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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 scale. Such constructions have
made use of the recognition of “complementary” nucleotide sequence by single-stranded
stretches 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 describes 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 manner. Association is via the formation of guanine quartets from two G-G mismatch
domains within a duplex DNA framework. Association can be regulated by the addition or
removal of cation species that promote guanine quartet formation (i.e. K or S©**). We have also
demonstrated that these domains can be ‘programmed’ 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 successfully constructed °‘electrical on/off 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 assembled. The construction and demonstration of their operation
now opens a new window of opportunity for the development of DNA detector systems, which
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 immediately detected with very

high sensitivity and specificity.
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Part 1

Introduction

‘It has not escaped our notice that the specific pairing we
have postulated immediately suggests a possible copying

mechanism for the genetic material.”
Watson & Crick (1953)

~-From the original manuscript presenting the structure 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 Crick
outlined the role of DNA in modern 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 rules of complementary base
pairing 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
template for the replication machinery in the formation of new complementary
sequences. This ability makes DNA ideally suited as the heritable storage molecule for
genetic information. Templating 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 same fashion as DNA with the exception of
uracil replacing thymine, i.e. in A-U base pairs. Typically DNA in modern 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 from its evolutionarily 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 form complex 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 ligand 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 materials, such as gold microbeads
and quantum dots, into near-crystalline arrays (Mirkin et al/, 1996; Alivisatos et al, 1996;

Mucic et al, 1998; Loweth et al, 1999; Mitchell er al, 1999), and the targeting of
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materials to surfaces that have been ‘templated” with target DNA sequences (Taton et al,
2000). Two fundamental properties of DNA have made it especially suitable as a raw
material for such nano-scale constructions: (a) highly 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
arigid rod.

Beyond the employment of DNA in the construction of structurally static objects
and arrays, i1s 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. Particular structures are only stable
under specific solution conditions or in the presence of some type of regulator molecule.
In cases where this is taken advantage of, DNA structures undergo a conformational
change upon the addition or removal of appropriate stimuli. This structural ‘switching’
nature of DNA Is now just beginning 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 Z-DNA-based mechanical switch (described below).

The formation of useful (functional) DNA is profitably achieved by combining
some common and not so common 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
vanability. 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 all DNA
sequences can form it when the appropriate complementary sequence is available. All 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 larger anomalies to the
structure of B-type helices, such as intrinsic kinks or bends (reviewed by Crothers et a/,
1990).

Another type of right-handed double helix that can be formed by DNA, which is
also typical 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 from A and B —type helices
because of its being left-handed (figure 1-2). Z-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 helices can also
form under lower ionic strength conditions with certain chemically modified DNA
sequences (Behe & Felsenfeld, 1981).

Under conditions that do not promote Z-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 connecting
double helix consisting of GC™™® (C°™*- 5-methyl cytosine) repeats. The addition of
sufficient Mg®* or Co(NH3)s®" 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.
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Z-Type

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

highlighted to emphasize the contours of each type of double helix.
Models were buiit from pdb files from the nucleic acid structure database’.

Despite double stranded DNA not being one of the more complex and interesting
structures that DNA can adopt, it is still the core structural unit for all 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

designing DNA-based structures.

! (http://ndb.sdsc.edu/NDB/). Diagrams were constructed using these files on the freeware
program RasMol (http://www.umass.edu/microbio/rasmol/).



Introduction — Chapter 1

The rigidity of double helices also makes them well suited for the assembly of
nanostructures. 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
rigid rod, with a persistence length of 28-35 nm (80-100 base pairs) in 1M sodium
chloride [and substantially longer persistence lengths at lower salt (Hagerman, 1988)].

The localization of the bases in a continual stack in double helical DNA has also
been demonstrated to facilitate the process of charge transfer down the double helix. The
phenomena of charge transfer through double stranded DNA allows it to be used,

potentially, as a ‘nano-wire’ of sorts.

2.2 DNA Structures of Higher Complexity

The double helical nature of DNA is the most globally known of its structures,
and is described in detail in virtually all introductory biochemistry textbooks. Inclusion
of mismatch base pairs, bulged bases, branched DNA structures and other confcrmations
resulting from 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 functional 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
aptamers). In cases where comparable examples 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 aptamers that bind ATP have been reported
which exhibit comparable binding affinities (Sassanfar & Szostack, 1993; Huizenga &
Szostack, 1995). Rare examples also exist where the same sequence, either as RNA or
DNA, performs the same function, as demonstrated with a sequence by Travascio et a/,
(1999) where a particular nucleotide sequence can assume the role of either a ribozyme or
a DNAyme, both of which possess peroxidase activity. At the functional architectural
level it has been shown that DNA can mimic some key biologically relevant RNA
structures. One example involves the reconstruction of the tRNAP" stem-loop using
DNA (Basti et al, 1996). The sequence did require 2 modified bases in order to create
the Mg®* binding site and support successful binding to the ribosome. Modifications
included a m'G, which replaced the Y base in the tRNA stem loop, and a m’°C 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, can result in a variety of structures with diverse

topologies. Samples of some common structural motifs are shown in figure 1-3.
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Figure 1-3. Some common 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 implies, are regions not involved in base

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

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

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

various other domains (figure 1-3(b)), are simply referred to as single-stranded regions.

10
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Beginning a brief examination of some common 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
complementary 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 can influence the stability of the adjoining duplex by forming a structurally stable
hairpin loop stabilized by intra-loop hydrogen bonds and stacking interactions or not.
Examples 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, Internal Loops and Bulges

The ability of single stranded DNA to form double helices when the two
sequences are not perfectly complementary can result in a variety of structures. The
duplex resulting from such an association may contain mismatch base pairs, bulges, or
internal loops.

In 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
frequency of deleterious affects caused by mismatches in genomic DNA (Mol et al, 1999;
Aquilina & Bignami, 2001). In synthetic DNA constructs mismatches are interesting and
prove useful in a variety of tasks.

Mismatches, as the name implies, are base pairs not of the correct Watson and
Crick type. These 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

11
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bases in a mismatch pair do not interact, but do so less efficiently than Watson and Crick
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 complex RINA and DNA structures.

Cis-Orientation

** e
----------------------------------

Trans-Orientation

----------------------------------------

H oo
H- N o
NT’G o"u.N N\>-H ];:I‘o Ml
b H.N)\f‘ N J\’[
R \(H H R HNH-- 0

(G-G Hoogsteen)

C-C carbonyl-amino,

G-G N1-carbonyl, symmetric
N7-amino
H N H 2
g o-H-N Nt ”*(N NH-O,
N G N )—S,N G YN
R N-H---N A R N y=l N € )H
N=( N RN
"l H " L
G-AN1-N1 (reverse Watson & Crick)
carbonyl-amino 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 classify each type in order to aid in structure

comparisons (Leontis & Westhof, 2001). The proposed nomenclature system is targeted

12
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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 Z-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.

o) o)
=P x
7 NN /7
<N N/)\NHZ : N N»
HO HO
o) o)
HOH HH HoH HH
ANTI 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 mismatch does not have to be restricted 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 referred to as

13
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a symmetric internal loop (figure 1-3(e)). In cases where one participating DNA strand
contains more bases in the loop than the other strand, an asymmeiric loop is formed
(figure 1-3(e)). Depending on the sequence content of the loops they can introduce
functionality to a duplex.

In chapters 2 to 4, I have utilized DNA duplexes that contain tandem guanine-
guanine (G-G) and thymine-thymine (T-T) mismatches in internal loops. These G-G
mismatches allow the duplexes to dimerize and form ‘synapsed’ duplexes. Another DNA
construct utilized in chapter 7 that possesses an internal loop is the ATP aptamer. This
DNA sequence binds adenosine and ATP with high affinity.

A vanation 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 asymmetric internal 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 kinks 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 form 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 free to base pair with a third

sequence. If this third sequence is capable of forming double helical regions with both of

14
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the two original sequences, then a 3-Way junction can be formed (figure 1-3f). This
strategy can be applied also to construct 4-Way and higher order junctions.

