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ABSTRACT

M-DNA is a novel complex formed between DNA andcsidion metal ions under
alkaline conditions. The unique properties of M®Mere manipulated in order to
rationally place metal ions at specific regionshimta double-stranded DNA helix.
Investigations using thermal denaturation proféesl the ethidium fluorescence assay
illustrate that the pH at which M-DNA formation ags is influenced heavily by the
DNA sequence and base composition. For instani#y With a sequence consisting of
poly[d(TG)+d(CA)] is completely converted to M-DN&t pH 7.9 while DNA consisting
entirely of poly[d(AT)] remains in the B-DNA confioration until a pH of 8.6 is reached.
The pH at which M-DNA formation occurs is furthexaleased by the incorporation of 4-
thiothymine (8T). DNA oligomers with a mixed sequence composklaif d(AT) and
the other half d(TG)+d(CA) showed that only 50%tw DNA is able to incorporate Zn
ions at pH 7.9. This suggests that only regionsresponding to the tracts of
d(TG)+d(CA) are being transformed.

Duplex DNA monolayers were self-assembled on ghtdugh a Au-S linkage
and both B- and M-DNA conformations were studiedngsX-ray photoelectron
spectroscopy (XPS) in order to better elucidateldlation of the metal ions. The film
thickness, density, elemental composition and safr samples were analyzed and
compared. The DNA surface coverage, calculatech footh XPS and electrochemical
measurements, was approximately 1.2 x°hiolecules/crhfor B-DNA. All samples
showed distinct peaks for C 1s, O 1s, N 1s, P 2pS@p as expected for a thiol-linked
DNA. On addition of ZA" to form M-DNA the C 1s, P 2p and S 2p showed amhall
changes while both the N 1s and O 1s spectra chaogesiderably. This result is
consistent with Zf" interacting with oxygen on the phosphate backbasewell as
replacing the imino protons of thymine (T) and gnanG) in M-DNA. Analysis of the
Zn 2p spectra also demonstrated that the concimtraf Zr** present under M-DNA
conditions is consistent with Zhbinding to both the phosphate backbone as well as
replacing the imino protons of T or G in each bpae. After the M-DNA monolayer is
washed with a buffer containing only Nehe Zrf* bound to the phosphate backbone is

removed while the Zii bound internally still remains. Variable angleayiphotoelectron



spectroscopy (VAXPS) was also used to examine nageod consisting of mixed
sequence oligomers. Preliminary results suggastuhder M-DNA conditions, the zinc
to phosphate ratio changes relative to the posiaiotne d(TG)+d(CA) tract being at the
top or bottom of the monolayer.

Electrochemistry was also used to investigate tmepeyties of M-DNA
monolayers on gold and examine how the localizadfometal ions affects the resistance

through the DNA monolayer. The effectiveness dhgighe IrCE">

redox couple to
investigate DNA monolayers and the potential adsges of this system over the
standard Fe(CNJ™* redox couple are demonstrated. B-DNA monolayesrew
converted to M-DNA by incubation in buffer contaigi 0.4 mM ZA* at pH 8.6 and
studied by cyclic voltammetry (CV), electrochemicapedance spectroscopy (EIS) and
chronoamperometry (CA) with Ir¢l”®.  Compared to B-DNA, M-DNA showed
significant changes in CV, EIS and CA spectra. Ewsv, only small changes were
observed when the monolayers were incubated i BigpH 8.6 or in Zfi" at pH 6.0.
The heterogeneous electron-transfer riatg) petween the redox probe and the surface of
a bare gold electrode was determined to be 5.7 %ch¥/s. For a B-DNA modified
electrode, thégr through the monolayer was too slow to be measuksolvever, under
M-DNA conditions, aket of 1.5 x 10° cm/s was reached. As well, the percent change in
resistance to charge transferc{R measured by EIS, was used to illustrate the
dependence of M-DNA formation on pH. This reswtdonsistent with Zi ions
replacing the imino protons on thymine and guamesdues. Also, at low pH values,
the percent change incR seems to be greater for d(Th&¥(CA);s compared to
oligomers with mixed d(AT) and d(TG)+d(CA) tractsThe IrCk>"* redox couple was
also effective in differentiating between singleastded and double-stranded DNA during

dehybridization and rehybridization experiments.
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1.0 INTRODUCTION

On February 28, 1953, Francis Crick entered thdegagpb in Cambridge, England
and proclaimed that he and James Watson had fdwndecret to life (Watson, 1968).
Together, they had solved the structure of deowywicleic acid, or DNA, and
suggested its fundamental role in the storage eantsfer of life’'s genetic material.
Since their discovery, the vast majority of DNA@arch has been focused around its
biological properties, in particular its role inrggic inheritance, disease and aging.
However, regardless of its central importance oldgy, the applications of DNA are
no longer restricted to just the biological science

The idea of building machines and mechanical devieg of individual atoms was
originally proposed in a speech by the Nobel LaigreRichard Feynman in 1959.
Inspired by that speech, Eric Drexler not only pes this area, but has been credited
with increasing public interest and spawning theitm@ng of the nanotechnology
revolution. Naturally, due to its ability to selssemble through complementary base
pairs, participate in molecular recognition andelasily manipulated by a vast array of
enzymes, DNA has become one of the most promisiogndlecules for future
applications in nanotechnology. It has alreadynbemnipulated in order to design
intricate geometric shapes (Chen and Seeman, 7fihg and Seeman, 1994; Skih
al., 2004; Rothemund, 2006), construct various nanesoachanical devices (Ma#
al., 1999; Yurkeet al., 2000; Sherman and Seeman, 2004; Shin and P200d, Ye
and Mao, 2004) and has recently attracted conditeenaterest in molecular electronics
(Murphy et al.,, 1993; Aich et al.,, 1999; Fink and Schonenberger, 1999). The
interactions of metal ions with DNA have been shdwprofoundly effect not only the
conformation of DNA, but properties such as theteieal conductivity. Therefore, the
introduction of this thesis will focus on the stiw@l features and properties of DNA,



how these are affected in the presence of varictslnons and the techniques used to

study them.

1.1 Structure of DNA

1.1.1 DNA Subunits

The fundamental components of DNA are monomeritsuralled nucleotides.
Each nucleotide consists of a sugar, a nucleohade ahosphate group (Figure 1.1).
The sugar in DNA is the cyclig-D-furanose form of ribose and is referred tgas2'-
deoxyribose as the hydroxyl group on the&bon of the ribose ring is replaced with
hydrogen. Also depicted in figure 1.1 are therfmajor nucleobases found in DNA
which are derived from the two parent compoundsneuand pyrimidine. The two
major purine bases are adenine (A) and guaninav{@yeas the two major pyrimidine
bases are cytosine (C) and thymine (T). The carbonbers in the furan sugar are
designated with a prime symbol in order to distisguthem from the numbered atoms
in the nucleobase. Each nucleobase is attachdtetsugar through #-glycosyl
CI—N linkage (N1 of pyrimidines and the N9 of purinegereas the phosphate is
attached to the sugar through an ester bond ab’tbarbon. In the absence of the
phosphate group, the molecule is referred to asckeaside.

A strand of DNA is simply formed from successivecleotides covalently
linked to each other through a phosphodiester onehich the 5phosphate group of
one nucleotide is attached to theh@droxyl group of the next nucleotide creating a
polynucleotide chain that can be described andtemitn a specific direction. For
instance, in figure 1.2, a four base DNA oligonotige with the sequencé-6TAG- 3
is shown.

When the nucleotides are linked as described irabluzze section, the resulting
polynucleotide chain is highly flexible due to tlaege number of conformations around
the rotatable bonds in the phosphoribose backbtive,sugar and around the N-
glycosidic bond (Figure 1.3).
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Figure 1.1 The general structure of a nucleotide along whth four major purine and
pyrimidine nucleobases found in DNA. Also showe the numbering conventions for
the furan sugar and the parent pyrimidine and pusaises which apply to all four bases
as well as their analogues.



Figure 1.2 The deoxytetranucleotide dCTAG in a chain thaeeds from the
terminus to the 'erminus.



Figure 1.3 The rotatable angles in a nucleotide unit are eeffiby torsion angles along
the phosphoribose backbone t6 &), within the sugar ring vto v4) as well as the
rotation of the nucleobase relative to the suggr (Adapted from (Sriram, 1996).



Of particular importance to DNA structure, are tiéations about the bonds in the
sugar ring. In order to relieve steric strain begw atoms, the deoxyribose sugar
becomes slightly nonplanar with only four out ofefiatoms remaining in the same
plane. The different conformations, termed “sugackers”, are therefore defined by
the direction in which the one atom in the ring idéas from this plane. As illustrated
in figure 1.4, a plane is formed by the '@-C4 atoms. The sugar pucker, then, is
defined by the positions of the G& C3 atoms relative to this plane. When the atoms
are displaced from this plane on the same sidbea€8 and the nucleobase, then they
are referred to aendo atoms, while those on the opposite side are edeto asexo
atoms. The sugar pucker is conformationally imgrarin DNA because it determines
the orientation of the phosphate groups relatiiliécsugar residue.

The other torsion angle that strongly affects tinecsure of DNA is the(-angle
around the glycosidic bond (Figure 1.5). The bzes® be orientated in either thati
conformation, where it extends away from the ribaisg, or in thesyn conformation, in
which case the base lies over top or toward tharsu@heanti conformation is most
often observed since there is less steric hindramd¢bkat position. However, thgn
conformation may occur when purine bases are prdsenis rarely observed with

pyrimidine bases since the sugar residue steriaatyferes with its CZsubstituent.

1.1.2 Structure of Double-Stranded DNA

The interaction of two DNA strands is referred t® laybridization and is
mediated through specific base-pairing. Firstopeed by Watson and Crick, A only
pairs with T (AT) and G only pairs with C (GC) (VWah and Crick, 1953). This
proposal confirmed earlier observations made byr@iiathat DNA samples always
contained equivalent amounts of Ato T as well a® @ (Chargafit al., 1951). The
specificity of Watson Crick (WC) base-pairing ishaved through the formation of
intermolecular hydrogen bonds between the two DNansls (Figure 1.6).



endo face

exo face

C3'-endo C2'-endo

C3'-exo C2'-exo

Figure 1.4 The pucker of the sugar in DNA is described asdisplacement of the C2
and C3 atoms relative to the plane formed by thé-04C4 plane. Theendo face lies

above the plane, toward the 'Gihd the glycosidic bond, while tlezo face lies below
the plane. Adapted from (van Holde, 2006).



2'-deoxyadenosine

Syn anti

2'-deoxythymidine

Syn anti

Figure 1.5 The rotations of the nucleotidesdeoxyadenosine and-@eoxythymine
relative to the sugar moiety. The bases are egktanded away from the sugani(-
conformation) or situated above the risgntconformation).



Major Groove

Minor Groove

Major Groove

Minor Groove

Figure 1.6 The standard WC base-pairing schematic for AT aBdb@se pairs with
the major and minor grooves indicated.



Hydrogen bonds are noncovalent, dipole interacteansed as a result of the attractive
force between hydrogen atoms containing a partaltige charge interacting with the
electronegative keto oxygens or nitrogens on tmeptementary base. There are three
hydrogen bonds in GC base-pairs and only two inba3e-pairs. However, the classic
WC base-pairing is only one of several hydrogendbumpatterns observed. Ten years
after Watson and Crick’s discovery, Karst Hoogstsleowed that adenine and thymine
were able to form hydrogen bonds involving the Nahraof the purine ring compared
to the N1 atom normally found in the WC base-pgirfrioogsteen, 1963). Although
this alternative Hoogsteen geometry is the mosorisle one for AT base-pairs in
solutions, it is not the cases for double-stranieltces. On the other hand, GC base-
pairs are only able to form this geometry in acipgi¢ where protonation of the C is
essential for pairing. However, the four bases lbararranged in 28 different ways
where there is still at least two hydrogen bondintamed. Shown in figure 1.7 are
some commonly found conformations including revar¢€, Hoogsteen and Wobble
base pairs (Donohue, 1956; Donohue and Truebld@®)1 The bases can also exist in
different chemical isomeric forms. For examplee @6 keto position of guanine can
undergo a tautomerization to an enol form with @&-group at the C6 position.
Although the hydrogen bonding between base-paisviges specificity, it
provides little stability to the duplex as thereulbbe just as many hydrogen bonds
between denatured DNA and the solvent. Therefbigthe base stacking interactions
which are principally responsible for the stabifiaa of the duplex (Bugegt al., 1971).
The parallel stacking of the bases effectively edek water from the interior of the
duplex. Therefore the hydrogen-bonding groups largely sequestered from the
competing interactions with water and thus hydrolgending becomes more favorable.
This parallel stacking of the base pairs also maeamthe van der Waals interactions
between bases. Most duplex DNA has the basesaegdaby 0.34 to 0.37 nm, the
average sum of van der Waals radii of the base satoffherefore the electrostatic
dipole, and dipole-induced dipole interactions agged with the van der Waals
interactions allow stable base stacking throughcth@rge distributions within theit-

electron systems (Devoe and Tinoco, 1962; Hanl866L
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Although base pair hydrogen-bonding depends on ositipn, base stacking energies
depend on composition and the sequence of the DDiAsteinet al., 1978). For
example, in unpaired bases, stacking interacti@taden purine and pyrimidine bases
have the following trend (Solie and Schellma, 1968)

Pur S Pyr o I:Pyr
Pur Pur Pyr

This results from a greater degree of overlap betvie/o purine bases compared to two
pyrimidine bases. For base-paired dinucleotidéspagh more complex, in general
the stacking is more stable for sequences rich@nb@se pairs and weaker for those
composed of AT base pairs (Ornstetnal., 1978). However, the stacking energy is
also influenced by the general sequence. Fornnsia 5’dCG-3’ dimer is more stable
than a 5’-dGC-3’ dimer (Saenger, 1984).

The structure of dsDNA is defined by the relatiemformations of the bases in
the base pair and the orientations of the neighgdoase-pairs relative to one another
(Figure 1.8). Although all of this flexibility allvs DNA to adopt a variety of
conformations, the predominant structure found urphg/siological conditions is the
DNA double helix referred to as the B-form. Tha&fmymation of B-DNA contains two
antiparallel polynucleotide chains connected by glementary WC base-pairing. The
overall structure of B-DNA has two distinct heliggooves, the minor and the major.
The minor groove is narrow, while the major groasewide, with both grooves
possessing a moderate, nearly equivalent deptthidriashion, B-DNA adopts a right-
handed helical structure containing a hydropholmterior of base pairs stacked
perpendicular to the axis at 0.34 nm intervals (V& al., 1980; Dickersoret al.,
1982). Each base-pair plane of B-DNA is rotatethvai twist of approximately 34.3°
relative do the one preceding it. This resulta tomplete right-handed helical turn for
every 10.5 contiguous base pairs and therefordi@ahpitch of approximately 3.4 nm
(Figure 1.9). In B-DNA, the deoxyribose ring adopt C2endo conformation, while
the N-glycosidic bond angle is in anti-configuration.
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1.1.3 Physical Propertiesof Double-Stranded DNA

The aromatic nature of the bases allows DNA to dbatiraviolet light (UV) at
a wavelength of approximately 260 nmp§é. This allows the concentration of dsDNA
to be measured, as an absorbance ofs} &quals approximately 50g/ml. This also
provides a convenient way to monitor the formaton breakdown of double helices as
dsDNA has 40% less absorbance compared to ssDNw&.d&crease in absorbance is a
result of the strong overlap between theorbitals caused from base stacking
interactions which leads to less«* transitions and therefore a decrease in molecular
absorbtivity (Voeet al., 1963).

The denaturation of DNA is a cooperative processrelthe strands are either
fully formed or completely dissociated (Porschk®71) Therefore the observed
change in absorbance occurs over a very narrow eée&npe range at which the
midpoint of this transition is referred to as theltimg temperatur€T,,) (Doty et al.,
1959). The nature of this melting transition i¢eefed by several factors including
nucleotide composition, chain length and sequefffeeta. As mentioned previously,
stacking interactions are more stable for GC raffions compared to AT rich regions
(Ornsteinet al., 1978). Indeed, there is a linear dependenceetting temperature on
the number of guanine and cytosine content in tR& PMarmur and Doty, 1962). The
melting temperatures of double-helical nucleic acidcrease not only with their
GCJ/AT ratio but also with the length of the polyfeatide. With increasing chain
length, T, increases and the slope at the melting point besosteeper which is
synonymous with enhanced cooperativity (Porschig,11 Filimonov and Privalov,
1978). Understandably, the strength of base-stgckientioned in section 1.12 also
correlates very well with the melting of DNA dupé=x(Gotoh and Tagashira, 1981).

The renaturation of DNA can be explained by thepewative zipper mechanism
in which the helix requires three base-pairs t@tere stable starting point from which
further addition of stacked base-pairs occurs spwdusly leading to a stepwise
construction of a helix similar to a zipper beinlpsed. (Porschke, 1977). This
nucleation event is also sequence dependent. fohersince CG base pairs are more
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stable than AT base pairs, we expect the nucleagi@nt to be more probable at

stacked cytosine or guanine nucleotides.

1.1.4 Electronic Propertiesof DNA

Soon after the discovery of DNA by Watson and Critkvas proposed that
DNA could have conducting properties though theelectron system of the staked
bases (Eley and Spivey, 1962). In 1993, JacqueBaeton’s group reported
photoinduced electron transfer between metallozatators attached to opposite ends
of a 15-base pair DNA duplex (Murphgt al., 1993). Following investigations
suggested an electron transfer rate of approxignateld°s* over distances up to 40
angstroms (Arkiret al., 1996; Hallet al., 1996). This idea was further substantiated by
showing that the repair of a thymine dimer was agucshed through the electron
transfer from an intercalator through a 16-base PeNA duplex (Dandlikeret al.,
1997). A reevaluation of these results has beeengi{Fahlmanet al., 2002) and
although there has been much debate with regardthisosubject, the dominant
mechanisms appear to be both short-range quantwhamieal tunneling (Dekker and
Ratner, 2001) and long-range thermally activatedophmy (Kandaswamy and
Henderson, 1962; Lewit al., 2000; Giesest al., 2001). According to many models,
the electron transfer can occur through a multib@pping reaction in which a positive
charge migrates between guanine bases having westiaonization potential. In this
mechanism, there is a shallow distance dependemdiyeorate of electron transfer. In
the tunneling mechanism, the charge tunnels throbigih energy bases without
formally occupying them, in which cases the raterelases exponentially with distance
between the charge donor and acceptor (Giese, 2002)

Although there is agreement that electron transfged happens through DNA,
there is still debate on whether DNA is intrinsigatonducting. DNA electrical
properties remain questionable due to the unceéytainexperimental procedures. For
example, the contacts between the electrode an®Mh?e molecules will most likely
affect the total conductivity of the DNA-electrodgstem (Otsukat al., 2002). Also,

there are many differences in the DNA molecules #adr environment which can
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influence DNA conductivity. For instance, variat®in the base composition and
sequence may have consequences as it has been 8taiwositive charge is more
stable on a GC base pair compared to an AT baséfpairest al., 2004) The length
and the character of the DNA molecules (bundlesimgle molecules) also will affect
the conductivity. Temperature and humidity mayngeathe conformation of DNA as
the number of water molecules is critical in deteing the overall structure of the
DNA. For example, drying of the DNA with nitrogéends to leave only two to three
water molecules per nucleotide. This results itmaasition from B- to A-DNA (see
later section) (Warmaat al., 1996). As well, the presence of tightly boundevaor
counterions attached to the DNA even in vacuumrenwment can not be completely
ruled out and may lead to the enhanced conductifdtyk and Schonenberger, 1999).
In conclusion, it seems that electron transferdssyble for short scale length under
certain conditions. However, it is still uncleanether DNA itself is the conductor or if

it needs help from the solvent to become conductive

1.2 DNA-Metal lon I nteractions

Many factors affect DNA-metal interactions inclugithe nature of the ligand
and the metal ion, the pH of the surrounding emritent as well as the accessibility of
certain binding sites. Such interactions are vergortant as it has previously been
shown that metal ions can dramatically affect bibid stability and conformation of
DNA (Kazakov, 1996). In many cases, completely retmctures are formed which

possess very unique and useful properties.
1.2.1 Interaction Siteson DNA

At physiological pH, the negative charge on thegphate oxygens result in an
ideal location for nonspecific electrostatic intdran with positively charged metal

ions. Although all metal ions can typically bindrl, Pearson generalized that metal

ions which are more difficult to polarize such &g tlkali and alkaline earth metals
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Na', K*, Mg?*, Mn** and C&" have a greater preference for these oxygen ligands
(Pearson, 1963).

For many other metal ions, initial nonspecific bimglcan be followed by more
specific interactions with the nitrogen and exoiycketo substituents on the
nucleobases. Generally, metal ions that havegeidaadius and are easier to polarize,
such as the transition metals ‘Cé\g’, Au’, Cd", Pf and Hg, tend to favour more
covalent interactions with the nucleobase substisi@Pearson, 1963). However, there
are also some transition metals such a&,n**, Ni** and C4" that can bind equally
well to both ligands (Cowan, 1997).

The association of metal ions with the nitrogenghe nucleobases is much
more complex as there are many factors that cdmeimée the availability of the metal
ion binding sites. For example, the formatiorthad glycosyl link in DNA renders the
N9 of purines and the N1 of pyrimidines unavailabks well, the N3 position on the
purine bases becomes less attractive due to the Btedrance created from the sugar
moiety when orientated in thgn conformation. Changes in the glycosidic torsion
angle could, however, make this site more attradtiv metal ions (Martin, 1979).

As well, since the ring nitrogens are potentialtpnation sites, the pH of the
surrounding environment is quite relevant to thailability of binding sites for metal
ions. Therefore a preference for metal ions teratt with these sites correlates closely
to the pk values shown in parenthesis. At neutral pH, thiecpple metal-binding sites
are on the nucleosides of guanosine (N7, 2.0),aslea (N7 and N1, 3.8) and cytidine
(N3, 4.2). However, at elevated pH, the nitrogéosmes in thymidine (N3, 9.9) and
guanosine (N1, 9.3) become the preferential bopdites (Martin, 1979).

