. 

As can be seen in the irradiated lanes for both the 2.3' and 4.1' 4-way junction 

samples, there is significant strand cleavage at al1 guanines with relatively similar 

intensities. This would suggest charge migration down al1 fbur arms of the junction as 

previously reported by Odom et al. (2001). 
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Rh4Way Junction 

Figure 6-4 3. Photo-induced guanine oxidation in rhodium conjugated 

DNA samples. Gel purified constructs were photodrradiated at 366 nm for 

210 minutes, (+) lanes, or left in the dark (0)  lanes. Samples were then 

treated as described in the materials and methods and loaded on a 12% 

sequencing gel. Rh-duplex samples are double stranded DNA control, 

and the Rh-bulged duplex is the duplex containing a 2 base adenine bulge. 

The brackets indicate the position of the 2 extra bases. The arrows 

indicate the junction point in the 4-way junction on the 2.3' and 4.1' lanes. 
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Significantly contrasting resuIts are observed when the sample DNA constructs 

are conjugated with anthraquinone. As shown in figure 6-14, the double stranded 

control exhibits predicted cleavage throughout the duplex. DNA duplexes containing a 

bulge, also exhibits charge transfer through the entire helix indicated by the observable 

strand cleavage; still, a modest reduction is observed distal to the point of the double 

adenine bulge. The most glaringly observable difference between the Rh- and AQ- 

conjugated complexes is with the 4-way junction samples. When the 4.1' strand is 

labeled in a 4-way junction, strand cleavage is observed throughout the labeled strand. 

This indicates charge transfer between arms (I) and (IV) as indicated by our model in 

figure 6-1 1. When strand 2.3' is labeled in the context of the 4-way junction, no 

cleavage is observed anywhere along this sequence. This would suggest no charge 

transport occurs to arms and (III). This observation fits the structural model of 4- 

way junctions, but is in disagreement with rhodium based results form Barton's group 

(Odom et al, 2001) and ours shown above. 

To confinn this observation we performed the above-mentioned experiments 

again, but this time we used Rh- and AQ-4-way junctions containing 3.4' as the end 

labeled strand. In this case we wouId only expect to observe strand cleavage along the 

3.4' sequence where it is involved in atm (IV) and not in the region involved in arm 

. Figure 6-15 shows the results of these expenments and the anthraquinone- 

conjugated samples behave as predicted as the 5' most guanine in a GG doublet located 

in a m  0 exhibits reactivity. 
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Junction 

Figure 6-1 4. Photo-induced guanine oxidation in anthraquinone 

conjugated DNA samples. Gel purified constructs were photo-irradiated at 

366 nm for 210 minutes, (+) lanes, or left in the dark (9) lanes. Samples 

were then treated as described in the materials and methods and loaded 

on a 12% sequencing gel. AQ-duplex samples are double stranded DNA 

control, and the AQ-bulged duplex is the duplex containing a 2 base 

adenine bulge. The brackets indicate the position of the 2 extra bases. 

The arrows indicate the junction point in the 4-way junction on the 2.3' and 

4.1 ' lanes. 
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AQ4W-Junction 

Figure 6-15. Photo-induced guanine oxidation in the DNA strand 3.4'. 

Gel purified 4-way junction containing the end labeled 3.4' sequence and 

either Rh- or AQ-1.2', were photo-irradiated at 366 nm for 210 minutes. 

Lanes labeled dark are the non-irradiated dark controls. Samples were 

then treated as described in the materials and methods and loaded on to a 

12% sequencing gels. Arrows indicate the junction point in the sequence 

that separates arms (Ill) (lower) and (IV) (upper). 

A summary of the observed cleavage patterns on the 4-way junction is show in 

figure 6-16. Mapping the piperidine labile sites to the structure rnakes it obvious, that 

when using anthraquinone modified 4-way junctions, charge transfer is limited to arms 
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O and (IV). This is contrary to rhodium-modified junctions where cleavage is observed 

at al1 sites. This indicates an unpredicted event is occuning with the Rh-conjugated 

sarnples. We believe the Rh- samples are giving the anomaious results because the AQ- 

samples result in observations that concur with what is known about immobile 4-way 

junctions. 

It can be ruled out that the radical cation can jump between the coaxial stacks 

because of differences in the redox potential of such cations formed by the two oxidizing 

agents. Once formed these radical cations should possess identical redox potentials 

regardless of how they were formed. Even if such radical cations could convey various 

potential energies, the redox potential of photo-activated anthraquinone is greater than 

that of the rhodium complex (2.18 eV and 2.4 -1 -76 eV respectively, with value reported 

versus a standard carbon electrode (Armitage et al, 1994; Turro et al, 1996; Dandliker et 

al, 1998). 