Four-way junctions are intermediates in genetic recombination, known as
Holliday junctions (Holliday, 1964). The branch points in these biologically relevant
junctions are flanked by sequences of homologous symmetry. This symmetry 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 nanoscaie constructions. To circumvent this problem it has been necessary
to eliminate symmetry within the system, thus immobilizing the locus of the junction
(Seeman, 1982).

In moderate ionic strength solutions the extended 4-way junction structure (figure
1-6a) folds such that the arms stack to give two coaxially stacked helices, structures b) -
d). Typically parallel structures, like 1-6b, or the alternate variant in which arms a and y
along with B and x form the stacked pairs, do not form unless the structure is constrained
to prevent the formation of anti-parallel structures. Examples of how 4-way junctions
can be constrained in the different conformations were demonstrated by Kimball et al/
(1990). 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 °‘X’-like shape, as

demonstrated in the insert of figure 1-6.

15



Introduction — Chapter 1
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Figure 1-6. 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 (c&d) 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 geometric 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 a/,

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 stretch 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-crossover”, 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).

S &

5 &

5' S

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
mentioned in this manuscript include triplexes, i-tetraplexes and pseudoknots, to name a

few.

2.3 Guanine Quartets

Another altermate form of base-base interaction, which is particularly relevant to
this work, are guanine quartets (G-quartets). G-quartets result from 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 from various guanine
rich DNA (Sen & Gilbert, 1988; Williamson et a/, 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 ITa 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 metal 1on cocrdinates in an eight-fold fashion to keto-oxygen
atoms from 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 from
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the quartets (Hud ez al., 1996). Of the group Ia and Ha cations, K™ and Sr* function most
optimally to stabilize G-quartets, whereas Na*, Rb*, Ca** and Ba®" are less optimal (and
Li*, Mg*, and Cs* are generally ineffective). The thalious ion, TI%, has also been
demonstrated to support the formation of G-quartets (Basu et a/, 2000), and there is also

evidence for the lead cation, Pb*" as well (Smirmov & Shafer, 2000).

The requirement for specific ion species to facilitate the formation of guanine
quadruplex structures gives us a handle to regulate their formation. Controlling
formation or disassociation by adding or removing specific cation species makes

quadruplexes attractive elements to be used in nanoscale assemblies.

Figure 1-8. Guanine quartets. a) Diagram of a guanine quartet

demonstrating the H-bonding between guanines. The sugar phosphate
backbones are 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 same

sequence can form a variety of different quadruplex conformers. The sequence
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GGGTTTGGG is capable of forming tetramers with all 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 can 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 forming a variety of intra-molecular G-
quadruplexes, structures €) - g). Again, the variability of these sequences arise from the
directionality of the DNA backbone.

Of all the diverse possibilities of G-quadruplex structures that can potentially
form from some sequences, the all-parallel 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-molecular structures.
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Vi
h)

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-

molecutlar 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 II-I[V are composed of a compilation of
research from three distinct research areas. The underlying theme, is that all three parts
describe novel, and non-genetic applications of DNA

Three ‘alternative’ roles of DNA covered in this manuscript include: 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 from DNA. In particular, this work revolves around the formation of
nanostructures utilizing a guanine-quartet (G-quartet) framework. The system we have
been working with are “synapsable duplexes”, which are double stranded DNA
constructs containing G-G 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 (Fahlman &
Sen, 1998 & 1999), while the work in chapter four is currently unpublished work.

Part ITI is a brief section on catalytic DNA. I 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 brief introduction to catalytic DNA as well as the presentation of a new
proposed secondary structure model for the Na-8 DNAzme.

Part IV 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.
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Cation Specific Synapsable Duplexes - Chapter 2

Chapter 2

Cation Specific Synapsable Duplexes

1. Introduction

1.1 Alternate DNA Nanostructure Design

A majority of the published work on using DNA as a material in nanostructure
construction is based upon two main designs as discussed in chapter 1. /) The
association of single stranded DNA sequences into double helices. 2) Branch points or
structural 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 evaluation of other
methods can greatly increase the variety and complexity of DNA structures that can be
designed and assembled. Tertiary structural motifs found in the naturally occurring
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 2-1a) has also been shown to form long linear polymeric 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 sticky-end
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 2-1(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 =-stacking
ability, are fully base-paired in a Watson Crick sense (A=T; G=C) 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 2-1(a)) has been shown to enable a stable side-to-side association
and binding of two such duplexes, under physiological and near-physiological conditicns
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 2-1b) (Venczel & Sen, 1996).

Utilization of G-quartets in the framework 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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Figure 2-1. Synapsable DNA. (a) Schematic of the dimerization of two

duplexes containing G-G 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
(DNA structures composed of, or containing, guanine-quartets) in aqueous solutions has
been shown to be favored by the presence of specific Group IA and IIA cations, notably
potassium and strontium (and, less effectively, by sodium and rubidium; calcium and
barium), 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 might in principle be
achievable by simply changing the cation present in solution - for instance, replacing 0.5

M Li* for 0.5 M K", and vice versa.

1.3 Parallel G-G 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
“self” from “non-self”. This was one major goal 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 assembly 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 anti-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 (A'B),, that were anti-parallel (figure 2-2(b), 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 @/, 1993). If it were possible
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to generate 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),.

We chose to generate a parallel strand- orientation of the G-G mismatch base pairs
within an otherwise 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 f) in the duplex. The resulting duplex, A-B, is shown in figure 2-2(a).
The synapsed complex produced by the A-B duplex would be expected to have parallel
quadruplex strand orientations, as shown for structure / in figure 2-2(b) (in theory, a
partially parallel complex, similar to structure k&, could form, but we would expect the
purely parallel quadruplex to form from thermodynamic considerations). Our goals were
therefore to determine whether the duplex A- would indeed dimerize or synapse to form
(A-B)2 and whether the conditions for such synapsis would be different from that found
for A‘B. A comparison of the relative stabilities of the complex (A-B), and that of the
putative (A-B) was done to determine whether (A:B), was indeed more stable than
(A-B),. Finally, we wished to determine whether the synapsis of A-B and potential

synapsis of A-B were selective in mixed solutions.
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(@)
Duplex A-B
5’ GTGACTCGAGAAGCTCCTGAGGGGGGGGTGTGGTTCAAGGATCCACAG
CACTGAGCTCTTCGAGGACTGGGGGGGGACACCAAGTTCCTAGGTGTCS!
Duplex A-B
5’ GTGACTCGAGAAGCTCCTGA-- - - - GGGGGGGG----- TGTGGTTCAAGGATCCACAG

CACTGAGCTCTTCGAGGACTS’ -5’ GGGGGGGG3’ -3’ ACACCAAGTTCCTAGGTGTCS’

(b) s T s
A'B s #ﬁ» o
5 -

+5’ k
. —— s
- s’
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A-B I
5,

— , =
> 5 P 5

Figure 2-2. Synapsable duplex design. (a) Sequences for the
synapsable duplexes A-B and A-B. (b) Anticipated strand orientations for
the synapsed duplexes (A‘B), and (A-B).. Arrows in the synapsabie

domains indicate strand polarity (5’ 2> 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 Services; 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 ul of denaturing gel loading buffer plus 5 p! 80 mM 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. Eluted
samples were filtered through 0.2 pm micro filters and then desalted and concentrated
using C-18 Spice Columns (Analtech). The lyophilized, pure DNA pellets were finally
suspended in SO ul TE (10 mM Tris-Cl, pH 8.0, and 0.1 mM EDTA) buffer. The 5’ end-
labeling with [y-’P]JATP 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
The duplexes, A-B and A-B, 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 *2P-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 MgCl,, and 10 mM TMACI, at room temperature.
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Duplex bands were detected by autoradiography, cut out, and eluted over night with

TMACI buffer (50 mM TMACI, 10 mM Tris-Cl buffer, (pH 7.5), and 0.1 mM EDTA).