The base keto substituents are also able to conwidx metal ions directly
through the keto group or indirectly through théeraction of hydrogen bonds from
other ligands (Saenger, 1984). The amino grouph®ibases are not directly involved
in metal ion coordination because the lone elecirair is delocalized over the-
bonding ring system giving the attached nitroggragial positive charge and thereby
effectively repelling any positively charged metahs from this location (Martin,
1979).
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1.2.2 Effect of Metal lonson DNA Stability

Although most metal ions can stabilize double redjxthis property is not
universal. Generally, an interaction of metal i@ngh the phosphate backbone leads to
stabilization of the DNA double helix whereas metals binding to the bases causes
destabilization and eventual denaturation (Eichhand Shin, 1968; Yamadet al.,
1976). Therefore, metal ions can be placed infahewing sequence which indicates
the magnitude of their influence on DNA stabilifi¢ghhorn and Shin, 1968).

Mg®* > C&* ~ Ni** > Mn?* > zr** > cd®* > CU* > H*

The affinity for the base compared to the phosplhaiekbone increases from left to
right. Therefore, correspondingly, the first gamaetal ions in this list usually provide
only stabilizing effects, whereas the others prevéth initial stability as they bind the
backbone followed by destabilization of the doulrdix at higher concentrations where
they bind to the nucleobase (Eichhorn, 1973).

1.2.3 Alternative DNA Conformations Containing M etal 1ons

Although the standard structure of DNA is in thédBm, there is an alphabet of
alternative structures and conformations that #r@eavily influenced by metal ions
(Saenger, 1984; Wellat al., 1988; Ghosh and Bansal, 2003). Since A-DNA and Z
DNA conformations are currently the best charazéslj these will be discussed in
further detail. Along with the linear duplexes dased above, DNA can also adopt
various other unusual structures such as tripled gnadraplex DNA structures
consisting of three and fours strands of DNA respely. Finally, there will be a
review of DNA containing novel nucleotide analoguekich have been engineered

specifically to incorporate various metal ions.
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1.2.3.1 A-DNA

B-DNA transforms into an A-form helix under low higity and high salt
concentrations (Franklin and Gosling, 1953). Aitglo A-DNA is still a right handed
helix, there are 11 base-pairs per helix turn vathise of 0.25 nm per base pair, a
helical pitch of 2.8 nm and a diameter of 2.3 nsuleng in a shorter, broader version
of B-DNA as illustrated in figure 1.10 (Dickersehal., 1982; Frederickt al., 1989).

The most pronounced feature of this structure é&s2@° tilting of the base-pairs and
their net displacement away from the central aQiaden, 1994). This results in a deep
and narrow major groove and a very shallow and wilor groove. Looking down
the central axis of A-DNA there is hollow core distly different from that of B-DNA.
The A-form also adopts a Géndo sugar pucker conformation as opposed to the C2
endo conformation present in B-DNA. The A-form is alsmmmonly adopted by RNA-
DNA hybrids (Milmanet al., 1967) as well as dsRNA (Arnatt al., 1973) as the C2'-

OH substituent forces the sugar to assume the @8»-eonformation.

1.2.3.2Z-DNA

A drastic conformational change was detected bgutar dichroism with
poly[d(GC)] in the presence of 700 mM Kigor 2.5 M N4 (Pohl and Jovin, 1972).
Following this discovery, a crystal structure wadved and showed major structural
differences in the sugar pucker, rotations aboetgiycosidic bond, and orientation of
base pairs within the helix compared to the naBvBNA form (Wanget al., 1979).
The newly-discovered structure, called Z-DNA, wascdvered with its unique ability
to adopt a left handed helical structure. Thisfegomation contains a wide and shallow
major groove with a narrow and extremely deep migaove. Z-form DNA also
adopts sugar puckering and N-glycosidic torsionemthat alternate between '&&do
and C3endo and betweemnti andsyn, respectively making the actual repeating unit
for the Z-form helix two base pairs in contrasthe single-base-pair repeat unit of the
A- and B- form DNAs.
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A-DNA B-DNA

Figure 1.10 A Comparison of the overall structures of A, B ahdorms of DNA.
There are 24 base pairs in each of the structim@srs The bases are shown in gray,
the phosphate atoms in yellow, and the ribosespllodphate oxygens in blue. Taken
from (Lehninger, 1993)
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The alternating pattern, in combination with theD?8otation of the bases about the
glycosidic bond, results in a left handed helixnatphosphate backbone that appears to
zigzag around the helical structure. There arddse pairs per helical turn, a helical
rise of 0.37 nm per base and a helical pitch ofrfrbresulting in a longer narrower
version of B-DNA (Figure 1.10). Although therean increase in the rise per residue,
the alternating sugar puckers orientate the phasplesidues of subsequent bases so
that they are actually closer to each other thaB-DNA. Therefore, the proximity of
the negatively-charged phosphate residues expthmslependence on the high ionic
strength needed to stabilize this conformationd&m 1994).

Although, the Z-DNA conformation can be inducedhigh concentrations of
both Mg and N4 as previously mentioned, less than 5 mM of trammsst metals such
as CG", Ni** or Mn*" is required to obtain the same response (van deeSarsl.,
1982). Whereas alkaline and alkali-earth metedsadle to stabilize the conformation
by binding to the negatively charged phosphate ggptransition metal ions bind to the
bases. For instance, previous investigations Isaeevn that both Ni and C&* are
able to bind to the N7 of G stabilizing tegn conformation which is required for Z-
DNA (Tabouryet al., 1984).

This conformation can also be induced or furtheabiized by chemical
modification of the bases. Bromination of the Gidaes on C8 or the C residues on the
C5 both lock the molecule in the Z conformatiorttas new bulky substituent holds the
G residue in theyn conformation preventing its rotation back to #m conformation
found in B-DNA (Moller et al., 1984). The methylation of C8 of G residues also
favours the Z conformation (Xet al., 2003). The methylation of cytosine at the C5
position also stabilizes Z-DNA as the hydrophobietimyl group in this position is less
exposed to the solvent in the Z-DNA form than ie #dternative B-form (Behe and
Felsenfeld, 1981; Ricé al., 1984).

The discovery that Z-DNA forms under conditions refgative superhelical
stress (Klysiket al., 1981; Peckt al., 1982; Singletort al., 1982) raised excitement as
it suggested the existence of Z-DNA in a biologimahtext as negative supercoils form
behind actively transcribing RNA polymerase (Liudawang, 1987). A number of

experiments have been performed that demonstratexistence of Z-DNAnN vivo.
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For example, the formation of Z-DNA I. coli was assessed by creating fragments of
DNA containing theEcoRI site. In the presence &coR|l methylase, this fragment
becomes methylated when the DNA is in the B- canédron. However, when the
DNA is in the Z- conformation, this fragment becameesistant to methylation
(Jaworskiet al., 1987). Evidence for the existence of Z-DNA irkauyotic systems is
more indirect. Antibodies against Z-DNA have besdrown to bind to eukaryotic
chromosomes and proteins have been isolated frdwaryatic systems that are able to
bind Z-DNA (Herbert and Rich, 1996; Rich and Zha2@03). Various possible
biological roles have been suggested. For instafxd@NA may function to regulate
gene expression as it could act as an alternatindinty location for transcription
factors. Also, the conformation may be importamtrecombination as alternating
purinespyrimidine tracts, which are very conducite forming Z-DNA, have been

found in recombination sites.

1.2.3.3 Triplex

In 1957, it was discovered that a WC duplex comgjst of
homopurineshomepyrimidine tracts had the abilityinoorporate an additional third
strand into the major groove (Felsenfetdil., 1957). Shortly after, a crystal structure
was solved by Karst Hoogsteen which revealed thpkex formation was possible
through the interaction with the N7 and C6 aminougr of a purine base (Hoogsteen,
1963). This type of base interaction, referredgddHoogsteen base-pairing, is shown in
figure 1.7. In order for triplex formation to aac the central strand must be a purine to
provide the necessary sites for a WC base-paiaaratditional Hoogsteen base-pair as
illustrated in figure 1.11. The additional thirtasxd, which is written in italics, may
consist of either pyrimidines (PyRR or purines (PyPuru) (Frank-Kamenetskii and
Mirkin, 1995). If the third strand consists of grimidine tract, it will form Hoogsteen
bonds which result in a parallel orientation withetWC purine strand. As
demonstrated in figure 1.11, if the third tracpigine rich, it forms reverse Hoogsteen
hydrogen bonds resulting in an antiparallel origatawith the purine strand of the WC

helix.
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Figure 1.11 Hydrogen bonding pattern of the various triplexriations. Shown on the
top are WC base-pairs containing a third pyrimideteand and on the bottom, WC
base-pairs contain a third purine residue.
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In either case, the third strand always runs aataitel to the WC strand with the same
type of base. As previously discussed with thevabDNA conformations, triplex
formation is also dependent on metal ions, pH, seqge effects and the incorporation
of novel nucleotides.

Compared to dsDNA, triplexes have a relatively biglcharge density and
therefore require metal ions to stabilize the éxplby neutralizing the negatively
charged phosphate groups. However, it is evidedit the relationship is much more
complex as different metal ions have drasticallfedent effects on triplex formation,
conformation and stability.  For example, alkaletal ions are sufficient for the
stabilization of PyPuBy triplexes, however PyPBu triplexes require divalent metal
ions such as Mg or C&" for complete stabilization (Rougeeal., 1992; Singleton and
Dervan, 1993). Also, other metal ions liké &nd RB interfere with PyPwRu triplex
formation all together (Cheng and Van Dyke, 1998).contrast, the transition metal
ions Zrf*, Ni**, C&*, Mn?* and Cd" enhance the stability of the structures containing
both the CG& and TA-T triplets (Malkovet al., 1993).

Triple-stranded DNA formation is also affected by pas well as the
incorporation of novel nucleotides. For instarfoeth CGEC* and CGA" triplexes are
stabilized at low pH since the protonation of theICA residue enables the bases to
participate in the Hoogsteen base-pairing (leeeal., 1979). On the other hand,
substitution of 7-deazaadenindA} or 6-methyladenine (P) with A in the central
strand renders triplex formation impossible adimhi@ates the essential hydrogen bonds
needed for Hoogsteen interactions (keeal., 1984).

Initial investigations showed triplexes containitigee separate polynucleotide
strands. However, it was later suggested @iex., 1984) and demonstrated that it was
possible to form intramolecular triplexes from audle-stranded helix (Mirkiret al.,
1987; Kohwi and Kohwi-Shigematsu, 1988). This tgberiplex structure was referred
to as H-DNA as initial results showed the formatemcurred at low pH. Alternatively
the name originated because the structure inval@agsteen base-pairs. Regardless,
in order for a dsDNA sequence to form H-DNA, it hasntain mirror repeats of Py-Pu
(Lyamichevet al., 1985; Lyamichet al., 1986).
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As is apparent from figure 1.12, due to the presesfcdhe mirror repeat, there are four
possible ways for a given intramolecular triplexdaom.

Although any of the four intramolecular triplexigttures are possible within a
given mirror repeat, the conditions under whichheane forms varies. Formation of
Hy3 GCC" triplex by d(G}d(Cko at acidic pH can be converted to Hu3 Gy
addition of Mg or by increasing the pH (Kohwi and Kohwi-Shigemiats988). Thus,
as with intermolecular triplexes, formation of H-BNan be modulated by adjusting
the pH, the addition of different metal ions andmging the DNA sequence.

As discussed above, PyMyetriplexes are formed under acidic pH, while
PyPu®u triplexes require divalent cations. However, undeutral pH, there is
unlikely such a high level of metal ions in solutio One alternative method of
stabilization for both inter- and intramoleculdapkexes was from polyamines spermine
and spermidine. This stabilizing effect was makely a result of the decreased
repulsion between the phosphate backbones aftdmigio polyamine (Hampedt al.,
1991).

The widespread occurrence of polypurinespolypyrimed tracts in the
eukaryotic genome (Birnboim, 1978) combined witliigbof intramolecular triplex
formation to occur within a single duplex DNA regi¢Mirkin et al., 1987), have
sparked great interest towards what potential topgexes might have on biological
functions. Initial experiments showed that GA@&n methylation sites adjacent to or
between intramolecular-triplex forming regions wetsder-methylatedin vivo
(Parniewskiet al., 1990). Also, triplex-specific monoclonal antiives, Jel 318 and Jel
466, have been shown to bind the cell nuclei amdrobsomes. The binding could be
inhibited by adding competing triplex DNA, but oy the addition oE. coli DNA to
which the antibodies will not bind (Le# al., 1987; Agaziet al., 1994; Agaziet al.,
1996).

Intramolecular triplex DNA could influence gene exgsion by affecting the
level of DNA supercoiling (Sinden, 1994). The dawplo triplex transition could also
act as a molecular switch by regulating which prnsteare able to bind (Leet al.,
1984). As well, studies have indicated that éxgls may act as a termination site for
DNA replication bothn vitro andin vivo (Baranet al., 1991; Rao, 1994).
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Figure 1.12 The various folding patterns adopted for intramolactriplex formation.
There are four possible isomers labeled Hu3, Hy%, &hd Hy3. In all instances, the H
refers to H-DNA, which is the term coined by (Mmket al., 1987) to represent
intramolecular triplex structures. The y andepresents a pyrimidine or purine rich
region respectively acting as the third strand.e fomber 5 and 3 refers to which end
(5" or 3") of the purine or pyrimidine-rich stransl acting as the third strand. Adapted
from (Sinden, 1994).
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1.2.3.4 Tetraplex

Oligonucleotides containing guanine rich sequerees able to adopt novel
conformations in the presence of monovalent catiofise fundamental structural unit
consists of four guanines arranged in a planarigordtion (Figure 1.13a). Each
guanine interacts with each of the two adjacentnmes through Hoogsteen-like
hydrogen bonds where the N1-H and N2-H of one guapair with the N7 and O6 of
the neighboring guanine (Gellegttal., 1962; Fresco and Massoulie, 1963; Zimmerman,
1976). It has previously been shown that the alkeltal cations were able to promote
and stabilize such conformations (Pinnawatial., 1978). As can been seen from figure
1.13a, the G-quartet has four oxygen atoms clustardts center. Therefore, it is
logical that cations will not only stabilize thigrigcture, but without a bound cation in
this cavity, the cyclic arrangement would be elmuirally unfavorable and would
collapse (Spackovet al., 1999; Sesslest al., 2000). In particular, NaK* and Rb all
were able to promote this conformational changdenhi’ and C$ showed almost no
ability to do so. It was also found that and B&" are even more effective at
stabilizing polypurine tetraplexes (Lee, 1990). iHfiere, it can be seen, that the cavity
made by the G-guartet is size discriminatory. rfian is too large it is excluded
sterically and if it is too small it is unable toidge the distance between the ligand
residues in the cavity. Although G-quadraplexes arade from the same basic
structural subunit, they can differ in their origimn. As shown in figure 1.13b,
tetraplex formation may occur either as a paratiedrmolecular association of four
separate strands (Sen and Gilbert, 1988; Sen dbdr(;il990) or as an association of
two hairpin-forming strands (Sundquist and Klug89por as a single strand that is
folded back on itself to comprise three loops (\Afitisonet al., 1989). In the proposed
models, the strands are either parallel to eadtr athwhich all of the glycosidic torsion
angles adopt the sanaati orientation within the tetrad or antiparallel taca other in
which case the glycosidic bonds alternate betvwggerandanti orientations along each
strand of the quartet (Zimmermatal., 1975; Sundquist and Klug, 1989).

28



T R
N N N/
R\N/\Nf"/ Y | />
N
—— /H/ | r\{
N —0" ) \
. L
\ @ \
E— H\ H\ —_—
\H N

AT

AT

Ny,

Figure 1.13 A) Guanine tetraplex shown with a coordinated pot@&ssion. B)
Tetraplex formation can occur through a numberifééi@nt oligoguanine associations.
Four separate strands can assemble as a parediatist tetraplex. Oligonucleotides
containing two oligoguanine repeats can form haiggructures (only one example of

this isomer is shown). A single strand containengumber of oligoguanine repeats
could also adopt a foldback structure (only onesjids isomer shown).
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The presence of G-rich sequences found in eukaryoéintromeres and
telomeres suggest a fundamental role of quadraptemation in these regions.
Formation of quadraplexes has been shown to intelwimerase (Zahlest al., 1991)
and have been suspected in playing a role in tethef chromosomes for meiosis (Sen
and Gilbert, 1988).

1.2.3.5 Synthetic M etallized DNA

It was realized that metal interaction with DNA rastly provided stabilization
and conformational changes, but also improved thedactivity of native DNA.
Therefore, there has been a growing interest tad&wo the structural variety of DNA
and to change its natural structure to incorporagtal ions. This has led to some
promising new approaches including structural ckantp the bases as well as the
incorporations of completely new base pairs (Brauml., 1998; Aichet al., 1999;
Tanaka and Shionoya, 1999; Meggetrrsl., 2000; Atwellet al., 2001; Weizman and
Tor, 2001; Zimmermanst al., 2002; Tanakat al., 2003).

In order to incorporate metal complexes into oligdeotides the hydrogen-
bonding usually seen in WC base pairing is repldmgdnetal—assisted base pairing
through the use of artificial nucleosides such gshenylenediamine, catechol or 2-
aminophenol shown in figure 1.14a (Kawasetkal., 2000; Tanakat al., 2001; Tanaka
et al., 2003). Ligandosides, such as 2,2’-Bipyridindigure 1.14b, also have a higher
affinity for metal ions compared to the regulardnetyclic bases and are able to form
complexes with comparable dimensions to a DNA Ipase(Weizman and Tor, 2001).
Alternative approaches shown in figures 1.14c arfid respectively include the
design of a base pair between pyridine-2,6-dicaylad& nucleobase (Dipic) and a
pyridine nucleobase (Meggessal., 2000) as well as artificial guanine which cati sti
bind effectively to cytidine (Mancin and Chin, 2002 However, such strategies
represent a significant synthetic challenge. Ad,wdeastically changing the structure
to incorporate metals may improve the conductivityt it may unfortunately destroy
the desirable molecular recognition properties Nf2D
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Figure 1.14 Alternative DNA bases to allow the incorporatmfimetal ions. Adapted
from (Tanaka and Shionoya, 1999; Tanakal., 2001; Tanakat al., 2003; Tanakat
al., 2002; Weizman and Tor, 2001; Meggetral., 2000; Mancin and Chin, 2002.)
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A promising alternative is a new metal-DNA confotioa discovered at the University

of Saskatchewan by Dr. Jeremy Lee called M-DNA.

1.3 M-DNA

1.3.1 Structure

M-DNA is considered a modified B-type helix of daplDNA in which metal
ions such as Z#, Ni** and C6" replace the imino protons of G and T at every Ipase
(Lee et al., 1993; Aichet al., 1999). The coordination of the metal ion is alitdd
square planar with the solvent providing the foulittand. Although unusual, a
propeller twist of the bases could give rise tcstbeometry. From electrophoretic
mobility assays, it can be estimated that this helix is shorter and more compact than
B-DNA containing approximately 5% fewer base paies turn. Although not all of the
features of the usual Watson-Crick base pairsetegned in the structure of M-DNA, A
still pairs with T and G with C (Leet al., 1993) (Figure 1.15).

In the presence of Zhat pH 9.0, Calf Thymus (CT) DNA shows an increse
melting temperature of approximately 12 degreespaoed to DNA in the absence of
metal ions. Since previous research shows taligzing effect caused by zinc
(Eichhorn and Shin, 1968), this unexpected statiibn may suggest that a possible
metal ion complex or structural rearrangement @ioing.

There are several results that indicate M-DNA fdrama involves the
replacement of the imino protons of both G and Thwdivalent metal ions. The'H
NMR imino proton signal for d(TGg «d(CA);5 disappears in the presence of 2.4 mM
Zn** at pH 9.0 which is equivalent to one metal ion pese pair (Leet al., 1993). As
well, titration experiments also revealed that pnaon is being released per metal ion
per base pair upon NiM-DNA formation (Aichet al., 1999). Not only is the high pH
reflective of the high pKa for the imino proton @Gnand T, but results also indicate that
by reducing the base pKa, M-DNA formation is aldeotcur at a lower pH as well
(Woodet al., 2002).
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Figure 1.15 Proposed structures for the base pairs of M-DNerng M represents the
Co®*, Ni** or Zrf* and R represents the atom C1’ of the 2’-deoxyetmsyar. Adapted
from (Aich et al., 1999)
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Bacterial DNA ranging in various GC content shoMisDNA formation at
equivalent rates demonstrating formation is inddpaeh of DNA composition.
However, a large degree of sequence dependendesesved in synthetic polymers
with a repeating sequence. The effect of differepeating sequences on the rate of
Zn** M-DNA formation was measured and it was determitied d(TG)*d(CA), was
fully formed the quickest whereas d(AT¢mained mostly in the B-DNA conformation
even after one hour (Letal., 1993).

A second critical experiment was performed using ititercalator, ethidium
bromide (EtBr). EtBr binds strongly to both B- aAdtype duplexes with a large
increase in fluorescence which will be discusseduither detail in section 1.4.2.
However, on addition of Zf at high pH the fluorescence of EtBr was quenched
suggesting that a novel conformation was being éatmSince EtBr does not bind to
M-DNA, a rapid EtBr fluorescence assay was devealophich allowed many of the
basic properties of M-DNA to be elucidated. Ethidipresumably does not intercalate
because the metal ion repels the positively changedecule similar to triplexes
containing CGC base triads that will also not accommodate ethid{ivorganet al.,
1979; Leeset al., 1984; Scaria and Shafer, 1991). However, Hoegste other types of
hydrogen bonding can be eliminated as the caussubeaeplacing the adenosine with
m°A and ZA did not inhibit the dismutation.

