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ABSTRACT
Electronic and Structural Studies in DNA Hairpins and Quadruplexes

Huihe Zhu

Theoretical analysis of DNA bridge-mediated electron transfer (ET) led to the proposal
that photoinduced ET might occur via either superexchange or hopping mechanisms. Electron
transfer has been proposed to occur via a superexchange mechanism at short distances and via a
hopping mechanism at longer distances. However, a crossover in mechanism has not been
directly observed for photoinduced charge transfer in DNA. Using multiple spectroscopic
techniques, a detailed analysis of the formation and decay of the stilbene acceptor singlet state
and of the charge separated intermediates has been carried out for synthetic DNA hairpins
possessing donor and acceptor stilbenes. Studies have shown that the superexchange mechanism
is adopted at short bridge distance (R~10 A), while the hole hopping mechanism is dominant
when the number of intervening base pairs is three or more. The charge separation, and charge
recombination processes are distance dependent, whereas the hole injection and hole trapping are
only dependent upon their energetics. Hole migration rates estimated from hole arrival times
indicate a low hole mobility in DNA A-tracts.

Tri- or hexa- ethyleneglycol linked hairpins have been designed to prevent competitive
absorption from natural nucleobases and chromophoric linkers. The thermal stability studies

show both linkers can construct stable hairpins as short as 5 base pairs. The length of the linkers



determine the thermal stability of constructed hairpins due to the impact on base pairing
conformations in two types of hairpins as shown by spectroscopic studies and molecular
dynamic calculations.

Structures of DNA oligonucleotides are closely related to their biological functions, such
as the inhibition of telomerase and thrombin activity by DNA quadruplex structures. Detection of
quadruplex formation has been well studied for quadruplexes associated via intramolecular
folding or dimerization of hairpin structures. Our work reports studies on intermolecular
quadruplex association via monitoring excimer fluorescence of pyrene probed G-rich sequences.
In general, chair-type quadruplex structures show high affinity and inhibition to thrombin.
Thrombin binding agents possessing modified loop regions have been designed and synthesized.
A two-step unfolding mechanism has been proposed and investigated via different spectroscopic

techniques.
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1.1. Background

Deoxyribonucleic acid (DNA) plays a critical role in biology in storage and transmission
of genetic information in all living species,' * ? and guiding protein synthesis as well.>* Based on
the similarity between the way DNA works and the operation of a theoretical device known as a
Turing machine, DNA has inspired computing research.” Similar to enzymes, the unique chiral
nature of DNA can be transferred directly to a metal-catalyzed reaction, in the case of the
copper(Il)-catalyzed Diels—Alder reaction.® Also the first molecular walking motor has been built
from DNA,’ using the self assembly feature of DNA. Recently, DNA incorporated into thin film
as a potential solid-state photonic device has shown high thermal stability and enhanced light
emission properties.® These applications of DNA are made possible by the unique structural
features of DNA. As we know, B-form DNA consists of a hydrophobic core of hydrogen-bonded
base pairs surrounded by a hydrophilic sugar-phosphate backbone. The base pairs form a
one-dimensional n-stacked array with an average stacking distance of 3.4 A. Construction of
similar scaffolds has been attempted via synthesizing m-stacked arrays of aromatic
chromophores,” however to approach DNA either in length or diversity of structure is still
challenging.

Based on the -7 interactions between stacked base pairs in duplex DNA, Eley and Spivey
proposed that DNA could function as a one-dimensional conductor or molecular wire.'” The
early 1990’s work by Barton and Turro led to the proposal of ultrafast photoinduced electron

11, 12, 13
AL

transfer (PET) over long distances in duplex DN The proposal of wire-like behavior
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stimulated further research on PET reactions in DNA for both experimentalists and
theoreticians. A deep understanding of charge transfer in DNA is helpful to realize some

particular DNA repair mechanisms, such as repair of a thymine dimmer through photolyase,'* '*

and structure specific binding interactions between DNA and proteins.'®

1.2 Structures and properties of DNA
1.2.1 Structures of DNA

The two-dimensional structure of an oligodeoxynucleotide (ODN) shown in Figure 1.1,"
is composed of four nucleic acid bases, adenine (A), thymine (T), guanine (G), and cytosine (C),
which are attached on the 1’ position of 2’-deoxy-ribose ring. The phosphate groups connect the
3’ hydroxyl group of one deoxynucleoside to the 5’ hydroxyl group of the adjacent
deoxynucleoside, resulting in 5°— 3’ polarity in the single ODN strand. Duplex DNA is formed
by two complimentary single ODN strands based paired with each other though Watson-Crick
hydrogen bonding between G:C and A:T base pairs (Figure 1.2). Duplexes can adopt different
structures depending local environment and sequence features, the most common of which is
B-form DNA in which the nt-stacked base pairs are perpendicular to the helical axis with a
stacking distance of 3.4 A. The long axis of each base pair is rotated approximately 36° with
respect to its neighboring base pairs, leading a complete helical turn every 10 base pairs. The

structure of a 12-base pair B-form duplex is shown in Figure 1.3."
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Figure 1.1 The structure of an oligonucleotide composed of the four natural nucleobases, adenine
(A), cytosine (C), guanine (G), and thymine (T) with shown sequence polarity, shown by the
arrow.
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Figure 1.3 Structure of a B-form DNA dodecamer.'®
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Due to the presence of potentially rotatable single bonds in the backbone and the
energetics of base paring, DNA can adopt other conformations, such as A-DNA and Z-DNA.
A-DNA, like B-DNA, is right handed helix, while Z-DNA is a left handed helix. Z-DNA
formation is sequence dependent and mainly formed in alternating (dG-dC), seqences. DNA also
can adopt intramolecular hairpin structures with different natural loop sequences having high
stability. Organic chromophore linkers have been introduced into DNA hairpins by Lestinger and
co workers."” X-ray crystallography indicates that stilbene diether (Sd) linked hairpin (Figure 1.4)
can adopt a B-form structure in which the Sd is n-stacked with the adjacent dG-dC base pair with
a plane-to-plane separation of 3.25 A and twist angles of between 10° and 20° (Figure 1.5 ). Both
ethylenes in the Sd linker adopt gauche conformations, and the average distance between the
outer Sd oxygen atoms is <> 16.5 A. The average inter-strand distance between phosphorus
atoms bound to the Sd linker is 18.1 A and thus comparable to the average distance of 17.7 A for
phosphorus atoms from opposite strands in B-DNA. The n-stacking interaction between the
stilbene diether linker and adjacent base pair contributes the stability of this type of hairpin
structure, which enables stilbene hairpins to be used in studies of even shorter base pair stems.
Besides the different conformations of duplex structures, DNA also can form other secondary
structures having higher stoichiometries, such as triplex and quadruplex structures. In some

circumstances, DNA is in a dynamic exchange in between different secondary structures.
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Figure 1.4 Structures of stilbene diether, Br-U, and stilbene diether linker hairpin.
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Figure 1.5 Top: side view of stilbene diether linked hairpin. Bottom: top view of stilbene diether
linked hairpin.
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G-quadruplex DNA is a type of structure found in guanine-rich regions at the end of
chromosomes. G-quadruplex DNA has stacked arrays of G-quartets, which are structures formed

by four guanines through Hoosteen base pairing (Figure 1.6).2% %!

The cavity in the central
G-quatet can be stabilized by a cation coordinated with four carbonyl groups from the four
guanines.

Guanine-rich sequences can form stable G-quadruplex in the presence of KCI when two
or more continuous G-quartets are stacked into G-quadruplexes.** Since the formation of
quadruplexes shows inhibitory activity for telomerase in cancer cells, the stability and structural
study of a G-quadruplexes has attracted a lot of interest. Studies have shown some alien small
molecules can significantly increase the stability of G-quadruplexes via either binding or
interacalating interaction, which consequently reduce the activity of telomerases.”> The
interaction between these compounds and G-quadruplexes has provided a new class of highly

- - - 26,27
specific therapeutic agents for cancer or other diseases. *>
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Figure 1.6 (Left) Structure of G-quartet formed from four guanines via Hoosteen bonding.
(Right) Structure of an intramolecular G-quadruplex consisting four layered quartets.

The self assembly character of the G-quadruplex also fascinates scientist in different
ways. Liphophilic G-quadruplexes have been synthesized as promising materials for constructing
of synthetic ionic channels and pores through liposome membranes.?® A variety of base-modified
8-aryl-guanine derivatives has been used in metal ion templated supramolecular chemistry.”
Intramolecular formation of quadruplexes enables this type of structure to be a potent ion

0

detector.”® Modified deoxyguanosine (dG(Co),) containing two long alkyl chains attached on

the ribose ring has shown transistor-like properties, which points out the potential application as
31

planar solid-state biomolecular electronic devices.

All of the above applications of quadruplexes are closely related to its structural
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characteristics. G-quadruplexes can be associated by different means, depending on the nature
of substrate sequences, such as intramolecular folding of a single sequence possessing four
G-rich domains, dimerization of sequences possessing two G-rich domains, or intermolecular
assemble of sequences possessing a single G-rich domain. NMR and X-ray studies of
quadruplexes associated from 4 single strands have shown that all four strands are oriented in the

32,33 . .
>”~ There are four identical

same direction and adopt the same anti glycosidic conformation.
grooves in the parallel G-quadruplex and they are about the same size as the minor groove of
B-DNA. ***** For the antiparallel quadruplexes formed from hairpin dimmers or

12938 NMR-based solution structures of

intramolecular folding, the four grooves are not identica
intramolecular G-quadruplexes show either a diagonal-loop type or an edge-loop™ type central
loop,*” and two edge-loop regions. The X-ray structure of the intramolecular G-quadruplex,

however, shows three edge-loop regions.* The loop regions of G-quadruplexes potentially have

the most topological variation.

1.2.2 Electronic properties of DNA

The individual nucleobases, nucleosides, and nucleotides all have broad absorption bands
with maxima near 260 nm, resulting from overlapping n-7*, and n—n* transitions.' Stacking of
nucleobases in B-form duplex DNA results in a 20-25% decrease in the 260 nm absorption
compared to that of the single strand DNA, an affect known as hypochromism. The observation

of hypochromism can provide evidence for duplex formation during hybridization of
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complementary strands.

Natural nucleobases, nucleosides, and nucleotides are weakly fluorescent. Singlet
lifetimes are less than 1 ps in aqueous solution, with fluorescent quantum yields < 5 x 10 .41
Duplex DNA shows even weaker fluorescence.*® Intersystem crossing quantum yields for
nucleobases, nucleosides, and nucleotides are also low (<10'2),47 therefore, the singlet states
decay predominantly by non-radiative processes with a rate constants of approximately 10" s
in gas phase,*™ and 10> s in solution.*' Short singlet lifetimes and low intersystem crossing
quantum yields indicate the difficulty of using nucleobases as excited state donors or acceptors in
studying photoinduced electron transfer (PET).

Due to the chiral nature of DNA, different types of DNA also show characteristic circular
dichroism (CD) spectra. With different local helical environment, the excitonic coupling between
stacked and paired bases results in different absorption of left vs. right-handed circular polarized
light. The value of the difference of (er-er) is related to the distance between the transition
dipoles of the stacked base pairs.*’ The CD spectra of duplex B-DNA and hairpin B-DNA have
been intensely studied. Recently studies of exciton coupled — CD (EC-CD) of stilbene
end-capped hairpins provide a new tool using DNA as a helical ruler to investigate both the
distance and angular dependence of the interactions between chromophores separated by a
base-pair domain.” The CD spectra for quadruplexes are shown in spectra Figure 1.7. The CD

spectra of quadruplexes are dependent upon sequences which construct quadruplexes and salt

conditions.
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Figure 1.7 CD spectra of different quadruplex structures. A, parallel intermolecular quadruplex

structure formed from d(TGGGGT).” B, symmetric basket type anti-parallel hairpin dimer

structure formed by d(GGGGTTTTGGGG).>**” C, chair type anti-parallel structure formed by
the thrombin binding aptamer d(GGTTGGTGTGGTTGG).* ! D, external loop type structure

formed by a dimer of d(TAGGGUTAGGGT).”>
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1.2.3 Electrochemical oxidation and reduction of DNA

Redox potential of the nucleosides in polar aprotic solvent has been measured by Seidel

et al. by means of cyclic voltammetry®* and the redox potentials in aqueous solution has been

determined by Steenken and coworkers by means of pulse radiolysis equilibrium analysis using

time-resolved spectrophotometric detection.” (Table 1.1)

Table 1.1 Nucleoside oxidation and reduction potentials in aprotic solvents and water

Base Eox, CHsCN®  Eoy, HO®  Eygn, DMSO®  Eygn, HXO®
Guanine, G 1.49 1.29 <-2.76

Adenine, A 1.96 1.42 -2.52

Cytosine, C 2.14 ~ 1.6 -2.35 -1.09
Thymine, T 2.11 ~1.6 -2.18 -1.10
Uracil, U >2.39 ~1.6 -2.07 -1.10
7-Deazaguanine, Z 0.95

Inosine 0.95

* All valuees in V versus SCE.>* ° Data in dimethylformamide (DMSO).** Data obtained at pH

7.0.%°
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The lower oxidation potential (E.x) of guanine is consistent of the observation of
selective oxidative cleavage at guanine containing sites. Specifically, guanine located at 5’ next
to a purine, especially guanine, is more likely to be oxidized than guanine located 5’ to a
pyrimidine, when stacked in a regular B-form duplex. This was further illustrated experimentally
by Saito et al,’® and calculations by this group showed that the trend in ionization potentials is
5’-GGG-3" < 5’-GG-3’ < 5°-GA-3’ < 5’-GT-3’ ~ 5°-GC-3" < G.”’ Hickerson et al.”® have reported
that oxidative cleavage of an 18-mer duplex containing one isolated G, one GG, and one GGG
sequence has a ratio of 1.0: 3.7: 5.3. Selective cleavage at GG and GGG sites has been assigned

to hole localization at these sites as a consequence of their lower ionization potentials.