It has been ruled out that the tethered rhodium can intercalate into another 4-way 

junction molecule, because wlien non-radioactively labeied Rh-4-way junctions are 

photo-irradiated in the presence of 32~-endlabeled Cway junctions lacking a rhodium 

functionality, no observed Strand cleavage is observed upon piperidine treatrnent. This 

observation has been made by us (data not shown) and by Barton's group (Odom et al, 

2001). 
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4 5  4.1' g 8 
TCAGACGTCAACTCT-ACGTCCAAGGAAGAA-5' 

(I) Rh- AGTCTGCAGTTGAGA CCTTCTT (IV) 
1 -2' I 3.4' 

CTCGGCCATCGTCGC CCAATCA -5' 
(II) 5'- GAGCCGGTAGCAGTG - GGTTAGT ( 111) 

IEr I3-B Ir I r *  lrmmm Ir 
2.3' 

Q 4% 4.1' 8 88 4% 
TCAGACGTCAACTCT-ACGTCCAAGGAAGAA-5' 

AQ-AGTCTGCAGTTGAG* TGCAGGTTCCTTCTT (IV) 
1 -2' I I % 3.4' 

CTCGGCCATCGTCGC GCACGCCACCAATCA-5' 
GAGCCGGTAGCAGTG-CGTGCGGTGGTTAGT 

2.3' 
(III) 

Figure 6-16. Summary of results from charge transfer experiments with 

a 4-way junction. Arrows indicate sites of strand scission after photo- 

irradiation and hot piperidine treatment. 

3.4 Rhodium Intercalation 

Another possibility we ruled out was the potential that the tethered rhodium on 

arrn (I) could reach across the space and intercalate into arms (II) or (IV). 

The ~ h @ h i ) ~ ( b ~ ~ ' ) ~ *  cornplex we have been using has the ability to cause direct 

DNA strand scission at the site of intercalation upon irradiation with shorter wavelength 

W light (< 3 10 nm) (Hall et al, 1996). This ability to determine the intercalation site 

was one reason we originally chose to work with this compound. 

Sarnples of Rh-conjugated 4-way junctions containing either 2,3', 3.4', or 4.1' 

32~-endlabeled sequences, along with a double stranded DNA control were prepared as 

described above. The sarnples containing -0.4 pM DNA in l x  folding buffer were 

photo-irradiated with a 300 nrn transilluminator through an optical filter that removes 
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Light < 300 nm. M e r  a 60-minute irradiation, the samples were lyophilized. The pellets 

were suspended in denaturing loadinç buffer then Ioaded on a 15% sequencing gel. As 

shown in figure 6-17, cleavage is only observed at the end of stem (I) as indicated by 

cleavage only observed in the Cway junction when strand 4.1 ' is 32~-endlabeled. 

Inn- 

Figure 6-17. Mapping the site of tethered rhodium intercalation. Gel 

purified Rh-conjugated 4-way junctions and double stranded DNA where 

photo-irradiated with 300-315 nm UV light for 60 minutes (+ lanes) or left 

untreated (- lanes). All samples where in l x  folding buffer at a 

concentration of 0.4 PM DNA. 

The above-mentioned observations have shed no light on the basis for the 

observed differences between using anthraquinone or rhodium conjugated DNA 

constructs. We have postulated other explanations such as the occurrence of a surface 

based reaction in the case of Rh- samples, as we have found that these sarnples are 

unusually 'sticky' in that they often adhere to surfaces. Further experimentation is 
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required to determine whether this or other processes are involved in the observed 

unpredictable nature of the tethered rhodium complexes. 

3.6 Observations with Hexamine Cobalt 

Conventional practices with immobile DNA junctions ofien use hexarnine cobalt 

[CO(NH&~+], as it is known to highly stabilize these structures (Welch et al, 1993; 

Grainger et al, 1998). Some initial tests were done with 4-way junction complexes that 

resulted in some anomalous results. 1 went back to examine the affect of hexarnine 

cobalt and other salts we have on non-conjugated DNA duplexes. 

Figure 6-18 demonstrates the effect of hexamine cobalt on the unrnodified 

duplex made fiom sequences A.B' and ELA'. In this experiment duplexes (1 PM), in l x  

folding buffer, were irradiated for 3 hours at 19O C as described in the matenals and 

methods. As seen in the figure, the only situation where strand cleavage is observed is 

when DNA duplex sarnples are photo-irradiated in the presence of 100 pM hexamine 

cobalt followed by hot piperidine treatment. This treatrnent results in strand cleavage at 

three guanines within the sequence. Al1 other combinations of conditions tested result in 

no observable affect to the DNA. It is noteworthy that only 5' guanines exhibit cleavage 

(one is the central guanine of the GGG triplet, but it is still 5' of another guanine). 

No signifiant work has been done previously with experiments using cobalt 

compounds to create piperidine sensitive sites in DNA. There is some older work that 

describes some different cobalt(m) complexes being used to directly cleave DNA upon 

photo-irradiation with shorter wavelength UV light than used in this thesis to rnonitor 
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charge transport, i-e. less than 300 nm (Chang & Meares, 1982; Barton & Raphael, 

1984). 

A.B Duplex 

+IO0 uM Co(NH3)sCh 

366nm irradiation 

f o + 1 + - Piperidine 
treatment 

Figure 6-18. Affect of hexamine cobalt on photo-irradiation of DNA 

Samples containing 1 pM DNA in l x  folding buffer were treated as 

indicated then loaded on a 12 O/. sequencing gel. 
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4. Conclusions 

We have repeated the published work on charge transfer through immobile 4- 

way junctions as previously reported by Odom et al (2001). When we use DNA 

tethered with the organo-metallic rhodium complex, ~ h @ h i ) ~ @ ~ ~ ' ) ~ ' ,  we observe 

similar 'promiscuous' charge transfer down al1 4 arms of the 4-way junction, as was 

reported. If the DNA is tethered with anthraquinone instead of the rhodium complex, 

contradicting results are observed. The anthraquinone based experiments result in 

observations that fit the known structure of DNA immobile 4-way junctions. Results 

using antfuaquinone-conjugated DNA, indicates that the two coaxial base stacks formed 

between the double stranded arms of a folded 4-way junctions remain electrically 

uncoupled, such that they act as two non-interacting 'wires'. 