2.3 Formation of Synapsed Duplexes

Double-stranded DNA samples, as prepared above, were diluted with TMACI
buffer to a final concentration of 5 uM duplex. Samples (5 ul) of such DNA duplex
solutions were combined with 5 pl of various salt solutions and incubated at 37°C 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 from 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 8.0), 1 mM MgCl, and 10 mM KCl), run at 6 W. The gels
were dried, radioactive bands visualized and assayed using a BioRad GS-250 Molecular

Imager.

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 TMACI buffer, 25 mM TMACI buffer containing 10mM Mg**, 10 mM Sr**, or 35
mM Ca?*. Following overnight incubations at 37°C, the samples were each combined
with 200 mM lithium cacodylate, and were made up to 0.1% (v/v) dimethyl sulphate.
Methylation was allowed to proceed at 37°C 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 ul TMACI buffer overnight, and purified by ethanol precipitation.
DNA pellets were then dissolved in 50 ul of 10% (v/v) piperidine and heated at 90°C for
20 minutes. Following lyophilization and dissolution in denaturing loading buffer, equal
counts from different samples 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.

25 Melting Point Assays

Synapsed duplex samples were prepared as described above, with prolonged
periods of incubation (up to six days) to ensure the equilibrium (and hence maximal yield
of duplex dimers) had been reached. Samples were then diluted to 0.1 uM DNA, and the
solutions were adjusted to have final concentrations of both 10 mM Ca** and 10 mM Sr**
in a buffer containing TMAC! buffer. The diluted samples were equilibriated for two
hours at 37°C, 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 2.5°C steps.
Following incubations at given temperatures, 10 pl aliquots were removed and mixed
into 5 pl of non-denaturing dye solutions on ice. After brief cooling, each sample was

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

2.6 Cross Reactivity
Testing for reactivity between the dimerization domains was done with A‘B or
A-B along with a DNA hairpin sequence, mHS8, 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 uM of each DNA
constructed was mixed with 5 pl salt containing samples and incubated and treated as

mentioned 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 Ia or group Ila cations, were able to synapse to form (A-B):
in the manner of A'‘B forming (A-B);; and (b) whether the cation dependence of (A-B);
(and, (A-B), 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-B duplexes
in the presence of different alkali chlorides. The incubations were done in 1M sait (much
higher than required for A-B synapses) so that low concentrations of the starting duplexes
might be used. A striking observation from these experiments was that A-B and A-f
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 equilibrium, and were measured to be ~60% (A-B), in potassium and rubidium, where
as the highest yield of (A-B); was < 20% (in sodium). The yield of (A-B); 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).
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Figure 2-3. (a) The influence of monovalent cations on the formation of (A-B), and (A-B)

synapsed duplexes. Samples of 2.5 yM duplex DNA (A-B and A-B) were incubated
separately for 20 hours at 37°C in the presence of the different aikali chlorides. Controis
contained 50 mM TMACI buffer, whereas the samples contained 1M XCI (X = Li, Na, K, Rb
or Cs) and 25 mM TMACI buffer. (b) The influence of divalent cations on the formation of
(A-B); and (A-B), synapsed duplexes. Incubation conditions are identical to a) with the
exception of 10 XCl, (X = Mg, Ca, Sr or Ba) are used in replacement to the alkali chlorides.
Nagative controls contained 50 mM TMAC! buffer only, and a positive control (K)

contained 1 M KCIl in 25 mM TMACI buffer.
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A likely explanation for poor yields of (A-B), from A-f was that the guanine
mismatches within A-f§ were not substantially hydrogen-bonded in Hoogsteein base-pairs,
which are necessary precursors to the formation of G-quartets. Alternatively, in the event
of conformational and hydrogen-bonding fluxionality in the G-G mismatch region of A-f,
the mismatches only transiently adopted Hoogsteen base pairs. In the A-B duplexes, by
contrast, the mismatches appeared to form Hoogsteen G-G base pairs with a higher
frequency. Interestingly, a study by Suda et al. (1995) on single-stranded oligomers of
the sequence (dGGA)y 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-B to synapse to give rise to (A-B), complexes.

3.1.2 Divalent Cations

Figure 2-3(b) shows the results of incubating gel-purified A-B and A-B duplexes
with 10 mM of the group ITa metal chlorides, from MgCl, to BaCl,. The first major
observation with these incubations was with the monovalent ion incubations (above),
(A'B), formed far more efficiently than did the (A-B),. Once again, A-B showed the
expected cation requirement for dimerization in the presence of 10 mM M?*, with the
order of efficiency of Sr > Ba > Ca > Mg (Chen, 1992; Venczel & Sen, 1993). A-B
duplexes, however, showed a very different ion preference: Ba > Ca > Sr > Mg, which
was not at all characteristic for the formation of most G-quartet structures. For instance,

results from previous studies (Chen, 1992; Venczel & Sen, 1993) had indicated that of
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the group IIa cations, Sr** was the most efficient at supporting guanine quartet formation
by single-stranded sequences containing a single stretch of guanine residues; Sr** was
found also to stabilize G-quartets more strongly than the other group ITa cations. We
carried out incubations of the single strand B and, separately, B, in the presence of Sr**;
and, separately, 10 mM Ca®>". B and B showed similar patterns of G-quartet formation in
the presence of each of these two cations (data not shown), with Ca** weakly supporting
the formation of B; and fs; and, Sr*" robustly supporting the formation of hairpin
dimmers of both B and B. Therefore, the unusual, and mutually different, cation
preferences shown by A‘B and A-B are unique to those synapsed duplexes, and not
properties of B and B per se.

To explain the above results regarding (A-B),, we set out a hypothesis that the

failure of Sr** to support (A-B), formation had a kinetic, rather than thermodynamic basis.

3.1.3 Examining Conditions for Efficient Formation of (A-B);

We wished to establish first whether any salt conditions could be found for
efficient production of (A-B); (~8% yield with 10 mM Ca®*, incubated for 20 hours at
37°C). Contrastingly, Ca** was poor in supporting the formation of (A-B),. We therefore
carried out experiments to determine whether incubation with higher concentrations of
calcium would result in more substantial yields of (A-B),. Figure 2-4 shows the results of
incubating gel-purified A-B duplexes and, separately, A-B duplexes (2.5 uM for each
duplex) in the presence of 0, 10, 20, 35, 50 mM CaCl,, respectively. The 50 mM

incubation gave (A-B); at a ~50% yield (en route to an equilibrium 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 (A-B), complex.

AeB Aef}
abcdefghij
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(AeB), = M < (Aef);

AeB
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{
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Figure 2-4. The effect of calcium concentration on the formation of (A-B).
and (A-B). synapsed duplexes. Samples of 2.5 uM duplex DNA (A-B or A- B)
were incubated for 20 hours at 37°C in different concentrations of CaCl..
Lanes a and f, negative controls, containing 50 mM TMACI buffer. The
remaining lanes contain 25 mM TMACI buffer and the following CaCl;
concentrations: lanes b and g, 10 mM Ca®’; lanes ¢ and h, 20 mM Ca?*’;
lanes d and i, 35 mM Ca®*; lanes e and j, 50 mM Ca*".

3.2 Mechanism of Ion Selectivity

To test how many of the eight G-G mismatches in the A‘B and A-B duplexes
actually participated in synapsis via the formation of a short stretch of inter-duplex G-
quartets, we carried out methylation protection experiments. Treatment of DNA with
dimethyl sulphate (DMS) preferentially methylates the N-7 position of guanine (figure 2-

5). The site of modification on the DNA can be determined by heating the sample 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.

N\’ 0
N 7

</ ILJT HaC—0—8—0—CH3
/N N NH, o

Deoxyribose

Figure 2-5. Methylation of guanine. The N-7 site on guanine, indicated
by an arrow, can be methylated by DMS.

In a GG Hoogsteen base pair, one of the two participating guanine residues is
protected from 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 from 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 determining 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-f duplex (but not the A-B
duplex) formed some alternative guanine-mediated structure, which was kinetically
unable to dimerize to form the (A-B), synapsed complex.