Various metal ions were assessed for their abilay facilitate M-DNA
formation. Generally, only the metal ions that én@mnic radii of about 0.76 or less
favoured M-DNA formation. These include ZnNi?* and C&* while Mg™*, Mn?*,
CW', C&" and Ag were all ineffective. Mfi, CU**, and C4&" are all ineffective most
likely as a result from their increased ionic raufii0.80, 0.92 and 0.94 respectively.
Although Md¢* has an ionic radius of 0.65, previous results skimat it is unable to
form stable complexes with nitrogen bases and theraloes not form M-DNA. The
ionic radius of Ag is 1.13 A and is most likely too large and therefore causes
denaturation of the helix rather than M-DNA fornoati

Zn** is one of the few metal ions which can coordina¢dl to both oxygen and
nitrogen. Therefore, together with its small ioradius, it is ideally suited for specific

interaction with the bases of nucleic acids.
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1.3.2 Propertiesof M-DNA

The proposed structure of M-DNA consisting of metadtal distance of 0.4 nm
suggest that electron transfer could occur withia helix and the molecule could
behave as a molecular wire. Therefore, the condtycof M-DNA has been examined
by three methods.

First, duplexes were constructed in which the ddharophore (fluorescein)
was attached to one end of the oligonucleotide #mel acceptor fluorophore
(rhodamine) was attached at the opposite end. Upamation of M-DNA the
fluorescence of fluorescein is quenched which tsbated to electron transfer of the
excited electron from fluorescein down the helixlte rhodamine where it is absorbed
(Aich et al., 1999). More recently, a similar system was desmignsing a DNA Y-
branched junction in which the fluorescein wasdhital to one arm and the electron
acceptors rhodamine and anthraquinone were attdohbe other two arms. Not only
was it shown that electron transfer could occuough the junction, but that the
guenching could be modulated by chemical reductdnanthraquinone thereby
mimicking a chemical switch (Wettigt al., 2003a). Interestingly, if a protein was
bound to the duplex preventing M-DNA formation aetduplex was simply cleaved
using a restriction enzyme no quenching was obdarveither case (Aichkt al., 1999).
Unfortunately, it has been suggested that the duegccould occur through
fluorescence resonance energy transfer (FRET) eppds the proposed electron
transfer mechanism (Spring and Clegg, 2007). Heweyuenching was still observed
using a different electron acceptor whose absarpmectrum did not overlap with the
donor fluorescence (Wettigt al., 2005), a system in which FRET is no longer a
reasonable mechanism (Aiehal., 2002).

Second, direct measurements of the conductivitg-ohnd M-DNA have been
performed with phagge DNA which is about 1um in length (Rakitiret al., 2001). The
DNA was placed between two gold electrodes sephriayea deep physical gap. B-
DNA showed semiconducting behavior with a banddap few meV. M-DNA, on the

other hand, showed a linear relationship betweerectiand applied voltage with no
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apparent bandgap providing direct evidence for hieet&ke conduction (Rakitiret al.,
2001).

Third, electrochemical techniques have been deeeldp probe self-assembled
monolayers (SAMs) of short duplexes attached tal gdéctrodes (Herne and Tarlov,
1997; Yanget al., 1998; Kelleyet al., 1999; Petrovykhet al., 2003). The rate of
electron transfer through an M-DNA duplex was 1.20% cm/s whereas for B-DNA it

was too slow to be measured étial., 2003).

1.4  Stability and Formation Analysis of M-DNA

Various methods have been developed to assesdathiéty and formation of
DNA. Unfortunately, commonly applied methods sashUV absorbance and Circular
Dichroism are rendered ineffective as large chamagesot observed for the conversion
of B-DNA to M-DNA. However, the formation of M-DN can be characterized
effectively by thermal denaturation profiles. AgllyM-DNA does not bind ethidium

which allows the formation of M-DNA to be monitoreding fluorescence.
1.4.1 Denaturation Profiles

As mentioned previously the denaturation of DNA dam easily followed
spectroscopically. Original characterization of DNl A showed that thel,, of calf
thymus DNA only increased slightly in the present&n?* at pH 6.5. Surprisingly,
the T, increased by as much as 12 °C when the pH wasdr&is9.0 (Leest al., 1993).
This result suggested the possibility of a novetakBNA complex. Other results
have also shown that the increasefjinseen in the presence ofZmwas even greater
than that seen for Mgat pH 9.0 (Woodkt al., 2002). This also suggests that thé*Zn
is not simply binding to the backbone and most¥ike attributed to the conformational
change to M-DNA. In this capacity, DNA containingrious sequences and novel
bases were compared at different pH values in teggnce of various metal ions using
thermal denaturation profiles.
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1.4.2 Ethidium Bromide Assay

Ethidium Bromide (EtBr) is a positively-charged mda& aromatic compound
which has the ability to intercalate between thecletd base pairs of double helical
DNA. Although it was originally used as a trypaitat drug (Kandaswamy and
Henderson, 1962; Waring, 1965), its enhanced figmece upon binding to dsDNA
has made it an attractive agent for identifying amilalizing nucleic acid bands in
molecular biology techniques such as agarose getrephoresis (Shast al., 1973).

Although EtBr will form a complex with most dsDNAt idoes exhibit
preferential binding to pyrimidine (3-5’) purineedxydinucleotides as compared to
purine (3'-5") pyrimidine isomers (Krugh and Reimtia 1975; Reinhardt and Krugh,
1978). Although it as been shown that the appaarting affinity of ethidium is not
very dependent upon the overall base compositicarifwf, 1965; Lepecq and Paoletti,
1967; Muller and Crothers, 1975), ethidium fluoesste has been reported to be
slightly higher for AT rich strands (Morgaaal., 1979; Latimer and Lee, 1991).

As demonstrated in the crystal structure showniguré 1.16, the planar
phenanthridinium ring of the ethidium molecule nctdates between adjacent base
pairs on the double helix. The DNA becomes satdrat one drug for every two base
pairs. This binding pattern is referred to asrtegghbor exclusion model and has been
attributed to alternating sugar puckers hinderihg binding at every base pair
(Crothers, 1968; Bresloff and Crothers, 1981).

In its unbound form, EtBr has a very low fluoresoenntensity which is
attributed to quenching of the excited state mdéby proton transfer to the water or
solvent molecules. However, EtBr fluorescence rikamced approximately 25 fold
after intercalating with dsDNA (Lepecq and PaolettP67). This increase in
fluorescence is a result of the hydrophobic envitent found between the base pairs.
As the ethidium moves into this environment it shasvay any water molecules that
were associated with it and therefore slows dowe ggloton exchange leading to a
longer life time for the excited state and an oNenzrease in fluorescence (Olmsted
and Kearns, 1977).
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Figure 1.16 Structure of Ethidium molecule (top) and the crliysteucture of ethidium
intercalated between 5-iodo-UA (bottom). Takemfr@Isaiet al., 1975).
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This effect is supported further by the fact thaBEbound to a triplex is better
protected from the solvent and consequently haseased fluorescence (Scaria and
Shafer, 1991). However, if a triplex carries aifpes charge no fluorescence is
observed in the presence of EtBr (Morgaral., 1979). The lack of fluorescence has
been attributed to the presence of a positive eéangthe DNA effectively repelling the
positively charged ethidium ions and preventingnthfom binding to the DNA
(Morganet al., 1979; Leeet al., 1984).

Similarly, EtBr does not bind to M-DNA presumablgdause the metal ion
repels the positively-charged molecule (Morgéral., 1979; Leeet al., 1993). This
property allows for a convenient assay to measeeconversion of B-DNA to M-
DNA. (Leeet al., 1993).

15  Characterization of B-DNA and M-DNA Monolayers on Gold

As discussed above, denaturation profiles and Eiyays have been used
extensively to investigate the physical properaés1-DNA. In this research, surface
techniques such as XPS and electrochemistry weie déveloped. DNA was also
immobilized onto a gold substrate through Au-Sdigés in order to examine the effects
of Zn** ions on the XP spectra of elements such as nitredech is only found on the
bases and is projected to directly interact wittle tArf* ion in the M-DNA
conformation. As well, detailed information suck the elemental ratios, DNA
coverage, density and thickness are all able tmVestigated through the use of XPS.
Finally, the electronic properties of M-DNA will sessessed through the use of cyclic

voltammetry, chronocoulometry and electrochemicgdedance spectroscopy.

15.1 Preparation of the Gold Substrate

Polycrystalline gold was the chosen substrate ssatrelatively inert metal and
has the capacity to easily attach DNA through thlupldisulfide adsorption as they
coordinate very strongly to gold (Finklea, 1998Jthough a well-defined single crystal

face is important for many surface analytical tegbes, there is no consistent evidence
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that pinhole-free SAMs require a single crystalfate. The presence of impurities,

grain boundaries, or large steps between atomicatipoth planes may have more

effect on the electrochemical properties of the Séddted electrode than the degree of
crystallinity (Finklea, 1996).

However, before the substrate can be used, thergo&d be cleaned. The two
procedures, used in this thesis, for cleaning thid gubstrate include immersion of the
substrate in a powerful oxidant called “piranhalusion and electrochemical cycling in
dilute sulfuric acid. These will be discussed urttier detail in the Material and
Methods. Both procedures lead to hydrophilic gsldfaces which are completely
wetted by water. Any partial dewetting of the gdddrface by water indicates
incomplete cleaning and the presence of organictaconants (Whitesides and
Laibinis, 1990).

15.2 Preparation of Self-Assembled Monolayers

Although organized monolayers can be deposited muraber of ways using
various substrates, this discussion will focus elfrassembled monolayers formed by
strong adsorption of thiols and disulfides ontam&lgubstrate (Nuzzo and Allara, 1983;
Nuzzoet al., 1987a). The chemisorption of alkanethiols otkgiadisulfides on gold
are easily obtained by exposing a clean gold seréaaoom temperature to a 0.1 mM
solution of the organosulfur compound. The orgatfos species formed from both
alkanethiols and dialkyldisulfides at the Asurface is a Authiolate (Nuzzoet al.,
1987b). In the case of dialkyl disulfides, thigfage gold thiolate is undoubtedly
formed by oxidative addition of the sulfur-sulfuorid to AJ. Formation of a gold
thiolate from a thiol requires loss of hydrogent inether this hydrogen is lost as H
or lost as water through reactions with trace oxislan the system is presently not

known.

2RSH + 20" ———  2RS'Au'+2H,

RSSR +2Au® —  2RSAu’
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The absorption time is roughly equal for both peses and the energy of the bond
between the organic thiolate and the gold surfacapproximately 40-45 kcal/mol
(Nuzzoet al., 1987b). A number of studies indicate the alkyhios are largely trans
extended, with the axis of the chain tilted appmaadely 30° from the surface normal
(Porteret al., 1987). Also the sulfur atoms rest in threefotdldws of the gold surface
(Fenteret al., 1994; Loveet al., 2005). Therefore the overall organization is otad
from the affinity of the sulfur to the gold subs&acombined with the favorable

interactions between close-packed tail groups.

1.5.3 X-Ray Photoelectron Spectroscopy

Photoelectron spectroscopy is a common technique us examine the
composition and electronic state of species astiteace or near-surface region. The
photoelectric effect is the foundation of this teicjue. As illustrated in figure 1.17,
incident photons are absorbed by various atomsabdecgules leading to the ionization

and the emission of a photoelectron (Einstein, 1905
M+hv— M +e

Based on the principles of conservation of enettgy,above equation can be interpreted

as follows:
hv-EE) = E(M)—-E(M)

where E(M) and E(V) are the energies of the atom or molecule M ardidim M
formed by the ionization, and &) is the kinetic energy of the photoelectron. 8Bihe
is known and E£) can be measured, the difference between the iesevfjthe ion and

the original molecule is obtained.
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Figure1.17 (Top) Classic Bohr model illustrating the transfer of |gyefrom the
initial X-ray photon to a core-level electron leaglto photoemission(Bottom)
Energy Diagram showing ejection of inner 1s elettro



The difference in energy between the ionized andrakatoms is generally referred to
as the binding energy (BE) which leads to the foiim equation.

KE =hv-BE

However, the BE’s in solids are measured with respethe Fermi-level of the solid,
rather then the vacuum level. As illustrated ia #nergy diagram in figure 1.17, an
additional energy is required to raise an elecfirom the solid to the energy level
corresponding to an electron at rest in vacuumis &€hergy difference is referred to as

the work function @) and is incorporated into the above equation Bevs.
KE =hv - BE -®

Photoelectric emission occurs if a photon with ggegreater than the work function is
applied. Any excess energy is given to the elecé® kinetic energy. Depending on
the energy of the incident photons, photoelectrpacsoscopy can be classified as
either ultraviolet photoelectron spectroscopy (UB'Sy-ray photoelectron spectroscopy
(XPS). UPS uses photons in the ultraviolet specargge of 10-50 eV and is used to
study valence electrons. Conversely, XPS useysirathe range of 100 eV — 10 keV
in order to examine the inner core electrons. &inaly XPS experiments were
performed for this thesis, UPS will no longer beadissed.

XPS instrumentation consists of an x-ray sourcggraple, an electrostatic lens
system, an electron energy analyzer, an electroecibe and a computer system for
data collection and processing (Riviere, 1990; &trj 1998) (Figure 1.18) . Analysis is
done in an Ultra-High Vacuum so as to remove adsbgases and eliminate adsorption
of contaminants on the sample. The x-rays arergérek by bombarding a metallic
anode with high energy electrons (10-15 keV) arelthen focused onto the sample
though use of a monochromator. The energy of dmeted x-rays is determined by
the anode material which is usually Al or Mg. W herays strike the sample, a core

electron can absorb the energy and be emittedaniéimge of energies.
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Figure 1.18 Schematic diagram of X-ray Photoelectron Spectrapheter. The key
components include X-ray source, collection lemsnispherical analyzer, detector and
computer analyzer.
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An electrostatic lens system collects a portiorthafse emitted electrons and focuses
them into an electron energy analyzer called a @otnc hemispherical analyzer
(CHA). This analyzer consists of two plates. Biéint voltages are applied to each
plate creating an electric field between them. ecEbns entering the analyzer with a
high energy will contact the outer plate while thegth low energy will be attracted to
the inner plate. In this capacity, only electrama narrow energy region, referred to as
the pass energy, are able to travel the distantigeadnalyzer and reach the detector. A
variable retarding voltage is applied to a decél@naelement in the transfer lens of the
CHA. Therefore, only electrons that leave the eangith a specific energy enter and
pass through the analyzer to the detector. Thenaorty used electron detector is
referred to as a channeltron. This consists oérm lbube coated with an insulating
material which when struck by an electron emitauumber of secondary electrons that
are accelerated through the channeltron. Thisgss repeated throughout the length
of the tube producing a large number of secondigtrens and therefore an amplified
signal. The spectrum is obtained by recordingnimabers of electrons as a function of
the retarding voltage. This allows the energy ltdgmn to be constant over the entire

spectrum.

1.5.3.1 XPS Spectra Analysis

The intensity of a peak depends on how efficiettily x-ray interacts with the
specific electron to cause the photoemission peteoccur. The efficiency of the
photon interaction with the electron is determilbgdhe photoelectron cross sectien,
(Scofield, 1976). Each spectral line also has ecifip width or resolution which is
usually defined as the full-width at half maximunthere are three main contributors
that affect the photoelectron line width in an XB&ctrum. First, the Heisenberg
uncertainty principle states that if the lifetimd an atom or molecule in an
electronically excited state is quite short, thisreonsequently a greater variability in its
energy and therefore a broadening of the specdtralill be observed (Heisenberg,
1927).

AEAt <h/4n
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Secondly, the natural line-width of the anode matersed as the x-ray source usually
limits the overall energy resolution. However, tlsee of a monochromator does reduce
line width and therefore improves the resolutidiinally, the resolution is also affected
by the pass energy and slit width of the analyZérerefore the peaks are fitted using a
convolution of a Gaussian function to account fboe tprincipal x-ray line and
instrumental response and a Lorentzian functianddel the lifetime broadening due to
the uncertainty principle.

Not only is the line shape important, but the backgd shape must be
considered as well. Since X-rays penetrate far thé material compared to the depth
from which electrons of a given kinetic energy emtape from the surface, there are
changes to the background resulting from energy tmsurring as the photoelectrons
are ejected from the surface material. TherefdRS spectra characteristically show
an increase in the intensity of the backgroundllenethe high energy side of all peaks
in an XPS spectrum. This phenomenon is a resutiedéstic scattering. For instance,
only electrons close to the surface can escapeutittnergy loss. Electrons deeper in
the surface lose energy from inelastic scattering amerge from the sample with
reduced KE, and therefore increased BE. Electuwang deep in the surface lose all
energy and cannot escape at all. Inelastic socajtés caused from photoelectrons
traveling though the solid and interacting with estlelectrons in the material. The
energy loss can result from the primary photoetectiosing energy from a single
scattering event as it leaves the sample or mel8phttering events causing secondary
low energy electrons to be ejected from the mdt€Bairley, 1972; Tougaard and
Sigmund, 1982)

Since electrons have spin, those ejected from leweds with primary quantum
numbers p, d, f show two observable peaks. Tharagpn between the two peaks is
referred to as spin-orbit coupling (Laidler and b 1995). These doublet states are

characterized by total angular momentum given by

=)+
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The relative intensities of these doublet pairs loarcalculated from 2j + 1. Thus for p
electrons where the angular momentum equals oeeethtive intensities are 1:2, while
for d electrons the doublet pairs are in the propor2:3 and for f electrons the ratio is
3:4.

1.5.3.2 Variable angle XPS

Variable angle XPS (VAXPS) can be used in ordeintestigate the depth
distribution of different chemical species. In VRS, the effective sampling depth is
dependent on the angle of the sample relativeaalétector. As shown in figure 1.19,
as the Take-Off Angle (TOA) goes from 90° to 30& #ampling depth decreases and
detection becomes more sensitive towards specietheatsurface. Therefore, by
comparing intensities at low and high take-off a&sgthe approximate location of the

species can be determined.
1.5.4 Electrochemistry

Electrochemistry investigates the transfer of cedrgtween a metallic electrode
and a species in a conductive solution. Therefora,simple scenario, this involves the
transport of the reactant to the electrode sunfdwere electron transfer is able to occur.
Through oxidation or reduction, the product is progd and returned back to the bulk
solution. Although the reaction of interest onigcors at the surface of the working
electrode (WE), an auxiliary or counter electro@&) must be included in order to
complete the circuit allowing the flow of currentthe CE is most commonly an inert
metal to prevent any interfering reactions and wehelectrochemical properties do not
affect the behavior of the WE. In most cases, fareace electrode (RE) is also
included to monitor or maintain a specific potehéiithe WE. The reference electrode
has a high impedance to prevent current from pgssirough it and consequently
retains a constant potential (Bard, 2001). As wrdce amounts of chloride ions might
adsorb onto the electrode surface changing itdretdeemistry. Therefore a salt bridge
is also used to electrically connect the referexeetrode to the main body of the cell to

prevent the leakage of ions. A typical three ettt cell setup is shown in figure 1.20.
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Figure 1.19 As the sample is rotated, maintaining the X-rayreeuand detector in
fixed positions, the effective sampling depth dasesby a factor of sbn The sample
angle,0, is defined relative to the surface normal.
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Figure 1.20 Typical experimental setup of three-electrode c€lircuit schematic
taken from (Bard, 2001)
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1.5.4.1 Cyclic Voltammetry

In cyclic voltammetry, a potentiostat is used toedi the flow of electrons by
controlling the potential at the WE. As illustratedfigure 1.21, if the potential at the
electrode becomes increasingly negative, the erd@rthe electrons increases until they
reach a level high enough that it is thermodynaltyidavorable to transfer into vacant
electronic states on species in the electrolyteherd@fore electrons flow from the
electrode to the solution resulting in the reductad the species in the electrolyte. In
this instance, the electrode is referred to ascdthode. Similarly, the energy of the
electrons can be lowered to a positive potentiatimch the electrons from the species
in the solution will find it more energetically fakable to transfer to the electrode. The
flow of electrons from solution to the electrodélwesult in the oxidation of the species
in the electrolyte and therefore the electrodeissaered to behave as an anode.

In this manner CV experiments are performed byaliyesweeping the potential
between two values at a fixed scan rate. A typiMlrecorded for a reversible single
electrode transfer reaction for [Fe(GNY* is shown in figure 1.22. As the voltage is
swept from a positive to negative potential, a enrrbegins to flow as Feis being
reduced to Peat the surface of the electrode. However, ferrdgmction to continue a
constant supply of reactant must approach the cnidhich is accomplished through
diffusion. As more products are created over tities concentration of reactant
approaches zero at the electrode surface and ammax({kc) eventually occurs. At this
point, the diffusion layer becomes too thick totairsthe transfer of enough reactant to
the electrode surface and the current begins t@p @f® according to the Cottrell
equation (Bard, 2001). When the scan is reverskd, Fé which has been
accumulating at the electrode surface from thequlieg reduction reaction can now be
oxidized back to F&in an identical manner. The most important paransefor a CV
are labeled in figure 1.22 and include the cathpaiak current (k) and potential (k)
as well as the anodic peak currepf)(dnd potential (). The peak potentials provide
information regarding the identity of the analytalahe kinetics of the redox process
where as the peak currents supply information altoeitanalyte concentration and

stability of the electrogenerated species (Bar6,120
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Figure 1.22 A typical cyclic voltammogram showing reversiblee@lon transfer.
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1.5.4.2 Electrochemical | mpedance Spectr oscopy

EIS offers several advantages over cyclic voltarmynbecause the effects of
solution resistance, double-layer charging andenirdue to diffusion or to other
processes occurring in the monolayer are obserged explicitly (Bard, 2001).

Impedance is measured by applying an AC potertigihé electrochemical cell
and measuring the resulting current. As the nan@iés, the impedance is the ability
of a circuit to oppose the flow of current. Thare two components that contribute to
the total impedance in our system and will be dised further. The simplest of these
components is the common resistor as it is not #grd on frequency. Therefore at
any specific voltage, the current can be easilgipted by Ohms Law. However, the
capacitance is more complex as it is dependent dperfrequency. Therefore, to
investigate the behavior of our electrochemicatesys the impedance was measured
over a range of frequencies.