1.2.4 DNA damage

DNA damage can occur during the cycle of cell reproduction by spontaneous and
inherited gene mutations, or be stimulated by the production of reactive oxygen species in
natural cellular processes. DNA damage can also be caused by other external sources, such as
ionizing radiation, UV light, or toxic chemicals.

Radiolysis of aqueous solutions results in the ionization of water to generate the hydrated
electron, e,q, and H,O" ">’ The former species can cause the ionization any of four nucleobases.®”
1 And H,O™" can transfer a proton to water, resulting in the formation of H;0" and HO - .

Abstraction of hydrogen atoms from DNA by HO * results in the majority of the strand cleavage

events under radiolysis.
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The chemical oxidant tert-butyl hydroperoxide (BHP) can generate free radicals and

cause DNA strand breaks and various types of base damage. Electrophilic 4-nitroquinoline-1
-oxide (4-NQO) forms DNA adducts and causes a wide range of DNA lesions including
single-strand breaks, and the formation of pyrimidine-dimers, abasic sites, and oxidized bases.
Studies using quantitative PCR methods have shown that under treatment of 4-NQO or BHP, the
displacement loop (D-loop), especially in a polycytidine strech (C-tract) is highly susceptible to
mutations because of its vulnerability to DNA damage and inefficient repair mechanisms causing
many of the somatic mtDNA mutations in human cancers.*®

However, studies using ionizing irradiation and chemical oxidants methods do not provide
dynamic information concerning electron transfer. Thus photoinduced electron transfer has been
utilized to study the electron transfer processes in DNA. Photoinduced electron transfer also
offers site-specificity by means of selectively exciting incorporated photosensitizers. Shafirovich

et al.*® have employed two-photon excitation of the nculeobase 2-aminopurine (AP) to

site-selectively generate cation racidicals in both single-strand and duplex DNA.

1.3 Electron transfer mechanisms in DNA
1.3.1 Electron transfer theory

Electron transfer (ET) is a process in which an electron moves from one molecular entity
to another, or between two localized sites in the same molecular entity.** In ET the formal

oxidation states of both reaction partners change. Electron transfer processes occurs extensively
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in nature, in processes including oxygen binding and transport,®® photosynthesis and
respiration,’® metabolic syntheses,”” and detoxification of reactive species.®® Therefore studying
electron transfer process is essential to understanding these biological processes.

Photoinduced electron transfer is a process in which an electron is transferred from an
electron donor species (D) to an electron acceptor species (A). The process is accomplished by
two steps. In the first step either the electron accepter or electron donor species is photoexcited.
This results in one electron from the highest occupied orbital (HOMO) being promoted into the
lowest unoccupied molecular orbital (LUMO). This electronic transition creates vacancies in
low-lying bonding, or non-bonding orbitals, called “holes”, which serve as much better electron
acceptors than unoccupied orbitals of higher energy. In the case of excited electron donors, the
single electron on LUMO is transferred to electron acceptors nearby. For photoinduced electron
transfer between an excited donor molecule (D*) and a ground-state acceptor molecule, or
between an excited acceptor molecule (A*) and a ground-state donor molecule, with an infinite

separation, the free-energy change can be estimated as equation [1] and [2] respectively.

A G (0) = -Ego(D)+ € (Eox(D) —Erea(A)) [1]

A G (0) = -Ego(A)+ € (Eox(D) —Erea(A)) 2]

Eoo (D) and Eq (A) are the energy of the zero-zero transition to the lowest excited singlet state of
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donor D and that of acceptor A. Eo (D) and E,q (A) are respectively the first one-electron

oxidation potential for donor (D) and the first one-electron reduction potential of acceptor (A) in
the solvent under consideration, and e denotes the elementary charge. When donor and acceptor
are separated by a certain distance, the Coulombic attraction energy between the radical ion pair
during electron transfer process needs to be considered and can be predicted according to a
point-charge model as — e/ (e Re). R¢ is the center-to-center distance of the ions and ¢ is the
dielectric constant of the medium. According to the Born equation, the solvation free-energy of

an ion pair is described by equation [3],

AGyon = - (€°/2) [ (1/rg") + (1/r) 1 (1-1/¢) [3]

where 74" and r,” are effective radii of the cation and anion radicals. With overall consideration of
Coulombic attraction and solvation effect, equation [4] known as Rehm-Weller equation can be
used for calculation of the free-energy change upon photoinduced electron transfer between

donor D and acceptor A in a medium with dielectric constant € at a distance R..

AG., = €[Eox(D) —Erea(A)] -Eqo(D) - €%/ (€ Re) - (€%/2) [(1/rg") + (1/r2)] (1-1/) [4]

The effective radii rg+ and r,- can be obtained through modeling. For aromatic ions, they can be

calculated from the molar volume of the neutral molecule if they are treated as spheres. AGyo s
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small (ca. — 0.1 V) in water and polar organic solvents.”
According to basic Marcus theory for an outer-sphere electron transfer process in which

the free enthalpy of activation can be described in Equation [5],

4\ [5]

where A is the reorganization energy, and it includes to two parts, A; and A;. The former is the
nuclear reorganization energy, arising from nuclear structural differences between the
equilibrium configurations of the reactant and product states, which are due to changes in bond
lengths and bond angles of the reactants during electron transfer. It can be estimated using the
charge transfer absorption maximum and the charge transfer emission maximum in a non-polar
solvent (where A; = 0) of the electron donor-acceptor system studied. The energy difference
between these two maxima equals 2A;. The latter A is the solvent reorganization energy, which
arises from the orientation change of solvent due to the dipole change from reactants to products
in electron transfer process. It represents the energy needed to reorient the solvent molecules
around the newly formed product.

For a system in which D and A are spatially separated, i.e., the electronic coupling
between D and A is weak, the rate constant for electron transfer process from D to A can be

calculated from Femi golden rule, equation [6],
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ET h ‘HDA‘ ( C) [6]

where Hp, is the effective electronic coupling Hamiltonian matrix element resulting from the
extent of electronic interaction between D and A. FC is the Frank-Condon weighted density of
states. F'C reflects the influence from all nuclear modes of the system, often represented in terms
of effective coordinates.”

At high temperature, since all nuclear vibrational frequencies ® obey the relation z@; <<
ksT, i.e. the nuclear tunneling effects are completely neglected, the F'C takes on a limiting

classical form [7].

2
classical — (FTTAKR ) eXpl- - -
(FOltssiat = (ki) expl- LA
40T 7]

But at lower temperature, where quantum effects are unavoidable for the high-frequency modes
(hay >> kpT), a semiclassical approach is used to describe FC, with high frequency modes
treated quantum mechanically and low frequency modes still treated classically. After
considering two electronic states interacting with a large number of vibrational levels in the

Hamiltonian matrix element, F'C is given by equation [8], where S= A,/ hiw

(FC) = (4rndg Ty exp(-5) 3 - o (AGnho +A)
n=0 1! 4hskgT (8]
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Here A, the solvent reorganization energy, is treated classically. A,is the nuclear
reorganization energy.

Since photoincuded electron transfer requires the assumption that the initial excited state
is vibrationally relaxed, i.e. ia; >> kpT, the rate of electron transfer can be analyzed within the

framework of semi-classical equation [9], which is called the Marcus-Levich-Jortner equation,

i Sn] -(AG + h(0+k)2
H 4ndkgT) 12 Z [e” ex ( n S
ET ‘ DA‘ ( B pl e ] [9]

where the electronic coupling matrix element Hp, = Hp," exp [-(B/2) R], and P is the exponential
parameter.

According to both classic and quantum mechanical Marcus theory, a plot of the rate
constant kgt against 4G, is a bell shape, as shown in Figure 1.8. There are three regions in figure,
1) a normal region for endergonic reactions (where, -4G < A), in which kgt increases with
increasing driving force; 2) an activationless point where -4G = A; and 3) an inverted region for

exoergonic reactions (where -4G> ), in which kg7 decreases with increasing driving force.
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Figure 1.8 Marcus-type plot of rate constant kgt against driving force —4G.

1.3.2 Mechanisms of electron transfer

When the bridge states of a bridged donor acceptor system lie well above the initial
A*-B-D and finial A"-B-D"" states, it is assumed that the energetics for bridge-mediated electron
transfer are independent of distance, thus in Marcus-Levich-Jortner equation [9] the only
distance-dependent term is Hpa. Since Hpy = HDAO exp [-(B/2) R], the rate constant of electron

transfer of bridge-mediated donor acceptor system can be described by Equation [10].
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kET = kO e PR [10]

ko 1s mainly dependent on Franck-Condon factors for electron transfer process and R is the
distance between donor and acceptor. The exponential parameter 3 is dependent upon the energy
gap between the initial and bridge states, and the electronic coupling matrix element between D
and A. Equation [9] predicts that the rate constant for a bridge-mediated donor acceptor system is
strongly distance dependent.

Two distinct mechanisms for charge transfer in DNA have been described by Jortner and

1.”! One is the two-center unistep superexchange mediated charge transfer, which follows

eta
Marcus-Levich-Jortner equation. The other is multistep charge transport via some bases of the

DNA backbone, which has been explored in molecular crystals’® and polymers.” ™  The

mechanisms are shown in Schemel.1.
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Scheme 1.1 Kinetic scheme and thermodynamics for photoinduced charge separation and charge
recombination in DNA bridged donor acceptor systems. (4) Uni-step charge transfer via
superexchange. (B) Multistep charge transport via hopping, which includes hole injection, hole
migration and hole trapping. kgt is the rate constant of electron transfer, kcr is the rate constant of
charge recombination process, k; is the hole injection rate constant from excited state to adjacent

base, &, is the hole migration rate constant along nucleobases, and £; is the hole trapping rate
constant from bridged nucleobase to electron acceptor.
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As shown in the Scheme 1.1A, when the energy gap between singlet excited state and
bridge states AE >> 0, charge transfer will occur as a superexchange process. When the energy
gap between singlet excited state and bridge states AE << 0, a multi-step charge transport
mechanism (also called hopping mechanism) is preferred. The hopping mechanism involves
three steps), charge injection from singlet excited state to most adjacent nucleobase B, charge
hopping between bridge nucleobases B, B,..., and charge trapping at the acceptor site.

Jortner and coworkers’" 7 have proposed that hole transport could be treated as a series
of hops between guanines, with each hop treated as a superexchange process. The efficiency (®)

of charge transfer is dependent upon the number of hops N as shown in equation [11],

@ o< exp [-N (kq/ knop)'"] [11]

where knop 1s the hopping rate constant for each hopping step, and kj is the rate constant for

chemical reaction of the guanine cation radicals which competes with hopping. This equation can

be written as equation [12],

D o< exp (-p'R) [12]

where B’ is a characteristic of the system, and R is the donor-acceptor distance. However since

the hole hopping process is taking place over long distances, static and dynamic disorder caused
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by the solvent and counter ions might have more important effects than that in short distance

electron transfer process.”’ The charge transfer rate of hopping mechanism can be expressed in

equation [13].

kET:k()XN_n [13]

where 1 lies between 1-2 and represents the influence of the medium. Electron transfer studies
between intercalated ethidium and diazpyrenium dichloride in calf-thymus DNA (§ = 0.88 A'l),%
stilbene and guainine in hairpin DNA (B = 0.64 A'l),” and intercalated acridine and guanine in
DNA duplex (f=1.42 A'l) 78 show strong distance-dependent characters of electron transfer in
DNA. However, pulse radiolysis investigations and the studies of photoinduced strand cleavage
indicate that charges can migrate over distances longer than several bases. " ** A similar charge
migration independence is observed in the studies of thymine dimmer repair via charge transfer
from an oxidization of GG located at a remote site (R=19—16A’).81'83 Analyzing these

observations based on Marcus theory, low distance-dependent 3 values have been obtained
leading to the proposal of molecular wire behavior of DNA. In the late 1990s, based on strand
.79 80

cleavage studies, Breslin et a suggested that electron transfer over long distance in DNA

might occur by an alternative hole hopping mechanism, which explains the experimental

observations of low 3 values in earlier studies.



Chapter 2

Mechanism studies for photoinduced charge transfer in DNA hairpin conjugates

49
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2.1 Background

There are two types of charge transfer in DNA: 1) positive charge or electron hole transfer
when a radical cation moves from one base pair to another and, 2) excess electron transfer when
a radical anion migrates through the 7 stack. Extended experimental and theoretical studies of
charge transfer in DNA have been related to hole migration, i.e. to the propagation of cation
states of nucleobases along the duplex.'

The initial electron transfer studies employed metal complexes: 1) DNA duplex with
two non-covalent bound metallointercalators, and 2) DNA duplexes with charge donor or
acceptor covalently attached at the ends of duplexes. The early studies of Barton and Turro are
complicated by uncertainty in the location of the metallointercalators that served as electron
donor or acceptor.>*  Intercalating two dyes (e.g. donor and acceptor) into DNA duplex
requires at least two intervening base pairs, and causes local disruption of the DNA structure. *
The electron transfer mechanism is distance-dependent. Studies of structurally defined
oligonucleotide conjugates with ruthenium complexes covalently attached at the two opposite
ends of a duplex’ have shown that when there are eight base pairs in between donor and acceptor,
the rate constant of electron transfer is similar to that for a protein bridge of comparable length.
However, the m-stacking interaction between the terminal metal complex and neighboring
nucleobase remains poor understand.

In the mid-1990s, several systems processing well defined geometries were introduced to

study superexchange ET in DNA. The distance dependence of electron transfer in these systems
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can be investigated by systematically varying the number of base pairs separating donor and
acceptor.

Lewis and coworkers have employed hairpin-forming bis(oligonucleotide) conjugates in
which an organic chromophore (structures shown in Figure 2.1) serves both as a hairpin linker
connecting two complementary oligonucleotide arms and as an electron acceptor. *'*  The
cystal stucuture of a stilbenediether-linked hairpin with six base pairs adopts a B-form DNA
conformation, in which the stilbene linker is n-stacked with the adjacent G:C base pair."”