Figure 2-6 shows methylation protection patterns for the undimerized duplexes
A'B and A-B (with strand A 5’-labeled in each case) in TMACI buffer (lanes a and e),
calcium (lanes b and f), and strontium ions (lanes ¢ and g), respectively, as well as

protection patterns for the synapsed complexes (A:B), (lane d), and (A-B); (lane h). In
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the presence of TMACI or Ca®* (or, Mg®* data not shown) the eight-guanine residues (G1

to G8) in the G-G mismatch domains of both A‘-B and A- were methylated relatively
uniformly. In the two synapsed complexes (lanes d and h), by contrast, all 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 carried out with strand 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-p in the presence of Sr**
(Sr-A-B {lane c} and Sr-A-B {lane g}), showed important differences between them.
Whereas the pattern of Sr-A-B (lane c¢) resembled those of Ca-A-B, Sr-A-f (lane g)
showed a unique methylation pattern, in which G1 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 GS (indicated with arrows)
were strongly methylated (a pattern similar to this was found also with Ca-A-f at low
temperatures but not at 37°C).

This data is consistent with a particular conformation of duplex Sr-A-f 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-f with strand  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 similar pinched duplexes,
shown in figure 2-7(a) and 2-7(b) respectively ( in model b, the asymmetry of guanine-

participation from strand [ is a consequence of the shorter than usual separation of
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adjacent nucleotides across the 3°-3’ linkage, and larger than usual separation of adjacent

nucleotides across the 5°-5’ linkage).
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Figure 2-6. Methyiation protection studies on A-B, A8, and their
respective synapsed complexes. Maethylation protection patterns with the
A‘B duplex. Lanes a to ¢ are protection patterns of the undimerized A'‘B
dupiex after incubating for 20 hours at 37°C. Lane a) is in the presence of
50 mM TMACI buffer; lane b) is in the presence of 35 mM Ca®'; and lane c)
is in the presence of 10 mM Sr**. Lane d) shows the protection pattern of
the (A-B), complex, formed from the dimerization of A-B in the presence of
10 mM Sr*. Methylation protection patterns of the A-B duplex, under
identical conditions to the A-B duplex. Lanes e) to g) are of the
undimerized duplex in TMACI buffer, 35 mM Ca®*, and 10 mM sr*,
respectively. Lane h) is of (A-8),, from dimerization of the A-f in the

presence of 35 mM Ca*".
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The formation of two putative intra-molecular G-quartets by the Sr-A-B pinched

duplex (but not by the Sr-A-B duplex) explains why the formation of (A-B); is favored by
the strongly stabilizing Sr*", but not the formation of the likewise six-quartet containing
(A-B)2. A Sr-A-B “pinched” duplex forms as kinetic by-product, resulting in an inability
to dimerize to form (A-B),. Strontium appears to stabilize the intra-molecular G-quartets
of the pinched A-p duplex sufficiently to allow 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-A-B. In Sr-A-B pinched duplexes the stand orientation is
unavoidably partially parallel, which may be a thermodynamically favored arrangement

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

a

\ \)%

_ 5*
5'
b

N\ \) o
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Figure 2-7. Two models for a “pinched” duplex. Formation is a
consequence of intra-molecular G-quartets, formed by the A-B duplex in the

presence of Sr*".
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Interestingly, a somewhat parallel situation for the existence of a kinetic barrier to
the formation of a thermodynamically preferred G-quadruplex complex, had been
reported by Sen & Gilbert (1990) for the formation of parallel quadruplexes from 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 Na* and Rb" cations, however, the parallel
quadruplex formed well. The explanation for that phenomenon was similar to the one
described 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

compromised.

33 Stability of Synapsed Duplexes

Is (A-B)., 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 (A-B), and (A-B)
complexes were first equilibrated, separately, for 2.5 hours at 37°C under conditions of
identical ionic strength in a buffer of 10 mM Tris (pH 7.5), 25 mM TMACI, 10 mM
CaCl;, 10 mM SrCl,. Melting experiments were then carried 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 “melting” of the
synapsed duplexes occurring over fairly broad temperature ranges. The midpoints of the
two melting transitions, however, were: (A-B); at 87.5°C; and (A-B); at 97.5°C (data not
shown). Therefore, the expected order of stability seen with broad classes of G-
quadruplex 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 er al studied the
thermodynamics of G-quadruplex formation by hairpin dimers formed by the oligomers
5’-dGGGGTTTTGGGG-3’ and 5’-dGGGGTT3’-3’TTGGGG-5’, and obtained formation
constants of 6.5 x 10* M and 9.4 x 10'* M, respectively (measured in 200 mM NaCl
solututions). The formation constants of (A-B); and (A-B); forming from A-B (in 10 mM
SrClz), and A-B (in 35 mM CaCl,), respectively, were estimated from equilibrium
distributions of the free and synapsed duplexes to lie between 10° and 10° M. It is likely
that higher charge repulsion between individual A-B (or A-B) duplexes, as well as steric
problems with the formation of (A-B), and (A-B), relative to the formation of the small

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

34 Cross Reactivity
Variable conditions for the formation of (A-B), and (A-B), synapsed duplexes
suggested these duplexes may be self-selective in dimerization. We wanted to determine

whether a solution containing both A-B and A-f could be selectively induced to form
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only (A-B): or (A-B), by the addition of SrCl, or CaCl,, respectfully. This could not be

tested with the two duplexes being used because of their identical sizes. A new DNA
sequence was made, mHS, to test for selectivity in dimerization. The mH8 DNA
construct shown in figure 2-8 contains the same 8 G-G mismatch 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 comparison to (A'B); and (A-B)..

5’ -CTGTGGATCCTTGAACCAGGGGGGGGAGCAGCAC T T

GACACCTAGGAACTTGGTGGGGGGGGTCGTCGTG T

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-p with mHS8 can be seen on a native gel as a
synapsed product with intermediate gel mobility in comparison to mHS8 and the duplex
being tested. Figure 2-9(a) demonstrates the cross reactivity between mH8 and A-B. The
hybrid product mHS8-A-B along with the pure dimers of (mHS8), and (A'B), can be
observed in the presence of Sr** and Ba®". This cross reactivity is expected, as the two
constructs possess identical dimerization domains.

When A-B duplexes are incubated in combination with mH8 a peculiar cross
reactivity is observed. As seen in figure 2-9(b) the hybrid synapsed complexes are
formed in Ca®*, Sr** and Ba®*' containing samples. The presence of cations in which a
homo-synapsed product does not form (i.e. A‘B in Ca’"), still results in a hybrid synapsed

complex.
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Figure 2-9. Cross dimerization of synaptic domains. (a) Cross dimerization between
A-B duplexes. Samples of 1.25 uM duplex DNA (A-B and mH8) were incubated separately
or as a mixture for 20 hours at 37°C in the presence of the four indicated divalent cations.
Final cation concentrations of the chloride salts was 10 mM with the exception of CaCl,
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-§. Samples are
identical to those in (a), but A-g rplacing A-B in all cases.

3.4.1 Unusual Structure of the Hybrid Synapsed Duplex

Formation of the (A-B)-(mH8) hybrid results in a peculiar quadruplex. The
directionality of the backbones of the G-G mismatch 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 from
Tetrahymena (Wang & Patel, 1994) and Oxytricha (Wang & Patel, 1995) telomeric

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

polarity.
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Figure 2-10. (A-8)(mH8) synapsed hybrid. (a) Formation of the
(A-B)-(mH8) hybrid results in a quadruplex that have three strands with their
backbones in parallel. {b) Proposed glycosidic bond orientations
participating guanines in the G-quartets 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 Ca®"

solutions while the anti-parallel types formed from A-B do not, is indicative of a greater
thermodynamic stability in comparison with typical anti-parallel quadruplex structures.
A reason for this may be due to the fact that in three of the participating strands, the
guanine bases can be in the anti-conformation while the fourth anti-parallel strand the

guanine would adopt a syn-position (see figure 2-10(b)).

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-B, which have different salt and
cation requirements for the formation of their respective synapsed complexes. The
synapsable duplexes do not exhibit self-selectivity in mixed solutions, so these constructs
did not achieve our initial goal. Stiil, these duplexes exhibit a peculiar partial-selectivity,
where only one of the homo synapsed products (the identity of which depends on whether
Ca®" or Sr*" 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 G*G mismatch domains as described in chapter three.