EIS is advantageous because a model based puredjeotmonic components
can be used to represent the electrochemical syst@mexample, the impedance of an
electrode undergoing electron transfer through aAD8¢lf-assembled monolayer is
usually described on the basis of the model deeeldyy Randles (Randles, 1947). The
circuit components in the Randles cell can easdycbmpared with familiar physical
phenomena (Figure 1.23). The solution resistagign, tR;, represents the resistance of
the solution between the counter and the workirectebde. The charge transfer
resistance term, &, results from the transfer of electrons from tedax probe to the
DNA monolayer, through the base pairs of the DNAixhand from the helix to the
surface of the gold electrode. The array of chérgpecies and oriented dipoles
existing at the metal-solution or DNA-solution iriece create an electrical double
layer which has been shown to resemble a capg€tly. As well, at low frequency,
diffusion begins to dominate the electrochemicalcti®n and this mass transfer is

referred to as Warburg Impedance (W).
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If a circuit is comprised of only a resistor, theusoidal waves for the current
and voltage are in the same phase and differ onlgmplitude. However, when a
capacitor is added to the circuit, the waves diffidboth amplitude and phase. This can
be represented graphically, by using X,y coordsateagnitude and phase angle, or by
using a complex number. In order to graph both gmments on the same graph, the
capacitance term is simply calculated as a complexnaginary number which is
plotted on the y-axis and the resistance is thettgal on the x-axis and labeled as the
real component. This popular format for evaluagtectrochemical impedance data is
referred to as the Nyquist plot. Figure 1.24siiates the expected response for the
simple Randles circuit shown above the graph. Hasht represents the impedance
value at a specific frequency which decreases fiedtrto right. At high frequencies,
there is not enough time for charge to build uptlos plates of the capacitor as the
charges are constantly being added and removedheasurrent direction changes.
Therefore, there is no electric field to resist flev of current and the impedance
through the capacitor approaches zero. Thus &tfrégluencies, the cell is controlled
almost entirely by the initial resistance term. vity low frequencies, charge is able to
build up causing an electric field. Eventuallyp&comes so large that it is unable to be
further charged resulting in no voltage drop acribes plates preventing any flow of
current. Therefore, it is effectively removed frohe circuit and the impedance of the
cell becomes a combination of both the resistoiderefore, only at intermediate
frequencies does the capacitor begin to have actefifhich is evident from the
increased imaginary values on the y-axis. Althotigh capacitance is difficult to
calculate from such a graph, this plot format isaadageous as the charge transfer

resistance of the system can be easily read angarech
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Figure 1.24 Randles circuit comprised of a Wresistor followed by a 10Q resistor
and 100uF capacitor in parallel. Below is the correspondigjuist plot showing the
resistance plotted along the x-axis and the cogram#t comprising the y-axis
component.
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1.6  Objectives

The potential utility of M-DNA is restricted by thearrow pH range under
which it will form (Leeet al., 1993). Therefore, the first objective of thesis was to
incorporate novel nucleotides into DNA and exantimsr effect on the formation and
stability of M-DNA in the presence of Zh Using thermal denaturation profiles and
the ethidium fluorescence assay, it was succegssbhbwn that both sequence and base
composition were able to lower the pH at which M®frmation could occur.

As previously mentioned in section 1.2.3.5, thesis been continued interest in
the development of DNA scaffolding that can localmetal ions to specific locations.
Therefore, it was our second goal to use sequefieet®e and base replacements in
order to localize metal ions at specific locatiotisoughout the M-DNA helix.
Convincing results were obtained in solution usihg ethidium fluorescence assay.
Therefore, the next step was to use DNA self-askimimonolayers to examine how
these gaps in the helix would alter the conductdhoeugh the DNA. First, detailed
characterization of B- and M-DNA monolayers wereamined using X-ray
photoelectron spectroscopy followed by the exaronabf the electronic properties
using various electrochemical techniques includigclic voltammetry and

electrochemical impedance spectroscopy.
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20 MATERIALSAND METHODS

2.1  Chemical and Biological Reagents, Supplies and Equipment

Table 2.1 contains a comprehensive list of all doehand biological reagents,
supplies and equipment used for research expersnsicribed throughout this thesis.
All chemicals were ACS grade or better. A listiflA primers used for PCR as well

as the names and sequence for all synthetic olgeatides can be found in Table 2.2.

2.2 Nucleic Acids

2.21 Production of Synthetic Repeating-sequence DNA

Duplex DNAs were synthesized by methods descritrediqusly with slight
variations to the reaction conditions in orderrtgprove synthesis (Morgast al., 1974).
Reaction mixtures were prepared in 50 mM potasgtwosphate (Kpi) buffer pH 7.0
with 5mM MgCh, 2 mM NTPs, 50 pg/mL albumin, 15 pM double-strahde
poly[d(AT)] or poly[d(TG)*d(CA)] as primer and 2 iia of Escherichia coli DNA
polymerase in a final volume of 2 mL. Since thguence is repetitive, there is strand
slippage creating overhangs which allow polymei@asemplate to elongate the DNA.
Reactions were incubated at 37 °C, and the symsthess followed by the ethidium
fluorescence assay (Lepecq and Paoletti, 1967; &hatgal., 1974). The fluorescence
measurements were made on a Hitachi F-2000 fluenescspectrophotometer set at
525 nm excitation and 600 nm emissions. The spiotrometer was calibrated with
10 puL of a 50pug/mL Calf Thymus DNA standard in 2 mL of ethidiurmafter (5 mM
Tris-HCI pH 8.0, 0.5 mM EDTA, and 0.5 pg/ml ethididbromide). At various times

during the reaction, 10L of sample was removed and measured.
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Table2.1 Chemical and Biological Reagents, Equipment ang e

Item Supplier
Chemical and Biological Reagents
(1,3-bis[tris(Hydroxymethyl)-methylamino]propan®&i¢-Tris)  Sigma
2'-deoxyadenosine-5'-triphosphate (dATP) Pharmacia
2'-deoxycytidine-5'-triphosphate (dCTP) Pharmacia
2'-deoxyguanosine-5'-triphosphate (dGTP) Pharmacia
2'-deoxythymine-5'-triphosphate (dTTP) Pharmacia
2'-dexoxyuridine-5'-triphosphate (dUTP) P-L Chertgca
2-thio-2'-deoxythymine-5'-triphosphat& T Trilink
2-(N-cyclohexylamino)ethanesulfonic acid (CHES) Sigma
2-(N-Morpholino)ethanesulfonic acid (MES) Sigma
3-(N-Morpholino)propanesulfonic acid (MOPS) Sigma
4-thio-2'-deoxythymine-5'-triphosphaté T3 Trilink
Agarose (ultra pure) Gibco BRL
Argon (gas) Praxair
Bacteriophage Lambda DNA DNA) Pharmacia
Bromophenol blue Pharmacia
Calf thymus DNA (type I: sodium salt) Sigma
Cobalt Chloride hexahydrate (Co@H,0) Sigma
Concert™ Rapid PCR purificatiosystem Gibco BRL
Copper (Il) sulfate pentahydrate Sigma
di-Potassium hydrogen orthophosphategHROy) BDH

DNA molecular weight markers Roche, NEB
Ethidium Bromide (EtBr) Sigma
Ethylenediaminetetraacetic acid disodium salt (EDTA BDH
Hydrochloric acid (HCI) BDH
Magnesium Chloride (MgG) Sigma
Magnesium Perchlorate hexahydrate (Mggi®H,O Alfa Aesar
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N-(2-hydroxyethyl)piperazing¥-(2-ethanesulfonic acid) Sigma

Sodium salt (HEPES)
Nickel Chloride hexahydrate (Ni€bHO)

Nitrogen (gas)

Perchloric Acid, 70%

Potassium dihydrogen orthophosphate {R&)
Potassium hexacyanoferrate (II)[Re(CN)]
Potassium hexacyanoferrate (l11}[Re(CN)]
Potassium hexachloroiridate (1V) {KCl¢)
Sodium Chloride (NaCl)

Sodium Hydroxide (NaOH)

Sodium Perchlorate (NaClp

Taq DNA polymerase
Tris[hydroxymethyllJaminomethane (Tris)
Tth DNA polymerase

Zinc Chloride (ZnCj)

Zinc Perchlorate hexahydrate Zn(G)©6H,0

Equipment and Supplies

0.20uM filter discs

18- and 30-guage needles

Accumet Basic pH electrode
Absorbance Spectrophotometer 260
Ag/AgCl Reference Electrode

Alumina Polishing Pads

AXxis-165 (Kratos Analytical)

Disposable fluorescence cuvettes
Double-junction reference electrode chamber
Eppendorf Tubes, 15 mL and 50 mL
F-2000 fluorescence spectrophotometer

F-2500 fluorescence spectrophotometer
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Sigma
Sigma
Praxair
EMD
BDH
Sigma
Sigma
Alfa Aesar
Sigma
BDH
Sigma
Amersham
Sigma
Roche
Sigma
Sigma

Nalgene

Becton Dickinson

Fisher
Gilford
BASI
BASI
ACSES
VWR
BASI
VWR
Hitachi
Hitachi



Falcon tubes, 15 mL and 50 mL
Faraday Cage

Gold-coated silicon wafers (1000 A Au)
Micropipettors and tips

Millipore Q System

Pasteur pipettes and bulbs
Platinum wire, annealed 0.5 mm
Polishing alumina, 0.0pM, 7mL
Potentiostat model 283

Quartz cuvettes (1 mL)

Single block easy cycler system
Syringes, 60 mL, 20 mL and 1 mL

VWR
VoltaLab
Platypus f.ec
Eppendorf
Millipore
VWR
Alfa Aesar
BASI
PAR
Fisher
Ericomp

Becton Dickinson
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Table2.2 Names and Sequences of DNA Primers and Synthetjoi@icleotide?

Name Sequence

Primers

A-13 5-GCG GGT TTT CGC TAT TTA TG-3'

A-509 5'-CAG CGG AGT CTC TGG CAT TC-3'

Oligomers

TG-30 HO-(CH,) ¢-SS-(CH ,) - 5-TGT GTG TGT GTG TGT GTG TGT GTG TGT GTG-3'

- 3'-ACA CAC ACA CAC ACA CAC ACA CAC ACA CAC-5'

Mx-30 HO-(CH,) ¢-SS-(CH ,) - 5-ATA TAT ATA TAT ATATGT GTG TGT GTG TGT-3'
x-sUa 3-TAT ATA TAT ATA TAT ACA CAC ACA CAC ACA-5'

Mx-30b HO-(CH,) ¢-SS-(CH ,) - 5-TGT GTG TGT GTG TGT ATA TAT ATA TAT ATA-3'
X- 3'-ACA CAC ACA CAC ACA TAT ATA TAT ATA TAT-5'

Mx(s*T)-30 HO-(CH,) ¢-SS-(CH ,) ¢- 5'-ATA TAT ATA TAT ATA TGT GTG gdl GG TGT-3'
X(s'T)-30a 3-TAT ATA TAT ATA TAT ACA CAC ACA CAC ACA-5'

Mx(s*T)-30p  HO(CH2) 6-SS-(CH 2)6-  5-TGT G iIG Idl GTG TGT ATA TAT ATA TAT ATA-3'
X(sT)- 3-ACA CAC ACA CAC ACA TAT ATA TAT ATA TAT-5'

@Primers were purchased from the University of GgldRegional DNA Synthesis Lab.
Oligomers were purchased from the Plant Biotechmpolastitute. The location of the
incorporated 4-thiothymines in MX(E)-30 are indicated by the blocked characters in
the sequence.
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Reactions were allowed to continue linear synthests the reaction rate decreased at
which time the synthesis was terminated by addig® EDTA (pH 8.0).

2.2.2 Production of Lambda DNA by PCR

A 496 bp duplex DNA fragment from the bacteriophd@®mbda genome was
amplified using primers.-13 andi-509 listed in Table 2.2. Each polymerase chain
reaction contained 2(0L of 10X PCR buffer (500 mM KCI, 15 mM Mggland 100
mM Tris-HCI pH 9.0), 15uM of lambda template DNA, 9.6M of each primer, 0.25
mM of each dNTP, 10 U ofaq DNA polymerase and sterilized dgbl in a final
volume of 200uL. The reaction mixtures were covered with 1 dobparafilm oil and
run in an Ericomp thermocycler. Reactions werelexy(30 times with each cycle
consisting of 30 sec (94°C), 30 sec (45°C) follovilgd1 minute (72°C). Following
purification (see below), the length of the PCRducts were verified by agarose gel
electrophoresis (Figure 2.1). The amplified DNAswan along side molecular weight
markers on a 2% (w/v) agarose gel dissolved ininghbuffer (40 mM TRIS-Acetate
pH 8.0, 20 mM sodium acetate, and 0.1 mM EDTA). eThamples were
electrophoresed at 80 V for 2 hours in a BioRadzbatally submerged gel apparatus
and then stained with 2.0g/mL EtBr overnight on a shaker. The gels werenthe

photographed under illumination by UV light at 3@%.
2.2.3 Purification of Nucleic Acids

All synthesized DNA was purified with the Concertr&pid purification system
as per manufacturers instructions (Gibco BRL) udiagnM Tris-HCI (pH 7.5, 8.0, 8.5)

or 10 mM 2-[N-Cyclohexylamino]ethanesulfonic aci@HES) (pH 9.0) with 5 mM
NaCl at 65°C to elute the final purified product.

63



1114 bp —p

900 bp —p

692 bp —p

501 bp —p
489 bp —p
404 bp
320 bp —p

242 bp —p

Figure 2.1 Ethidium Bromide fluorescence image showing thetedghoresis of PCR
product forA-496 DNA. The gel was run on 2.0% agarose. Rd2N& molecular
weight marker VIII was loaded at|d in the first lane. FivaiL of PCR reaction was
loaded into each of the lanes.
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2.24 Oligonucleotides

The 30-mer oligonucleotides were synthesized in Bh@nt Biotechnology
Institute (National Research Council, Saskatoomada) with a DNA standard solid
synthesizer, purified by HPLC and characterizedVi\LDI-TOF MS. DNA duplexes
were prepared by adding 10 nmol of the disulphateled DNA strands to 10 nmol of
the complementary strands in a final volume of §1QGn 20 mM Tris-CIQ and 100
mM NaClIQ, for at least 4 hrs at room temperature. The aligteotides were then
electrophoresed on a 20% non-denaturing polyaarydia gel in order to validate
correct lengths and hybridization (Figure 2.2).19Geere poured and run in 1x TBE at
low voltage to prevent denaturation of small fragtseof DNA by heating. The gels
were then stained with 2.Qg/mL EtBr overnight on a shaker. The gels were
photographed under illumination by UV light at 368n. Hybridization and
concentration was confirmed using the ethidium ridscence assay (Le Pecq and
Paoletti, 1966). Although the presence of ssDMA not be completely ruled out, the
concentration of dsDNA calculated from both flu@mesce and absorbance
measurements were equivalent, indicating an untddtiecconcentration of ssDNA in

solution.
2.3  Thermal Denaturation Profiles

The T, measurements were recorded on a Gilford 600 sywitometer
equipped with a thermoprogrammer using a 0.5 °C/heating rate with a DNA

concentration of 1pg/mL. The buffer contained 10 mM Tris-HCI (pH 7&0, 8.5) or
10 mM CHES (pH 9.0) and 5 mM NacCl with or withou? @M metal ion.

65



200 bp —p

100 bp

50 bp —p>

25 bp —p

Figure 2.2 Ethidium bromide fluorescence image showing thetedghoresis of 30-
mer oligonucleotides. The gel was run with 20% -denaturing polyacrylamide gel
for small DNA fragments. USB DNA low molecular whitgnarker was loaded atj2.
in the first lane. FivelL of duplex oligonucleotide was loaded into eachheaf lanes.
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Table2.3 Experimental and Calculated Melting Temperatufab®
Oligonucleotide$

NAME Tm (°C) Calculated
M x-30a 58.9 £ 0.4 59
M x-30b 59.6 £0.3 59
TG-30 73.4+0.1 70

®The calculated melting temperatures were derivewh fihe publicly available program
MeltCalc
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2.4 Ethidium Fluor escence Assay

Briefly, if B-DNA is added to a pH 8.3 buffer coimang ethidium and 0.2 mM
Zn**, the ethidium will bind and the fluorescence Wil enhanced. If M-DNA is added
to the same buffer the conversion to B-DNA is velgw, ethidium does not bind and
there is no enhancement of fluorescence @esd., 1993). By addition of EDTA, the
M-DNA is converted back to B-DNA and the fluorescens restored. The addition of
EDTA also serves to distinguish between M-DNA amthatured DNA since the later
does not bind ethidium to yield high fluorescencthwr without EDTA (Figure 2.3).

A modified form of the ethidium fluorescence assag used in which the DNA
and ZnC} were incubated in the presence of ethidium bromiddéis technique has
been used previously and the ethidium bromide dussaffect M-DNA formation
(Woodet al., 2002). Aliquots of 1QuL 150 uM DNA (in bases) in 10 mM, CHES (pH
9.0) with 5 mM NaCl were added to 2 mL of ethididlmorescence buffer (EFB),
giving a final DNA concentration of 0.71IM. The EFB contained 10 mM buffer, 0.2
mM ZnCl and 0.5ug/ml ethidium bromide. Eight pHs of buffer wereeds pH 6.0
with 2-[N-morpholino]ehtanesulfonic acid (MES) buffer, pH) 7and 7.2 with 34-
Morpholino]propanesulfonic acid (MOPS), and pH 7.6, 8.0, 8.2, and 8.4 with Tris-
HCI buffer. The aliquots were incubated in the EBB30 minutes then the emission at
600 nm following excitation at 525 nm was recordinging a Hitachi F-2500
fluorescence spectrophotometer. EDTA was addedfioal concentration of 1.0 mM
following each measurement, and the fluorescenseagain measured. All values are
reported as percentage B-DNA normalized againspithé.0 reading taken as 100% B-
DNA.
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Figure2.3 A schematic of the ethidium fluorescence assay
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25  X-ray Photoelectron Spectroscopy

An Axis-165 (Kratos Analytical) photoelectron specheter equipped with a
monochromatic Al-Kx X-ray source with an operating power of 210 W waed to
collect photoemission spectra at the Alberta Ceffitre Surface Engineering and
Science, University of Alberta. The size of thenp&e spot was 40m x 700um and
an 8 channeltron multidetector was used to coltbet energy spectra. The base
pressure during measurements was maintained at®%Torr. The take-off angles
were 90, 70, 45 and 30 degrees from surface. aimple holder was rotated on an axis
coplanar with the sample surface and intersectiegdetector axis. Survey scans were
measured from 0-1100 eV binding energy at 160 €35 gmergy at a step increment of
0.33 eV and high-resolution spectra were measuragass energy of 40 eV and a step
increment of 0.1 eV resulting in an energy resolutof 0.76 eV (measured as the
FWHM for Ag 3ds, peak). The peaks were fit using the publicly aldé XPSPEAK
v. 4.1. The film spectra were referenced to thedAy, at 84.0 eV and also checked
against the Au 44 at 335. 2 eV as a secondary reference (Seah, Fageell, 1995).
Shirley and linear functions were used as a backgtoand Gaussian-Lorentzian

products were used to fit the individual peaks.

251 Preparation of DNA Modified Gold Electrodes

Prior to deposition of the films, gold-coated silic wafers were cut into
approximately 1cm x 1cm pieces and cleaned in @afibia solution” consisting of 70%
H.SOs and 30% HO, (30% HO; in H,O) for 10 minutegCaution! Piranha solution
should be handled with extreme care and should never be stored in a closed container.

It is a very strong oxidant and reacts violently with most organic materials). The
wafers were then rinsed thoroughly with Milliporeater, dried with argon gas and
immediately immobilized with 1QL of 100uM dsDNA dissolved in 20 mM Tris-ClO
buffer pH 8.5 with 20 mM NaCl© The DNA was deposited onto the freshly prepared
gold electrode and manually spread to cover thereemgold surface area. The

electrodes were placed in a sealed container andbated for 5 days in a humidifier in
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order to prevent evaporation of the samples (Galkd Kraatz, 2002; Longt al.,
2003). After the five day incubation, the wafereres then washed thoroughly with
buffer in order to remove nonspecifically bound DIMAd dried with Argon gas before
measurements were taken (Yastal., 1998). The washing procedure was done using
a glass Pasteur pipette in order to produce a med$® amount of hydrodynamic force
and was repeated using approximately 40 mL of buféfore drying with Argon gas.
B-DNA was converted to M-DNA by the addition of @M Zn(CIQy), to the gold
surface for 2 hours (Lét al., 2003; Longet al., 2003). As above, the wafers were
washed with buffer and dried with Argon. The bgodd control was cleaned with the
same procedure as the other samples. After ringitigMillipore water the wafer was

dried with Argon and incubated for 5 days alongsigeother samples.

2.5.2 DNA Coverage Calculations

In order to determine the DNA coverage, the atomeigsity of N relative to Au
(Nn/Nau) was first calculated using Equation 3.2, whicH b discussed in detail in the
Results section. This number was then multipligdthe film thickness in order to
determine the relative N coverage and finally, wasltiplied by 2.72 x 1&
molecules/crh to obtain the DNA coverage. The numerical fackv2 x 16°
molecules/crhiwas derived by dividing the atomic density of galdiculated as 5.892 x
107 atoms/crm assuming a gold density of 19.28 gfecrny the number of nitrogen
(N=217) in one molecule of dsDNA and multiplying byfactor of 10 to account for

the thickness being in nanometers rather thanroerers.

2.5.3 Densgity Calculations

In order to calculate the density of DNA in gftrthe Ny/Nay calculated from
Equation 5 was multiplied by the following conversi factor [19.28 X
(18616/217)/197] = 8.40 where 18616 g/mol and 26& the atomic mass and the
number of nitrogen respectively in one moleculedsDNA. The atomic mass and

density of gold are 197 g/mol and 19.28 gieaspectively.
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2.6  Electrochemistry

2.6.1 Electrode Preparation

Stationary gold voltammetry electrodes (1.6 mm ditar) were purchased from
Bioanalytical Systems. Before use, the electrade® polished with alumina on fabric
pads attached to glass plates and then rinsedutjoisowith Millipore water. Finally,
they were electrochemical treated by cycling frompagential of 0.2 to 1.5 V versus
Ag/AgCl in 0.5M HSO, solution (Finklea, 1996). The voltammogram inufig 2.4
shows two clearly defined peaks separated by d bags distinct peak. The three peaks
observed in the anodic scan for bare gold #® results from the chemisorption of
OH species from the breakdown of water moleculeshat electrode surface and

proceed via the following three distinct steps (\W&adl976).