For a family of hairpins containing a single G:C base pair at different positions relative to
stilbenediamide linker (Sa), the fluorescence intensity increases as the G:C base pair moves
farther away from the Sa linker® '"-'* (Table 2.1). Similar quenching of the fluorescence intensity
and similar fluorescence decay times were observed for sequences with G either in the polyA
arm or the polyT arm. Rate constants for charge separation and charge recombination were
obtained from analysis of the femtosecond transients assigned to the decay of Sa* and Sa™".
Analysis of the kinetic data for Sa/G hairpins using a superexchange model provids a distance

dependence of B = 0.65 A for charge separation and 3 = 0.95 A for charge recombination.®
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Figure 2.1 Structures of chromophore linkers in hairpin DNA conjugates.
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Table 2.1 Sequences of hairpin-forming oligonucleotides with Sa linkers and fluorescence
quantum yields of the T6-Sa-A6 and the Sa-linked nG:C or nC:G hairpins. "

Name Sequence (OR
T6-Sa-A6 5>-TTTTTT-Sa-AAAAAA-3’ 0.38“
1G:C 5’-TTTTTG-Sa-CAAAAA-3’ <0.01¢
2G:C 5S>-TTTTGT-Sa-ACAAAA-3’ 0.040¢
3G:C 5’-TTTGTT-Sa-AACAAA-3’ 0.14¢
4G:C 5’-TTGTTT-Sa-AAACAA-3’ 0.26“
5G:C 5’-TGTTTT-Sa-AAAACA-3’ 0.35°
2C:G 5’-TTTTCT-Sa-AGAAAA-3’ 0.018"
3C:G 5’>-TTTCTT-Sa-AAGAAA-3’ 0.050°"
4C:.G 5’-TTCTTT-Sa-AAAGAA-3’ 0.20°
5C:G 5’>-TCTTTT-Sa-AAAAGA-3’ 0.35°

“ Data from ref®. ” Data from ref !'.

By means of synthetically incorporating 9-amino-6-chloro-2-methoxyacridine (Acr) at a

defined internucleotide site of a duplex DNA (Figure 2.2), distance controlled electron transfer

between Acr and guanine has been studied by Tanaka et. al.'”” The decay in fluorescence
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intensity of Acr in polyA:polyT duplex is monoexponential with a life time of 22.8 ns.

Introducing neighboring G into the strand dramatically decreases the fluoresencent quantum
yield of Acr. The presence of intervening A:T base pairs between Acr and the G:C base pair
results in a pronounced change in fluorescent quantum yield and lifetime (Table 2.2). Assuming

electron transfer occurs through the m-stack between Acr and guanine, instead of through bonds,

1 b,
k., —(——1)
ty WP

the rate of intramolecular electron transfer can be evaluated with equation
The B value of this system is 1.42 A ! which indicates a strong distance dependence of the PET
process.

complementary
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Figure 2.2 Intercalating Acr in DNA duplex."
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Table 2.2 Fluorescence quantum yields and rate constants in Acr-DNA duplex.

Sequence A-D distance, A [OR Ts, PS kes
S’[Acr]AA - 0.655 22.8x 10°
5’[Acr] GA 3.4 0.015 66 9.5x 10’
5’[Acr]AG 6.8 0.307 155 5.0x10"
5’[ACr]AAG 10.2 0.647 3.4x10°

Data from ref. 15.

Using femtosecond to nanosecond time-resolved pump-probe spectroscopy, charge
transfer in Acr-G system'> has been reinvestigated by Michel-Beyerle and coworkers.'® " In the
case of guanine as nearest neighbor, the intermediate radical Acr ™ is formed within 4 ps and
decays on the 30 ps time scale. With one A:T intervening base pair between Acr* and guanine,
charge separation rate slows down by 3 order of magnitude, which results in an apparent 3 value
of >2.0 A™. However, this apparent distance dependent ET process maybe a consequence of
relaxation of singlet Acr”, which is much quicker than the electron transfer when Acr” and G are
separated by one A:T base pair. Replacing guanine with an easier-to-oxidize purine analogue,
7-deazaguanine, Z, (Figure 2.3) a similar trend of charge separation rate is found, however, an
attenuation factor of 0.8 A is obtained, which is in good agreement with in the stilbene-DNA

system.8
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Figure 2.3 Structures of guanine G, 7-deazaguanine Z, 2-aminopurine Ap and inosine .

Table 2.3 Rate constants for charge separation and charge recombination for Acr’/G - DNA
duplex and Acr*/Z - DNA duplex.'”®

Acr’-D sequence Ts, NS kes, 87 ke, s
Acr’-(AT) 18
Acr’-G 0.0059 1.7 x 10" 2.0 x 10"
Acr'-AG 36 2.8 x 10’ -
Acr*-Z 0.0009 1.1 x 10" 1.3 x 10"
Acr'-AZ 0.010 8.3x 10" 5.9 x 10°

Acr’-AAZ 12 3.0 x 10’ .
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Femotosecond dynamics of singlet population of 2-aminopurine (Ap), a fluorescent
analogue of adenine (Figure 2.3), in DNA duplex have been reported by Zewail et al'’. The
singlet decay time of Ap is dependent on the nearest base, with a quenching trend of G>T > A >
C > 1, which does not follow the trend for the oxidation (G > A > 1> C, T) or the reduction (T >
C > A > Q) potentials of the nucleotides. This indicates the the charge transfer can occur through
both oxidative (by G) and reductive (by T) reactions of the nucleotides with Ap*. Guanine
oxidation reveals a strong distance dependence and becomes insignificant after three intervening

base pairs, with § =0.6 = 0.1 A

Table 2.4 Fluorescence quantum yields and singlet decay times in Ap/G -DNA duplex.”

Ap-G sequence (O Ts, NS Ts, PS
Ap-1I 0.067 0.54(26), 3.1(74) 512
Ap-GI 0.005 0.070(54), 1.9(46) 10
Ap-AG 0.016 0.18(44), 1.3(56) 65
Ap-AAG 0.027 155
Ap-AAAG -- 179

“ quantum yield and ns decay data from ref.*’, ps data from ref."’
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In the system with tethered ethidium (Ea) serving as acceptor and 7-deazaguanine (Z)
serving as donor, two ultrafast time constants of 5 ps and 75 ps have been observed.*' Since
these two time constants are independence of the D-A separation (10-17 A), a three-step
mechanism has been suggested: ~ first, the electronic coupling of excited Ea*” with the DNA
bridge leads to a hole injection (from Ea"-BB-Z to Ea’'-B"'B-Z), second, the hole transfer or
hopping in between bridge bases, and third, a irreversible trapping results in a fully charge
separated state (from Ea”-BB""-Z to Ea"-BB-Z ") because of the net driving force (AG = - 0.2
eV).

Theoretical analysis of DNA bridge-mediated ET led to the proposal that photoinduced
ET might occur via either superexchange or hopping mechanisms, depending on energetics of the
donor-bridge-acceptor.” Since the superexchange process is highly distance dependent, while the
hopping mechanism is weakly distance dependent, a change in mechanism from superexchange
to hopping is expected to occur at intermediate distances.>> > This crossover has been observed
by Giese and co-works by site selective photochemical generation of a guanine cation radical.*
They observed the hole transport from a guanine cation radical to a GGG unit with increasing the
number of the intervening A:T base pairs from 1 to 16 (Figure 2.4 a). The plot of the ratio of the
product after and before hole transfer, Pggc/Pg, with the number of intervening A:T base pairs,
shows a significant change of distance dependence (Figure 2.4b). The results prompted several
theoretical models.””* Following thermally induced injection of a hole from the guanine cation

radical to the nearest adenine, hole migration between adenine bases has been determined to be a
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very rapid process, which can be due to efficient electronic coupling. Therefore the initial

charge injection rate becomes the rate determine step when the number of bridge A:T base pairs

exceeds 3-4.
a
5' 3 5' & 5 3
o G—]
o G—]
G Comiiag
': A nifF— :n | -AnnniT— :Iﬂ :: Apnunn |T|'—::_:|
C‘,muule2 C;uuuuu"‘_;z2 C'"””'Gzz'
e CT
,BL.I?;,_ —GwCH — L’-F'E‘?—Gmlc—
Og*— ge!
TJ )
az :IEP
1 4
1. Hz0 1. Ha
an=1,bn=2 on=3, i i
din-4 en-sfn=T 2. piperidine 2. piperdine
gn=8 hn=16
Fa elele]
CAAC CC
20F _‘quT e g G
;:E’ n=2
-]
)
@
9
o
R
1.0 c A—_‘A:‘A:A.—_A\C ccC
s
G, T T T T T GGG
n="58
PR . _g . -
1 | 1 [ — 1 | 1 1 1 | 1 I | 1
12 3 4 5 6 7 8 0 W N 12 12 @4 15 16

Figure 2.4 (a), Hole injection and hole transfer in G'/GGG-DNA duplex; (b), rate
constants of charge separation with distance in between donor and acceptor. *° Polt

obtained for Ref 25.
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We report here the results of the investigation of the dynamics and mechanisms of
charge separation and charge recombination in DNA end-capped hairpin conjugates possessing
donor and acceptor stilbene chromophores (Sd and Sa respectively) separated by (A:T), base
pair domains (Figure 2.5). By observing the singlet Sa*, anion radical Sa™", and cation radical
Sd*" using femtosecond and nanosecond transient absorption spectra combined with picosecond
fluorescence decay data, we have for the first time investigated the various kinetic processes that
are involved in the photoinduced electron transfer in DNA, which are hole injection, hole arrival,
and charge recombination. We find that each process has a distinctive distance dependence,
resulting in a crossover from superexchange to hopping as the mechanism for charge separation
at an intermediate distance of ca. 10 A. Previous experimental studies of DNA charge separation

and charge recombination dynamics can be analyzed in terms of these two limiting mechanisms.
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Figure 2.5 a, structures of Sa and Sd; b, end-capped hairpins with Sa* served as acceptor and Sd
served as donor.

2.2 Results
2.2.1 Synthesis end-capped stilbene hairpin conjugates

Stilbene-4,4'-dicarboxylic acid was obtained from toluic acid by treatment with sulfur
powder at high temperature.*® The bis(3-hydroxypropyl)amide (Sa) synthon used as the end-cap

in DNA hairpin structures was prepared via sequential reactions of stilbene-4,4'-dicarboxylic acid
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with thionyl chloride and 3-hydroxyl- 1- propylamine. '**' The preparation of the

bis(2-hydroxyethyl)stilbene-4,4'-diether (Sd) followed the procedure of Letsinger and Lewis.'* >’
Prior to incorporation of Sa and Sd diols into a synthetic oligonucleotide conjugates, they were
converted to the monoprotected, monoactived diols by sequential reaction with 4,
4’-dimethoxytrityl chloride and with 2-cyanoethyl diisopropylchlorophosphoramidite. '**' The
Sd is chosen as the hairpin linker and Sa is chosen as the end-cap because of the higher coupling
yield of Sd. The detailed synthetic procedure is described in Experiment Section 6.3. Control
hairpins Sa-AT and Sd-AT (Figure 2.6), and all end-capped oligonculeotide hairpin conjugates
were prepared via conventional phosphoramidite chemistry. All conjugates in this study were
first removed from solid support, and then isolated as trityl-on derivatives by RP-HPLC and
detritylated in 80% acetic acid for 30 min. The presence of the stilbene linker was confirmed by

UV absorption and fluorescence spectroscopy. Molecular weights were determined using a

MALDI-TOF mass spectrometer.
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Figure 2.6 Structures of control molecules Sa-AT, Sd-AT, and Sa-An.

2.2.2 Absorption and fluorescence properties of end-capped hairpins
The UV absorption spectra of Sa-AT, Sd-AT, and 6 are shown in Figure 2.7 a. The 260
nm bands of all three conjugates are dominated by the absorption of base pairs, and the

'-32 The silbene region in Sa-AT

absorption at long wavelength is due to the stilbene absorption.
extended to longer wavelength compared to the stilbene region in SA-AT, resulting from the
larger conjugation from the attached carboxylic amide groups. Since both Sa and Sd are
incorporated in end-capped hairpins, 6 shows similar long wavelength absorption as Sa-AT.
The UV absorption spectra of 1-7 are shown in Figure 2.7b. The absorption bands at long

wavelength of can be superimposed, while the intensity at base pair region increases with

increasing the number of intervening (A:T) base pairs.
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Figure 2.7a Comparison of UV absorption spectra for Sa-AT, Sd-AT, and hairpin 6.
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Figure 2.7b Comparison of the UV absorption spectra for hairpins 1-7.

The fluorescence properties of Sa and Sd in methanol have been studied.”** Sa has
maximum emission at 386 nm with a fluorescence quantum yield of 0.11, while Sd has
maximum emission at 374 nm with a fluoresescence quantum yield of 0.32. Both have shown a
single exponential fluorescence decay with lifetimes of 0.28 ns and 0.35 ns respectively. The
control Sa-AT has fluorescence maximum at 389 nm, with a quantum yield of 0.38.""  The
fluorescence decay time has been reinvestigated with a time resolution of ca. 35 ps using a Ti-Sp
based laser system. Consistent with previous observations with 0.2 ns instrument resolution, a

long-lived decay component shows a lifetime of 2.0 ns. Interestingly, two additional short-lived



66

components have been observed for the first time, 45 ps and 860 ps, with about 70%
amplitude in the former. SA-AT is non fluorescent in aqueous solution. Control molecule Sa-An
(Figure 2.6) shows no fluorescent as well.
Hairpin 1 is non-fluorescent, while 2-7 show the same band shape as Sa-AT (Figure 2.8).
Fitting the fluorescence decay of 2-7 to triple exponential function shows two short-lived
components and a long-lived component. The decay times and fluorescence quantum yield are
summarized in Table 2.5. The decays are dominated by a short-lived component having decay
times of 38-95 ps and amplitudes of 71-82%, which are similar to that of Sa-AT. The quantum

yields for 2-7 in Table 2.5 were obtained by comparing the peak intensity to that of Sa-AT, under

excitation at 355 nm.
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Figure 2.8 Fluoresence spectra of hairpins 1-7. (Excitation wavelength is 355 nm)



Table 2.5 Fluorescence quantum yields and decay data.”

conjugate o 71 (amp), ps° T, (amp), ns° 73 (amp), ns‘
sa’ 0.11 280, 3627

Sd* 0.32 350, 379

Sa-An

Sa-TA 0.38¢ 45 (71) 0.86 (8) 22 (21)
Sd-TA

1 <0.01

2 0.033 38 (73) 1.7 (25) e

3 0.15 66 (76) 0.37 (20) 1.4 (3)
4 0.26 40 (75) 0.58 (12) 1.4 (11)
5 0.29 81 (75) 1.24 (20) 2.0 (10)
6 0.31 95 (71) 1.26 (19) 2.0 (12)
7 0.37 43 (82) 0.89 (6) 1.9 (12)

“ Data for Sa and Sd in methanol solution.