This is the first report of a side-by-side cornparison of the rhodium-based system 

to monitor charge transport by cation injection with another similar system. From our 

experimental data we have yet to define the process that is occumng with rhodium 

modified 4-way junctions, whic'n results in experimental observations that are likely 

misinterpreted as long-range charge transport. 
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Chapter 7 

DNA Based 'Electrical Switches ' 

1. Introduction 

In chapter six we examined charge transfer through DNA junctions. These 

structures are relatively static in that they prefer a particular folded structure. 

A question that we had since initially pursuing studies of electron transfer was 

whether DNA constructs could be designed that have a varying capacity for charge 

transfer that is modulated by some extemal signal. The idea arises fkom observations that 

disruptions to a double helix, such as a mismatch, reduce charge transfer efficiency 

(Kelly et al, 1997 & 1999; Giese & Wessely, 2000). It has aIso been shown that 

particular proteins that bind to double stranded DNA, disrupt base stacking, by kinking 

the helix and making some bases extra-helical also disrupt charge transport (Rajski et al, 

1999; Wagenknecht et al, 2001). The proteins used in these studies were restriction 

enzymes that have been mutated, such that cleavage was inactivated but the DNA binding 

ability remained unaltered. 

Instead of using a protein to disrupt the structure of a DNA duplex, we wanted to 

construct DNA structures that adopt different structures depending upon the presence of 

particular compounds in solution. The various structures that the DNA can adopt would 

be such that they either promote or inhibit charge transport. If this type of rnethodology 

proves successfbl it would open a new field where 'silicon chip' bound DNA 'sensors' 

could allow for immediate detection of particular target compounds. 



DNA-Bused 'Electrical Switches ' - Chapter 7 

1.1 Chapter Overview 

This chapter presents two stnictural designs of DNA-'electrical switches' or 

'electrical sensors' that are regulated by the presence of small molecules. 

The two designs of DNA-based 'switches' we have constmcted and tested are 

based upon a DNA aptamer that binds and recognizes adenosine and its variants (i.e. 

AMP, ATP etc.). Successfully demonstrating the ability to regulate charge transport by 

these aptamer based-'switches' would suggest that similar designs could be engineered 

fiom other aptarners targeting compounds of interest. If this is the case, devices could be 

developed for the rapid detection of dnigs, hormones and other small molecules of 

medical significance. 

2. Materials and Methods 

2.1 Oligonucleotide Sequences. 

Al1 DNA sequences used were ordered fYom the University of Calgary Core DNA 

services and were gel purified upon arriva1 as described in previous chapters. The 

sequences used in the construction of 'switches' and control constmcts are as follows: 

ATP-aptamer sequences: 

Amino-ATP-c: 5'-amino-C6-TTTAGCCAGGAGGAACCTTGAT 

ATP-c : 5'-ATCAAGGTGGGGGATGGCTM 

ds-ATP-C: 5'-ATCAAGGTTCCTCCTGGCTAAA 



3 W-aptamer sequences: 

Arnino-prATP2: 5'-amino-C6-AGTCTGCAGTTGAGATGGGGGATACCTTGGTAA 

disATP2 : 

RX' : 

Arnino modified oligonucleotides were coupled to anthraquinone and purified as 

described in chapter 6. Rhodium complexes were not used because of the difficulties 

with this compound observed in chapter 6. 

2.2 Aptamer Assembly 

End labeled sequences were pretreated with piperidine and 3 2 ~  end labeled as 

described in chapter 6). 

The DNA constructs were assernbled by heating samples of constituent single 

stranded DNA sequences (1 @VI ea) in 100 mM Tris-Cl (pH 8.0) and 100 mM NaCl, and 

0.1 mM EDTA to 90°C for two minutes, then allowed to cool and anneal over a 45- 

minute period. The stock solution was then aliquoted to a number of tubes as required. 

To the aliquoted sarnples were added an equal volume of a 5 mM MgC12 solution 

containing adenosine, uridine or nothing (controls) depending on the sarnple being made. 

Final concentrations were: 0.5 p M  DNA, 50 mM Tris-Cl (pH &O), 50 rnM NaCl, 2.5 mM 

MgC12, 50 pM EDTA plus adenosine etc. The samples were then incubated for a 

minimum of 30 minutes before proceeding to photo-irradiation. 
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2.3 Photo-Irradiation and Detection of Oxidized Guanines 

Irradiation of the samples was as described in chapter 6). M e r  the photo- 

irradiation the samples where made up to 10x their original volume to a final 

concentration of 10% piperidine. The sarnples were heated to 90°C for 30 minutes, 

followed by drymg under high vacuum. The sarnples were repeatedly (at least two times) 

suspended in 50 pl ddH20, then dried under vacuum. Samples were dissolved in 

denaturing loading buffer then loaded and resolved on a 12% denaturing gel ( 0 . 5 ~  TBE) 

(note: load less than 20% of the total sample problems to avoid poor resolution of 

samples on the sequencing gel.) The gel was dried then visualized using a Molecular 

Dynarnics Storm phosphoimager. 