Au+ H,0 > AuOH +H + ¢
Au,OH + HO — Au,OH + H + €
AUu,OH + HO > AuUOH + H + ¢

These formulas do not represent stoichiometric ispetbut only denotes the surface-
site occupancy. The characteristics of clean gallides a sharp rise in anodic current
near 1.1 V, a single oxide stripping peak near ¥.%and a reproducible cyclic
voltammogram (CV) on successive scans (Figure 2.Any residue of organic
contaminant left by the preceding cleaning treatsi@a removed during repeated

oxidation and reduction of the gold.
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Figure2.4 CV of a bare gold electrode cycled in 0.5 y85&)y, at 100 mV/s. The
shaded area represents the integration of the diatpeak current.
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2.6.2 Real Surface Area Determination

An added advantage of performing the above stépaisthe real surface area of
the gold electrodes can be estimated from the oxygisorption measurements. After
the three peaks, there should be an approximatelmg@r. Therefore the coverage can
be obtained by desorbing the layer on the cathpdiential sweep and calculating the
amount of charge passed (Figure 2.4). This caddme by integrating the cathodic
peak current vs. voltage and then dividing by thansrate or simply graphing the
current vs. time and directly integrating the cleargrhe charge corresponding to the
adsorption of one oxygen atom per surface sitecaésilated to be approximately 386
uC cm? (Woods, 1976). Hence, the real area is givenHeydalculated charge of
cathodic peak divided by 386C cnmi®. Importantly, it can be seen that the current
begins to increase above ~1.5 V due to the onsaibtécular oxygen evolution causing
an increasingly larger cathodic peak (Figure 2:B)erefore, care must be taken to stop
the scan prior to this event in order to achieua@e accurate estimation of surface
roughness. Also the charge created from the ddalykr capacitance should not be
included when calculated the amount of charge plasse

Another approach to obtain the real surface arethefgold electrode is to
perform CV experiments in solution containing ameg@robe at various scan rates. The
slope from the peak current vs. the inversed squoareof the scan rate can be used in

the Randles-Sevcik equation in order to obtairatiea of the electrode.
|, =(269x10° 2 AD¥2v2C, 2.1)

Where the peak currenty) is in Amps,n is the number of electrons transferred, the
diffusion coefficient D) is in cnf/sec, the scan ratg)(is in V/sec, the concentration is
in mols/cniand the area of the electrode surfakgig in cnf.
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Figure 2.5 CV of a bare gold electrode cycled in 0.5 M5&)y to increasingly positive
potentials.
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Figure2.6 Cyclic Voltammetry of bare gold electrode perfochie 1 mM IrCk>" at
various scan rates.
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2.6.3 Monolayer Preparation

Immediately following the electrochemical treatmemtH,SQO,, the electrode
was thoroughly rinsed with Millipore water, driedthvargon and SuL of 100 uM
dsDNA was deposited onto electrode. The freshlpgmed electrodes were incubated
for 5 days in a sealed humidifier in order to pravevaporation of the samples (Galka
and Kraatz, 2002; Longt al., 2003). After 5 days, the electrodes were rinsed
thoroughly with buffer solution in order to remowenspecifically bound DNA and
mounted into an electrochemical cell shown in fegdr.20 in section 1.5.4.1 of the
Introduction (Yanget al., 1998).

2.6.4 Electrochemical M easurements

All electrochemical experiments were performed icoaventional three electrode
cell consisting of a gold working electrode withgaometrical area of 2.0 nfma
Ag/AgCI/3 M NaCl reference electrode encased imabde-junction electrode chamber
containing 3 M KNQ and finally a Pt wire (0.5 mm diameter) as theileany/counter
electrode. The salt bridge was used in conjunctiith the reference electrode in order
to prevent the leakage of ‘@bns which can result in etching of the gold suefax
stripping of the DNA monolayer. All experiments neeperformed in a grounded
Faraday cage at room temperature using a Prinég®& G 1025 frequency response
analyzer interfaced to an EG & G 283 potentiostdwanostat. All data was compiled
using oligomers Mx-30a and Mx-30b unless otherwsecified.

Typical cyclic voltammetry experiments were done2rmM hexachloroiridate
(IV) in 20 mM TrisCIQ, at a sweep rate of 100 mV/s. Impedance measutsmere
taken using an ac voltage amplitude of 5 mV withage frequencies ranging from 100
kHz to 25 mHz using an applied potential of 690 ws/Ag/AgCl. Measurements were
performed in 1 mM hexachloroiridate (IV) in 20 mMigCIO,. The chronocoulometry
experiments were done using a 400 mV potential sxggriment (900 to 500 mV) in 2
mM hexachloroiridate (IV) in 20 mM TrisCl©O The initial potential of 900 mV was
held for 0.1 sec and then stepped to 500 mV fos8d
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The dsDNA monolayer was converted to M-DNA by inatibg the monolayer in
a solution of 0.4 mM Zn(CIlg), in 20 mM Tris-CIQ buffer (pH 8.6). Bis-tris propane
was used for experiments involving buffers at pbi 6.3, and 6.7. Denaturation of ds-
DNA was achieved by exposing the monolayer to 10 M&OH for 10 minutes at 65
°C, thorough rinsing with Millipore water followday an additional 10 minute soak in
NaOH. Rehybridization was performed by exposimg film to 100uM target strand
in 20 mM Tris-CIQ, 100 mM NaClQ (pH 7.1) for 3 hours.

2.6.4.1 Determination of DNA Surface Density

Chronocoulometry experiments were also performedrder to determine the
DNA concentration on the gold surface (Steelal., 1998; Yuet al.,, 2003). The
measurements were done in Tris buffer (pH 8.5hédresence and absence of 10D
[Ru(NHs)s)®**.  Since [Ru(NH)¢** binds to the negatively charged phosphodiester
backbone of DNA in a 1:3 ratio, the amount of geacompensating redox marker can
be used to determine the DNA surface density with integrated Cottrell equation,

which expresses char@eas a function of

2nFAD,"*C
ﬂ.‘L/Z
wheren is the number of electrons per molecule for redacF is the Faraday constant
(Clequiv), A is the electrode area (&nDy is the diffusion coefficient (cffs), Co* is
the bulk concentration (mol/cn Qq is the capacitive charge (C), anBAI, is the

*

0 t¥2+Q, +nFAI, 2.2)

Q:

charge from the reduction d@f, (mol/cnf) of adsorbed [Ru-(NEs]*". The surface
excess terml’, is determined from the difference in chronocoutn intercepts for
identical experiments in the presence and absehie®lox marker. The DNA surface

density can then be calculated using the followeigtionship
Mona = Fo(Z/M)(N,) (2.3)
wherel'pna is the DNA surface density (moleculesfdnmis the number of bases in

the immobilized DNAz is the charge of the redox molecule, &hds Avogadro’s
number (Steedt al., 1998).
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3.0 RESULTS
31 Thermal Denaturation Profiles

The effect of metal ions on DNA stability has bestensively investigated
previously using thermal denaturation profiles (fiern, 1962; Eichhorn and Shin,
1968). Due to their ease of determination and¢peoducibility of results, they were
implemented in order to assess the effect of tigpessce, modified base substitutions
and pH on the thermal stability of M-DNA.

3.1.1 Denaturation Profile of Lambda DNA

As shown in figure 3.1, in the absence of metal iod96 DNA has three
different melting transitions corresponding to Atdh regions, mixed regions and G<C
rich regions of DNA. However, upon the additidnzm** at pH 7.5 only one melting
transition is observed. This nély, corresponds more closely to that of the AT region
in lambda DNA meaning the higher melting G+C regitiave become less stable under
these conditions. As the pH is increased to 8d &b, the destabilization becomes
much more prominent. However, upon the additionzot" at pH 9.0 there is an
increase in temperature corresponding more cldasetite mixed or G+C rich regions.
This sudden increase in thermostability is assediatith the structural transition to M-
DNA. Interestingly, although the addition of Kig(Table 3.1) increases the melting
temperature at all pH values, there still remaneehseparate melting transitions. The
drastic difference in the denaturation profileswsstn Md* and Zrf* support previous
claims that M§" is simply binding to the backbone whereas'Zis binding to the
nucleobases and affecting the hydrogen bonds. rhis be responsible for the initial
destabilization, but under high pH conditions théNAD is able to undergo a

conformational change to M-DNA.
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Figure 3.1 Thermal denaturation profiles far496 DNA in the absence of metal ions
(O) and in the presence of 0.2 mM ZaQD) at pH a) 7.5 and b) 9.0. The solid lines
represent calculated sigmoidal fits to the corresijpay data.

80



Table3.1 Melting Temperatures @496 DNA in the Presence and Absence of

Metal lons
pH DNA DNA +Zn DNA + Mg
7.5 (72+3), (76 £ 3), (80 £ 2) (69+1) (77182 +1), (85+1)
8.0 (70+1), (74 +1), (77 +2) (59+1) (78 £ 183 +£1), (85+1)
8.5 (70 £ 4), (75 £ 4), (78 + 4) (59 +3) (77+182+1), (84+1)
9.0 (66 +2), (71 £ 2), (74 + 2) (70 £ 3) (77+182+1), (84+1)
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These experiments demonstrate the importance obmpkhe formation of M-
DNA. However, in order to investigate the effeotssequence on M-DNA formation,
repetitive sequence DNA was synthesized. Such Db&lAxtremely useful as its
sequence repetition will amplify any effect that tparticular sequence has on the

conformation.

3.1.2 Synthesisof Repetitive Sequence DNA

An important aspect of the experiments describedthis report was the
synthesis of repetitive sequence nucleic acids.exXample of the reaction kinetics for
the synthesis of poly[d(AT)] is shown in figure 3.2nitially, great care was taken to
stop the reaction before synthesis was completeorter to inhibit the 553’
exonuclease activity d&. coli polymerase which would cause rapid degradatiothef
duplex, as demonstrated in figure 3.2.  Howevaerthe majority of subsequent
experiments only the large fragment, called thenkle fragment, of polymerase was
used. The Klenow fragment is advantageous asiittaias the polymerase activity as
well as the 355’ proofreading activity, but no longer has the-’ exonuclease
activity which is responsible for degrading the DNA herefore, synthesis reactions
were allowed to continue to completion without theed to stop the reaction

prematurely.

The effect of sequence on the rate of M-DNA forwmtiwas previously
investigated and it was found that poly[d(TG)sd(CAdrmed Zrf* M-DNA the
quickest while poly[d(AT)] formed it at the slowesdite. After only a couple of
minutes poly[d(TG)+d(CA)] was completely converteml M-DNA. However, even
after one hour, the majority of poly[d(AT)] waslktn the B-DNA conformation (Lee
et al., 1993). Therefore, these sequences were condidecellent candidates to study
the effects of sequence in combination with theviporation of novel nucleotides on
the formation and stability of M-DNA.
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Figure 3.2 Synthesis of poly[d(AT)] in Kpi buffer system &7°C using DNAE. coli
polymerase. Synthesis was followed by the ethidfluarescence assay. Reactions
were allowed to continue linear synthesis until ib&ction rate decreased at which time
the synthesis was terminated by adding 25 mM EDJIA §.0).
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Since transition metal ions such asZiorm stable complexes with sulphur-containing
ligands (Leest al., 1984; Maret, 2004), it was considered possilde ithcorporation of
thiobases into the DNA helix might stabilize M-DN& lower pHs. Therefore, the
effects of the nucleotide analogues 2-thiothymif@)(and 4-thiothymine () on the
stability of M-DNA was studied by preparing polyftfT)], poly[d(As'T)],
poly[d(TG)+d(CA)] and poly[d(§TG)+d(CA)].

The synthesis of'$-containing duplexes proved to be much more diffithan
those with &T. A possible explanation for this is that theottdto group coordinated to
the C4 position is directly involved in a hydrogeond whereas the sulfur bond to the
C2 position is not. Since the atomic radius oflsu|109 pm) is almost twice as large
as the oxygen atom (65 pm) it is replacing, a dupligh s'T must be distorted with a
widening of the major groove. However, it was diggred that synthetic reactions
containing 50% & TP and 50% TTP gave reasonable yields with apprately a 42%
incorporation of &T. Since the incorporation of*E gives a characteristic UV
maximum at approximately 345 nm which is clearlypaated from the 260 nm
maximum observed in native DNA, the proportion 6F sesidues was estimated by
comparing our spectra with those reported elsewliergure 3.3) (Connolly and
Newman, 1989).

Interestingly, in the presence of 0.2 mM Zn@l pH 8.5, the 345 nm peak of
poly[(As'T)] shows a blue shift of approximately 10 nm adl\ae a slight decrease in
the intensity at 260 nm (Figure 3.4). The 345 reakpdoes not change with increasing
pH in the absence of metal ion or in the presemd#gl, as shown in figure 3.5. Only
when the DNA is completely denatured is there alairshift, which most likely results
from the single stranded thiobases being in a sthtre they are free to interact with
the Zrf* or Mg®*. However, the decrease in absorbance at 26(nrttreipresence of
Zn®* at pH 8.5 clearly shows that the DNA is not dereduand that the Zfimust be
interacting with the thiobases while maintaining tuplex conformation. All of these
results suggest strongly that a conformational ghauch as that proposed for M-DNA

is taking place.
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Figure 3.3 The UV absorption spectra of poly[d(A3]. The percentage of*B
incorporation was calculated based on thgy/Aasss ratio in comparison to published
data from Connolly and Newman, 1989.
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Figure 3.4 Absorption spectra of poly[d(A%)] in the absence of metal ion at 27°C
(O); with 0.2 mM ZnCl at 27°C@); with 0.2 mM ZnCl at 92°CA4\); in (a) 10 mM
Tris-HCI buffer (pH 7.5) with 5 mM NaCl angb) in 10 mM Tris-HCI buffer (pH 8.5)
with 5 mM NacCl.
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Figure 3.5 Absorption spectra of poly[d(A%)] in the absence of metal ion at 27°C
(00); with 0.2 mM MgCI at 27°CQ); with 0.2 mM MgCI at 92°C4\); in (a) 10 mM
Tris-HCI buffer (pH 7.5) with 5 mM NaCl angb) in 10 mM Tris-HCI buffer (pH 8.5)
with 5 mM NacCl.
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Although initially this discovery showed promiser fthe development of an
additional assay to monitor the formation of M-DNirther studies showed that the
shift is far less dramatic when thds incorporated intd-496 DNA. The decrease in
sensitivity is most likely a result of sequence.revibusly, it was shown that
oligonucleotidles GACGASATCGTC and GACGATASTCGTC gave slightly
different maximum UV values of 345 nm and 335 nmpextively (Connolly and
Newman, 1989). Therefore, such a shift would masl effects seen for the
conversion of B-DNA to M-DNA. However, this devplment has clearly shown that
there is a definite conformational change in thespnce of Zf as opposed to

magnesium.

3.1.3 Effect of Base-Substitutionson Thermal Stability

Synthetic DNAs were studied by comparing thermabaderation profiles at
different pHs in the presence or absence &f.ZMg™* was also included as a control
since it does not induce M-DNA formation and stabsg B-DNA at all pHs (Leet al.,
1993). As shown in figure 3.6a, an expected irgzes approximately 10 °C in thg,
for poly[d(AT)] in the presence of M is observed at all pH values (Eichhorn and
Shin, 1968). There is also a smaller increaserebdaupon the addition of Zhat pHs
7.5, 8.0 and 8.5. However, there is an additidmedease inT,, above that for Mg
observed for Zf at pH 9.0. This increase in thermostability afrhpH is attributed to
the formation of M-DNA. As shown in figure 3.6betfi,, of poly[d(AS’T)] with Zn?*
seems thermally unstable and reaches a minimun8dC3at pH 8.5. Although an
increase to nearly 8G at pH 9.0 does suggest the formation of M-DNA, structure is
very unstable in comparison to its B-DNA constructIn figure 3.6c, theT, of
poly[d(As'T)] with Zn** reaches a minimum of %5 at pH 8.0 which begins to
increases at pH 8.5 and continues tG5t pH 9. Therefore, this analogue seems to
aid in the early formation of M-DNA at a lower pHalue but still remains thermally
unstable until pH 9.0 at which point the meltinmperature is similar to that for Mg
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In figure 3.7a, an expected increase of approxiipabe °C in the Ty, for
poly[d(TG)*d(CA)] in the presence of Mgis observed at all pHs. Similar to
poly[d(AT)], there is an additional increase in fhgof poly[d(TG)*d(CA)] above that
seen for M§" observed for Zf at pH 9.0 which is attributed to the formationNdf
DNA. TheT,, of poly[d($TG)+d(CA)] in figure 3.7b continues to decreasehwitgher
pH values. Much like poly[d(A3)], poly[d(STG)d(CA)] is very unstable in the
presence of Z#, but shows even less propensity to forming M-DNBowever, the
denaturation profile for poly[d{§G)ed(CA)] in the presence of Zh shows an
additional increase above that for Méeginning as low as pH 8.0 (Figure 3.7c).

In order to investigate how thermal stability céates with the ease with which
the polymer will convert to M-DNA, the ethidium asswas used to examine the pH at
which the transition occurs.

3.2  Ethidium Fluorescence Assay

3.2.1 Zn*M-DNA Formation on Repeating-sequence DNA

In the presence of 0.2 mM Zn poly[d(AT)] shows complete M-DNA
conversion at pH 8.6 (Figure 3.8a). As expectethfthe thermal denaturation profiles,
poly[d(As'T)] is able to form M-DNA at an even lower pH and fact, is fully
converted by pH 8.2. Surprisingly, the thermalfieoof poly[d(As’T)] suggested a
very unstable conformation, however, it was stille to incorporate Zf at a lower pH
than the unmodified poly[d(AT)]. A possible exp#ion can be found in thg, data
measured at pH 7.5 (Figures 3.6 and 3.7) whereth@l DNAs are in the ‘B’
conformation. The addition of Zhincreases th@&, of poly[d(AT)] but decreases the
Tm of  poly[d(AST)],  poly[d(TG)«d(CA)],  poly[d(8TG)*d(CA)]  and
poly[d(s'TG)*d(CA)]. Therefore, the B-form of poly[d(AT)] ay be unusually
refractory to conversion to M-DNA and thereforethiis sequence context, the unusual

base plays an important role in M-DNA formation.
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The results in figure 3.8b are consistent with gheviousT,, data. At pH 7.9,
poly[d(TG)]spoly[d(CA)] is fully converted to M-DNA However, upon the
incorporation of 4T, the polymer is almost completely converted at?6l In contrast,
the pH of poly[d(4TG)]*poly[d(CA)] conversion increases to 8.2. Téfere, it can be
clearly seen that poly[d(AT)] has the lowest prapgnof forming M-DNA. In the
presence of 0.2 mM 2y poly[d(TG)]spoly[d(CA)] shows complete conversitm M-
DNA at pH 7.9 whereas poly[d(AT)] is still 100% BNA. As hypothesized from the
thermal denaturation profiles, the pH at which M®WNill form can be further reduced
by incorporating 4T into poly[d(TG)]spoly[d(CA)]. Therefore, the nestep was to use
these sequence effects in combination with the fisadibases in order to design

olignonucleotides that could localize metal iongaious regions according to the pH.

3.22 Zn* M-DNA Formation on 30-mer Oligonucleotides

Double stranded oligomers 30 nucleotides in lemggthe synthesized containing
the sequences d(T¢9d(CA):5, a mixed sequence with 50% d(AT) and the other 50%
d(TG)+d(CA) and another mixed sequence in whicteghterminal thymines on the
d(TG)+d(CA) track where replaced with 4-thiothyrmsne All of the sequences and
corresponding names can be found in Table 2.2eoMéterial and Methods. As would
be predicted from the previous experiments, figiBedemonstrates that at pH 7.9 TG-
30 is completely converted to M-DNA, but both mixe&ejuences show approximately
only 50% M-DNA formation which accurately correspisnto the d(TG)d(CA) tract
forming M-DNA while the d(AT) tract remains as B-BN. Also, as would be
expected, the mixed sequence MXJs30 containing the incorporated 4-thiothymines
begins to form M-DNA at a lower pH compared to bdk-30 and TG-30. Once the
d(TG)*d(CA) track forms M-DNA, Mx(¥T)-30 starts to plateau at pH 7.9 and begins to
follow the Mx-30 sequence more closely correspogdomthe M-DNA conversion of

the remaining d(AT) tract.
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3.3 X-ray Photoelectron Spectroscopy

A continuing challenge in the investigation of M-BNhas been solidifying the
proposed binding location of the metal ion. Theref XPS was employed to gain
information on the electronic structure and cheiricading of the molecules. In XPS,
the incident x-ray photons are absorbed by varatams in the surface layer leading to
the ionization and the emission of an inner shigtteon. Photoelectrons from each
element will have a characteristic binding energg eelative intensity associated with
each core atomic orbital providing an extremely pdul tool for quantitative analysis
of the surface composition. Notably, the shapthefpeak and the binding energy are
slightly altered by variations in the electrostatiuelding of the inner shell electrons
from all other electrons in the atom. Also, teenpval or addition of electronic charge
as a result of changes in bonding can also caustasshifts in energy. Therefore, in
order to gain more information on the structure afettronic properties of M-DNA,
nucleic acids were immobilization onto a gold scefand analyzed using XPS.

Previous XPS studies of DNA have delineated theibhmenergies (BE) of the
C 1s, N 1s, O 1s and P 2p electrons in ssDNA @Rgth et al., 2003; Mosest al.,
2004; Sapriginet al., 2005). Of particular interest are the N atomscihare only
present in the bases and are presumed to inteir@ctlgl with Zrf* upon M-DNA
formation. Therefore by examining these spectewere able to study the location of

the metal ion location within the DNA helix.

3.3.1 Characterization of the DNA M onolayer

Duplex DNA, 30 base pairs in length, was assembldd the gold surface as
described in Materials and Methods and the redufteonolayer was characterized by
XPS. Disulfides with an attached hexanol were ehosather than simple thiol
adsorption because previous results showed staleolayers with improved
dehybridization-rehybridization characteristics ifigeet al., 2003; Longet al., 2004; Li
et al., 2006). A monolayer formed from ssDNA or a simfii®l| linked duplex may

position the molecules too close together to al&dficient rehybridization. Another

95



possible problem with ssDNA attachment is that Bid¢A may non-specifically bind

through the bases so that it is unavailable foridyation.