Data for Sa-TA and 1-7 in aqueous solution
(standard buffer). ” Quantum yield data for 1-7 determined using 355 nm excitation by
comparison of the peak intensity with that for Sa-TA. Estimated error + 10%. © Decays and
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amplitudes for Sa-TA and 1-7 determined from triple exponential fits of the 390 nm fluorescence
decay. ?Data fromref>® ¢ Data fromref**. /Data from transient absorption measurements. £

The third component (t3 = 12.7 ns) is not considered to be significant.
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2.2.3 Transient spectra of control molecules and hairpin conjugates

Femotosecond time-resolved transient absorption spectra were collected for control
molecules, providing a wider probe range from 350 nm to 750 nm, compared to the previous
range of 450-750 nm.""** The spectra of Sa and Sd are shown in Figure 2.9. Sa and Sd show
negative bands at 380 nm and 360 nm, which were not observed previously, with decay times of
276 ps and 380 ps. These bands are due to the simulated emission from their singlet excitated
states since they have similar fluorescence maxima of Sa and Sd. Also both Sa and Sd have
maximum absorptions at 575 nm rising within ca 3 ps, and decay components of 362 ps and 379
ps, respectively, (Table 2.6), similar to their corresponding fluorescence decay times (Table 2.5)

and decay times of stimulated emission.
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Figure 2.9 Temporal evolution of the pump-probe spectra of Sa (a, left) and Sd (b, right) in the
time range of 0.2 ns to 1.2 ns after excitation at 333nm. Early spectra are shown in blue/green
and late spectra are shown in orange/red colors. [Decay times for Sa at 570 nm are: 1.8 ps (-7.4)
and 362 ps (34.7). Decay times for Sd at 575 nm are: 2.8 ps (19%), 7.6 ps (-23%), and 379 ps
(58%).]
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Figure 2.10 Temporal evolution of the pump-probe spectra of (a, left) Sa-An and (b, right)
Sa-AT in the time range of -0.1 ps to 150 ps after excitation at 333 nm. Early spectra are shown
in blue/green, and late spectra are shown in orange/red colors.




Table 2.6 Femtosecond pump-probe transient decays.”

70

conjugate 380 nn 575 nm T, ps* 525 nm, 525/575,
T, ps’ T, ps° ps®
Sa’ 1.8 (-7.4)
362 (134.7)
Sd 2.8 (19%)
7.6 (-23%)
379 (58%)
Sa-An 20 20 <3ps
Sa-TA 23 (-19) 18 (25)7 930 (17) 30
470 (-5) 790 (32)¢ >2 ns (3.8)
>2ns (8.4)
Sd-TA" 0.6/ 32
35
1 22(-3.8) 1.5(6.0)/ 1.0(-3.8)) 1.7
9.3 (5.8)¢ 9.9 (9.8)¢
490 (1.9)¢ 360 (4.2)8
2 25(-3.4) 24(3.4) 31 (-5.1)/ 36
>1 ns (7.6)° >1ns(11)®
3 53 (-0.57) 33 (L.1)7 41 (1.5)" 290
>1ns (1.3)¢ 440 (-1.0)7 340"
>1ns (1.8)%
4 77(-1.1) 56 (2.4)7 43 (2.7)" >1ns
>1ns (2.7)¢ >1ns(1.7)¢ 23ns*
5 > 6 ns’
6 > 6 ns’
7 > 6 ns*

a Rise and decay times (preexponentials in parentheses are negative for components with
increasing optical density and positive for components with decreasing optical density). b Decay
times for the stimulated emission of Sa*. ¢ Decay times for the transient absorption of Sa* or
Sd* (shortest decay times) and Sa”~ (longer decay times). d Rise and decay times for the transient
absorption of Sd™ and/or Sa". e Rise time for the 525/575 nm band intensity ratio attributed to
hole injection for Sa-AT and hole arrival for 1-4. f Component attributed to hole injection or
hole arrival. g Component attributed to charge recombination. 4 Data from ref **. i Component
attributed to charge recombination of Sd*/T". j Decay of Sa obtained at 570 nm. k Data from 0-6
ns transient spectra.
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Control molecule Sa-An was designed to study the spectroscopic properties of the

anion radical Sa”, by attaching two efficient electron donating methylaniline groups. The
femtosecond transient spectra of Sa-An (Figure 2.10 a) show that there is a rapid rise at 575 nm
and 380 nm within ca. 1ps, which is assigned to Sa*. Within a few picoseconds, the 380 nm band
and the long-wavelength tail of 575 nm band decay accompanied by a rise in the 525 nm
shoulder. The intensity ratio of 525 nm to 575nm, 525/575, reaches a maximum value of ca. 1:3
within a few picoseconds, and then both peaks decay with a decay time of ca. 20 ps. There are
two possible reaction paths for Sa*-An. One is to return back to ground state by either
fluorescence or a non-irradiative decay, and the other is to undergo charge transfer occur
resulting from the different electron affinity properties of stilbene diamide motif and
methylphenylamine motif (Figure 2.11). Since fluorescence was not observed for this molecule,
the dominant pathway for Sa*-An is to form the charge separated state Sa”-An ™. Therefore, the
above changes in the transient spectra are attributed to charge separation with formation of the
Sa”-An* radical ion pair, followed by decay due to charge recombination.'' Because the An*
radical cation does not have an obsorption band in the range of 350 nm-750 nm, both the 575 nm
band and the 525 nm shoulder are attributed to Sa”. Thus, the growth of the 525/575 nm band

intensity ratio provides a direct measurement of the charge separation time constant.
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Figure 2.11 Two possible pathways for singlet Sa*-An.

Transient spectra of Sa-AT (Figure 2.10 b) have a similar rapid rise at 575 nm band and
380 nm negative band within ca. 1 ps after the laser pulse, both of which are assigned to Sa*.
Fitting the decay at 380 nm results two components, 23 ps and 470 ps, similar to the fitting for
the 575 nm band with 18 ps and 790 ps. During the short decay component of the 380 nm and
575 nm bands there is a rise in the 525 nm shoulder, which was not observed previously.'' The
525 nm and 575 nm bands reach a constant intensity ratio of ca. 1:3 with a rise time of 30 ps,
indicating the formation of Sa™ and then decay together with a 0.8-0.9 ns component ( i.e. 790 ps
for 575 nm band, and 930 ps for 525 nm band), which is similar to the long decay component at
380 nm. Meantime for 575nm and 525 nm bands, a component longer than the instrument time

widow of 1.9 ns is observed. The transient data for Sa-AT are summarized in Table 2.6.
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For Sd-AT, previous studies® have shown that the 575 nm band assigned to Sd*

decays with a time constant < 0.5 ps concomitant with the growth of the 525 nm band assigned
to SA™, due to the charge separation from Sd*-T to SAd™-T" . The 525 nm band has a decay time

of 32 ps assigned to charge recombination from charge separated state to ground state.

2.2.4 Transient spectra of end-capped hairpin conjugates 1-7

Femtosecond resolved transient spectra were measured for end capped hairpin conjugates
1 and 2 using 350-355 nm excitation which permits selective excitation of the Sa capping group,
and hairpin 3 and 4 using 333 nm excitation. The nanosecond resolved transient spectra for
hairpin 3-7 were measured using 355 nm excitation.

In the transient spectra of 1 (Figure 2.12 a) there is an ultrafast rise (< 1 ps) in the 575 nm
band, which is assigned to the absorption of Sa* and a negative band at 380 nm assigned to Sa*
simulated emission since SA-AT is nonfluorescent. The initial ultrafast rise of 575 nm band and
380 nm band is followed by the decay with time constants of ca. 2 ps. Since there is only one
(A:T) base pair in between donor Sd and acceptor Sa*, a charge separation process is expected to
occur with formation of Sa™ with a ratio of 1:3 of 525/575 nm band, as observed for Sa-TA.
However, in a time constant of 1.7 ps the ratio of 525/575 nm bands was directly observed,
reaching the maximum of 2.2:1, (Figure 2.13) followed by decay of both bands. If a full charge
separation between Sa and Sd occurs, then an additive absorption spectrum of Sa™ and Sd™ is

expected. This will result in a ca. 2:1 ratio of 525/575 nm band intensities from overlapping
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Sa” (1:3 of 525:575 nm) and Sd*™ (525 nm only), assuming that both radical ions have similar

molar absorbance. The observed ratio of 2.2:1 of 525/575 nm bands indicates charge separation
between Sa and Sd has occurred and the time of reaching the maximum ratio of 525/575 nm
bands is the time required for charge separation, i.e., hole arrival time. The decays of the 525 nm

and 575 nm bands have time constants of ca. 9 ps and 0.4 ns (Table 2.6).
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Figure 2.12 Temporal evolution of the pump-probe spectra of hairpins 1 (a, left) and 2 (b,

right) in the time range of -0.1 ps to 150 ps after excitation at 355 nm.
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Figure 2.13 Temporal evolution of the pump-probe spectra of hairpins 3 (a, left) and 4 (b,
right) in the time range of - 0.1 ps to 150ps after excitation at 333 nm.
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The spectral changes observed for hairpin 2 (Figure 2.12 b) are similar to 1. They

shows an initial ultrafast rise (< 1 ps) of 575 nm of the transient absorption of Sa* and Sd*,
which is similar to 1. The rise is followed by a fast decay of the 380 nm and 575 nm bands (ca. 1
ps), attributed to relaxation of the singlet excited states. Then the decay of 380 nm band and the
575 nm band, and the rise of 525 nm band occur with a time constant of 24-36 ps. The changes
in the ratio of 525/575 nm bands is in slower than for 1 (Table 2.6). The 525/575 nm band
intensity ratio rises with a time constant of ca. 36 ps. (Figure 2.14) The decay of the 525 and 575
nm bands is incomplete after 1.9 ns, which indicates a slow charge recombination process from
fully charge separated state Sa™-(AT)>-Sd™ to ground state.

Changes in femtosecond transient spectra of 3 (Figure 2.13 a) occure more slowly than in
the case of 1 and 2. Following the fast relaxation process occurring within 1-2 ps, the 380nm
band and 575 nm band start to decay with a time constant of 33-53 ps, which is assigned to the
time needed for hole injection since it has the same time scale as for control hairpin Sa-AT.
When hairpin 3 is excited at 333 nm, before the rise of 525 nm band there is a decay component
of 41 ps. This is due to the decay from Sd*-T~ to Sd-T, since the excition at 333 nm also cause
the direct excitation of Sd, and this time constant is similar to the one in control Sd-TA** (32 ps,
Table 2.6 ). However no initial decay at 525 nm has not been observed in the case when hairpin 3
is excited at 355 nm (data not shown) Following this initial decay at 525 nm, a rise with time
constant of 440 ps has been observed, which is attributed to charge separation between Sa and

Sd. A similar decrease-increase phenomenon is observed in the 525/575 nm band intensity ratio
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(Figure 2.13), which has a rise time constant of 0.29 ns in 2 ns instrumental resolution or 0.34

ns in 6 ns instrumental resolution. Decay of the 525/575 nm bands is incomplete in 2 ns
instrumental resolution, which indicates a slow charge recombination process. Using nanosecond
detection, decay time constants of 220 ns for 575 nm band, and 230 ns for 525 nm band have

been obtained (Table 2.7).

Table 2.7 Nanosecond laser flash photolysis transient decays.”

conjugate 575 nm, us 525 nm, us
Sa-TA 0.29

2 0.0084"

3 0.22 0.23
4 8.5 8.4
5 30 30
6 160 140
7 590 830

* Single exponential fits to the transient decays. ® Data from ref.*’.

The changes of hairpin 4 are very similar to 3, except for occurring in a much slower
manner (Figure 2.13 b). In the 6 ns detection window, the ratio of 525/575 nm band reaches its
maximum in a time constant of 2.3 ns, which is longer than previously estimated 1 ns *® in 2 ns

detection window.
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Figure 2.14 Time-dependent 525/575 nm band intensity ratios for 1-7. (data for 1 and 2 from
reference®®). The curved lines for 3-5 are single exponential fits to the data obtained following
the initial fast rise attributed to hole injection (=100 ps). The straight lines for 6 and 7 are linear
fits to the 0.2-2.0-ns data.
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Figure 2.15 Temporal evolution of the pump-probe spectra of hairpins 5 (top), 6 (middle) and

7(bottom) in the time range of 0.1 ps to 6 ns after excitation at 355 nm.
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For hairpins 5-7, longer time constants are expected for hole arrival, which is
consistent with an incomplete rise of the 525/575 nm band intensity ratio in 6 ns (Figure 2.15 and
2.14). In the nanosecond transient spectra, only decay of 525 nm and 575 nm bands was
observed, with no observable rise of the ratio of 525/575nm bands (Figure 2.16). This indicates
the rise times for 5-7 are either comparable to or faster than the instrument response time (30 ns)
in nanosecond detection. Decay traces obtained at 525 and 575 nm are best fit by
single-exponential functions, which are assigned to charge recombination. The data for 3-5 in
Figure 2.14 obtained following the initial rise in the 525/575 nm intensity ratio (=100 ps),
which occurs upon hole injection, was fit to first order kinetics.*®  The rate constants for hole
arrival (k,) and hole arrival times (t, = k, ) obtained from these fits are reported in Table 2.8.
The straight lines for 6 and 7 are the initial slopes for the rise in the 525/575-nm ratio (0.2-6.0
ns). Comparison of these slopes with that for 5 provides values of &, and t, for 6 and 7. The
values of t,= 6-8 ns for 5-7 are consistent with previous failure to observe hole arrival on the
time scale of 2 ns.