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

means for the self-recognition and supramolecular 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 phenomena, such as in distinguishing between “looping” versus
“tracking” 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 two distinct
kinds of synapsable domains described above will only contribute to the richness of

potential applications of these unique DNA structures.
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Chapter 3
Self-Selective Synapsable Duplexes

1. Introduction

The work presented with the A-B and A-B duplexes, in chapter 2, fell short of our
original objective of designing synapsable duplexes that exhibit self-selectivity in
dimerization. For instance, in the simplest case, whether from a mixed solution of
duplexes containing synapsable domains “a” and "b", only the a2 and b3, and not the a.b
types of synapsed duplex-dimers might be obtained.

An alternate strategy in the design of G'G mismatch domains was pursued and is
described in this chapter. Spacing the GG mismatches into patterns, by disrupting
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 alignment 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 thermodynamic preference for self-
selectivity.

In this chapter we demonstrate that it is indeed possible to design such non-
equivalent synapsable G-G domains, which have the property of "self'-synapsis. We also
demonstrate that from a solution containing a mixture of ¢ and 4, it is possible, utilizing
small variations in the incubation conditions, to generate the a, and b, complexes

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

product observed.

50



Self-Selective Synapsable Duplexes — Chapter 3

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 construct the J*K duplex had the following
sequences (the underlined sequences indicate the bases designated to form 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 oligomers for the LM 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 Hel duplex were:

H: 5-TGACT CGAGA AGCTC CTGAT TGGGG GTTTG TGGTT CAAGG ATCCA

CA, and

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

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

WMHDT(L*M): 5-TGCAG TTGAG TTGGG TGGGT TCTGG CGAAC GGACG

TTGCA GGCTT TTGCC TGCCA CCGGC GGAAG CTCIT _GGGGG TTGCG
ACGAT GG,

and

C(H-DT(LM): 5-CCATC GTCGC TTGGG GGTTG AGCTT CCGCC GGTGC

GTCCG TTCGC CAGTT GGGTG GGTTC TCAAC TGCA.

All oligomers were synthesized at the University of Calgary Core DNA Services.
Crude oligomer samples were dissolved in 50 ul of denaturing gel-loading buffer (0.25%
bromophenol blue; 0.5% xylene cyanol 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-fractionated in 8% (w/v) denaturing polyacrylamide gels. The DNA bands in the
gel were visualized by UV-shadowing, excised, and the DNA recovered by overnight
elution into TE buffer (10 mM Tris, pH 7.9; 0.1 mM EDTA). The DNA solutions were
filtered through 0.2 um micro filters (Gelman 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 [7-32P] ATP was carried out
using standard kinasing protocols (Sambrook, 1989). Ethanol precipitations of the DNA,
where necessary, were carried 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

All duplexes and the three-way junction were assembled by mixing in water at
room temperature 500 pmoles of a given oligomer with 500 pmoles (470 pmoles of

32P-labeled) of its complementary oligomer. The

unlabeled and 30 pmoles of 5'-
oligomer mixtures were made up to TMACI buffer [100 mM tetramethylammonium
chloride (TMACI); 10 mM Tris, pH 7.9], heated to 95° C for 2 min, and allowed to cool
slowly to 30° C. The resulting duplex DNA samples were purified by loading in 8% non-
denaturing polyacrylamide gels, which were electrophoresed in TBT buffer (50 mM Tris
borate, pH 8.0; 10 mM TMACI) at 6W at room temperature. Bands of duplex DNA in
the gel were detected by autoradiography, excised, and the DNA eluted into two times

TMACI buffer. Eluted samples were concentrated using Microcon microconcentrators

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

23 Formation of Synapsed Duplex-Dimers and Three-way Junction
Dimers
Duplex DNA samples, as prepared above, were diluted with two times TMACI
buffer to two times the final DNA concentration to be used for dimerizations. Samples
containing more than one duplex were also prepared in this fashion. 5 pl aliquots of such
duplex DNA solutions were combined with 5 pl of various salt solutions and incubated at
37° C for different times. Tightly sealed 100 ul tubes were used throughout and the tubes
were completely immersed in a water bath at 37° C to prevent changes in the sample
volume from evaporation and condensation. For analysis aliquots were removed from

each sample, combined with non-denaturing gel-loading buffer and run in 8% non-
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denaturing polyacrylamide gels (6% gels were used for the three-way junction sequences
ry 4 g y

run in KMg buffer (50 mM Tris-borate, pH 8.0; 10 mM KCI; 2mM MgClIp), at 6W at 4°
C, unless stated otherwise. Gels were then dried and radioactive bands visualized and

assayed using a BioRad GS-250 Molecular Imager.

24 Melting Point Determinations

Melting points of duplex DNA samples were determined spectrophotometrically
using a Cary 300 Bio UV-Visible Spectrophotometer with a temperature controller
(Varian). The absorbance at 260 nm of 0.3 uM samples of duplex DNA were monitored
from 37° C - 90° C, with a heating rate of 0.1° C / min. Absorbance profiles were
analyzed with the Cary Thermal Software v1.00(6).

The melting behavior of synapsed duplex-dimers was followed most accurately by
electrophoretic methods. Samples were prepared as described above, with prolonged
incubations to ensure that equilibrium had been reached in the formation of synapsed
duplex-dimers. Samples were then diluted to 0.1 uM total DNA, while keeping the salt
concentration (1M KCI, in TMACI buffer) constant. The diluted samples were incubated
at 37° C for one hour, 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 ul aliquots were removed
and mixed into 3 pl of non-denaturing gel-loading buffer solution on ice. After 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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25 Methylation-Protection Assays

Methylation experiments were carried out using a modified version of the DNA
sequencing procedure of Maxam and Gilbert, 1977. DNA samples (10 pl; 5 uM final)
were incubated in solutions containing 1M LiCl in TMACI buffer (where synapsis was
not desired), or in 1M KCI in TMACI buffer (where synapsis was desired). Following
overnight incubations at 37° C, each sample was combined with 3.3 pul of 200 mM
lithium cacodylate (pH 7.5), and made up to 0.1-0.4% (v/v) 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 from all excised gel bands was eluted into 300 ul TE buffer overnight, and
recovered by ethanol precipitation (see above). The purified and washed DNA pellets
were dissolved in 50 pl of 10% (v/v) piperidine in water and heated at 90° C in sealed
tubes for 30 minutes. Following this treatment the samples were lyophilized to remove
water and piperidine, and the DNA dissolved in denaturing gel-loading buffer. Samples
containing equal counts of radioactivity were loaded and run in 10% sequencing gels run

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

Prior 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, b, and ¢, could be used for synapsis,
such that domain a was specific for synapsing only with another a, and not with & or c.
We therefore designed two divergent G-G domains by interspersing T-T base mismatches
among the G-G mismatches to spatially separate contiguous G-G domains. T-T
mismatches were chosen in part because prior work (Venczel & Sen, 1996) had indicated
that their presence at the ends of G-G domains did not interfere with the latters' synaptic
properties. Along with internal interrupting 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

J.K
i T TG % o
————— F_GACTTT PACAC------5"
L.M

5" ‘;79?9%*“$ TG TS 2 by
S Rl GACTTT ACAC-ZZ-Z g

Figure 3-1. G-G domains of synapsable duplexes J-K and L-M. The
highlighted bases constitute the G-G domains, and boxes surround G-G

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

potentially form a larger number of guanine quartets [up to seven in (J-K); and, six in
(L-M);] than might form from cross- or hetero-dimerization of the duplexes [at best, five
quartets in the heterosynapse (J-K)-(L-M)]. We therefore surmised 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.
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Figure 3-2. Symmetry of L-M and J-K dimerization domains. The
symmetry of the L-M dimerization domain results in two possible
orientations for dimerization that would resuit in maximal G-quartet
formation. In comparison the non-symetric J-K domain only has one
orientation.
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Only the dimerization domain of L'M is symmetrical, which results in two

possible orientations for dimerization 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 comparison to J-K. A possibly detrimental affect of
using symmetrical domains is in the assembly of constructs of higher complexity, as in

section 3-6 of this chapter.