3. Results and Discussion 

3.1 Electrical Switches modulated by Adenosine 

The DNA structure in which we have based our designs of adenosine dependent 

'switches', was the ATP-aptarner originally identified by in vitro selection by Huizenga 

& Szostack (1995). This aptamer has been shown to bind ATP, as well as adenosine and 

AMP analogs. Later work by Lin & Patel (1997) determined the NMR structure for the 

aptamer. Determination of the solution structure showed that the aptamer is a 

symmetrical intemal loop that binds two adenosines; this point was missed in the original 

manuscript. A schematic for the structure is shown in figure 7-1, it has been determined 

that the double stranded flanking sequences are not important as long as a double helix is 

maintained. The basis of using the ATP-aptamer to regdate charge transfer, was that it 

can be accommodated in any DNA duplex sequence we wanted and like many RNA and 
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D N A  aptamers, its binding site does not form in the absence of  a ligand (see a review on 

RNA aptarner structures by Patel et al. 1997). 

œ . 
O 

o . m . . 0 * . 8 . 0 D m ~ . m S . . ~ . . ~ * D . W O * ~ ~ 8 * m S 8 . *  

Figure 7-1. A schematic of the binding domain of the ATP aptamer. The 

outlined A's represent bound ATP or adenosine molecules. 

3.2 A Through-Conduction Adenosine Switch 

Reported work on the ATP aptarner, indicated that can be separated into two 

DNA strands by placing the binding domain in the context of duplex DNA as a 

symmetrical loop (Lin & Patel, 2997) allowed us to design the constmct shown in figure 

7-2. Short duplex sequences were added to either side of the aptarner domain. The first 

Watson and crick base pair on either side of the domain was maintained to that of the 

original reported sequence. The non-anthraquinone rnodified sequence (the one to be 3 2 ~  

end labeled) contained two GG doublets. Each GG doublet was introduced to either side 

of the aptarner dornain as indicator sequences for monitoring charge transfer. 

The terminal duplex sequence where the anthraquinone interacts was based on the 

observation by Sanii & Schuster (2000) that the lack of a guanine in the first several base 

pairs increases the yield of distant guanine oxidation. 
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ATP-APT 

Figure 7-2. DNA constructs used to test charge transfer through the ATP 

aptamer. Upper construct is the duplex containing the aptamer domain 

(shaded box). This construct contains GG doublets located proximally and 

distally relative to the aptamer domain, with respect to the linked 

anthraquinone (AQ). The doublets are used as indicators whether the 

electron hole can pass through the aptamer domain. The lower construct 

is the double stranded control that uses the same anthraquinone 

conjugated DNA sequences as the test construct. 

With this engineered ATP aptamer we hoped that the aptamer domain would 

exhibit a varying degree of resistance to charge tram fer in response to adenosine binding. 

In this scenario the aptarner would in essence play the role of a ligand-dependent 

electrical odoff switch as depicted in figure 7-3. 
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Figure 7-3. Scheme for the modulation of charge transfer by the ATP 

aptamer. Upon binding of adenosine the folding of the aptamer domain is 

predicted to allow charge migration to occur to the distal GG doublet. 

3.2.1 Charge Transfer Modulation by Adenosine 

Tests for the ability of the aptarner domain to regulate charge transfer through the 

DNA were done using adenosine. The original aptamer was selected to bind ATP but 

was also determined to tightly bind adenosine. Adenosine was chosen because of its lack 

of the charged phosphate groups that would otherwise bind the M~~~ in solution. The use 

of adenosine allows the use of lower concentrations of M~~~ in solution. 

Figure 7-4 shows the results of experiments with both the double stranded control 

construct (dsATP) and the aptamer (ATP-APT). In these experirnents DNA 

concentrations and the buffer and salt conditions were constant between al1 sarnples (1 
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pM DNA, 50 mM Tris-Cl (pH 7.9), 50 rnM NaCZ, 2.5 mM MgClt, and 50 ph4 EDTA). 

Irradiation alone induces some strand cleavage around the proximal GG pair of both 

DNA constnicts (lane 2). This cleavage has been postulated to be the result of the 

formation of 8-oxoguanine, which can then undergo oxidative cleavage with further 

irradiation (Gasper & Schuster, 1997). Lanes 3-7 are samples after piperidine treatment. 

Lanes 3 show the results of dark controls, where DNA samples are treated with hot 

piperidine that were not photo-irradiated. These dark controls are to account for 

background levels of DNA damage. Lanes 4 of figure 7-4 show the result of photo- 

irradiated DNA constnicts in the buffer solution alone. As c m  be seen, the dsATP 

control construct exhibits strand cleavage at both the proximal and distal GG pairs. In 

contrast to this, the ATP-APT exhibits strand cleavage at the proximal GG pair while 

only near background levels are observed at the proximal GG pair. This observation with 

the ATP-ATP construct, indicates that charge transfer c m  proceed down the DNA double 

helix that has the intimately associated anthraquincne, but the unstructured aptamer 

dornain does not facilitate efficient charge transfer through itself. 
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6 
z ATP-APT 