The efficiency of charge separaton (@) to the hole trap Sd can be estimated by
comparing the integrated area of the transient spectra at approximately 10 ps, which indicates the
amount of excited Sa*, with the integrated area of the transient spectra after the 525/575-nm
band ratio reaches its maximum value, data shown in Table 2.8. In the case of 1 and 2, the &~
1.0 is assumed based on the faster hole arrival times and absence of significant Sa fluorescence.

The values of @, decrease rapidly for 2-4 and more gradually for 5-7.
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Figure 2.16 Nanosecond time-resolved spectra of 6. The 525 nm band is assigned to
overlapping absorption of Sd* and Sa", and the 575 nm band is assigned to absorption of Sa™.
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Table 2.8 Hole trapping quantum yields, hole arrival rate constants, and hole arrival times for
charge transfer in hairpin 1-7.

hairpin o, 1, nst 10°k, s ™
1 1.0£0.1 0.0017 5g0 4
2 1.0 £0.1 0.036 27 ld]
3 0.2 £0.04 0.34 2.9+0.3 (3.4 )
4 0.05 +0.02 24 0.42 £0.06
5 0.04 £0.02 5.9 0.17 £0.02
6 0.02%0.01 6.6 0.15+0.03
7 0.02 £ 0.01 7.8 0.12+0.04

[a] Estimated quantum yields and errors for hole trapping (see text). [b] Rate constants for hole
arrival and estimated errors obtained from single exponential fits to the data in Figure 2.15. [c]
Hole arrival time t,= k,'. [d] Data from ref. 16.

2.3 Discussion

Rate constants for charge separation and charge recombination in Sa/G systems (Table
2.1) were obtained from analysis of the femtosecond transients assigned to the decay of Sa* and
Sa”. The formation and decay of G* is not directly observed due to the absence of measurable
transient absorption. Analysis of the kinetic data for Sa/G hairpins using a superexchange model
provided a distance dependence of p = 0.65 A™' for charge separation and p = 0.95 A™" for charge
recombination.®

Donor-acceptor capped hairpin systems related to 2-7 were introduced several years ago
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for the study of DNA electron-transfer dynamics and exciton-coupled circular dichroism.**’

The lower oxidation potential of Sd (Eox = 0.92 V vs SCE) versus G results in more exergonic
photoinduced electron transfer (AG. = -0.52 eV) than the value estimated with G as the electron
donor. The well-resolved transient absorption spectra of the Sa™/ Sd™ charge-separated state
provide definitive evidence for the occurrence of charge separation and charge recombination via
a DNA bridge. The values of 3 for charge separation and charge recombination in these systems
are similar to those for the Sa/G hairpin systems.”® However, in the published transient data
neither the Sa/G nor the Sa/Sd system serves to distinguish between a single-step superexchange
process and a multistep hopping process, in which the distance-dependent time constant for

charge separation would, in effect, become the hole arrival time on guanine.

2.3.1 Properties of linker Sa and hairpin Sa-AT

The wider spectral range of the femtosecond pump-probe measurements permits
observation of the stilbene stimulated emission, which has the same decay time as the
fluorescence and transient absorption (Table 2.5 and Table 2.6). The covalently linked
donor-acceptor Sa-An serves as a model for conversion of the Sa* singlet state to the anion
radical Sa™.!" Its pump-probe spectra in methanol (Figure 2.10a) display growth of the Sa* 575
nm transient absorption and 380 nm stimulated emission within the first picosecond, followed by
rapid decay of the 380 nm band and of the red-edge of the 575 nm band, as well as growth of the

525 nm shoulder, with time constants of ca. 1.0 ps. The resultant spectrum is assigned to Sa". It
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has a 525/575 nm band intensity ratio of ca. 1:3 and a decay time of ca. 20 ps. The rise and

decay times are faster than those previously determined in tetrahydrofuran solvent," in accord
with the known effect of solvent polarity on the dynamics of charge separation and charge
recombination in donor-acceptor systems with flexible tethers.* **

The high fluorescence quantum yield, long fluorescence decay time, and absence of
pronounced changes in the transient absorption band shape, in previous studies of Sa-AT, were
taken as evidence for the absence of photoinduced charge separation in Sa-AT after excitation."'
The femtosecond pump-probe spectra of Sa-AT (Figure 2.10b) reveal both a fast decay of the
stimulated emission of Sa* and a rise of the 525/575 nm band intensity ratio, similar to the
changes observed for Sa-An (Figure 2.10a). The decay and rise processes have time constants of
20-30 ps (Table 2.6). Reinvestigation of the fluorescence properties of Sa-AT with picosecond
time resolution reveals a major fluorescence decay component having a decay time of 45 ps, near
the time resolution (35 ps) of the picosecond fluorescence instrument (Table 2.5). Both the decay
of the fluorescence and the 575 nm femtosecond transient absorption of Sa-AT display longer
lived components with decay times of 0.5-2.0 ns (Tables 2.5 and 2.6).

From these observation, hole injection to the poly(A:T) base pair domain has been

proposed for Sa-AT, resulting the fast decay of Sa* and formation of Sa™ in Sa-AT. The hole

injection occurs with a rate constant of ki =~ 3 x 10'° s (Table 2.9), significantly slower than the
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Table 2.9 Summary of kinetic data for hole arrival, hole injection, and charge recombination.

conjugate hole arrival hole injection charge recombination
10" s s 10", s? 10% ey, 57 €

Sa-TA 3.3°

1 58 24

2 2.7 2.6(4.0) 1.2

3 0.29 + 0.3(0.34) 1.5(1.9) 4.4x 107

4 0.043 + 0.03 2.5(1.3) 12x 107

5 0.015 £ 0.02 1.2 33x10™

6 0.012+0.03 1.1 6.7x 107

7 0.008 £ 0.03 23 1.4x10°

“ from the Table 2.8. ” Estimated from the fast component of fluorescence decay (Table 2.5) or from the decay
of the 380 nm stimulated emission (data in parentheses, from Table 2.6,). “ Estimated from the average of the
525 and 575 nm transient decays (Tables 2.6 and 2.7).

rate constant of 1 x 10'* s previously reported for oxidation of a neighboring guanine by Sa*."?
The longer lived 0.86 and 2.2 ns fluorescence decay components (Table 2.5) and similar
transient decays (Table 2.6) for Sa-AT are attributed to the charge return processes from charge
separated states with one or more A:T base pairs separating the radical ions. This charge return
process to regenerate the fluorescence singlet state is commonly observed for singlet contact
radical ion pairs and donor-bridge-acceptor charge separated states.”** Alternatively, the longer
lived fluorescence decays might be attributed to multiple hairpin conformations with different
lifetimes, as has been suggested for aminopurine fluorescence decay in DNA duplex structures.'””
* However, molecular dynamics simulations for Sa-capped hairpins indicate that they are

conformationally homogeneous.** Furthermore, the similarity of the fluorescence and 575 nm
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transient decay times for Sa-AT suggests that the decay of Sa* and of Sa~ are related

processes, in accord with the occurrence of reversible hole injection.
2.3.2 Charge separation (hole arrival) in donor-acceptor hairpins
The observation of hole injection in Sa-AT suggests that charge separation in 1-7 might

occur via either previously proposed superexchange mechanism™”

or hopping mechanism not
observed before. Since the rise time of the 525/575 nm band intensity ratio provides the time
required for arrival of a hole on Sd, rate constants for hole arrival, &, (t, '), for 1-4 can be
obtained from femtosecond’’ pump-probe data (2 ns detection limit for 1-2, 6 ns detection limit
for 3-4), which are summarized in Table 2.8, and Figure 2.17. Hole arrival rates for 5-7 are too
slow for study with our femtosecond apparatus and too fast for our nanosecond apparatus.
However through fitting method as described in results section 2.2.4, hole arrival times for 5-7
have been estimated as reported in Table 2.8. The plot of k, versus Rpa for hairpin 1-7 parallels

Giese’s plot for relative hole-transport efficiencies from G to GGG (Figure 2.17), indicating a

possible change in mechanism as proposed in Giese’s system.
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Figure 2.17 Rate constants for hole arrival in hairpins 1-7 ( right Y axis, data from Table 2.8) and
Relative efficiencies of strand cleavage at G vs. GGG (left Y axis, data from ref *°). Open
symbols for tunneling and filled symbols for hopping mechanisms.

The Sa* decay times for 1-4 can be obtained from the decay of the 380 nm stimulated
emission (Table 2.6), and the decay times for 2-7 can be obtained from the fluorescence decays
(Table 2.5).

In the case of 1, the decay time of Sa* at 380 nm (2.2 ps) is similar to the rise time for
Sd™ ( 1.7 ps), both of which are significantly faster than the hole injection time for Sa-AT. In the
case of 2, the decay time of Sa* at 380 nm ( 25 ps) is similar to the formation time of Sd*™ (36

ps ), both of which are similar to hole injection time for Sa-AT. This leads to a conclusion that
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charge separation occurs through single-step supperexchange process. The assignment of
transients and the kinetic behavior of 1 can be summarized in Figure 2.18. It is possible that the
behavior of 1 is influenced by nondegenerate exciton coupling between the two stilbenes. A 5
nm red-shift in the absorption maximum is observed for a capped hairpin possessing two Sa
chromophores separated by a single base pair, in agreement with a calculated exciton splitting of
560 cm™ .** However, there is no detectable shift in the absorption or fluorescence spectra of 1

when compared to 2-7.

Sa*-A-Sd

1.7 ps
Sa“-A-Sd™

hov

0.4 ns

Sa-A-Sd

Figure 2.18 kinetics of 1.
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In the case of 3-4, with a time window of 0-6 ns, the observed hole arrival times (Table
2.6, 340 ps for 3, and 2.3 ns for 4) are much longer than the fast decay component of Sa*, which
is attributed to hole injection. Therefore a hole-hopping mechanism for charge separation is
proposed for 3 and 4. The hole arrival times for hairpins 5-7 are too long to be measured by
femtosecond transient spectroscopy (6 ns time window), and they are also too short for
measurement by conventional nanosecond transient spectroscopy (= 20 ns time resolution),
therefore the hole arrival times are obtained as described in result section 2.2.4 (Table 2.8).
Values of k; for 5-7 estimated from the fluorescence and 380 nm transient decays are reported in
Table 2.9. Comparing k, with &; for 3-7, the fact that &, is smaller than %; indicates that
hole-hopping mechanism is adopted for 3-7. This mechanism involves a hole injection (4;), hole
migration or hole transport via A-hopping (k,), and hole trapping by Sd (k;), in which hole
migration is rate determining step, assuming hole trapping is faster than hole migration. The
crossover in the mechanism for charge separaton occurs at 3 intervening base pairs or ca. 10 A,
while in studies of Giese et al, the onset of crossover occurs when there are 4 intervening base
pairs.”® The slope obtained from a linear fit to the data for 1-4 provides a value of p=0.67 A,
essentially the same as that reported previously for charge separation in Sa/G hairpin systems ( 3
=0.65 A™)®. The slope obtained for 4-7 provides a value of f = 0.05 A™.

The photoinduced charge-separation process for 3-7 can be described in terms of hole
migration through either a localized hole-hopping model®® (Figure 2.19a), or through a

delocalized hole model (Figure 2.19b). Several theoretical models that have been developed to
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explain Giese’s results.” Berlin et al. have described A-tract hole migration as a motion in the
tight-binding band.?” Conwell has advanced a polaron model in which the hole is delocalized

#3-4% and an ion-gated polaron-like hole-transport model has been

over 3—5 adenine molecules,
proposed by Schuster, Landman, and co-workers.*” Renger and Marcus

proposed a delocalized state model in which the splitting between bridge states increases as the
bridge becomes longer.*® The Conwell and Renger—Marcus models are consistent with our

observation of a more-pronounced decrease in the hole-transport rate for 3 - 5 than is obtained at

longer distances, at which point transport of the delocalized hole becomes possible.
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Figure 2.19a Simplified kinetic scheme using localized hole hopping model for 3. hole
injection (k;), hole hopping or hole migration (ky,), hole trapping (k;), charge return of Sa™/A™,

charge recombination of Sa"/Sd™ (k).
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Figure 2.19b Delocalized hole hopping model for 7. (a) the Sa“/A" contact radical ion
pair, (b and c) hole delocalization, (d) hole migration, and (e) hole trapping on Sd.

2.3.3 Hole injection in end-capped Sa/Sd hairpin systems
The observation of both short-lived and long-lived components for the fluorescence

decay of hairpin 3-7 and stimulated emission in Sa-AT indicates that the hole injection process is
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reversible. Therefore two components are from two different kinetic processes. The fast 40-90

ps fluorescence decay components presents the formation of a Sa”/A™ contact radical ion pair,
while the longer lived components may come from the charge return from Sa™/A™ contact radical
ion pairs separated by two or more A:T base pairs. These short-lived fluorescence decay times
are independence of the length of the A-tract in 3-7, and they are much slower than the 1 ps hole
injection time of Sa*-1GC for the Sa*/G system.'> Studies of the driving force dependence of
hole injection to an adjacent nucleobase in DNA hairpins indicates that a Sa* decay time of ca.
40 ps is corresponding to a value of A G;(Sa*-AT)~ 0 eV."? Comparison to the value of A
Gi(Sa*-1GC) = -0.2 eV for photooxidation of G suggests that the difference in oxidation
potentials for G versus A is ca. 0.2 eV. However, the A G;(Sa*-AT) =-0.2 eV calculated from the
Weller equation using nongaseous oxidation potentials® provides a difference in oxidation
potentials for G vs A is = 0.4 eV. The smaller difference we observed is consistent with
estimates from time-resolved charge-transfer dynamics in bimolecular nucleotide complexes and
with studies of hole transport dynamics and equilibria.’” ' Therefore we conclude that hole
injection from Sa* to adjacent adenine in end-capped Sa/Sd hairpin systems occurs with in a

time constant of 40 ps in a reversible fashion.