3.2 Synapatic-Dimerization of J°K and LM Duplexes.

The individual abilities of the duplexes J-K and L-M to dimerize 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* > Rb*, Na* >> Li*, 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 Na* and Rb* 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, 1998), and are generally the consequence of the formation and
stabilization by the highly-stabilizing potassium ion of alternative G-quadruplex
complexes. A mechanistic model for the observed anomalous ion dependence for the

formation of (J-K)7 is given below in section 3.5.
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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 L-M) were incubated at
37°C 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)

In addition to the divergent alkali cation-dependences for the formation of (J-K),
and (L-M),, the rates of formation of these two complexes was found to be remarkably
different. Figure 3-4 shows that the synaptic dimerization of 0.5 pM L-M reached
equilibrium almost 1000 times faster than that of 2.5 uM J-K, when both were measured

under standardized dimerization conditions (1M KCI in TMACI buffer, at 37° C). The

dimerization of duplex L-M followed second-order kinetics, with an observed rate

constant of 1.5 = 0.3 x 10° M min™' under the above standard conditions (average of four
experiments). Using the Ky value of 130 £ 70 nM computed from the equilibrium

distribution of L‘M and (L-M), under these conditions, a dissociation rate constant for
(L-M), to L-M of 0.025 + 0.014 min" was calculated. A comparison of the rate of L'-M

dimerization with that of the formation of duplexes from single-stranded DNA (2.6 x 108

M 'min™ at 32.5° C and 1.14 x 10® M min™ 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 dimerization of L-M,
with typical rates of between 6-300 M min™ (Guo et al, 1992; Guo, Liu & Kallenbach,

1992; Fang & Cech, 1993).
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Figure 3-4. 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 uM for L-M and 2.5 uyM for J-K. Samples were 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), 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 conformational 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 determine 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 TMACI buffer, using standard UV-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

Fraction Remaining

Temperature (C)

Figure 3-5. Thermal meiting 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 (J-K), and (L-M), was most

conveniently measured using gel-electrophoretic techniques (Venczel & Sen, 1996;
Fahlman & Sen, 1998). Owing to the high double-stranded DNA content (relative to
quadruplex content) of both (J-K), and (L-M), , the dimer dissociation is difficult to
monitor spectroscopically, owing to the large spectroscopic contribution of those double-
stranded arms. Pre-formed duplex-dimer samples were diluted to lower their DNA
concentration to <100 nM, such that a re-association of dissociated duplex dimers was
essentially undetectable within the experimental timescale. The samples’ ionic strength
was maintained at 1M KCI in TMACI buffer. The melting behaviors of (J-K), and (L-M),
were then measured as described in Materials and Methods. Figure 3-5 shows that the
(L-M), to L-M transition was cooperative and had a midpoint of ~ 71 £ 2° C. The (J-K);
complex was, by contrast, more stable, and did not describe a complete melting curve by
95° C. In fact, the broad initial phase (from 75° - 95°) of (J-K), breakdown may represent
the breakdown of a proportion of (J-K), complexes containing fewer G-quartets than the
bulk of the (J-K), complexes (from a "slipped” or imperfectly aligned side-by-side
arrangement of the two participating J-K duplexes). Alternatively, this initial phase of
(J-K), breakdown may reflect very slow kinetics of dissociation (on the experimental

timescale) of the (J'’K), complex. In either event, it was clear that the (J-K), dimer was

significantly more stable than the (L-M), dimer.

34 Self-Selectivity of Synaptic Dimerizations
To determine whether the duplexes would cross-react to form hetero-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 mHS8, containing
the same synapsable G-G domain, but being of different overall lengths (and therefore
having different electrophoretic mobilities) were allowed to dimerize together, a hetero-
dimer (A'B)-(mHS8) formed, in addition to the (A'B), and (mHS8), homodimers. Being of
intermediate molecular weight the (A'‘B)-(mHS8) complex ran in the gel between the
(A'B), and (mHS8), 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 KCl at 37° C, only the
two bands corresponding to the homo-dimer products (J-K), and (L-M), were observed.
Therefore, dimerization by these two duplexes appeared to be self-specific.

Furthermore, if the same dimerization mixture was incubated briefly (~ 20
minutes), such that equilibrium was not reached, only the (L-M), product was observed
(Figure 3-6, lane B). Therefore, the rapid kinetics of (L-M), 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-K), could be taken advantage of to obtain only the
(J-K), complex out of the same dimerization mixture. If the 1M ionic strength of a
solution containing an equilibrium distribution of J-K, L-M, (J-K); and (L-M), was diluted
to a final salt concentration of 10 mM KCIl in TMACI-buffer, and the diluted solution
incubated at 37° C for 20 min, (L-M), was found selectively to dissociate (Figure 3-6,
lane D). Lane E shows that under these low salt conditions for the selective breakdown

of (L-M), neither J-K nor L-M were able to dimerize, even after 3 days of incubation.
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Figure 3-6. Self-selectivity of J-K and L-M dimerization. Samples of J-K

and L-M alone (left panel) contain 2.0 yM dsDNA in TMACI buffer (100mM
TMACI) and 10 mM Tris (pH 7.9), with and without 1 M KCIl. These samples
were incubated at 37°C for 72 h. Mixed samples containing 2.0 yM each of
the J-K and L-M duplexes are shown in lanes a-f, in all 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 ¢ 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 ¢, incubation in 10 mM KCI. Lane f,
incubation in 1 M NaCl.

The above experiments demonstrated the high versatility of this system; such that
from a single starting solution containing the J-K and L-M duplexes, we were able to
obtain at will a (J-K), synapsis, a (L-M), synapsis, or both synapses at the same time.
Control incubations with single-stranded J and L oligomers carried out in 1M KCI at 37°
C indicated that these oligomers formed J, and L, quadruplexes, as expected, but also

cross-associated, to give the series of complexes J;L, J,L,, 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 duplex J°K forms a dimerization-incompetent conformer, J°K'

In order to understand the molecular events that permitted 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 examined 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 G=C base-pairs) are resistant to methylation by dimethyl
sulfate (DMS) at their N-7 positions, and this "protection” from methylation can 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 (L-M), are shown
in Figure 3-7 as sequencing gels, with the guanines in strands J and L, respectively, being
examined in all cases. As expected, in the duplex dimers (J-K); and (L-M),, the guanines
in the respective G-G domains (indicated within brackets) showed methylation protection
of all or some of the guanines within the domains, relative to the duplex samples

methylated in LiCl. The (L-M), duplex dimer exhibited complete protection of its
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mismatch guanines while (J-K), exhibited only a partial protection of 5 of its 7 mismatch

guanines. It was the J-K and the L-M samples in potassium solutions that showed the
most revealing results. Whereas the L-M duplex showed similar methylation patterns of
its G-G domain guanines in both lithium and potassium solutions [the slight protection of
all the domain guanines in potassium was probably due to a partial interconversion of
L-M and (L-M), within the methylation timescale], the J-K duplex in potassium solution
showed a quite different protection pattern from its counterpart in lithium solution. In the
J-K sample in potassium the two isolated guanines of its motif TTGGTTGGGGGTT 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-K', which already contained
(intramolecular) G-quartets, thus rendering this conformer incapable of dimerizing to

(J-K);. A schematic 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
TMACI buffer at 37°C. Lanes J and L display the patterns of the single-
stranded DNA sequences J and L methylated in 1 M LiCl. Lanes containing
the duplex DNA samples, J-K and L-M, were methylated either in 1 M LiCl or
in 1 M KCI (as indicated). Methylation of the duplex dimers, lanes (J-K); and
(L-M),, was carried outin 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 aMinimized form of the J-K Domain