3.3.1.1 DNA Film Thickness

From the intensity of the Au #§ peaks, the thickness of each DNA monolayer

was estimated using the following equation,

In(1) =—d /(Asin@) +In(l ,) (3.1)

where A is the inelastic mean free path (IMPB),s the takeoff angle between the
sample surface and the photoelectron energy amalyzies the gold photoelectron
intensity with the DNA sample present, dgds the photoelectron intensity of the bare
gold substrate. The value af was taken to be 3.980 nm which was the average
effective attenuation length (EAL) from the goldbstrate photoelectron in a DNA
overlayer calculated using the NIST Standard RefsreDatabase 82 (SRD-82)
software (Powell, 2001). The EAL definition allowss term to be introduced in place
of theA(IMPF). A more detailed description and discusssonEAL formalism can be
found in the following review (Jablonski and Pow&@002). According to the above
equation, Ink) should be linearly related to 1/(8with the slope of €l/A).

Therefore, XP spectra were obtained at the takamdies 90°, 60°, 45°, 30° and the
slope from the plot of I} versus 1/(si@) was used to calculate the thickness of each
monolayer (Figure 3.10) (Konde al., 1998). Each monolayer was composed of 30-
mer duplexes attached to the gold surface thromgB-&CH)es linker.  Therefore, a
thickness of approximately 11.2 nm would be expkdt¢he strands were stretched to
full length and perpendicular to the surface assgnthe DNA films do not collapse
when the water is removed under vacuum. Howeheratrerage thickness calculated

for the B-DNA monolayers was determined to bei5@®4 nm.
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Therefore, for a completely rigid structure, the Abhains would be orientated
at approximately 30to the surface (Figure 3.11). However, anothesibdgy is that
the long oligomers in conjunction with the measuzata being done in a vacuum have
lead to the hybridized strands forming kinks ordseleading to a decrease in thickness.
As well, immobilization in the presence of a monewa cation such as NaCl compared
to a divalent cation such as MgQlas been shown to decrease the monolayer coverage
by approximately two fold (Petrovykkt al., 2003). This would result in a lower

surface density and most likely a decrease in task as well.

3.3.1.2 Elemental Analysis

All films analyzed showed distinct peaks for thenpipal elements in an
immobilized thiol-linked DNA film (C, O, N, P, S).The N 1s (399.5 - 402.0 eV), P 2p
(134.0 eV) and S 2p (162.0 eV) peaks are all evidethe spectra with immobilized
DNA but are absent in the spectrum for bare golaviding good evidence for the
attachment of DNA to the surface (Figure 3.12)(€aBl2). The bare spectrum does
show peaks for carbon (285 eV) and oxygen (531 eidst likely as a result of
atmospheric contamination. In order to analyzedbmposition and coverage of the
monolayer, elemental concentrations were determimgdg the following equation
suggested by Petrovyldnal., 2003.

Ny
N

_ IX TAuaAu L,QAu exp[_d/LAu]
Au IAu TXUX L?( 1_exp[_d / LX]

(3.2)

whereT is the analyzer transmission functienis the total photoelectric cross section
in which Scofield coefficients were used (Scofi€19,/6),d is the film thickness and

is the EAL for electrons in the film. More specdlly, this equation utilizes two types
of EALs: “average practical EAL” (PEALS) which refeto the attenuation of the
electrons from the various elements caused by tha film and “EAL for quantitative
analysis” (QEALSs) which refer to the electrons araging in a material and attenuating
within the material itself.
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Figure3.11 Schematic of dsDNA orientation at 30° to the scet

99



P 2p

— T T T T T T T 7T
140 138 136 134 132 130 128

N 1s

Intensity

— T T T T T T T 7
406 404 402 400 398 396 394

S 2p

L L L L
168 166 164 162 160 158

Binding Energy / eV

Figure 3.12 XP spectra of bare gold (bottom) and 30 basegdaplex B-DNA
assembled on gold (top) for elements P, S and N.

100



Table3.2 Average Elemental Compositional Data for DNA Manars on Gold in
the Presence and Absence of Various Metal lons

Atomic Per cent Atomic Ratio
DNA Au4f Ni1s P2p Cls O 1s S2p Zn2p Mgls P/IN C/N OIN
Bare AU G C (e a9
theoretical 028 27 L7
B-DNA (21{?65) (gé) (Sé) (3937'27) (28?'7(; (822) 034 55 48
M-DNA* (23?6% (311) (gﬁi) (329'763 (369'7‘; (8:3) (3:421) 046 54 53
M-DNA® (31%% (i:g) (Sii) (311.'15; (11?'36; (8:2) (ig) 043 56 35
(p'\£|g§6) (222.'2% (?:g) (gig) (31%2; (237.57) (gii) - ((2):2) 045 40 32
Z?* 232 70 28 297 369 01 02

(PH7.0) (49 (@L1) (0.1) (08 (50 (00) (0.0) 040 4.2 53

After the monolayer was converted to M-DNA the &ledes were rinsed with20 mm
Tris-ClOs and 20 mM NaClQor alternatively’ 20 mM Tris-CIQ and 20 mM NacClQ®
containing 0.4 mM Zn(Clg),. The values in parentheses represent the standard
deviation.
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In the above equatioh,, andLy represent the PEAL for electrons from Au and from
DNA elements (X = C, N, O, P, Zn) in the DNA filnespectively. SimilarlyL.? is
used to assign the QEAL values all of which as&tl in Table 3.3. More complete
and comprehensive definitions of EALs and theirrappate use can be found in the
review mentioned previously (Jablonski and Povz£D)?2).

Since both P and N are located exclusively in Dibjr presence in the proper
stoichiometric ratio reveals important informatioagarding the state of the film.
Although the average P/N ratios are constant withi@ experimentat10% error
reported by Petrovykh (Petrovykdt al., 2003), the ratios are higher than expected
(Table 3.2). This result may be due to some désorr preferential damage of the

DNA bases compared to the phosphate backbone.
3.3.1.3 Deter mination of DNA Coverage

Since the DNA contains more N atoms than P atomd,Mihas a higher XPS
cross section the signal-to-noise was much highdrtherefore was used to determine
the DNA coverage. The DNA coverage was determindze approximately 1.2 x b
molecules/crh with a density of 0.702 g/ch(Table 3.4). The DNA coverage is less
than the value of 3.7 x ¥dmolecules/crreported elsewhere for single stranded 25mer
oligonucleotides (Steet al., 2000). However, this is most likely because the diameter
is larger for dsDNA and there is possibly more tejpm between adjacent duplexes.
Since there is limited data on the self-assemblydsDNA, a surface coverage of
approximately 4 x 1% molecules/crhwas found for monolayers formed by the self-
assembly of ssDNA followed by hybridization (Steekl., 1998). It is interesting to
note the increase in surface coverage seen for AsBdembly in comparison to
assembly through hybridization. This may be a Itesti the poor hybridization

efficiency associated with the latter method.
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Table3.3 Calculated EAL Values for the Major Componentsha DNA

Monolayer
Peak PEAL in DNA film L (nm) QEAL L% (nm)
C1s 3.497 3.646
O 1s 2.884 3.035
N 1s 3.213 3.364
P 2pp 3.862 3.968
S 2pp 3.793 3.900
Zn 2pyp 1.600 1.726
Au 4f;, 3.980 1.745
Na 1s 1.616 1.460
Mg 1s 0.773 0.928

PEALs and QEALs were calculated for duplex B-DNAngsNIST SRD-82 software
with the following parameters: experimental kinethergy; asymmetry parametgrs
for electrons Au 4f[§=1.04),3=2 for 1s peaksp=1.1 for P 2p=1.16 for S 2p and
=1.41 for Zn 2p (Campbedt al., 2002); ideal stoichiometry of nucleotides in DNA,
band-gap energy4= 4.8 e; film density of 0.731 g/ém The & was calculated based
on an average UV absorption peak of 258 nm for DNAolution (Petrovykhet al.,
2003). An initial estimate of film density was ds® calculate the PEALs and QEALsS
which were then used for analysis of one data sieiguequation 4. The new value of
density obtained from data analysis was then reemiténto the NIST program to
calculate revised PEALs and QEALs and the process mepeated until the density
values converged self-consistently. The resuRdAL and QEAL values are listed in
the above table and were used to analyze the ¢hastics of the various monolayers.
All EALs were calculated for a film thickness ofmn. As noted in ref (Petrovykdt
al., 2003), the approximation of 5 nm in the PEAL &@HBAL calculations will not
introduce an appreciable systematic error intcatiaysis.
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Table3.4 Calculated Surface Characteristics of the DNA Film

DNA film DNA coverage

DNA thickness (nm) Pona g/em” (x 10" DNA/cm?
B-DNA 5.2+ 0.4 0.702 0.056 1.2:0.1
M-DNA 5.6+ 0.7 0.619 0.018 1.10.1
Mg?* (pH 8.6) 6.0+ 0.3 0.898: 0.171 1.7 0.4
Zn** (pH 7.0) 6.2+ 1.6 0.733: 0.424 1.4+ 0.4
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In order to better validate the accuracy of the XmR&asurements,
chronocoulometric measurements were done in oaletetermine the DNA surface
coverage (Figure 3.13). Chronocoulometry was imglated in order to determine the
guantity of DNA immobilized on the gold surfacehelpositively charged redox probe
[Ru(NHs)e]** was used as it is able to electrostatically intemsith the negatively
charged phosphate backbone of DNA. The amourgddx probe interacting with the
DNA at the surface of the electrode can then berdebhed by chronocoulometry and
used to calculate the amount of corresponding DNedl et al., 1998). The
electrochemical methods resulted in B-DNA coveragfe (1.2 + 0.1) x 18

molecules/crhwhich agrees well with the calculated XPS results.

3.3.1.4 Sulfur (S2p) Spectrum

Although the S 2p peak has a low signal-to-noisie end is somewhat difficult
to observe, the sulfur signal is of interest gerdvides more information regarding the
immobilization of the thiolated DNA (Castnet al., 1996; Wackerbartlet al., 2004;
Wood and Lee, 2005). The poor signal-to-noiséoreg due to the low relative
concentration of sulfur atoms (the ideal S/P r&id/60) and the strong attenuation of
the signal caused by the overlaying DNA (Petrovgklal., 2003). The S 2p spectra
acquired for all SAMs had a doublet structure du¢he presence of the Sgpand S
2p12 peaks. All spectra were fit using a 2:1 peakorand showed a peak split of 1.2
eV (Figure 3.14). The S 2p peak binding energy was 162.0 eV which is consiste
with a thiolate S-Au bond (Castnetral., 1996). In particular, there was no detectable
intensity in the binding energy region above 164vehich is the region typical for an S
2p doublet for unbound thiol groups. This stronglyggests that there is a single layer
of thiolated DNA and alkanethiols chemisorbed & ¢fold surface with virtually no
physisorbed DNA present in the film.
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Figure 3.13 Chronocoulometric response curves for DNA modifedectrodes in the
absence @) and presenceQ) of 100 uM [Ru(NHs)¢]**. The lines represent the
extrapolated fit from the linear portion of the weirand are used in order to determine
the intercept at time=0.
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Figure 3.14 High-resolution S 2p XP spectra for 30-basepaol4BNA immobilized

on gold (open circles for raw data, solid lines ttoe total fits and dashed lines for the
component peaks). Spectra were also taken aftrbation with Zn(ClQ), and
Mg(CIOg4),. The data was fit with two peaks as discussethéntext both having a
FWHM of 0.98+ 0.09.
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3.3.2 DNA-Metal lon Interaction

3.3.2.1 Carbon (C 1s) Spectrum

On addition of ZA" to form M-DNA, P 2p and S 2p showed only smallrues
most likely due to small differences in the chaeastics of each monolayer. C 1s
showed some changes and therefore a closer ex#@niradtthe carbon species was
conducted. As shown in figure 3.15a, carbon sgemie observed in the C 1s region of
a bare gold electrode. There is one main peakoddat 284.1 eV which is indicative
of alkyl chains or methyl species as well as smalkaks at 285.5 and 288 eV which
are due to the presence of surface contaminanttinorg C-O and C=0O bonds
respectively (Ishid&t al., 1996; Ishideet al., 1997). However, for the DNA modified
electrode, the fit included peaks at BE of 285,.88888 and 289.5 eV each with an
FWHM of 1.5 eV corresponding to hydrocarbon (C-&¥; carbon bound to nitrogen
and oxygen (C-N, C-O, N-C=N, O-C-N), amide carbbhG=0), and urea carbon [N-
C(=0)-N] respectively (Figure 3.15b), (Mag al., 2004). Therefore, figure 3.15b
clearly shows a corresponding increase in peakngities for DNA-related carbon
peaks for species at 286.6, 288 and 289.5 eV. ,Aldsere is a peak shift of
approximately 0.9 eV to higher energy observechin 284.1 eV C 1s peak when the
bare gold electrode is covered with a DNA monolayEnis shift in energy is reflective
of a decrease in Au-C interactions (Ishigtaal., 1996). Both of these observations
indicate that the influence of adventitious hydrboas on the SAM is small. This is
expected, as it has previously been shown thateffect of carbon and oxygen
contaminant layers on the gold surface becomesdgilggl in the case of long-term
immobilization (Ishidaet al., 1997).

The atomic percentages of each species on the my@elwere determined and
are shown in Table 3.5. The small changes in teegmce of Zii and Md" are only
seen in the lower BE’s and are most likely dueitfeences in the DNA coverage as

well as small inconsistencies in the hydrocarbamtamination.
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Figure 3.15 High-resolution C 1s XP spectra of (a) bare géttrode; (b) 30-basepair
thiol-DNA immobilized on gold (open circles for raghata, solid lines for the total fits
and dashed lines for component peaks). The datditvaith four peaks, as discussed

in the text all having FWHM of 1.380.05.
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Table3.5 Calculated Percentages For Each of the Fitted @oegs for the C1s
High-Resolution XPS Data

DNA C-C,C-H C-N, C-O O-C-N,N=C-N  N-C(=0)-N
285.0eV (%)  286.6eV (%) 288.0eV (%)  289.5eV (%)
B-DNA 44+ 8 40+ 7 12+1 4+ 1
M-DNA 42+5 42+ 5 12+ 2 5+1
Mg?* (pH 8.6) 35+ 6 46+ 7 13+ 1 6+1
Zn* (pH 7.0) 33+1 48+ 1 13+ 1 6+1
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Therefore it can be concluded thatZis unlikely to interact directly with either
C or P and does not evidently effect the linkagsvben gold and sulfur; a result which

is consistent with the M-DNA conformation.

3.3.2.2 Oxygen (O 1s) Spectrum

For O 1s with B-DNA, there is a peak at 533 eV vatkhoulder at 532 eV again
consistent with previous results for ssDNA (Fig@&6). However, upon addition of
Zn** the peak broadens as the shoulder becomes much pnominent. Oxygen is
present in DNA on the bases, the deoxyribose sagarthe phosphodiester backbone.
Therefore, this result is very difficult to integirsince ZA" can potentially bind to all
three building blocks. However, since a similauleis seen in the presence of ¥t
is most likely that the change in the oxygen sgetrcaused from the ionic interaction

between the metal ion and the oxygens on the pladsiackbone.

3.3.2.3 Nitrogen (N 1s) Spectrum

For N1s the interpretation of spectral changeskidyl to be simpler because
nitrogen atoms are confined to the bases and previmrk with homopolymer ssDNA
has demonstrated the presence of a broad peakutt4@0 eV (Petrovykkt al., 2003).
The B-DNA duplexes also show these features butummversion to M-DNA the
peak becomes much narrower. According to the N&stm, it seems very unlikely
that the bases in the duplex are interacting with surface as there is no energy
components observed at BE below 399.5 eV indicaiiveases chemisorbed onto the
gold surface (Petrovyklet al., 2003). This may be due, in part, to the presesice

excess alkanethiol chains acting as spacers betiveddNA molecules.
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Figure 3.16 High-resolution O 1s XP spectra for 30-basegaoHDNA immobilized
on gold (open circles for raw data, solid lines foe total fits and dashed lines for
component peaks). Spectra were taken for (a) B-[ANA after incubation with (b)

Zn(ClQO,), and (c) Mg(ClQ).. The data was fit with two peaks, as discussatianext
both having a FWHM of 1.55 0.09.
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As shown in figure 3.17, the N 1 s spectrum for RADwas fit with three peaks
at BEs of 399.5 eV, 400.8 eV and 402.0 eV corredpagnto conjugated nitrogen
(-N=), non-conjugated nitrogerfIH- and N with three single bonds) and th&lK,)
respectively (Mateo-Martet al., 2005; Mateo-Martiet al., 2007). However, there is
evidence that the third peak at 402.0 eV may begligrdue to non-specific adsorption
of the Tris buffer as a similar peak is observeemvh bare gold electrode is incubated
with only Tris buffer (Figure 3.18). Previous irstigations have shown that this peak
may be due to the protonated amine group in the Quifer (Strotheet al., 2000) or
alternatively from the amine group interacting witte gold substrate (Josephal.,
2004). The protonation of the amine group doesnsi play a role as the peak at 402
eV becomes more pronounced at lower pH valueswelks at pH 7.5 (Figure 3.19) the
intensity of the peak at 402 eV decreases as tgke goes from 90° to 30° from the
surface normal. This is also a strong indicatiuat there is non-specific adsorption of
Tris buffer at the surface and is not a resultroire groups on the bases throughout the
monolayer. On the other hand, the M-DNA spect@ashone main peak with a BE of
about 400.5 eV and much smaller peaks at 399.5ne\M@2.0 eV.

A similar trend is observed for N 1s upon conversid a free-base porphyrin to the
corresponding metalloporphyrins (Polzonettia, 198&noet al., 2001). For example,
a typical free-base porphyrin has two peaks of hbugqual intensity at 399.2 and
397.2 eV corresponding to the non-conjugated angugated nitrogen respectively.
Upon addition of ZA" the doublet collapses to one peak with an enefd39@.8 eV
(Karweik and Winograd, 1976). In other words, thigogen in the metalloporphyrin
becomes indistinguishable because of electronipleaywithin the extended system
of the porphyrin ring. In M-DNA as well, the Znhion forms a bridge between time
system of each base so that all the nitrogen withipase pair exhibit a degree of
electronic coupling. The change in overall peakpghcan be seen in figure 3.17 as the
nitrogen spectra for B-DNA goes from a broad doubteM-DNA consisting of one
sharp well-defined peak. Interestingly, the nigmgpectra in the presence of Mip
similar to that of B-DNA demonstrating that the #Mds only interacting with the
phosphate backbone.
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Figure 3.17 High-resolution N 1s XP spectra for 30-basepawt{BNA immobilized
on gold (open circles for raw data, solid lines foe total fits and dashed lines for
component peaks). Spectra were taken for (a) B-[ANA after incubation with (b)
Zn(ClOy)2 and (c) Mg(ClQ),. The data was fit with two peaks, as discussdtartext
all having a FWHM of 1.5¢ 0.11.
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Figure 3.18. High-resolution N 1s XP spectra for 20 mM Triegl (pH 8.5)
immobilized on gold (open circles for raw data,iddihes for the total fits and dashed

lines for component peaks).
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Figure 3.19 High-resolution N 1s XP spectra for 30-basegda@wltDNA immobilized
on gold (open circles for raw data, solid lines foe total fits and dashed lines for
component peaks). Spectra were taken after incuwbatith Zn(CIQy), at pH 7.5 at

angles 90, 60, 45, 30 degrees from the surfacealorm
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3.3.24 Zinc (Zn 2p) Spectrum

The Zn 2p spectra is of interest as it is assurhattwhen M-DNA forms, the
Zn** ions replace the imino protons of T and G but &lsoome weakly bound to the
phosphates on the outside of the helix. In ordeadsess this hypothesis, Zn/P ratios
were calculated using equation 3.2 and comparettettds observed in the survey
spectrum for Na 1s. At pH 8.5, B-DNA shows no 4gnpggak, but an intense peak for
Na 1s at 1072.0 eV (Figure 3.20a). The Na/P iatitgure 3.20a is 5.1 demonstrating
a surface excess of sodium. However, in the poesefi Md* at pH 8.6 there is an
intense peak observed at 1304.6 eV. Under thesditams, the Mg/P ratio is 0.6 +
0.05. A decrease in the cation to phosphate vadold be expected in going from a
monovalent to a divalent cation. In both casgseak is also observed around 208 eV
which is representative of the @bunterions also remaining on the surface. However
after the addition of 0.4-mM Zn(CKR to the monolayer for 2h at pH 8.5 and thorough
washing with buffer containing Zhan intense peak with a BE of about 1022.0 eV is
now present but the Na 1s peak at 1072.0 was wtdbte (Figure 3.20b). Under these
conditions, the Zn/P ratio was 1+70.6. Again, the decreased ratio compared to a/P
expected from a monovalent to a divalent catiorith@dugh there is a large error, the
average value corresponds well to zinc binding gdasphate as well as replacing the
imino proton inside the helix at every base paWhen this experiment is repeated
under the same conditions, except the monolayeaghed with buffer containing only
Na" and no ZA", peaks are evident at both 1022.0 eV and 1072.QF&yure 3.20c).
The Zn/P ratio was 0.44 0.11 meaning there is now approximately one zamekery
base pair. This ratio correlates well to M-DNArfation where only the imino protons
of thymine and guanine are being replaced by zindowever, under the same
conditions with ZA" at pH 7.0, there is virtually no zinc left in theonolayer with a
Zn/P ratio of 0.07. Therefore, under non M-DNA ditions it is very easy to wash off
all of the zinc ions. The Zn/Na and Na/P ratiosfigure 3.20c were 0.22 and 2.0
respectively, indicating that the negative charge tbhe phosphate backbone is
neutralized by the saturation of Nimns present whereas the?Zions are interacting
inside the helix.
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Figure 3.20 Survey scan of the Zn 2p and Na 1s region withesponding schematic
illustrating the location of the respective ionsden various washing conditionsa)(
Immobilized B-DNA was incubated and washed in 20 mi4-CIO, (pH 8.5), 20 mM
NaClQ, buffer. ) Immobilized B-DNA was converted to M-DNA by incating for 2
hrs in 20 mM Tris-CIQ@ (pH 8.5), 0.4 mM Zn(CIg),, washed with 20 mM Tris-ClO
(pH 8.5), 0.4 mM Zn(CIG),, dried andmeasured. dj Immobilized B-DNA was
converted to M-DNA by incubating for 2 hrs in 20 mMis-CIO; (pH 8.5), 0.4 mM
ZnClOy4, washed with 20 mM Tris-CI 20 mM NaClQ containing no ZnClQ dried
and measured.
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Under these conditions, the O 1s spectrum resentiidgsof B-DNA shown in figure
3.16 and the N 1s spectrum resembles that of M-BiNAwn in fgure 3.17. This is
expected since the conversion from M-DNA back t®BA is slow (Woodet al.,

2002; Wood and Lee, 2005), so that during the wasprocedure the Zhions are

removed from the outside of the helix and replaséth Na' resulting in an O 1s
spectrum similar to B-DNA. However, the zinc ianteracting with the imino nitrogen
inside the helix are not removed resulting in ahd\spectrum similar to M-DNA. This

effect would result in a Zn/P ratio of approximgtél5 which is observed.