2.3.4 Hole migration in A-tracts
Poly(dA)-poly(dT) base pairs have been adopted in our donor-acceptor end-capped Sa/Sd

hairpins for electron transfer study. Studies have shown that positive charge is able to migrate
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over long distances in poly(dA)-poly(dT) base pairs domains, known as “A-tracts”.’* Takada

et al. have estimated a value of 2 x 10"’ s™" for the rate constant for A-hopping from an analysis
of the distance dependence of the quantum yields for charge separation in systems having a
naphthaldiimide acceptor and phenothiazine donor.”

In our study, the similar values of hole arrival time t, (Table 2.8) for 5—7 suggests that
hole transport becomes weakly distance dependent at long distances. The differences in 1, values
for 5-7 provide an incremental value of approximately 2 ns per bp for a hole-hopping
mechanism (Figure 2.19a), which may become shorter at even longer distances as the hole
moves further away from Sa™. This value is slower than the value of 50 ps per bp, which was

1. An estimated hopping rate of approximately 10° s™' can be used to

estimated by Takada et a
calculate a value of 4 x 10 cm? V™' s for A-tract hole mobility, p, from the relation
u=(e/kT)wd?, where e is the charge, w the hopping rate, and & the distance between base pairs
(34 A).M This value is distinctly smaller than values of m for discotic liquid crystals of planar
aromatics such as triphenylene, which has a value of p=0.1 cm”> V"' s™.°>*° This value is also
smaller than the values calculated for hypothetical poly(dG)—poly(dC) oligomers, even when
corrected for static disorder.”” Both static and dynamic disorders are expected to reduce A-tract
hole mobility.**->” Basko and Conwell have considered the effects of solvent and counterions on

hole mobility in DNA.® Their value of t = 0.65 ns calculated through Debye—Hiickel screening

by counterions is consistent with our estimate of the effective hole-transport rate per base pair.
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2.3.5 Efficiency of charge separation

The quatum yields @;in Table 2.8 show the relative efficiency of charge separation to Sd.
The values of @, decrease rapidly for 2-4 and are more constant for 4-7. The rapid decrease for
2-4 is related the competition between forward hole migration which leads to hole arrival and
backward hole migration which leads to reformation of Sa* in case 3 and 4. Also the relative
fast charge recombination from Sa“/Sd™ also may contribute to the decreased @. When Sa and
Sd are separated by 4 bps or more, the charge recombination rate k., of Sa"/Sd™ (see section
2.3.7) is much smaller than charge separation rate k,, and thus does not significantly affect the
efficiency of hole trapping (@), and @ is mainly dependent on charge return from Sa™-A" to Sa*
or the charge recombination from Sa™-A" to ground Sa.(Figure 2.19a) Therefore values of @&, for
4-7 are relatively constant. Noticeably, the values of @, for 4-7 are larger than those reported by
Takada et al’® for consecutive A-hopping in a different donor-acceptor pair. Our results indicate
that charge migration in longer A-tract is feasible, however the low hole mobility may cause

overall low hole-trapping efficiencies in longer A tracts.

2.3.6 Charge recombination

Charge recombination process refers to the process leading from the fully charge
separated state Sa"/Sd™ to ground state. The observation of similar first-order rate constants for
decay of both the Sd™ and Sa” transient absorption bands after the ratio of 525/575-nm bands has

reached its maximum value provides evidence for decay of the charge separated state via charge
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recombination. Rate constants for charge recombination (k) are summarized in Table 2.9.
Their distance dependence is shown in Figure 2.20. The longer time constant for charge
recombination versus charge separation in 1 is consistent with the large energy gap for charge
recombination, which is responsible for Marcus inverted kinetics.'? The values for k. decrease
from 1.0 x 10" s for 1 to 1.4 x 10° s for 7 (Table 2.9), a dynamic range of nearly 10®! The
values of k,, for 1-4 provide a value of p = 0.97 A™!, similar to that reported for Sa/G systems."!

The values of k., for 5-7 display a weaker distance dependence with a value of f = 0.42 A™.

hairpin
1 2 3 4 5 6 7
T T T T T T T
12 o
M charge recombination
10 4
F"m
4 8
(@)
°
6 -
4 4
[32=0.42
T T T

T T T T T T T T T T T T
34 6.8 102 136 17.0 204 238 27.2
D-A distance

Figure 2.20 Distance dependence of the rate constants for charge recombination (data from Table
2.9).
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The values of B ~ 1.0 A™! for charge recombination in 1-4 and Sa/G systems are
similar to that for charge separation in donor-bridge-acceptor systems with protein 3-sheet
bridges, which undergo electron transfer via a single-step superexchange mechanism.”® The
value of f =~ 0.4 A for charge recombination in 5-7 is similar to the values reported by
Shafirovich et al.®*** for hole transport from aminopurine cation radical to guanine and by
Takada et al. for naphthaldiimide/phenothiazine systems separated by 4-8 A:T base pairs.*® The
smaller slope may reflect an increasing contribution of multistep hole hopping to the charge
recombination dynamics at longer distances.®® If so, the onset of crossover occurs at much larger
value of Rpa (five intervening base pairs or ca. 20 A) than is the case for charge separation.
Abdel Malak et al. have recently reported a crossover in mechanism for electron transfer across
helical poly(proline) bridges from superexchange (B = 1.4 A™) to hopping (B = 0.18 A™) that
occurs at a donor-acceptor edge-to-edge distance of ca. 20 A.%**

The occurrence of crossover from superexchange to hole hopping at a longer distance for
charge recombination than for charge separation is a consequence of donor-bridge acceptor
energetics. Whereas reversible hole injection is approximately isoergonic, hole trapping by Sd is
estimated to be exergonic by ca. 0.5 eV (Figure 2.19a). Paulson et al. have recently reported that
rate constants for superexchange are only weekly dependent upon the free energy for electron
transfer, whereas rate constants for hopping are strongly dependent upon the free energy
change.® Thus, superexchange will dominate at short distances when AG. is large, as it is for

charge recombination in 2-4.
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2.3.7 Electron transfer mechanism in other hairpin systems

The observation of charge separation via a multistep hole hopping mechanism for Sa/Sd
hairpin systems possessing three or more A:T base pairs suggested that charge separation in Sa/G
systems with three or more A:T base pairs also occurs via hole hopping rather than
superexchange. This hole hopping mechanism can also readily explain the observation of similar
rate constants for charge separation in Sa-linked hairpins possessing Sd, G, GG, GGG and Z as
hole trap respectively with intervening A:T base pairs as bridge.®® ¢’

However, different singlet acceptors could alter the competition between superexchange
mechanism and hole hopping mechanism, when the singlet acceptor and donor guanine are
separated by A:T base pairs. The mechanism of electron transfer process has been reinvestigated
in the hairpin with different linkers (Figure 2.21). The free energy data of comparison charge
transfer processes between different acceptor linkers and guanine are summarized in Table 2.10.
For weaker electron acceptor Pa, the hole injection is estimated to be endergonic by 0.25 eV,
which indicates a superexchange mechanism will be likely adopted. This is consistent with the
observation of distance dependence of singlet quenching of Pa* by Z separated by 1-3 A:T base
pairs, providing a B value of 1.1 A112 68 For stronger electron acceptor diphenylacetylene
dicarboxamide Dpa, an exergonic value of 0.1 eV is estimated for hole injection to adjacent
adenine, which indicates a hole hopping mechanism. The previouse observation of rate constants
of formation of Dpa™ which are independent of the presence of guanine, in which Dpa and

guanine are separated by 1-5 A:T base pairs, is consistent with a hole hopping mechanism.*’
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Figure 2.21 Structures, singlet energies, and reduction potentials of linker Dpa and Pa. Singlet
energy data in methonal solution from Ref'. Reduction potential in DMSO solution vs SCE."

Table 2.10 Free energy comparison of the charge transfer processes between different acceptor
linkers and guanine.

Singlet acceptor AG* AG/
Sa -0.2eV 0eV*

Pa 0.05 0.25eV*

Dpa -0.54 -0.1eV

“ The free energy difference when G services as an electron donor, data calculated from Weller
equation. "The free energy difference of hole injection to adjacent base A, i.e. A is treated as the
electron donor. “ Data estimated by applying 0.2 €V to the AG“, since the free energy difference is
ca. 0.2 eV between G and A. See discussion section 2.3.4.



99
The behavior of the Pa/Z and Dpa/G systems provides examples of superexchange

and hopping mechanisms, respectively, whereas the Sa/Sd system exhibits crossover between
these two limiting mechanisms. Another likely example of crossover is provided by the results of
Wan et al. for photoinduced electron transfer in systems possessing an aminopurine (Ap)
acceptor and guanine donor separated by several A:T base pairs.”' An increase in Ap* lifetime
with increasing Ap/G separation is attributed to competing superexchange quenching by G and A,
but also could result from reversible hole injection followed by distance-dependent charge

trapping by G.

2.4 Conclusion

Using multiple spectroscopic techniques, the kinetics of charge separation and charge
recombination have been studied for photoinduced electron transfer in DNA. The crossover of
from superexchange mechanism to hole hopping mechanism has been observed for the first time.
In short bridge distance (R=10 A), superexchange mechanism is adopted, while when the
number of intervening base pairs is three or more, the hole hopping mechanism is dominant. The
hole hopping mechanism includes hole injection, hole transport or migration in an A-tract, and
hole trapping by donor. The charge separation, and charge recombination processes are distance
dependent, whereas the hole injection process is independent of donor-acceptor distance, but
dependent upon its energetics. Hole migration rates estimated from hole arrival times indicate a

low hole mobility in DNA A-tracts. The relatively low hole mobility and rapid charge return in
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the Sa/Sd system result in low hole-trapping efficiencies in longer A-tracts.
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Chapter 3

Thermal stability studies of oligo(ethylene glycol) hairpins
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3.1 Introduction

The study of DNA A-tracts (poly(dA) sequences) and their unique structural properties
began more than 20 years with the initial investigations of kinetoplast DNA from Leishmania
tarentolae, which was observed to migrate anomalously on a gel relative to linear DNA."? The
single strand poly(dA) and the poly(dA):poly(dT) duplex have shown unusual structure
properties, the former tending to n-stacking® while the latter preferring distinct curvature.”
Oxidation of A-tracts results in the formation of delocalized excitons which are responsible for
rapid and efficient hole transport in DNA.> The electronic excited states of A-tracts have recently
attracted considerable attention because of their ability to form relatively long-lived excimers or
excitons.® Very recently Fiebig et al. have found that in single strand poly(dA) sequences, the
energy absorbed by adenine can be delocalized to minimize the excess energy.” However studies
of short poly(dA):poly(dT) duplexes is prohibited due to their poor stability. A minimum of ten
to twelve A-T base pairs is required for the formation of a stable duplex under physiological
conditions.®

In addition to the intense interest in A-tracts, thymine-thymie dimerization under UV
exposition leads to various biological consequences, including apoptosis, immune suppression
and cardinogenesis.” This ultrafast photoreaction has been studied by Schreier et al.'’, and they
have found that the low quantum yields in single (dT);g strand and double strands containing 18
A:T base pairs are related to the local conformation before light absorption and photodamage.

The study of photodimierization in long poly(T) sequences is complicated by the diverse
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photoinduced dimerization products. However the investigation of the T-T dimerization in
short poly(dT) regions is prevented by the low stability of short duplex-DNA.

DNA hairpins can provide relatively stable B-form DNAs with short poly(dA):poly(dT)
domains. Lewis et al. have previously reported that mini-hairpins (Figure 3.1) possessing as few
as three A-T base pairs and as two G-C base pairs with stilbenediether as the linker are stable at

11
room temperature.
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Figure 3.1 Structures and melting temperatures (7;,) of mini-stilbene hairpins.'' Values for 2 x
10 M conjugates in standard buffer (10 mM sodium phosphate, pH 7.2) containing 0.1 M NaCl.

However the stilbenediether linker has UV absorption in the base pair region, which will
affect the efficiency of absorption of base pairs, for example by adenine or thymine in studies of
either T-T dimerization or excited state of A-tract exciton formation. Therefore it is necessary to

construct a new type of mini hairpin with non-chromophoric linkers. The synthesis and
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properties of hairpin-forming DNA conjugates having poly ethyleneglycol linkers connecting

base pair domains consisting of a mixture of A-T and G-C base pairs has been reported by
Durand et al.'? and by Rumney and Kool." The latter workers investigated the stability of the
hairpins 5’-dCGAACG-EG,-CGTTCG having six base pairs and linkers consisting of 3-8
ethylene glycol units (Figure 3.2 and Table 3.1). Presumably the lower Ty, value for the EG3
linker reflects its inability to span the bridging distance of ca. 15 A between base-paired
nucleotides without distortion of the normal B-DNA geometry; however the nature of the

distortion was not determined.
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Figure 3.2 Structures of poly(ethylene glycol) linkers with protecting and activating groups."
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Table 3.1 Melting temperature (7},) and free energies (-AG (37 °C)) for duplex hairpins bridged
by oligo(ethylene glycol) (EG) loops and by a natural T4 loop at pH 7.0. Data from ref™.

Duplex hairpins T(I‘I’l(;l)b - A(?( ((:217/ ;CO)I;, b
3 aetng £63 625 y
S aetng et 6.4 »
S aetneg E6s 71 »
3 aetnag eos 79 »
3 aetneg E67 749 »

“ Conditions: 2.0 mM total strand concentration, 100 mM NaCl, 10 mM MgCl,, 10 mM mM
NaPIPES buffer. ? Error limits for individual measurements are estimated at = 0.5 °C in 7, m and £
10% in free energy. Data shown are the averages from three measurements.
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Data have shown that hairpins with EG6 or EG7 have the highest thermal stability

and retain B-form structure. The absence of UV absorption by the ethylene groups in nucleobase
region encouraged us to employ hairpins having a PEG scaffold for studies of the electronic
excited states of short A-tracts and T-T dimerization. Therefore we have constructed
mini-hairpins with short A-tracts possessing non-chromophore PEG linkers. Hairpins with EG3
and EG6 as linkers are shown in Figure 3.3. Thermal stabilities and structural properties of these
newly designed hairpins have been investigated through electronic spectra, circular dichroism,

thermal melting profile, and molecular dynamics simulations.
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Figure 3.3 Structures of EG3-hairpins, and EG6-hairpins.