To test our hypothesis that the above model was true, a simplified version of the
J'K G-G domain was created. The new duplex, Hl, had the domain sequence of
TTGGGGGTT, which would be expected to lack the ability to fold back to form
intramolecular G-quartets, such as found within J-K. The removal of the extra doublet of
G-G mismatches of the J-K domain rid of all indications of a ‘pinched’ duplex. As

predicted, the H-I duplex exhibited a normal preference shown in figure 3-9 for the alkali

cations: K >Na' ~ Rb'>Lit~ Cs+, unlike J-K but similar to L-M.
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Figure 3-9. H:l Dimerization. Nondenaturing polyacrylamide gels showing
the influence of the different alkali cations on the synaptic dimerization of
the H-l duplex. Samples of 2.0 uM duplex DNA were incubated at 37°C 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 = Lij, Na, K, Rb or Cs), 100mM TMACI,
and 10 mM Tris (pH 7.9)
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Figure 3-10. Comparison of the time dependence of dimerization of the

three duplexes: L-M, H-l and J-K. Duplex concentrations are 0.5, 1.0, 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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F e

Figure 3-11. Methylation protection of the H-l dupiex. 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 were carried out in TMACI buffer at 37°C. Lane H displays the
patterns of the single-stranded DNA sequence H methylated in 1 M LiCl.
Lanes containing the duplex DNA samples, labeled H-l, were methylated
either in 1 M LiCl or in 1 M KCI (as indicated). Methylation of the duplex
dimer, lanes (H-‘l);, was carried out in 1 M KCI. Arrows indicate the 5 G-G

mismatches in the dimerization domain.

Duplex H'I also dimerizes significantly faster than J-K and in contrast exhibited
second-order kinetics with a rate constant of 3.3 x 10> £ 0.8 x 10° M min™ at 37° C in
IM KCl. The rate constant was determined by triplicate 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 (H-I); dimer was
determined to be 76 + 40 nM under these same conditions. Thermal denaturation
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experiments revealed a melting temperature for the synapsed (H-I), product of 88 + 2° C

under the same conditions used in examining J-K and L-M in section 3.3 above.

Methylation studies shown in figure 3-11 of the H-I duplex also showed,
predictably, that the reactivity pattern of domain guanines in un-dimerized H'I duplexes
were equivalent in lithium and potassium solutions. As with the (J-K); synapsed
duplexes and the (A-B), and (A-B), 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 (L-M); 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 (L'-M),). A
potential explanation is that a significant proportion of H-I dimerizes out of phase, such
that only 4 G-quartets form. This would result in only partial protection of the terminal
guanines (partial because guanines on either end would be randomly excluded from G-
quartet participation). This explanation cannot completely explain the results as the
methylation of the terminal guanines is more than 50% of those in the double helical
arms, so other factors must also be involved.

To test whether the self-selectivity of synapsis that we had observed from
mixtures of J'’K and L-M also occurred in mixtures of H-I and L-M, incubations for
dimerization of mixed samples in 1M KCl were carried out (figure 3-12). As with the
J-K and LM 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 KCIl (data not

shown).
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Figure 3-12. Selectivity between H:l and L-M. s;mples containing 1 uyM

of the indicated dsDNA where incubated overnight at 37°C in TMACI 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'I Dimerization
Domains

We constructed a 3-way junction of DNA duplexes, (H-)T(L-M), two of whose
arms contained, respectively, the G-G domains of H-I and L-M ("A-i" and “I'm", Figure
3-13(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, 1991;
Stuhmeier et al, 1997). The core 3-way junction we chose to use has been studied by

high-resolution NMR by Leontis et a/, 1993, who found that it preferred to adopt a “T”’-
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like conformation of the three arms (rather than a "Y"-like 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 arms of this core
structure to form the final (H-[)T(L-M) construct. The spacing of the synapsable domains
from 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-[)T(L-M) construct 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-)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/ (1993)" that the (H-1)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: 1IEKW.
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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 can dimerize by matching up both of their H-I 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 symmetry of the synapsable domains. Alternatively each domain of an
(H-DT(L-M) construct may dimerize with a domain on two different (H-)T(L-M)
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 connectivity)
polymeric 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 run 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-)T(L-M). a) A dimeric
structure where association at the synapsed sites is to the same (H-1)T(L-M)

construct. B) A polymeric assembly of (H-)T(L:-M), where each domain
associates to a different (H-1)T(L-M) construct.

On incubation of (H-I)T(L-M) with potassium a single predominant higher-order
complex formed rapidly and almost quantitatively (figure 3-15). A single major product
indicates that both postulated products in figure 3-14 do not form, 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 dimerization domain could not be established with out

further examination.
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Figure 3-15. Dimerization of the (H-I)T(L-M) three-way junction. Samples
containing 1.0 uM (H-)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 37°C. The iane on the right shows DNA size markers.

Evidence that the major product was a dimeric product, [(H-I)T(L-M)]z, (such as
shown schematically in figure 3-14(a)) was obtained from methylation-protection
experiments (figure 3-16). This experiment revealed that both the /i and /'m domains
showed the methylation-protection patterns characteristic of their having undergone
synapsis. When methylation-protection experiments were carried out in a time-dependent
manner, it was found that, as expected, that the /-m domain synapsed first, in the first 10
minutes, followed by the hi domain (data not shown). Further evidence that
[(H-DT(@L-M)], was held together at both the H'T and L-M synaptic sites was suggested
further by the fact that this complex was fully stable to melting even at 95° C, at which
temperature the individual (HI); and (L-M), duplex-dimers had melted (see previous

section 3.3 and 3.5.1).
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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 TMAC! buffer at 37°C
after a 2hour pre-incubation in the appropriate salt solution. Lanes (a) and
(b) show the probing pattern of undimerized (H-l)T(L-M) 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, /.m upper and h.i

{ower.
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The absence of polymeric association of (H-[)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 maintaining association, the
association constants measured for individual L-M and H:I 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-)T(L-M) does not form polymeric
assemblies led to the realization of an alternate dimeric structure to that original shown in
figure 3-14(a). If two constructs associate in a ‘head to tail’ fashion as would occur in the
formation of polymeric assemblies an alternate 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 a/,
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 dimer 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 symmetrical fashion. The

designs of such synapsable domains are described in section 3.7.
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Figure 3-17. An aiternate structure for (H-)T(L-M). Individual (H-)T(L-M)
constructs are indicated as either a solid or a dashed line. The symmetry of

the H:{ 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 [(H-)T(L-M)], may be regarded as a structural “tile” for the
assembly of DNA superstructures and, as shown in figure 3-18(A), it is a structural
analogue of the double-crossover complex (figure 3-18(B)) used as a construction "tile"
by Seeman and coworkers (Winfree et al, 1998; Liu et al, 1999; Mao et al, 1999b). A
key difference between the two "tiles" is that constructs like the [(H-I)T(L-M)], tile may
be broken down and reconstructed from its synaptic precursor (H-I)T(L-M) by controlling
solution conditions (i.e. 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.
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Figure 3-18. Using (H-1)T(L-M) ‘like’ constructs as ‘tiles’ in 2-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 comparison the double crossover is shown to
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 3-18(A) shows schematically that either two, four, or six unique sticky-end

sequences can be associated with the [(H-DT(L-M)]; tile, in a predetermined orientational
relationships to one another. Such a tile, either by itself, or in combination with double-
crossover tiles, could be used to generate a variety of repeating structural 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 3-18(C). An interesting new flexibility in assembling DNA superstructures or
repeating arrays using both the [(H-I)T(L-M)],-like and double-crossover modules might
be that assembly could be carried 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 dimerize in one orientation.
Domains like J-K could be used, but I 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 shown in figure 3-19(B) (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" > Na" (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 all parallel structures also holds true
in quadruplex structures containing quartets composed of guanine and isoguanine bases.
The incorporation of isoguanine bases along with guanines in reverse polarity, synapsable
domains can be constructed like L-M and H-I, which should only be able to dimerize 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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Isoguanine 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-0
(L-M) but should posses a single orientation in dimerization.
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4. Conclusions

A key result reported in this chapter is the property 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 (simultaneous specificity); and (b) one duplex at a time dimerizes selectively to give
its homosynapsed dimer; whereas the other duplex remains undimerized (individual
specificity). Undoubtedly many more such self-specific G-G domains can be designed.
The availability of a number of such domains will facilitate the self-assembly of complex
DNA superstructures. In this paper we have demonstrated 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(L-M), were able to
synapse, upon the addition of an stabilizing cation (potassium), to form a the dimer,
[((HDT(@L-M)],. 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 T-T Spacers on ‘Synapsable’ DNA Duplexes

1. Introduction

We have previously examined the affect of arranging the G-G mismatches into
‘patterns’ by incorporating interrupting thymine — thymine (T-T) mismatches within
contiguous stretches of G-G mismatches. This approach discussed in chapter 3),
demonstrated that ‘patterned’ G-G mismatches could be made self-selective, in that one
‘pattern’ or domain selectively dimerizes with similar domains even in mixed solutions
(Fahlman & Sen, 1999).