Figure 74. Testing for charge transfer through ATP aptamer DNA 

constructs. Sequencing gels depicting sites of strand cleavage in the 

dsATP and ATP-APT DNA constructs. All samples contain f FM DNA, 58 

rnM Tris-CI (pH 7.9), 50 mM NaCI, 2.5 mM MgCI2, 50 pM EDTA. Lane 1 is the 

control untreated samples. Lanes 2 are of samples irradiated with the 366 

nm lamp in the presence of 2.5 mM adenosine, but not treated with 

piperidine. Lanes 3 are non-irradiated dark control that has been piperidine 

treated. Lanes 4-7 have al1 been irradiated with the 366 nm lamp (45 min 

sdAPT, 90 min ATP-APT) followed by piperidine treatment. Lanes 4 contain 

no additions to the sample. Lanes 5 contain 2.5 mM adenosine. Lanes 6 

ccntain 2.5 mM uridine. Lanes 7 are a combination of unlabeled (no 3 2 ~ )  

AQ-rnodified constructs (1 HM) and labeled constructs with no AQ- 

modification (1 PM). The mixed sample was ako irradiated in the presence 

of 2.5 mM adenosine. 
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The addition of adenosine to the sample to a final concentration of 2.5 mM causes 

a change to the 'conductivity' of the ATP-APT construct (lanes 5). Upon this addition 

photo-irradiation induces darnage to the distal GG pair, suggesting that when the aptarner 

domain has bound the adenosine ligand, it adopts a structure that facilitates charge 

transfer. As expected, the addition of adenosine to the double stranded control has no 

effect on charge transfer in a normal DNA double helix. 

To demonstrate that the observed adenosine dependent charge transfer is specific 

to adenosine, similar sarnples using uridine were tested. Lanes 6 are of sarnples that were 

photo-irradiated in the presence of 2.5 mM uridine. The two DNA constructs behave as 

predicted. The dsAPT control exhibits normal cleavage of the GG doublets indicating 

that uridine also has no affect on the process of charge transfer through a double helix. 

The ATP-APT constmct behaves as if nothing was added; the cleavage patterns are 

identical to that of lane 4. 

A final control was done to ensure that the observed oxidative damage to the GG 

doublets was fiom intra molecular reactions. Othenvise, observations that the 

anthraquinone on one DNA aptamer interacting with the bases on another DNA aptarner 

to result in the photo-induced oxidation of the GG doublets, would invalidate the above 

interpretation of the affect of the aptamer domain. Lanes 7 of figure 7-4 shows a sample 

containing a mixhue of DNA constructs, one of which has conjugated anthraquinone but 

was not 3 2 ~  end labeled, and a second that was end labeled but did not have an 

anthraquinone functionality. In the case of an inter-molecular reaction, cleavage at the 

GG doublets would still be expected despite the labeled sequences not having 

anthraquinone modifications. As can be seen in lanes 7, both DNA constructs exhibit 
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only background amounts of strand cleavage, indicating that the process we are observing 

is in fact an intra-molecular reaction as onginally predicted. 

A difference between the experiments with the dsAPT and ATP-APT constmcts 

was the irradiation time. The irradiation time required to get a significant amount of 

cleavage, while maintaining a maximum of one cleavage event per labeled strand was 

deterrnined by photo-irradiation tirne dependence studies (data not shown). Prevention of 

over-cleavage ensures that samples are compared under conditions where there is a finear 

response (DNA darnage) in relation to irradiation tirne. 

Measured amounts of cleavage at the distal and proximal positions of both 

constructs are swnmarized in table 7-1. 

Proximal GG Distal GG Proximal/Distal 

ATP-APT 

ATP-ATP 
+ 2.5 mM adenosine 

(ATP-APT) lncrease due 
to adenosine 

Table 7-1. Quantitative analysis of strand cleavage of dsATP and ATP- 

APT. Strand cleavage at proximal and distal GG doublets was measured 

for either 45 minute (dsAPT) or 90 minute (ATP-APT) photo-irradiation 

experiments under conditions described in the text. Values for ATP-APT 

are averages frorn three experiments, with errors given in brackets. Values 

for dsAPT are from an individual experiment. 

As seen in table 7-1, the process of charge transfer appears more efficient in the 

dsAPT double stranded control, as it exhibits comparable amounts of cleavage with 
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irradiation times half that used for the ATP-ATP constmct. Addition of adenosine to 

dsATP has no affect on levels of DNA cleavage. Examiring the resultç for the ATP-APT 

constmct indicates a dependence on strand cleavage for both the proximal and distal GG 

doublets. The observed adenosine modulation of the proximal GG doublet is likely a 

result of the unstructured nature of the aptamer domain in the absence of bound ligands, 

which could result significant dynamic motion in the region. The proximal GG doublet 

has a single A-T base pair separating it for the aptamer-binding domain so it is likely to 

experience some disruptions to base pairing as the end of the duplex 'breathes'. Being in 

a 'disrupted' state at some fiequency would reduce the observed strand cleavage at the 

proximal GG doublet. A decreased reactivity of guanines near the ends of duplexes has 

been observed before in charge transfer experiments (Kan & Schuster, 1999). 

Examination of proxirnalldistal cleavage ratios can be used to gain insight on the 

efficiency with which a charge cm migrate through the intervening sequence. 

Comparing the ratios for dsAPT and adenosine bound ATP-APT (4.3 versus 2.1 

respectively) indicates a remarkable result. Comparing these values suggests that when 

adenosine is bound the aptamer is as good as or better at allowing charge transfer to occur 

than our double stranded control. 