3.2 Results
3.2.1 Synthesis of EG-linked hairpins

The conjugates designed in Figure 3.3 are prepared by means of conventional
phosphoramidite chemisty.'* They are purified by HPLC and characterized by UV and by

MALDI-TOF mass spectrometry.

3.2.2 Electronic absorption and circular dichroism spectra

The UV absorption spectra of EG6-linked hairpins shown in Figure 3.4 consist of a
single broad band having a maximum at 260 nm. No shift in the absorption maxima or change in
band shape is observed upon increasing the number of A-T base pairs. EG3-linked hairpins are

similar to these of EG6-linked hairpins.
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Figure 3.4. Normalized UV spectra of 5 uM EG6-linked hairpins in 0.1 M NaCl. 0.01 M
phosphate buffer pH 7.2.

The thermal dissociation profiles for hairpins EG3-nH (n=4-8) and EG6-nH (n=4-7) are
shown in Figure 3.5. EG3-4H and EG6-4H show poorly defined dissociation profiles, which are
similar to that for single strand dAy. Values of T,, obtained from the first derivatives of the
thermal dissociation profiles for conjugates having well-defined melting transitions are reported

in Table 3.2.
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Figure 3.5 Dissociation profiles for EG3-nH (n=4-8) (top) and for EG6-nH (n=4-7) (bottom)
determined at 260 nm (5 uM conjugate, 10 mM sodium phosphate buffer, 0.1 M NaCl).
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The CD spectra of the EG-linked hairpins are shown in Figure 3.6. The CD maxima

and minima of the shortest and longest conjugates occur at similar wavelengths. However, the
CD spectrum of conjugates EG6-4H which has the shortest base-pair domains (4 A-T base pairs),
is broader and weaker than those of the conjugates having longer base-pair domains, even

relatively weaker than that of EG3-4H.

3.2.3 Molecular dynamics simulations

Molecular dynamics simulations were performed by Martin McCullagh. The hairpins
having six A-T base pairs were minimized and equilibrated using the AMBER force field, as
previously described for capped hairpin structures having stilbenedicarboxamide linkers."> '® The
Amber 8.0 program was used to run molecular dynamics simulations in an explicit water
solution. The total simulation time for each conjugate structure was 3.0 ns with a time step length
of 2 fs. Except in the case of the EG3-6H, the mass-weighted root mean square deviations
(RMSd) do not have large fluctuations with respect to the MD-averaged structure after 1 ns,
indicating that the simulations have reached equilibrium.

Structures for hairpins EG3-6H and EG6-6H obtained by averaging the coordinates of
their 2 ns production run followed by a minimization of these coordinates are shown in Figure3.7.
These structures represent local minima arrived at from idealized B-DNA input structures and
may not represent global minima or averaged structures. All of the conjugates having EG6

linkers adopt B-DNA structures with normal base paired geometries and the all of the ethylene
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Figure 3.7. Minimized structures obtained from molecular dynamics simulations for EG3-6H
(top two), and EG6-6H (bottom two).
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glycol units in the linkers adopt low energy gauche conformations. The average P-P
distance for the two EGB linkers is ca. 16 A, slightly shorter than the 18 A average P-P distance
in the base-pair domain.

In contrast to the base-paired structures of the conjugate having EG6 linkers, the
geometries of the base pairs adjacent to the EG3 linkers are severely distorted. The three
ethylene glycol units in EG3-6H adopt gauche conformations as well, even though this results in
a shorter P-P distance than would be attained with anti conformations. In the minimized
average structure of EG3-6H (Figure 3.7) the thymine adjacent to the linker (BP1) is flipped out,
and the terminal base pair (BP6) adopts a stacked conformation. Notably, the adjacent base pair
(BP5) of terminal base pair (BP6) is bent. During the simulation, the trajectory of BP1 fluctuates
between paired and flipped out conformations several times, while BP6 is converted to the
stacked structure after ca. 0.5 ns and remains in this conformation for the duration of the
trajectory. These differences have also been shown in the time dependent base pairing changes
in the A-T O--HN hydrogen bonding distance for BP1 and BP6, shown in Figure 3.8a. Asa
consequence of the unusual geometries for BP1 and BP6, the distribution of distances between
the base-pair center of mass for the BP1 is longer than those for BP2-5 and the base-pair center
of mass is shortest for BP6 (Figure 3.8b). For EG6-6H, hydrogen bonding distances for BP1 and

BP6 remina constant (Figure 3.9).
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Figure 3.9 Time dependent deviation in the O--HN distance for A-T base pairs BP1 (adjacent to
the linker) and BP6 (terminal base pair) for hairpin EG6-6H.

3.3 Discussion
3.3.1 Thermal stability of EG-linked hairpins

The melting temperatures and thermodynamics data of EG-linked hairpins with well
defined melting profiles are summarized in Table 3.2. Thermodynamics data obtained by the
method of Breslauer.'” The melting values EG3-4H and EG6-4H are not obtained because of

their broad melting profiles.
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Table 3.2. Melting temperatures and thermodynamics data of formation of hairpins having EG3
and EG6 linkers.”

Number of base )

bairs 7 s AH AS AG”

EG3-4H N/A“

EG3-5H 33 34 -31. 39 -102. 2 -0. 935
EG3-6H 39 39. 1 -35. 45 -113.5 -1.62
EG3-7TH 46 46. 1 -42. 16 -132. 1 -2.81
EG3-8H 53 50.9 -42. 50 -131. 1 -3.42
EG6—4H N/A

EG6-5H 40 38 —-2b. 65 -82.5 -1.08
EG6-6H 44 43 -36. 16 -114. 4 -2.08
EG6-7H 50 48.6 -36. 96 -114.9 -2.73

“Data for 5 uM conjugates in 0.1 M NaCl, 10 mM sodium phosphate buffer, pH = 7.2. Units
description: 7,,.°C AH: Kcal/mol, 4S: cal/mol/K, AG: Kcal/mol. bt = values obtained by
UV-melting dissociation with a heating rate of 0.5 °C/min. “ Data obtained by Breslauer
methods manually. ¢ Data not available.
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In comparison to hairpins with a natural “ACC” loop (Figure 3.10), EG3-linked

hairpins are slightly more stable, while EG6-linked hairpins are much more. EG6-linked
hairpins are more stable than EG3-linked hairpins, which is consistent with the observation in

d'> " and Rumney"? with hairpins having a mixture of A-T and G-C base pairs.

work of Duran
This difference in stability could be related to the distance difference of EG3 linker EG6 linkers.
The former is shorter than the average O-O distance of the duplex, while the latter is sufficient to
cover that distance. The relative short length of EG3 linker could cause the distortion of the
neighboring base pairs. This distortion is is observed in our molecular dynamics simulations of
the EG3-6H hairpin. In Figure 3.7, the BP1 of hairpin EG3-6H shows poor base paring in
between A and T as a consequence of the strain resulting from the short linker distance. This poor
base pairing causes fluctuations in the time dependent distance observed for H-bonding as well

(Figure 3.8a). However for hairpin EG6-6H, the H-bonding of BP1 is well established (Figure

3.7 and 3.9) during the simulation period.
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Figure 3.10 Hairpins with natural ACC loop. Melting temperatures and free energy data of each
hairpin are calculated using idt’s oligo analyzer version 3.0.'® The concentration of the single
strand is 0.25%10° M, in 0.1 M NaCl.

The Ty, values of EG-linked hairpins are significantly lower than those of the
stilbenediether linked poly(A)-poly(T) hairpins previously studied in our group.'' Besides the
suitable link length of stilbenediether (16.51&), the hydrophobic and n-stacking interactions
between the planar aromatic stilbene and the adjacent base pair result in the enhanced stability of
the stilbene-linked hairpins. The stilbenediether linked hairpin having four A-T base pairs display
a well-resolved melting transition, whereas neither EG3-4H nor EG6-4H do so (Figure 3.5).
However, compared to non-chromophoric linked hairpins possessing dodecyl diether as the
linker very recently designed in our group, EG6-linked hairpins show higher stabilities.

The melting temperatures obtained by fitting of the thermal dissociation profiles using
wither Breslauer’s method are similar to those obtained from the first derivatives of the

experimental data. Thermaldynamic data has been fitted via Meltwin program as well (Data not
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shown), however, they show less favored free energy compared to data obtained via method
of Breslauer. Most likely this is due to absence of well defined equilibrium states above and
below the melting transition. Interestingly, there are continuous hyperchroism changes before
and after dissociation of the EG-hairpins. Studies in our group has found no similar change for
the dodecyl diether linked short poly(A)-poly(T) hairpins (ref to unpublished results of M.
Haraiharan). This indicates that the pre-melting and post-melting in EG-hairpines might result

from the nature of the loop linker.

3.3.2 Comparison of base pairs in EG3-hairpins and EG6-hairpins

With increasing numbers of base pairs of EG-linked hairpins, the CD rotational strength
increases and the band widths decrease (Figure 3.6). The CD profiles of these hairpins show
typical B-form DNA character similar to that of the anti-parallel hairpin d(T;oCsA 10),19 which has
maxima near 220 nm and 280 nm with a shoulder at 260 nm, and minimum near 250 nm.

The greater thermal stabilities of EG6-linked hairpins vs. EG3-linked hairpins are also
reflected in the relatively stronger CD profiles of the former. In molecular dynamics simulations
of EG3-linked hairpins, the fluxional nature of the base pair (BP1) adjacent to the linker and the
terminal base pair (BP6) reduces the effective number of base pairs when compared to the
hairpins with EG6 linker. Therefore the CD signal of EG3-linked hairpins are general weaker
than that of EG6-linked hairpins, even though the stacking of the adenine from terminal base pair

BP6 on the adjacent base pair BP5 might partially compensate for the decrease in Watson-Crick
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base pairing.”’

Noticeably, the CD spectrum of EG3-4H is stronger than that for EG6-4H even though
the UV melting profile is better defined for EG6-4H. Calculated structures for EG3-6H show
that after the initial equilibrium process the terminal base pair (BP6) changes from a base paired
geometry to a stacked geometry of A and T (Figure 3.7 and 3.8b). Generally, end-fraying is
assumed to result from the breaking of base-base hydrogen bonds and reforming of base-water
hydrogen bonds when the terminal base pair is exposed to the aqueous environment. The end
fraying might further induce the dissociation of duplex.”' However, an alternative pathway for
end fraying of base pairs which yields a stacked complex between terminal adenine and thymine
has been simulated by Tinoco et al.*! End fraying has also been observed to improve the stacking
overlaps in the interior of the short duplex d(CGTAG).** Thus the backbone distortions caused
by the short hairpin loop in EG3-6H may be relieved by end fraying in BP6. The molecular
dynamics simulation for EG3-6H indicates that base pairs BP1 and BP6 dissociate and reform
on the nanosecond time scale, considerably faster than the typical 1-5 ms lifetime of an AT base

.23
pair.

A recent investigation of ultrafast DNA dynamics placed a lower bound of 40 ns on
terminal base pair dissociation time.** The faster time for EG3-6H most likely reflects its

highly distorted structure and low thermodynamic stability.

3.4 Conclusion

The synthesis and structure of hairpins having non-nucleoside EG linkers with short A-T

base pair domains has been explored. Conjugates possessing an EG3 or EG6 linkers and five or
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more A-T base pairs form stable hairpin structures having well-resolved thermal dissociation
profiles and CD spectra.

Molecular dynamics simulations indicate that the EG6-linked hairpins can adopt B-DNA
base-paired structures. Hairpins possessing the shorter EG3 linker are less stable, plausibly due
to the strain inherent in the hairpin loop regions. Molecular dynamics simulations of EG3-6H
reveal the occurrence of ultrafast disruption of the A-T base pairs of BP1 and BP6, the former
undergoing reversible base flipping and the latter conversion from hydrogen bonded to n-stacked
geometry.

The UV spectral band shapes and maxima of the hairpin conjugates are not sensitive to
the number of base pairs or choice of linker. However, both the intensity and structure of the CD
spectra increase with added A-T base pairs. The absence of UV chromophores makes the
EG6-linker hairpin suitable for studies of the photochemical behavior of A-T base pair domains
possessing four or more base pairs or the excited state of adenine in short A domains with
conserved B-form DNA character. For the studies for even short A-tracts, dumbbell conjugates

are potential candidates, if the synthesis is approachable.
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Chapter 4

Excimer studies of formation of pyrene probed parallel quadruplexes
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4.1 Introduction

In eukaryotic systems tandem repeats of guanine-rich sequences, termed telomeric
sequences, such as Oxytricha nova [d(T4Ga)], tetrahymena thermophila [d(T2Gs)], and
mammalian [d(T,AG3)], tend to be concentrated at the ends of chromosomes in a linear fashion.'
The function of the telomere is to maintain chromosome integrity, avoiding end-to-end fusions
and unwanted recombination events, and protecting the ends from chromosomal degradations
and from being recognized as damaged DNA.> However due to the “end replication problem”,
the length of the telomere gets shortened during cell divisions, causing cell apoptosis. Telomeres
can be lengthened by an RNA-containing enzyme known as telomerase. However, telomerase is
present in 80-85% of tumor cells, and essentially absent in most somatic cells.! This results in an
unlimited lifetime for cancer cells. Studies have found the enzymatic activity of telomerase can
be directly inhibited by formation of K -stabilized G-quaduplex structures via self association of
the G-motifs in telomeres.’ The functional relevance of quadruplex formation has been supported
by the isolation of proteins that bind and promote the formation of quadruplex structures, such as
transcription factors,4 nucleases,’ topoisomerase I,6 and helicases.” Therefore, to understand the
structural properties of G-quadruplexes is essential to obtain critical information covering the
construction of stable G-quadruplexes as telomerase inhibitors.