Unexplained observations arose in this study of domains containing T-T
mismatches. The L-M duplex dimerized significantly faster than the H'I duplex, while
neither were identified to form an inhibitory pinched duplex as seen previously with the
A-B 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 number 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 construct because of its simple symmetrical design
and its unusually fast rate of dimerization (observed second order rate constant of 1.5x10°
M 'min™ (Fahlman & 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 internal T-T mismatch
from 0 to 3 T-T mismatches 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 examined. For consistency, the original L.M duplex is re-named

LMTT-1 in this manuscript.
With this study we hoped to gain some insight into what is required for
specificity. Do the slightest differences cause the synapsable domains be selective or are

significant differences in the designs required.

2. Materials and Methods
2.1 DNA Sequences

All oligonucleotides were purchased from Sigma Genosys, except L-0, M-0, 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 samples 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 LM-0 (43 bp).

L-0: 5’-CCTCGAGAAGCTCCTGATTGGGGGGTTTGTGGTTCAAGGATCC-3"

M-0: 5’-GGATCCTTGAACCACATTGGGGGGTTTCAGGAGCTTCTCGAGG-3’
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Duplex LMTT-1 (43 bp) - the original L-M duplex from chapter 3.

L-T: 5°-CTCGAGAAGCTCCTGATTGGGTGGGTTTGTGGTTCAAGGATCC-3’

M-T: 5°-GGATCCTTGAACCACATTGGGTGGGTTTCAGGAGCTTCTCGAG-3’

Dupliex LMTT-2 (43 bp)

L-2T: 5’-TCGAGAAGCTCCTGATTGGGTTGGGTTTGTGGTTCAAGGATCC-3’

M-2T: 5’-GGATCCTTGAACCACATTGGGTTGGGTTTCAGGAGCTTCTCGA-3’

Duplex LMTT-3 (43 bp)

L-3T: 5’-TCGAGAAGCTCCTGATTGGGTTTGGGTTTGTGGTTCAAGGATC-3’

M-3T: 5’-GATCCTTGAACCACATTGGGTTTGGGTTTCAGGAGCTTCTCGA-3’

Duplex LMTT-1 L (53 bp)

L-1T L:

5’-AGTGACTCGAGAAGCTCCTGATTGGGTGGGTTTGTGGTTCAAGGATCCACAGT-3’

M-1T L:

5’-ACTGTGGATCCTTGAACCACATTGGGTGGGTTTCAGGAGCTTCTCGAGTCACT-3’

Duplex LMTT-2 L (53 bp)

L-2T L:

5-GTGACTCGAGAAGCTCCTGATTGGGTTGGGTTTGTGGTTCAAGGATCCACAGT-3’

M-2T L:

5’-ACTGTGGATCCTTGAACCACATTGGGTTGGGTTTCAGGAGCTTCTCGAGTCAC-3’
Duplex LMAT-1 L (53 bp)
L-1TL: sequence shown above.

M-1A L:

5’-ACTGTGGATCCTTGAACCACATTGGGAGGGTTTCAGGAGCTTCTCGAGTCACT-3’
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Duplex LMAT-2 (43 bp)

L-2T: sequence shown above.

M-2A: 5°-GGATCCTTGAACCACATTGGGAAGGGTTTCAGGAGCTTCTCGA-3’

Duplex LMAT-2 L (53 bp)

L-2T L: sequence shown above.
M-2A L:

5’-ACTGTGGATCCTTGAACCACATTGGGAAGGGTTTCAGGAGCTTCTCGAGTCAC-3’

Duplex LMAT-3 L (53 bp)

L-3T L:
5’-GTGACTCGAGAAGCTCCTGATIGGGTTTGGGTTTGTGGTTCAAGGATCCACAG-3’
M-3A L:

5'-CTGTGGATCCTTGAACCACATTGGGAAAGGGTTTCAGGAGCTTCTCGAGTCAC-3’

2.2 Duplex Assembly

One strand of a duplex was radio-labeled at 5°- phosphate by T4 kinase and y-32p-
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 1x TMACI [100 mM tetramethylammonium chloride
(TMAC)); 10 mM Tris, pH 7.9]. The solution was heated to 95 °C for one minute and

allowed to cool to 37 °C. The DNA duplex formed was gel purified in 8% non-
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denaturing polyacrylamide gel, which was electrophoresed in TBT buffer (50 mM Tris-

borate, pH 8.0; 10mM TMACI) at SW at room temperature. Bands of DNA duplex were
visualized by autoradiography, excised and eluted into 500 ul of 2x TMACI buffer. The
eluted DNA samples were concentrated by Micron Microconcentrators (Amicon) if it

was necessary.

23 Formation of duplex dimers
2.3.1 Kinetic of Dimerization

The concentrations of the eluted DNA duplexes were determined by optical
densities. 40 ul of one DNA duplex sample was mixed with 40 pul of 2 M KCI at 37 °C.
The final concentration of the DNA was therefore 1/2 of the initial concentration. Smali
aliquots were then removed from the mix at different time points and loaded on a 8%
non-denaturing polyacrylamide gel, which was electrophoresed in KMg buffer (50mM
Tris-borate, pH 8.0; 10 mM KCI; 2 mM MgCl; ) 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 uM). 2.5 ul of one short duplex (43 bp) was
mixed with 2.5 pl of one long duplex (53 bp), combined with 5 ul of 2 M KCL and 1 pl

of 10 mM EDTA. Therefore, the final concentration of one duplex was roughly % of the
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initial concentration. The mixtures were incubated in 37 °C for 26 hours. The samples

were loaded on a 8% non-denaturing polyacrylamide gel, which was electrophoresed in
KMg buffer (50mM Tris-borate, pH 8.0; 10 mM KCI; 2 mM MgCl, ) at 6W at room
temperature. The gels were dried and the bands were visualized on a phosphoimager

(BioRad G5-250).

24 Chemical Probing

Methylation protection, permanganate oxidation and diethyl pyrocarbonate assays
All 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 °C 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 polyacrylamide gel, which was electrophoresed in TBE buffer (50mM
Tris-borate, pH 8.0; 10mM EDTA) at 20 W at room temperature. Bands closet to the top
of gel were excised and eluted into 300 ul 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 TMACI [200 mM tetramethylammonium
chloride (TMACI); 20 mM Tris, pH 7.9].

The DNA duplex prepared was mixed with 1x volume of either 2M KCl (where

synapsis was desired) or 2M LiCl (where synapsis was not desired), the mixtures were

90



T-T Mismatch Spacer Affects — Chapter 4
incubated in 37°C for 30 minutes. The solutions were equally divided into three 9 ul of

aliquots, and each aliquots was treated by dimethyl sulphate (DMS), permanganate

(MnOy") or Diethyl Pyrocarbonate (DEPC).

24.1 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
ul 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 10ul of 300mM sodium acetate and 3x volume of

100% ethanol.

24.2 Permanganate oxidation assay

The reaction to oxidize thymines with single stranded charater was similar to that
previously described Nielsen (1990). Aliquots of 9ul containing the DNA and appropriate
salts were mixed with 1 pl of 1.2mM of KMnO;, 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 sodiu