Detectable cleavage at the distaI GG double in the absence of adenosine (Table 7- 

1) indicates the migration of radical cations can still proceed through the 'vacant' 

aptamer domain. This partial 'conductivity' indicates that the aptamer does not behave as 

a tnie 'ONIOFF switch', but modulates the level of charge conduction. The increase of 

strand cleavage at the distal GG doublet is just over twenty-fold when 2.5 rnM adenosine 

is present. The magnitude of regdation between the 'off or 'high resistance' state (no 
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adenosine) and 'on' or 'low resistance' state (with adenosine) is adequate in providing a 

detectable signal. The remarkable point of this level of regulation is that this aptarner 

domain was never selected or designed to regulate charge transfer. By serendipity alone, 

the ATP aptarner can act as a modulating electrical switch. This observation holds a 

great deal of promise for future work in identifjmg DNA aptamers that regulate charge 

through in vitro selection rnethodologies. 

3.2.2 Adenosine Dependence on Charge Transfer. 

Studies were conducted to examine the concentration dependence on the 

oxidation of the GG doublets of the ATP-APT constnict. The sensitivity of strand 

cleavage of both the proximal and distal GG doublets to adenosine allows the monitoring 

of charge transfer at both ends of the aptamer. Samples containing 1 pM ATP-APT in 

the standard buffer conditions described above, were irradiated for 90 minutes in the 

presence of varying amounts of adenosine. The titration curve in figure 7-5 shows the 

adenosine concentration dependence of both GG doublets. Values were corrected against 

a dark control. From the graph, it is observed that saturation is reached -500 pM 

adenosine, indicating that the gel in figure 7-4 and the data in table 7-1 are at saturating 

concentrations of adenosine. 

Analysis of the data indicates a different response to adenosine for the proximal 

and distal domains. If the data presented in figure 7-5 are used to calculate binding 

affinities for adenosine, concentrations of 51*9 pM and 16W30 pM adenosine result in 

one half maximal cleavage when monitoring the proximal or distal GG doublets 

respectively. The large discrepancy in values is likely the result of the aptamer binding to 
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two ligands. For the distal guanine doublet to be oxidized, we predict that both ligands 

must be bound to have a completely stacked structure to complete the 'circuit', so to 

speak. On the other hand, any ligand binding would proinote increased guanine 

oxidation at the proximal guanine doublet. Upon binding one ligand, the aptamer domain 

would become more organized and stabilize the proximal duplex which would allow for 

more efficient charge transfer fiom the anthrâquinone to proximal GG doublet. 

x Proximal GG 
* Distal GG 

Adenosine [Ml 

Figure 7-5. Effects of adenosine concentration on guanine oxidation. 

Samples contained 1.0 PM DNA, 50 mM Tris-CI (pH7.9), 50 mM NaCi, 2.5 mM 

MgCI2, 50 pM EDTA. Plotted values are combined from two independent 

experiments. Concentrations of adenosine as high as 5 mM were tested 

but were omitted to allow for a less compressed view of the low adenosine 

concentration samples. Concentrations as high as 5 mM exhibit identical 

cleavage to those at 0.5 mM on the graph. 

Bath adenosine concentrations determined for half maximal guanine oxidation 

and cleavage are significantly higher than that reported for the original ATP-aptarner. 
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The reported binding constant by Huizenga & Szostack (1995) was 6*3 uM for the 

original sequences under different buffer conditions than used here. Likely explanations 

for differences in affinities are the change of flanking sequences in our constmct in 

cornparison to the original aptamer, as well as difference in the buffer solutions. 

A four state mode1 in figure 7-6 is proposed for the binding of adenosine to the 

ATP aptamer. The aptarner has two binding sites that are denoted as Ai and Az (they are 

within slightly different sequence contexts, but binding afmt ies  may or may not be 

equivalent). Along with the fully bound and fùlly unbound states, exists two partially 

bound aptarners where either the Al or Az sites are occupied. 

Effects on the proximal guanine doublet would be expected to be greater upon the 

occupation of site Ai in cornparison to site AZ, due to a more local influence on the 

structure. 

The ability to simultaneously monitor the two different binding events in the 

ATP-aptarner was a completely unexpected observation, and may eventually lead to a 

way to examine some of the details of ligand binding by this aptarner. Unfortunately, due 

to tirne limitations, further examination and analysis to determine the characteristic of 

adenine binding where not pursued. Future work in this area may find that the process of 

charge transport in nucleic acids may be an invaluable tool in the examination of binding 

events and conformationat changes of sequences of interest. 
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.Site A, 
/ ; Site A, 

* i 

/ i 

Figure 7-6. Binding scheme for the ATP aptamer. Four binding 

constants are proposed because the binding affinity of site A, and A2 may 

differ, as well there is a potential for 'positive' of 'negative' influences 

between the sites, i.e. does binding at one site influence the binding at the 

other. In the case of equal affinities for adenosine by the A, and A2 sites, 

the scheme would be simplified with only two binding constant being 

observed as KI = K2 and K3 = K,,. If as well if there are no influences 

between the sites, then al1 binding would be described with a single 

binding constant K. 

3.3 A 3-Way Junction ATP Aptamer Switch 

The above described observations that the ATP aptamer can facilitate charge 

transfer when bound to ligands were essentially a stroke of luck. Many aptamers cannot 

be used in the sarne fashion as we have used the ATP aptamer, this being a ''through- 

conduction switch", as aptarners are not al1 formed fkom intemal loops. The aptarners 

that are formed fiom interna1 loops may not form a conductive continua1 base stack, as 

with the ATP aptamer. We wished to determine whether we could develop a more 

universal design for electrically coupled sensors constmcted fiom DNA. 
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A schematic shown in figure 7-7, shows a design of a DNA construct based upon 

the ATP aptamer that does not require electrical conduction through the aptamer dornain. 