3.3.3 Variableangle XPS

Variable angle x-ray photoelectron spectroscopy X¥4&) was also used to
further investigate the distribution of zinc withithe self-assembled monolayer.
Oligonucleotides containing the Mx-30a sequenceewself-assembled onto gold
through a disulfide linkage. The identical buteese sequence, Mx-30b, in which the
d(TG)d(CA) portion was situated next to the sulfimkage was also analyzed. The
surface was probed at take-off angles 90, 70, 4% 20 degrees from surface.
According to previous result, the d(TG)*d(CA) witicorporate metal ions at a much
lower pH than the d(AT) tract illustrated in figuBe21. As seen in figure 3.22, at pH
7.0 when the d(TG)d(CA) tract is situated at tbp of the monolayer the Zn/P ratio
increases as the take-off angle decreases. Cahyeikthe d(TG)*d(CA) tract is
located at the bottom of the monolayer, the Znt® @decrease along with the take-off
angle. Also of interest are the control experimesmhich clearly show that at pH 6.5
the wash easily removes zinc bound to the phospyatkbone leaving very little zinc
remaining as the pH is too low to have formed M-DNAs well, at pH 8.5 at which the
entire oligomer should be converted to M-DNA, th@Z ratio approaches 0.5 which is
a good indication that there is one zinc residuest@ry base-pair. As well, Zn/P ratios
in figure 3.22 are greater for Mx-30a compared to-30b for all pH values. This may
be a due to Zii ions having easier access to the d(TG)*d(CA) tndmen it is situated at

the top of the monolayer compared to when it isxposed at the bottom.
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Figure 3.21 Schematic of Zfi ions situated only at specific regions correspogdd
the sequence and the pH.
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Figure 3.22 Relative Zn/P ratios of Mx-30d) and Mx30b @) at angles 90, 70 45
and 30 degrees relative to the surface at varibuggtues.
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Unfortunately, the values are subject to an eséch&rror of at least 10%, which is
mainly caused by the uncertainty of the peak anmed the error of the inelastic
background correction (Tougaard and Sigmund, 1982)erefore, the change in Zn/P
ratio is not great enough to warrant a firm condos Although, repeated
measurements showed similar trends for Zn/P raid0° to the surface, the changes
observed at the various other angles were unpedaléct This was most likely a result
of inconsistencies in the DNA monolayer coveragd arorphology. Although this
technique shows promise and illustrates very isterg trends, modification to the

existing assay will have to be made in order to gaieful data.

3.4 Electrochemical Investigations

Electrochemical DNA biosensors based on nucleid hgbridization are being
developed for the diagnosis of genetic and infestiaiseases (Boost al., 2000;
Drummondet al., 2003). They have gained tremendous popularitabse of their
high sensitivity and selectivity, their simplicitio operate, the low cost, ease of
fabrication and their ability to be miniaturized ander to increase portability. There
have been numerous approaches developed for tbeoeleemical detection of DNA
hybridization (Drummondtt al., 2003; de-los-Santos-Alvarex al., 2004; Kermaret
al., 2004). Some common methods have utilized DNAesowith covalently attached
enzymes (Campbedt al., 2002) or redox-active molecules (Ihatal., 1996; Kelleyet
al., 1999). As well, various procedures have expibiteanoparticle-modified
olignucleotides (Wangt al., 2001a; Wangt al., 2001b; Palecekt al., 2002). Other
strategies employ electrochemically active intexttak such as daunomycin (Waetg
al., 1998), metal complexes such as ruthenium bipyeidiNapieret al., 1997) and
organic dyes such as methylene blue (Oztaah., 2002) all of which have the obvious
advantage of not requiring a labeling procedurbe &lectron transfer properties of the
monolayer are then interrogated by CV, CA or EISarfwich, 1999; Kelleyet al.,
1999; Longet al., 2004). Among the electrochemical techniques uB#8 has been

proven to be an effective and sensitive methodzZK2103).
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Previously, a label-free method able to detectlsiBiNA base pair mismatches
at concentrations as low as 100 pM had been repdrenget al., 2003; Wettiget al .,
2003b; Longet al., 2004; Liet al., 2005; Liet al., 2006). Briefly, the unlabelled single-
stranded probe DNA is attached to a gold workirgtebde through a thiol linkage and
the target, also unlabelled, is hybridized to teTimpedance is measured for B-DNA
and for M-DNA which is formed after incubation wir?* at pH> 8.5 (Leeet al.,
1993; Aichet al., 1999). M-DNA monolayers have decreaiegd compared to B-DNA
but the presence of a mismatch increasefRghador M-DNA whilst decreasing thBcrt
for B-DNA. Thus, the difference in impedance befarel after formation of M-DNA
allows for the unequivocal detection of a mismatdgthin a synthetic DNA 20mer.
However, there are a few fundamental problems with procedure that need to be
addressed. First and foremost is the delicacyisfgrotocol in the presence of metal
ions. If the pH is too high, the DNA may denatorehe metal ion may precipitate. If
the pH is too low then M-DNA will not form. To cgticate matters further, the
addition of zinc salt to the [Fe(CNJ may cause the formation of zinc ferrocyanides
which will precipitate out of the solution poteriyacausing numerous inconsistencies
in results (Miller and Falk, 1904; Cheng, 1955; &os et al., 1996). As well,
[Fe(CNY]* cannot be kept as aqueous stock solutions becatasspum ferricyanide
decomposes slowly on standing. In order to addiesse and other problems, a new
redox probe was tested that has longer storagestitess preparatory time, faster
analysis and increased reliability especially ia fitesence of metal ions such a$*zn
In the following section, the effectiveness of ¥l as a redox couple is demonstrated
as well as the advantages associated with thisrayist comparison to the [Fe(Ci&™
reported previously (L&t al., 2003; Longget al., 2003; Longet al., 2004) .

3.4.1 Effect of Metal lonson Electron Kinetics

In order to investigate the electron properties M{DNA both cyclic
voltammetry and electrochemical impedance speamsevere used. Previous work
took advantage of the commonly used negativelyggthredox couple [Fe(CNj™.
This probe has been very successful in looking MADnonolayers as the negative
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charge is sufficiently repelled from the monolaged therefore the electron must flow
from the probe through the monolayer to the goldase. However, as mentioned
above, this probe shows some limitations when inyatsng M-DNA. Therefore,
various alternative redox probes such as Ferroeebexaldehyde and 1,1'-
Ferrocenedicarboxylic acid were tried. Howeverbath cases, the probes were able to
penetrate into the monolayer causing the signakthaction through the monolayer to

23 \was also tested and

proceed virtually unimpeded. Finally, the aniopiobe IrC}
proved to be quite effective in investigating DNAomolayers. Therefore, the
following work reconfirms the electronic propertiesM-DNA previously shown using
[Fe(CNY]*™ as a redox couple (l&t al., 2003; Longet al., 2003; Liet al., 2005; Liet
al., 2006) and for the first time demonstrates theatation of incremental pH changes
on M-DNA formation using electrochemistry. As Wéhe potential advantageous of

using the IrG§*"* redox couple over standard [Fe(GN}* system will be highlighted.
3.4.2 Cyclic Voltammetry

Duplex DNA, 30 base pairs in length, was assembl#d the gold surface as
described in Materials and Methods and the resultaonolayer was examined
electrochemically using 2 mM Irgll.  IrCls® undergoes spontaneous reduction to
IrCl¢> making an effective redox coupia situ. Even though the concentration of
reduced species is variable, there is no significaange in the formal potential over
the time course of one measurement. In order lneae greater consistency, fresh
solution was used for each measurement.

From the CV plot shown in figure 3.23, it can bers¢hat for a bare electrode
immersed in 2 mM IrGF in 20 mM Tris-CIQ at pH 8.6, a characteristic reversible
redox cycle with anodic and cathodic peak currefhtapproximately §:A and a peak
separation of 85 mV is seen. However, once DNAnimobilized on the surface, the
peak current drops and the separation between figatmn and reduction peaks
increased considerably indicating the reduced tgldiir electron transfer between the

solution and the surface caused by blocking ofythld surface by the DNA monolayer.
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Figure 3.23 Cyclic Voltammograms of (a) bare gold electroly,ds-DNA modified
electrode, (c) ds-DNA monolayer in the presenc8.4fmM Zrf* at pH 8.6 and (d) ds-
DNA monolayer in the presence of 0.4 mM @t pH 8.6. The concentration of
hexachloroiridate (IV) was 2 mM in 20 mM TrisCGJ@oH 8.6). All CVs were recorded
at a sweep rate of 100 mV/s.
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Upon the exposure of the monolayer to 0.4 mM Zn@i@r only 2 minutes, the peak
currents reach approximatelyuA with a separation of 152 mV indicating electron
transfer through the monolayer is only restrictighly under M-DNA conditions.
There were no changes in peak current or separatitn longer incubation times.
Similarly, impedance values remained constant afftey minutes incubation (see
below). One explanation for this result is thae thddition of ZA" causes a
reorientation of DNA molecules on the surface. sTimay allow the redox probe easier
access to pin holes or other defect sites. Howetlee shape of the cyclic
voltammogram is characteristic of linear diffusimd the anodic peak current increases
with the square root of the scan rate in the raosfggb to 250 mV (Figure 3.24). Both
of these characteristics suggest that the electroidal reaction is primarily controlled
by linear diffusion and not by pinholes or smallfes¢s (Chailapakul and Crooks,
1993).  Alternatively, the Zf is able to coordinate with the negatively charged
phosphate backbone effectively reducing the elstdtic repulsion and facilitating the
penetration of the monolayer by the negatively gedrredox probe. Presumably then,
the exposure of the monolayer to ¥gvould give a similar result. However, the CV
plot decreases only slightly compared to native DMAicating very slow electron
transfer between the solution and the surface (Ei§23). Therefore, the much faster
electron transfer implies that M-DNA is a bettemdactor than B-DNA. Finally,
exposing the monolayer to 10 mM EDTA in 20 mM Tadkd, with 100 mM NacClQ at
pH 7.1 converts the signal back to native DNA. sThesult demonstrates that the
decrease in signal is not a result of denaturatrashestruction of the monolayer (Figure
3.25). As well, the return of the original sigredter the addition of EDTA further
confirms that the formal potential remains constu@n after repeated measurements.
In order to investigate the electron-transfer kos the CV plots for a bare
gold electrode and M-DNA modified electrode werttefi using DigiSim version 3.0
from BASi and compared. In figure 3.26, both C\otpl are shown with the
background current subtracted together with thausitad CV plots. In 20 mM Tris-
ClO4 at a scan rate of 100 mV/sA&, of 85 mV was measured for the I§€F redox
couple at a bare electrode antdi,of 152 mV for the M-DNA modified electrode.
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Figure 3.24 Plot of anodic peak current (Ipa) vs. the squaot of the scan rate. The
cyclic voltammograms were obtained using an M-DNAdified electrode in 20 mM
Tris-ClOy buffer (pH 8.6) in the presence of 2 mM KEF-
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Figure 3.25 Cyclic Voltammograms of an M-DNA modified eleate ) and the
electrode after incubation in 10 mM EDTA in 20 mMSsICIO,, 100 mM NaClQ at pH
7.1 ¢-==). All measurements were performed in 2 mM hexachtidate (1V) in 20 mM
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TrisCIlO, (pH 8.6) at a sweep rate of 100 mV/s.
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Figure 3.26 Cyclic voltammograms-¢) in 2 mM IrCk*”® in 20 mM Tris-ClQ buffer
solution (pH 8.6) at (A) bare gold electrode andl §8V-DNA modified gold electrode
together with simulated data<). Scan rate used was 100 mV/s. Digital simufetio
were made using the-k E,, anda (transfer coefficient) values of (A) 5.7 x i@m/s,
0.69 V vs. Ag/AgCl/3 M NaCl, and 0.5 and (B) 1.3&° cm/s, 0.69 V vs. Ag/AgCl/3
M NaCl and 0.5. A diffusion coefficients of 8.918° cnf/s was used for both,, and
Dregin (A) and (B). Both CVs have the background entrsubtracted.
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Under these conditions, the electron-transfer veas 5.7 x 18 cm/s and 1.5 x 1D
cm/s respectively. In the case of a regular dsDhholayer, the electron-transfer rate
was too small to be measure effectively and theeefoust be orders of magnitude

smaller.
3.4.3 Electrochemical | mpedance Spectroscopy

To further investigate the properties of M-DNA méayers, EIS was employed.
Impedance spectroscopy is advantageous because dal rbased on electronic
components can be used to represent the electrazdiesystem (Figure 3.27 inset).
The impedance of an electrode undergoing heterogsnelectron transfer through a
self-assembled monolayer can be described on this bé the model developed by
(Randles, 1947). The circuit components in tlaadRes cell can easily be compared
with familiar physical phenomena. The solutionisesice termRs, represents the
resistance of the solution between the working dgelectrode) and reference
(Ag/AQCI) electrode. The charge transfer resistatermRcr, results from the transfer
of electrons from the redox probe to the DNA mogetathrough the base pairs of the
DNA helix and from the helix to the surface of theld electrode. A constant phase
element CPE) will act as a non-ideal capacitor in order toaat for inconsistency on
the electrode surface (Dijksnagal., 2002). Finally, a Warburg impedance element, W,
is dependent on the rate of diffusion of the regmbe (Longet al., 2004). The data
are shown as Nyquist plots where the impedanceesadue a result of the resistance
and capacitance measured at various frequencies.ddta is presented as the re@)(Z
versus the imaginary (14) components. The Nyquist plot for a bare elear(mhta not
shown) consists of a semicircular region lying loa Z. axis followed by a straight line.
The semicircle portion, measured at higher freqesnecorresponds to direct electron
transfer, whereas the straight linear portion, olesk at lower frequencies, represents
the diffusion-controlled electron transfer proc&eswn as Warburg impedance (Long
et al., 2003; Wettiget al., 2003b). For a clean bare electrode, the Warbupgdance
will appear as a line with a slope of approximat@ly on a Nyquist plot (Glarum and
Marshall, 1982).
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Figure 3.27 Nyquist plots (4 vs Z¢) of a 30 base pair-complementary DNA
performed in 1 mM hexachloroiridate (IV) redox peoim 20 mM Tris-CIQ at pH 8.6.
Measurements were done in a three-electrode dellj @ applied potential of 690 mV
vs. Ag/AgCI. In all cases the measured data paanésshown as symbols with the
calculated fit to the equivalent circuit as a sdiice. (¥) 30 basepair duplex B-DNA,
(W) after incubation in 0.4 mM Zhat pH 6.0, &) after incubation in 0.4 mM Mg

at pH 8.6, and®) after incubation in 0.4 mM Zfiat pH 8.6. Inset: The experimental
data were fit to the Randles equivalent circuitalhconsists of the solution resistance
through the redox prob&¢), the charge transfer resistance through the DRA)( the
constant phase eleme@~E) and the Warburg constamw/).
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As expected, the resistance for M-DNA is much lowamn its corresponding B-DNA
construct illustrating that electron transfer viaDMIA is much faster than that of the
native DNA. Figure 3.27 shows the Nyquist plotsawithe DNA monolayer is exposed
to Zr** at pH 6.0 or to M at pH 8.6, conditions under which M-DNA does nmnf.
Consistent with the CV experiments, only small demin the charge transfer are seen.
These changes are most likely a result of reduttiegcharge repulsion of the DNA
monolayer by the metal ions binding to the negativharged phosphate backbone.
As shown in Table 3.6 for the various films, a miaer composed of B-DNA has a
Rcr of 416 + 64 K2 compared to M-DNA which has Bcr of 91 £ 56 K2. Both
monolayers in the presence of?Zmt pH 6.0 and Mg at pH 8.6 show much smaller
decreases ifRct of 335 + 60 and 298 + 64(krespectively. In all cases, M-DNA is
reproducibly converted back to B-DNA and origifdr values are obtained by the

incubation of the monolayer in 10 mM EDTA.

The change iflRct between B-DNA and M-DNA monolayers was calculaasd
%ARcT as different electrode morphologies can yieldeddéht impedance values, but
the percent changes between B- and M-DNA are nmepeducible. As illustrated in
figure 3.28, as the pH increases the percent chbatyeeen B- and M-DNA becomes
larger until it reaches a maximum of 70% above p®l 8Conversely, the monolayer
exposed to Mg shows no dependence on the pH of the solutiorereFbre, the large
change at increased pH values for M-DNA is indi@atf zinc ions replacing the imino

proton on thymine and guanine residues.
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TABLE 3.6

Impedance Data as a Function of pH and Metdl lon

Circuit element B-DNA M-DNA DNA incubated DNA incubated
pH 8.6 pH 8.6 with Zn*" pH 6.0 with Mg® pH 8.6

R,/ kQ 4.3(0.3) 4.2 (0.3) 4.3 (0.3) 4.1(0.2)

CPE /uF 1.02 (0.16) 1.09 (0.36) 1.03 (0.16) 1.22 (0.06)

n 0.87 (0.01) 0.85 (0.02) 0.88 (0.01) 0.88 (0.01)

Ror/ kQ 416 (64) 91 (56) 335 (60) 298 (64)

W / 10° Qes™? 4.1 (0.9) 5.6 (1.0) 5.0 (1.1) 5.1 (0.8)

®The values in parentheses represent the standaatide from at least 5 electrodes.
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Figure 3.28 Determination of pH dependency on M-DNA formatiokach point is
calculated as the changeRar between DNA monolayers which was incubated in the
presence of Zi (@) or Mg™* (M) at pH 6.0 and each corresponding pH. Error bars
represent the standard deviation and are derivea & minimum of three different
electrodes. All measurements were performed inshfye prepared 1 mM
hexachloroiridate (V) in 20 mM Tris-ClLO
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3.4.3.1 Dehybridization-Rehybridization

In order to assess the ability to detect hybridiratthe dsDNA was denatured
and then rehybridized with target strand. A schtgerof the experimental procedure is
outlined in figure 3.29a. As seen from the Nyqupstts in figure 3.29b, thé&cr
decreases by approximately 46 £ 10 % after denaara&ompared to the original
dsDNA monolayer. The decrease igrReen in the impedance plots is assumed to be
correlated with the degree of denaturation. Algiodhe impedance signal does not
return to the values for a perfect dsDNA monolayee increase is reflective of
rehybridization efficiencies of approximately 8#9.0%.

3.4.3.2 Effect of Site-Specific Metal 1ons on Resistance through M-DNA

As previously mentioned in section 3.2.3.2 oligogn80 base-pairs in length
where designed with 50% d(AT) and the other 50%G)¢@(CA) in which three
terminal thymines on the d(TG)d(CA) track wherplaeed with 4-thiothymines (Table
2.2). As shown in figure 3.9, this sequence beginform M-DNA at a lower pH
compared to d(TGjd(CA)1s. Therefore, DNA containing the above sequences wa
immobilized onto gold electrodes and the resistahomugh the DNA was measured at
various pH values in the absence and presence 3f Zxs shown in figure 3.30, the
%ARcT for d(TG)s*d(CA)isis the largest at low pH values. A possible exatam is
that the partial M-DNA formation in the thiolate@gion of both Mx(&T)-30a or
Mx(s*T)-30b is not sufficient to allow fast electron risfer through the entire
monolayer. However, the errors in the resultsioled are substantial and definitive
conclusion cannot be made at this time. The larger was originally thought to be
connected with the initial resistance of the B-DNnolayer as a possible correlation
may be seen in figure 3.31 showing\Rxr of both Mx(8T)-30a and Mx(T)-30b at
pH 7.4 vs. their initial By. Surprisingly, even for reproducible monolayératthave an
initial Rcr within = 50 K2 of each other, there are differenf® (Figure 3.31 shaded
area). Therefore, most likely a combination offace coverage, density, thickness and

surface morphology all lead to the inconsistencthefresults.
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Figure 3.29 Dehybridization-Rehybridization experimental prdare. i) Monolayer
was exposed to 10 mM NaOH solution at 65 °C fomrfifutes, rinsed with Millipore
water and soaked for an additional 10 minutes. Mjnolayer was exposed to 10
target strand in 20 mM Tris-CliD100 mM NaClIQ (pH 7.1) for 3 hours. (b) Nyquist
plot of fully hybridized monolayer(), sSDNA monolayer after denaturation procedure
(O) and a rehybridized dsDNA monolay@)
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Figure 3.30 Determination of pH dependency on the M-DNA fotioa of TG-30
(A); Mx-30a @); and Mx-30b W). Each point is calculated as the changdRin
between DNA monolayers which were incubated inpesence of Z#i at pH 6.0 and
each corresponding pH. Error bars represent #edatd deviation and are derived
from a minimum of three different electrodes. Aleasurements were performed in
freshly prepared 1 mM hexachloroiridate (IV) inr2®1 Tris-ClOs.
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Figure3.31 The change iRctbetween DNA monolayers which were incubated in the
presence of Zii at pH 6.0 and pH 7.4 for Mx-30&)) and Mx-30b ). The red line
shows a linear fit for all data points.
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3.4.4 Chronocoulometry

A comparison of the charge passed at the variowified electrodes is shown
in figure 3.32. The experiment begins at an ihpatential of 900 mV vs. Ag/AgCl,
where no electrolysis of Irgl can occur. The potential is then stepped to 500 an
which essentially all of the Irg¥ is reduced to the IrgT. As one can see form figure
3.32, the amount of charge passed through the M-DiNédified electrode is
significantly larger than that on the dsDNA modifielectrode. As is also evident,
when the dsDNA modified electrode is incubated lie presence of Mg which
presumably only occupies the negatively chargedspihate backbone, the charge
increases slightly compared to that of regular d&DM similar trend is seen when the
monolayer is incubated in Zhat pH 6.0. However, when the monolayer is incedat
at pH 8.6 in the presence ofZrihere is a considerable increase in charge whiohbe
attributed to electron transfer through the M-DNAmulayer.
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Figure 3.32 Chronocoulometric transients at 500 mV of 2 mMadehloroiridate (1V)

in 20 mM tris-CIQ (pH 8.6) at (a) a ds-DNA modified electrode, (b)dssDNA

modified electrode incubated in the presence oM Zn(CIlQy), at pH 6.0 (c) a ds-
DNA modified electrode incubated in the presenc®.df mM MgCIQ and (d) a ds-
DNA modified electrode incubated in the presence.4fmM Zn(CIQ), at pH 8.6.
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40 DISCUSSION
4.1  Evidence Confirming the Proposed Model for M-DNA

As discussed in section 1.3.1 of the introductitthere have been numerous
studies that have lead to the proposed structurBl-8NA in which the metal ion
replaces the imino proton on both thymine and guaiiLeeet al., 1993; Aichet al.,
1999; Woodet al., 2002; Wood and Lee, 2005). However, without lexb crystal
structure, there still remains skepticism as todkact location of the metal ion. The
results in this thesis strengthen the proposed MkDibdel and clearly show that M-
DNA is distinct from denatured DNA.