In this design the DNA has the comectivity of a 3-way junction. The aptamer is located 

near the junction site, such that when the aptamer binds ligands the structure collapses 

and a 3-way junction is formed. This type of design may be more applicable to other 

aptamer sequences, as it does not require the aptamer to be an electrical conductor nor is 

the sequence required to be an interna1 loop. 

'AQ Stem' i 

'Sensor Stem' E 
I 

. . m m .  
m . . . .  
. . m .  0 

b a r n . -  

mm.. * 
m... a 

. I m m .  

II... 

m a m m m  

m m m m a  

m.... 

W.... 

mm.. 

. m . *  
- 0 0 .  
. m . .  m m . . .  -= . 
1. a 

B.... 

.mm.. 

.B... 

.m... 

ma... 

.#m.. 

m.... 

..m.. 

. m m \  

'Detector Stem' 

Figure 7-7. Design of a 3-Way junction ATP aptamer switch. In this 

design the absence of adenosine results in an open unstructured region at 

the core of the junction. This is predicted to result in charge transfer to 

occur down the AQ-stem as indicated by the arrow. The addition of 

adenosine is predicted to collapse the structure into a folded 3-way 

junction, allowing charge transfer to proceed down the detector stem. The 

indicates an A-G mismatch base pair. 
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3.3.1 Evaluation of Charge Transfer Regulation by the 3-Way Aptamer Construct. 

As described in the matenals and methods, 3W-ATP aptamer constnicts were 

fomed by annealhg the three constituent DNA sequences; AQ-prATP2, disATP2, and 

R.X (1.0 pM ea.). The association of these three sequences is shown in figure 7-8. 

Samples containing the 3W-ATP aptamer were made to final concentrations of 0.5 p M  

DNA, 50 mM Tris-Cl (pH 7.9), 50 rnM NaCl, 2.5 rnM MgClt, and 50 pM EDTA. Test 

samples also contained 2.5 mM adenosine or 2.5 mM uridne. The prepared samples were 

then photo-irradiated for 3 hours at 8-10°C. In these samples, the single stranded 

sequence that partakes in the sensor and detector stems was 32~-end labeled (Strand 

disATP2). Following photo-irradiation samples were then ethanol precipitated, then 

piperidine treated as descnbed in the materials and methods. Samples were then resolved 

on a 12% sequencing gel shown in figure 7-9. 

As can be seen in figure 7-9, the presence of adenosine causes a significant 

enhancement to the reactivity of the 5' guanines in the two GG doublets located within 

the detector stem (G24 & G27) only in the presence of adenosine. A peculiar reactivity 

of an adenine (A1 8) also occurs in the sarnple containing adenosine. This adenine is in 

the single postulated base pair separating the ATP aptamer domain kom the 3-way 

junction. A unique environment of the adenine at this point may allow the observed 

reactivity. 
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'Sensor Stem' 
..---.......S.. - ..m....... - m... *.- 

G . . 

Stem ' 

'Oetector Stem ,T A 

Figure 7-8. The sequences and secondary structure of 3W-ATP 

aptamer. The ATP-aptamer binding domain is indicated by the shaded 

box. Names of the single stranded sequences are shown in brackets. 

Locations of the GG doublets that can be used ta monitor charge transfer 

from the AQ stem. 

The lack of significant cleavage of the GG doublets in the control sample (nothing 

added) or the uridine-containing sample with respect to the dark control, suggests that 

this construct is in essence behaving as an adenosine-dependant electrical 'ON/OFF' 

switch. The signal in the 'on' state is significantly less than observed with the 'through- 

conduction adenosine switch' mentioned above, and the signal in the 'off' (no adenosine) 

state can be simply undetectable above background noise. With the low levels of 

reactivity in the control samples, an accurate/realistic measurement of the magnitude of 

signal modulation could not accurately be obtained. 

Still, this 3 W-ATP aptamer construct obviously exhibits an ability to modulate 

charge transfer between the two different DNA stems. 
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3W-ATP 
Aptamer 

Figure 7-9. Testing the 3-Way ATP aptamer. A 12% sequencing gel of 

3W-ATP aptamer constructs piperidine treated after photo-irradiated for 

210 minutes in the absence or presence of either 2.5 mM adenosine or 

uridine. All samples contain 0.5 pM DNA in 50 mM Tris-CI (pH 7.9), 50 mM 

NaCI, 5 mM MgClz and 50 pM EDTA. 
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3.4 Future Directions 

Demonstration of the capability of engineered DNA structures to modulate charge 

transfer by the presence of adenosine, is a proof of principle for the potential of using 

DNA in the developrnent of electronic chemical sensors. As this is the first 

dernonstration of DNA modulating an electrical signal upon 'sensing' a small target 

molecule, development in two key areas require significant investigation before this 

process may ever find practical applications. 

A variety of DNA aptamer-based electrical switches or sensors will have to be 

constmcted through rational design or in vitro selection. Ideally the next generation of 

sensors will target ligands of commercial or medical interest. Potential target ligands 

include various hormones, drugs, toxins, and aberrant metabolic products indicative of 

some physiological disorders. Development of 'electronic' DNA sensors could lead to 

rapid detection and diagnostic devices for medical screening. 