41.1 Thermal Denaturation Profiles

Previously, it has been shown that transition rsetahich interact with the
bases are able to cause thermal destabilizationdandturation of the DNA helix
(Eichhorn and Shin, 1968). Also, an increase inhgld been shown to cause a similar
effect (Agencet al., 1969). However, as shown in figure 3.6a infhesence of Zf,
the T, of poly[d(AT)] actually increases as the pH valgeraised to 9.0. First, the
increase in thermostability caused by*Zat pH 9.0 is even greater than that caused by
Mg®*. Therefore, Zf is doing much more than simply binding to the riegly
charged backbone of the DNA. A simple explanafionthe increase iy, is the
conversion to a new conformation. Second, unlikg”Mwhich increases th&@m
approximately 10 °C at all pH values, the thermioifityt caused by the addition of Zh
is pH dependent. This result also correlates waty with the formation of M-DNA as

the replacement of the imino proton with a metalwould be more favorable at higher
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pH. Finally, it is clear that the DNA is not becoig denatured since thi, increases
in the presence of Zhat high pH.

It has been shown that the lower thé&, @f the imino proton of the base, the
lower the pH at which M-DNA will form (Woodtt al., 2002). For example, the
incorporation of 5FU stabilizes M-DNA at a lower fidcause thely, of 5FU is about
two pH units lower than that of T. Similarly, asosvn in figure 3.7c, the incorporation
of T into poly[d(TG)+(CA)] causes th&, to increase at an even lower pH compared
to native poly[d(TG)*(CA)]. This result is consist with the above hypothesis 43 s
has a lower K, compared to the native T. Again, this suggesas tihe metal ion is
indeed replacing the imino proton of the base.

The melting profile ofA-496 shown in figure 3.1 was also interesting. é&mnd
normal conditions)-496 has three different melting transitions cqogsling to AT
rich regions, mixed regions and GC rich regionslthdugh the addition of Mg
increases thé&, at all pH values, there still remains three sejeanaelting transitions.
However, the addition of Z# causes one single melting transition. One possibl
explanation is that when the Znreplaces the imino proton th&G of base-pair
formation becomes similar so that there are nodosgparate melting transitions seen

for GC and AT rich regions.
4.1.2 Ethidium Bromide Assay

Formation of M-DNA was also measured by the EtBrags One explanation
for the decrease in ethidium fluorescence upon MADdImation is the denaturation of
the DNA. However, following M-DNA formation, theiis rapid restoration to B-DNA
upon the addition of EDTA to the ethidium fluoresce buffer. Since the
concentration of DNA and the ionic strength arehdotv, rehybridization is very slow
(Morganet al., 1979). Therefore, this result cannot be explkhibg denaturation. A
better explanation for the inability of ethidium itdercalate between the base-pairs is
explained by the charge repulsion caused from tifé placing the imino proton. A
similar result is seen for triplexes containing ©G{Morganet al., 1979; Leest al.,
1984; Scaria and Shafer, 1991). The substituifdioth T and T into poly[d(AT)]
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lowered the pH at which M-DNA formation occurreddire 3.7a) . This result was
not surprising as both analogues have lowes y#ues than T and transition metals
bind well to sulfur-containing functional groupSimilarly, when the analoguéswas
incorporated into poly[d(TG)+(CA)], the pH of M-DNA£ormation was again lowered
(Figure 3.7b). However, the incorporation 8T gesulted in an increase in the pH
needed for the conversion to M-DNA. This resultynee due to the location of the
sulfur atom hindering the binding of the metal ioAlternatively, poly[d(AT)] may
simply be refractory to forming M-DNA and therefarader this sequence context, the

unusual base pair aids in M-DNA formation.
4.1.3 UV Absorption Spectrum

Also supporting the location of the metal ion i tAbsorption spectrum of
poly[d(As'T)] in the presence of 2 As summarized in figure 3.4 the absorbance
peak at 345 nm, which is a result of the incorporabf ST, shifts in the presence of
Zn** at pH 8.5. This alone suggests that the metalsantimately involved with the
sulfur atom which would be the case if the metal was replacing the imino proton.
Interestingly, this result is not seen with®Zat pH 7.5 or with Mg’ at either pH 7.5 or
8.5. Further evidence indicating the metal iomiglved with the hydrogen bonding is
that the shift is also seen after denaturationcetghg the metal ions now have access to
the base. It is important to note that the skigéen under M-DNA conditions in which

the DNA is not denatured as evident from the pe&68 nm.
4.1.4 X-ray Photoelectron Spectroscopy

The XPS results show direct interaction of “Zrwith nitrogen. More
importantly, they strongly suggest that the metal is replacing the imino proton on
thymine and guanine rather than other alternativelibg locations that have been
suggested. For instance, x-ray crystallography deamonstrated that Zhis able to
bind to the N7 of guanine under M-DNA conditionsafliuk et al., 2003). However,

previous investigation using the EtBr assay hasvahtbat this position is not important
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for M-DNA formation as ZA substituted DNA is still able to adopt the M-DNA
conformation (Leest al., 1993). Another possible binding location for thetal ion is
on the ring amine groups. However, this posit®mnlikely as ring amine groups are
not good ligands for transition metals (Martin, @97 As shown in figure 3.17a, there
are two main peaks observed in N 1s spectra foN&-DInterestingly, these two peaks
collapse into a single sharp peak under M-DNA cbons. These results are very
similar to those seen with metal porphoryins whittsely resembles the proposed M-
DNA model. Finally, Zn/P ratios reaffirm that umd&l-DNA conditions, there are
approximately 3 zinc residues for every base pdirclv corresponds well with zinc
interacting with the phosphate backbone as wethasmino nitrogen. After washing
with buffer containing no Zi, the zinc residues interacting with the phosphate
backbone are easily removed while only the zinaddw the imino nitrogen remains.
Previously, it has been shown that ssDNA is ablateract with a gold surface
through the base nitrogens (Petrovydthal., 2003). This will result in an observed
signal below 399 eV. However, there is no energgkpobserved under 399 eV in the
nitrogen spectrum indicating the presence of vt lif any ssSDNA on the electrode

surface.
4.1.5 Electrochemistry

The electrochemical results show that the electransfer kinetics is much
faster for M-DNA compared to B-DNA (Rakitet al., 2001; Aichet al., 2002; Liet al.,
2003). Other studies have suggested that the eataglectron rate observed for M-
DNA monolayers on gold is simply a result of irased penetration of the redox probe
Fe(CN)*™ caused from the binding of divalent metal ionsu(lgt al., 2005).
Although, this is certainly a contributing factdinjs work clearly shows that this same
effect is not seen with Mg or N& under similar conditions or with Zhat pH 6.5.
This indicates that the transfer rate is causedn fepbmething other than cations
associated with the phosphate backbone. As weéias been shown theoretically that
increased conductivity is attributed to M-DNA (Nokhet al., 2007). As well, the

electrochemical impedance results show that theedse in resistance seen with M-
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DNA is dependent on pH (Figure 3.27). Again, theé gdependency supports the
proposal that the imino proton is being replaceith whe metal ion.

As shown in figure 3.25 M-DNA can be converted bsziB-DNA through the
addition of EDTA. The same effect can also be seethe impedance plots. Such
results would not be attainable if the DNA was bedenatured because the strand
would be removed from the monolayer during rinsorgrepeated measurements as
there is no sulfur linker to keep it attached te thold surface. Therefore, the
conversion back to B-DNA with EDTA shows that th&l® is remaining as dsDNA

even in the presence of Zn

4.2  Applicationsin Biosensing

4.2.1 Characterization of B-DNA and M-DNA Monolayerson Gold

The attachment of DNA to a solid support is widelged in biosensing
applications.  Historically, the first example wé#se detection of DNA-binding
antibodies in Enzyme-Linked ImmunoSorbent Assaythwhe DNA being bound
nonspecifically to plastic wells (Kemeny, 1997; deri 1997). In this case, the
characteristics of the surface are not a major @nes long as some of the DNA is
available for antibody binding. More recently, sl types of fluorescence-based
assays have been developed to detect DNA and RNAdm®ation. In most formats
which can be extended to an array, the probe segqusrattached to a surface through a
biotin/avidin or gold/thiol linkage and the targequence is labeled with a fluorescent
dye (Schulze and Downward, 2001). The fluorescemmsity provides a measure of
the target sequence concentration. For these astaysharacteristics of the DNA
bound to the surface are much more important; niyt must the concentration of probe
DNA be consistent from one array spot to the nextdlso it must be reproducibly
available for hybridization to the target. In peutar if these assays are being used to
detect sequence variations (mismatches or SingldeNtide Polymorphisms, SNPs)

then hybridization efficiencies become crucial.
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Biosensors have also been designed to detectdigdtion and single nucleotide
polymorphisms (SNPs) by electrochemical methodo(Bs# al., 2000; Drummondet
al., 2003). In these techniques, a probe DNA monolayeself-assembled on a gold
electrode and hybridized to an unlabelled targetADN the same way as for the
fluorescence assays. The electron transfer piepedf the monolayer are then
interrogated by cyclic voltammetry, chronoamperomeir impedance spectroscopy
(IS), (Hartwich, 1999; Kellewt al., 1999; Longet al., 2004; Liet al., 2005; Liet al.,
2006). The rate of electron transfer is dependarthe degree of hybridization as well
as the presence of a mismatch. Electrochemicatt@iehas the potential advantages
of direct electrical readout, an unlabelled target] detection of SNPs without relying
on differential hybridization.

However, reproducible surface characteristics efrttonolayer are critical since
small variations can lead to large changes in mlactransfer rates. The majority of
reports regarding the immobilization of nucleicdscon a gold surface have been on the
assembly of thiol-terminated single-stranded DNAlofwed by hybridization (Herne
and Tarlov, 1997; Peterlira al., 1997; Levickyet al., 1998; Mose%t al., 2004; Liet
al., 2006). Although most of these methods use DNAeahiwith short hydroxyl-
terminated alkanethiols, non-specific DNA-surfaggeractions through nucleotide
amines, steric issues between DNA probes, andrestatic forces can all affect the
hybridization efficiency. Some of these problenas @otentially be overcome using
dsDNA. While there have been some investigatiamghe self-assembly of dsDNA
(Sakaoet al., 2003; Wackerbartlet al., 2004), our method demonstrates a successful
approach in which dsDNA along with alkanethiols dmectly immobilized onto the
surface through disulfide adsorption.

In order to develop this and other electrochemig@mlsensors, the surface
characteristics of B-DNA and M-DNA monolayers mi& understood. Therefore,
detailed examinations of the surface charactesistiere done using XPS. As described
in section 3.3 the DNA coverage, density, thicknasg elemental composition of the
monolayers were determined. As well, the degrestrabspheric contamination and its
effect on the monolayer after 5 days immobilizatiees examined. In summary, stable
SAMs are formed with DNA attached to the gold sceféhrough a S-Au bond.
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4.2.2 Design and Optimization of Redox Couple

The results discussed in section 3.4 reconfirmsethetronic properties of M-
DNA previously shown using [Fe(CNjJ™ as a redox couple (let al., 2003; Longet
al., 2003) and for the first time demonstrates theatation of incremental pH changes
on M-DNA formation using electrochemistry. Moregdortantly, the IrG#"® redox
couple has significant advantages compared to rinqusly mentioned [Fe(CHJ™
system. The most significant advantage of thigesysis that one can avoid the
production of zinc ferrocyanides which can preeif@tout of the solution when adding
zinc salt to the [Fe(CN)*'* solution (Miller and Falk, 1904).  With the pieus
[Fe(CN)]*™* system, pH dependent experiments are very restrioy the narrow
range of conditions under which M-DNA will form.f the pH is too high, the DNA
may denature or the metal ion may form metal hydiex and precipitate out of the
solution. At lower pH values there is a greateevpience of forming zinc
ferrocyanides (Cheng, 1955; Riveresal., 1996). Therefore, care must be taken as
any precipitation at the monolayer-solution inteefanay drastically change the charge
transfer leading to erroneous results. From tiegeddent measurements it is clear that
2 minutes is sufficient to form M-DNA which is com@uable to the ethidium bromide
assay which has shown that M-DNA is capable of fognin < 10 minutes with 0.25
mM zZn** (Wood et al., 2002). In the current system, M-DNA is repradlic
converted back into B-DNA by the addition of EDTAeh allows one to rule out
denaturation or destruction of the monolayer arabkas electrodes to be used multiple
times. There are also other laboratory benefitgsaig this redox probe. Even though
hexachloroiridate (IV) undergoes spontaneous réaludb hexachloroiridate (Ill) in
neutral and basic solutions (Fine, 1969), the redmbe can be stored for several
months under more acidic conditions. Therefordemalasurements are done with fresh
solution made with aliquots taken from the stogkis aids in the reproducibility of the
system compared to ferri/ferrocyanide which cartmotkept as a stock solution very
well as aqueous solutions of potassium ferricyarddeompose slowly on standing.
Another advantage of using hexachloroiridate (IvVjtéad of ferri/ferrocyanide is that

deoxygenation of the sample solution by purginghwittrogen or argon gas is not
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necessary with the hexachloroiridate (IV) since plogential scan only needs to go to
approximately 400 mV which is too oxidative of amvieonment for any appreciable
reduction of dissolved oxygen (Petrovic, 2000). t@amother hand, the cathodic peak of
ferricyanide merges with a second voltammetric waw#ich corresponds to the
reduction of dissolved oxygen. In summary, theldf& redox couple is able to
discriminate between B- and M-DNA as well betwesn and ds-DNA monolayers
effectively. This redox probe eliminates the poEmproblems of metal ferrocyanides,
is effective under a broad range of pH values,|tiager storage times, less preparatory

steps with rapid detection making it a more idedlbix probe for use with biosensors.
4.3  Localization of Metal lonsto Specific Regions in Oligonucleoctides

As previously mentioned in section 1.2.3.5, thereansiderable interest in the
ability to incorporate metal ions to localized @gs of DNA. However, most strategies
represent a significant synthetic challenge or alte structure of DNA so drastically in
the process, that the molecular recognition prageerof the DNA are destroyed.
However, M-DNA offers an alternative approach thdges not require difficult
synthesis and retains the molecular recognitionpgntees of the native DNA.
Throughout this thesis, it has been demonstratatittie formation of M-DNA relies
heavily on the sequence, the incorporation of nowedleotides and the pH. This
research has effectively shown that the pH at wMeBNA formation occurs can be
manipulated by altering the sequence and base cotigmoof the DNA. Therefore,
this knowledge was used in order to localize mieta to specific regions within the
DNA by creating oligonucleotides which containedeosequence with a high
propensity to adopt the M-DNA conformation and tiegnaining portion having a
sequence that does not favour M-DNA formation. dissussed in section 3.2, only the
d(TG)+d(CA) tract will form at low pH while the d(® tract will remain as B-DNA
until a higher pH is reached. Unfortunately, otigers containing only d(AT) tracts
were unable to be examined for comparison as domdaridization was unsuccessful

due to strand slippage or the formation of haitpops.
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The ability to control the conformation of the DN#ith metal ions may have
practical applications. For example, the numbeZrst ions present in a duplex may be
inversely related to the conductivity of the M-DNA&omplex. Therefore, the
conductivity of DNA wires can be controlled whichaypnbe useful for nanoelectronics.
As well, the pH could be used as a molecular switclalternatively, oligomers with
various sequences could be used in biosensorddotdeariations in the pH.

As mentioned in the introduction, DNA is one of tlmeost promising
biomolecules for nanofabrication. Currently, amast limitless variety of geometric
shapes have been produced using self-assembly @teiseeman, 1991; Zhang and
Seeman, 1994; Shii al., 2004; Rothemund, 2006). Controlled nanoscaléandtas
been achieved (Maet al., 1999; Yurkeet al., 2000; Sherman and Seeman, 2004; Shin
and Pierce, 2004; Ye and Mao, 2004) and the funalivation of DNA structures with
metal ions has been accomplished (Bretual., 1998; Aichet al., 1999; Meggerst al.,
2000; Weizman and Tor, 2001; Zimmermastral., 2002; Tanakat al., 2003). In this
thesis, the structure of M-DNA has been examined #s properties have been
investigated. M-DNA offers a simple and inexpepsimeans of manipulated DNA in
order to localize metal ions at specified regiorithiw an oligonucleotide. M-DNA has
shown to have practical applications and will addhe vast and continually growing
nanoscale construction kit. As Lloyd Smith rematkise barrier we have to surmount
next is to deploy our knowledge to develop strueduand devices that are really useful.
Happily, in that endeavor, we are now perhaps échinore by our imagination than by
our ability” (Smith, 2006).

4.4 Future Directions

The experiments conducted in this thesis have woeti the proposed structure
for M-DNA. As well, it has been clearly shown th#e incorporation of “§ into
poly[d(TG)*(CA)] caused the formation of M-DNA at much lower pH. This
discovery has the potential to facilitate the aijstation of M-DNA as the formation at
a lower pH will help prevent the precipitation diet metal ions. Additionally, other

modified nucleotides should be incorporated inte NA and the effect of these
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unusual bases on the stability and formation of MADcan be investigated with the
ethidium fluorescence assay and thermal denaturatiofiles. Good candidates are 6-
thioguanine or 2-thiocytidine, which may also shepectral shifts and are also
expected to favour the incorporation of thiophilicetal ions such as Zh A
combination of one or both of these with 4-thiotlyenmay allow M-DNA to form at
extremely low pH values. As well, the differenagéments of the sulfur on the bases
and how it effects M-DNA formation and stability yn@ive us more information
regarding the location of the metal ion.

It has previously been shown with XPS that theomhiction of an electron-
withdrawing group into the center of a porphyrirlwecrease the N 1s binding energy
as the metal ions electronegativity decreases (&&wand Winograd, 1976).
Therefore, experiments with Niand C8" should alter the peak energy compared to
Zn** further validating the chemical structure of M-DNAAIso VAXPS experiments
should be continued in order to confirm the loatian of metal ions within the DNA
monolayer. Possible strategies to improve resuittude using shorter oligomers
which will maintain rigidity better and thereforeght align more perpendicular to the
gold providing more defined layers. Alternativelilgnger oligomers may be
advantageous by provided a greater separation betlagers containing metal ions and
those without. Another approach is to establisty eeense monolayers with increased
coverage and thickness by immobilizing in the pneseof Md* or C&* (Petrovykhet
al., 2003). This again may provide better definittween the layers.

A logical continuation of this work would be to diuthe effect of the metal
localization on electron transfer properties ofjoiners containing gaps or regions with
and without metal ions. Although differences webserved in charge transfer between
various oligomers designed to incorporate metak ian different locations, slight
differences in surface morphology and monolayer ecage effect the results
significantly. In order to improve on this, it stiggested that the change seen in the
charge transfer, must be in relation to the DNAerage and density. Hopefully, this
will give more meaningful and reproducible data.

Finally, there is one experiment worth further istigation as it was started, but

was unable to be completed. Previously, fluoreseelifetime experiments were
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performed on oligomers 54 base-pairs long whicheweonstructed with a donor
fluorophore at one end and an acceptor fluoropladréhe opposite end of the DNA
(Aich et al., 1999). The oligomer also contained a recognisge for the D-site
binding protein (Roeslest al., 1992). Upon conversion to M-DNA, the fluoresoenc
intensity rapidly dropped to 25% of the originalue However, in the presence of the
D-site binding protein, the fluorescence intensityy dropped slowly indicated that the
protein interrupted the signal by preventing theonporation of metal ions in that
specific region (Aichet al., 1999). It has also recently been demonstratad ttie
binding of proteins to dsDNA SAMs increased the eéai@nce providing the framework
for the development of a valuable assay for stuglydNA-protein interactions (Lét
al., 2004). Therefore, oligomers 30 base-pairs imgtlercontaining a disulfide linker
were constructed containing the recognition sitetifie D-site-binding protein. DNA
monolayers were created on gold in order to acttesglectron properties of M-DNA
in the presence of bound protein as well as with @élientual goal of developing an
assay for the detection of small molecules. Howetee protein solution used
contained small amounts of Dithiothreitol (DTT) whiwhen added to the monolayer
reduced the S-Au bond and stripped the monolayter ahly minutes. Attempts to
remove DTT resulted in precipitation of the proteiTherefore, continuation with this
project would be recommended as the materialslegady available in the Lee lab and

the area is still of interest to the scientific comnity.
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