A second aspect that also requires development, is the physical and electrical 

coupling of the DNA based switches to electronic surfaces (chips). It is not feasible to 

develop methods for rapid detection using our protocols for detecting charge transfer. 

Ideally, one wants surface bound DNA that upon ligand binding, switches to an 'on' 

state. In this state, charge migration would occur through the DNA to the chip's surface. 

The use of appropriately designed chips would then allow for immediate detection of 

current flow. Currentiy this approach has been dernonstrated for the detection of single 

stranded DNA and RNA, with the surface b o n d  DNA sequence being complementary to 

target sequences (Kelly et al, 1999; Boon et al, 2000). In these applications the 
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formation of double helices facilitate charge transfer to the surface, thus allowing 

detection of the hybridization event. 

4. Conclusions 

This dernonstration of modulating the process of charge transfer through DNA by 

the presence or absence of small molecules is a first. 

We have demonstrated that through structural changes, DNA can modulate the 

efficiency of charge migration between two doubIe helices. The exarnple we used was 

the DNA ATP-aptarner, which folds and foms a binding pocket in the presence of an 

appropriate ligand (adenosine). We have successfully demonstrated application of two 

architectural designs that result in the modulation of charge transport upon a structural 

transition induced by ligand binding. This demonstration is likely applicable to the 

designing of other elecûically coupled aptarners in the future designs of molecular 

sensors. 

We have also made some observations that suggest a possibility that charge 

transfer could potentially be used as a new tool in the study of structure and function of 

nucleic acids. 



Part V 

Conclusions 

If we knew what we were doing, 
it wouldn't be called research, would it? 

[Attributedj 

- Albert Einstein, 1879-1955 
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Chapter 8 

Conclusions 

1. Synapsable DNA 

The initial discovery of synapsable duplex by Venczel & Sen (1996), 

demonstrated the basic principles of the system, where G-G mismatches can facilitate the 

dimerization of DNA double helices in a cation dependent manner via the formation of 

G-quartets. Since this initial report, we have developed several aspects of this novel 

methodology for the association of double helices. 

Initially our goal in explonng the potential of synapsable DNA, was to detemine 

whether synapsable domains could be designed, such that they exhibit sev-selectivity in 

mixed solutions. As descnbed in chapter three, we were able to accomplish this task by 

spacing the G-G mismatches of synapsable domains into unique patterns by the 

incorporation of T-T mismatches as 'spacers'. We were also able to demonstrate that 

synapsable domains can effectively be integrated into more complex structures, while 

maintaining the property of self-selectivity. A potential problem was identi fied in 

designing some synapsable domains, structural symmetry. Strategies on how to 

surmount this problem have also been described in chapter three. 

Beyond the accomplishments of our original goal, we have made several other 

key observations on the behavior of synapsable duplexes. A re-occurring structure we 

have seen, with long and flexible synapsable domains, is the formation of intra-rnolecular 

G- quartets, which results in a 'pinched' duplex. 

The potential to form 'pinched' duplexes by some synapsable domains, results in 

either an inability to dimerize, or kinetically slow dimerization exhibiting an atypical 



Conclusions - Chapter 8 

cation preference. Typically, we have perceiwd 'pinched' duplexes as simple kinetic 

traps preventing the formation of desired synapsed duplexes. We have recently begun to 

consider the formation of 'pinched' duplexes to be functional units unto themselves. 

Chapter four briefly discusses the potential of using domains incompetent in dimerization 

(i. e. LMA T-3) for cation dependent conformational changes 

2. Catalytic DNA 

By means of chemisa1 probing and mutagenesis studies we have proposed a new 

secondary mode1 for the cofactor independent DNAzyme, Na-8. The determination of 

the structure at this level as well as observations made with mutant enzymes, suggests 

oppominities to effectively minimize the enzlyne and tum it into a true enzyme. 

Hopehilly this newly proposed secondary structure will prove beneficial to futurc studies 

aimed at trying to determine how this enzyme catalyzes the hydrolysis of an RNA 

phosphodiester bond in the absence of a cofactor. 

3. Charge Transfer 

Of al1 of the work presented in this thesis, demonstration that DNA can act as 

'electrical switches' is the rnost revolutionary. The ability to construct DNA structures 

that modulate the electron flow through induced conformational changes, promises 

enormous potential in the development of a new generation of sensors. 

A typical property of nucleic acid aptamers of being 'unstructured' in the absence 

of ligands, suggests that our exarnple wili likely not be a rare case, as we have used this 

property that is shared by many of these ligand binding sequences. Opportunities to find 
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even better 'switches' than what c m  be achieved through rational design, exists as this 

methodology is applicable to in vitro selection techniques. Through in vitro selection, a 

variety structures that act as 'onr-switches or 'off-switches, upon ligand binding may be 

developed. 

In our work with exarnining charge transfer through DNA, we have found 

significant differences between two chemical functionalities that have been used in the 

li terature to induce radical cation formation in DN-4. The ~ h @  hi)2@yp')3t compound 

exhibited some anomalous results when we exarnined charge transfer through immobile 

4-way junctions, where guanine oxidation is detected down al1 four arms of the structure. 

This contrasted resuIts fkom identical expenments when anthraquinonc was used instead. 

We believe this contrast to be a result of some other event is occuning with the rhodium 

complex, which results in observations that could be misinterpreted as charge transfer, 

and not a result of differences in the mechanisms of charge transport. Still, we have not 

been able to detemine the basis of the contradictory results observed. 
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