G-quadruplexes can be assembled by stacking of G-quartets connected through

Hoogsteen base pairing (Figure 4.1). Depending on the nature of the substrate sequences,
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Figure 4.1 Structures of guanine monomer and G-quartet formed from four guanines via
Hoosteen base pairing.

G-quadruplexes can be associated by different means such as intramolecular folding of a single
sequence possessing four G-rich domains, dimerization of sequences possessing two G-rich
domains, or via intermolecular assemble of sequences possessing a single G-rich domain (Figure
4.2). In terms of the polarity of each strand forming the quadruplex, G-quadruplexes are defined
having antiparallel or parallel structures (Figure 4.2). Although the biological relevance of
structural polymorphism in telomere tails is not well understood, cytological studies indicate a
direct involvement of the telomere domain in interchromosome association. Sen and Gilbert
hypothesized that synapsis is facilitated by formation of parallel quadruplex structures at the
telomeres, within guanine-rich motifs of the four homologous chromatids during meiosis as
well.® Similar association has been promoted by Meiosis-specific yeast Hop1 protein on double

strand DNA.’
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Figure 4.2. Polymorphism of Quadruplex structures. (Top), Various strand stoichiometries of
G-quadruplex structures. A, a single sequence possessing four guanine rich motifs yields a
unimolecular G-quadruplex. B, two strands with two guanine rich regions in each produce either
diagonal, or edge to edge biomoleucular G-quadruplex structures. C, Four separated strands
intermolecular form a quadrimolecular G-quadruple structure. (Bottom), Different strand
polarity arrangements of G-quadruplexes. A, all strand parallel. B, different types of antiparallel
quadruplexes. Arrows indicate 5°— 3’ polarity.



126

Fluorescence probes have been used widely in investigation biopolymer structure due to
their unique spectroscopic properties. It has been observed that an increase in the concentration
of fluorescent pyrene is accompanied by a decrease in the quantum yield of its fluorescence. This
phenomena is due to the formation of excimer, which is a dimer of an electronically excited
pyrene with a second pyrene in its ground electronic state'’ (Figure 4.3). The excimer is
associated in an electronic excited state and dissociative in its ground state. Once one molecule is
in the excited state, the stabilized interaction becomes possible due to the half occupied HOMO
and LUMO orbitals.'" This results the relative minimum of the excimer on the excited-state
potential energy surface, which exhibits usually a longer wavelength “excimer emission” band.
This unique excimer fluorescence has been widely employed as a probe for the structure of
biopolymers possessing covalently attached pyrene chromophores in aqueous solution, such as
micelles or phospholipid membranes.'® Complementary oligonucleotides possessing pendent
pyrene chormophores or pyrene-derived base surrogates in both strands display either monomer
or excimer fluorescence, depending on the proximity of the pyrenes.'*"> Oligonucleotides
possessing a single 5°- or 3’°- terminal pyrene have been used to investigate the strand polarity
(parallel vs. anti-parallel) of duplex and triplex structures.'® ' Recently, pyrene excimer
emission has been observed when two pyrenes are incorporated at both ends of the
thrombin-binding aptamer, d(GGTTGGTGTGGTTGG), due to the formation of a chair-type

quadruplex structure in the presence of potassium ions."®
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Figure 4.3 Illustration of monomer and excimer emission fluorescence.

However, pyrene has not been used to study the formation of intermolecular
quadruplexes. Therefore, we incorporated a pyrenebutanol fluorescent probe at the 5’-end of
short poly(G) sequences (Figure 4.4) to study the formation of quadruplex structures. We have
found that whereas the single strand oligonucleotides Py1-Py4 display monomer fluorescence,
the quadruplex structures display a mixture of monomer and excimer fluorescence, both of which
are assigned to parallel quadruplex structures. This leads to the conclusion that the appearance of
excimer / monomer fluorescence can be used as a probe for parallel G-quadruplex formation.
Studies also show that the ratio of excimer/monomer intensity is dependent upon both
temperature and salt concentration. Enhanced excimer fluorescence at high salt concentrations is

due to a hydrophobic salt effect on the pyrene chromophores.
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129
4.2 Results

1-Pyrenebutanol has been selected for 5° probe over pyrenemethanol due to the fail of
incorporating phosphoramidite of pyrenemethanol via either in solid or solution phase synthesis.
1-Pyrenebutanol was converted to its phosphoramidite by reaction with 2-cyanoethyl diisopropyl
chlorophosphoamidite in tetrahydrofuran in the presence of diisopropylethylamine as described
in Experimental section 6.3.3. The conjugates Py1-Py3 were prepared by means of conventional
phosphoramidite chemistry and purified via RP-HPLC. Molecular weights were determined by
means of MALDI-TOF mass spectrometry. Due to the tendency of aggregation of G-rich

sequences, samples were stored in ddH20 at 4°C.

4.2.1 Electronic spectra

The UV spectra of pyrenebutanol in methanol and conjugate Py2 in aqueous buffer with
0.1 M KCI are shown in Figure 4.5. The spectum of Py2 in water is similar to that obtained in
buffer. The long-wavelength n—n* band of pyrenebutanol is red-shift and broadened in the
spectrum of conjugate Py2. The short-wavelength bands of the conjugate are the sum of the
absoption of the bases and pyrene. Similar spectra have been observed for conjugates Py1, Py3,

and Py4, except that they differ in the ratio of the band intensities.
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Figure 4.5 Absorption spectra of the pyrenebutanol in methanol solution and the pyrenebutanol
conjugate Py2 in water and in aqueous 0.1 M KCl, 10 mM potassium phosphate.

4.2.2 CD spectra

The CD spectra of Py1-Py3 in water and in 0.01 M phosphate buffer with 0.1 M KCI at
room temperature are shown in Figure 4.6. No CD peaks are observed for Py1, either with or
without KCl, at room temperature or at 5°C. The CD spectrum of Py2 in water is weaker than it
is with salt. However, the CD spectrum of Py3 is similar with or without added KCI. Besides the
observation of a positive peak at 265 nm and a negative peak at 240 nm, characteristic peaks for
parallel G-quadruplexes, for Py2 and Py3, additional peaks are observed at long wavelength,

which have vibrational structure similar to that of pyrene UV absorption.



131

8
| A U PyL Py-GGT  (a)
44 - --- Py2, Py-GGG-T
§ | — Py3, Py-GGGG-T
T 4
E 0 o
S ]
O -4
1 ! ! ! ' ! ! ! !
1, PR Pyl, Py-GG-T  (b)
= 44, \ / \ ---- PyZ, Py-GGG—T
3 — Py3, Py-GGGG-T
E 24
@)
O ——————
0

— T - T T - T T T T T T T
200 225 260 275 300 325 350 375 400

Wavelength nm

Figure 4.6 Circular dichroism spectra of 1 X 10°M conjugates Py1-Py3 (a) in water; (b) in
0.1 M KCl, 10 mM potassium phosphate.

The intensity of the pyrene CD band for Py2 increases as the salt concentration is
increased from 0.1 to 0.5 M KCI (Figure 4.7). The temperature dependence of CD spectra of Py2
in 0.1 M KCl and Py3 in buffer are shown in Figure 4.8. The spectra of Py3 are indenpent of

temperature, whereas those of Py2 display a marked decrease in CD intensity between 60°C and

70°C, which is largely reversible upon cooling.



132

16
1 Py2, Py-GGG-T
14 4 — 0.1 MKCI
|---02MKCl 4 )
12 0.3 M KCl /\ N
] —-—o0amke T

CD [dmeqg]

—7r r 1 ‘*+ T r 1 r 1T r T T T 7T
200 225 250 275 300 325 350 375 400
Wavelength nm

Figure 4.7 CD spectra of Py2 in different concentrations of KCI (insert shows the expansion of

the pyrene region).
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Figure 4.8 Temperature-dependent circular dichroism spectra of conjugates Py2 and Py3, heating
rate: 1.5 min/ °C. 5 x 10°M conjugate Py2 in 10 mM potassium phosphate with 0.1 M KCl in

heating (a) and cooling (b) cycles, and (c¢) 1 x 10°M conjugate Py3 in water.
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Conjugate Py4 shows a salt dependence different from that observed in Py2 and Py3.

The CD spectra of Py4 show two positive peaks at 265 nm and 290 nm at relative low KCl
concentration, whereas only 290 nm peak disappears at high KCI concentration. However Py4

shows only one positive peak at 265 nm in NaCl solution (Figure 4.9).
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Figure 4.9 CD spectra of Py4 in different salt concentrations: (a) in KCl, (b) in NaCl.
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4.2.3 Florescence spectra

The fluorescence spectra of Py1-Py4 in water and in 0.1 M KCI are shown in Figure 4.10.
The spectra of Py2-Py4 with salt and of Py3 without salt display a mixture of structured pyrene
monomer fluorescence and broad, red-shifted pyrene excimer fluorescence. Only monomer

fluorescence is observed for conjugates Py1, Py2, and Py4 in water.
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Figure 4.10 Room temperature fluorescence spectra of 1 x 10° M conjugates Py1-Py4 in
different salt conditions: (a) in water and (b) in 0.1 M KCl, 10 mM potassium phosphate.
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The fluorescence spectra of conjugate Py4 at KCI and NaCl in different concentration

are shown in Figure 4.11. In both salt conditions, the ratio of excimer to monomer emission

increases when the salt concentration is increased. The effect of added KCI and LiCl salts
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Figure 4.11 The fluorescence spectra of 1 x 10°M conjugate Py4 in different salt conditions: (a)

in NaCl and (b) in KCIL.

on the ratio of excimer to monomer fluorescence intensity for conjugate Py2 is shown in Figure

4.12. The ratio I.,/1,, increases with added KCl1 to a value of 1.4 at 0.2 M KCI1 but does not

increase further at higher KCI concentrations. The I/, ratio also increases upon addition of

LiCl to a solution of Py2 in 0.1 M KCI. Addition of LiCl results in values of I.x/I,, somewhat
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smaller than those for 0.2 M KCI.
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Figure 4.12 Salt concentration dependence of the pyrene excimer/monomer fluorescence
intensity ratio for conjugate Py2 (LiCl added to a solution containing 0.1 M KCl).

The effects of increasing temperature on the total fluorescence of Py2 (with salt) and Py3
(in buffer) are shown in Figure 4.13. The ratios I/, obtained for both heating and cooling are
shown in Figure 4.14. Heating of Py?2 results in a decrease in both monomer and excimer
fluorescence intensity (Figure 4.13a). The ratio I.,/I, remains fairly constant up to ca. 50 °C, but
decreases at higher temperatures (Figure 14.4a). Cooling to 0 °C is necessary for recovery of the

Iex/Im ratio. Heating of Py3 effects a larger decrease in I, than I« (Figure 4.13b) resulting in an
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increase in lex/I;, with increasing temperature (Figure 4.14b). Cooling results in lower values

of Lex/Iin than those observed at the same temperatures in the heating cycle.
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Figure 4.13 Temperature dependent fluorescence spectra of conjugates Py2 and Py3, heating rate:
1.5 min/°C. (a) 5 x 10°M Py2 in 10 mM potassium phosphate with 0.1 M KCI and (b) 1x 10°
M Py3 in 10 mM potassium phosphate.
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Figure 4.14 Excimer/monomer fluorescence intensity ratio for conjugates Py2 and Py3, heating
and cooling rate: 1.5 min/°C. (a) 5 x 10°M Py2 in 10 mM potassium phosphate with 0.1 M
KCl and (b) 1x 10°M Py3 in 10 mM potassium phosphate.

4.2.4 Gel electrophoresis

Excimer fluorescence can also be used to visually detect G-aggregate formation using

non-denaturing PAGE under a UV transilluminator, the eye being more sensitive to pyrene

excimer vs. monomer fluorescence. Electrophoresis of conjugates Py2 and Py3 (3.5 x 10° M or

0.3 mM in 0.1 M KCl) yields a single strongly fluorescent band, Py2 having the higher migration

rate. In contrast, the faster moving band from Pyl cannot be detected visually.
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4.3 Discussion

4.3.1 Structures of quadruplexes formed from conjugate Py1-Py4

The conjugates Py1-Py3 are designed with the 5’ end functionalized with pyrenebutanol
and 3’ end capped with T or TT to prevent the formation of higher aggregates. Previous studies
have shown the oligonucleotides d(TGGGT) and d(TGGGGT) form stable parallel G-quadruplex
structures in the presence of potassium cation.'”* Parallel quadruplex formation has not been
reported for d(TGGT), however hairpin dimer and intramolecular G-quadruplex structures
possessing only two G-quartets have been reported.”***  The 200-300 nm region of the CD
spectra of Py2 and Py3 in the presence of KCI (Figure 4.6) are identical, respectively, to those
reported for d(TGGGT)4 and for a G-quadruplex in which the 3’-thymines are connected by a
branched linker which enforces a parallel structure.” > The relative stronger CD signal for
conjugate Py2 in potassium solution than that in sodium solution is consistent with the
observation of higher melting temperature in K than in Na* for d(TGGGT)'’. The pocket size of
the cavity formed by carbonyl groups from four guanines is estimated at 3.36 to 3.87 Ain
diameter, varying with the substrate sequences forming the quadruplexes.***’ The radius of
potassium cation, about 1.33 A, is a good match for the size of the cavity, similar to the
“snug-fitting” selectivity of potassium ions in potassium channel KesA.*® However if sodium
cation (» = 0.95 A) chelates with four carbonyl groups, the phosphorus atoms from the corner
strands will be brought into a distance that they in potassium solution. This will increase the

repulsion between the four phosphorus backbones, which causes a relatively unstable structure.
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The structure of Py3 is assumed to be similar to that of the conjugate d(TGGGG)-FL

(FL = fluorescein) recently studied by Merkina and Fox.*' They observe that the quadruplex
formed by this conjugate is resistant to melting in the presence of 5 mM potassium. The extra
stabilization of FL-labeled quadruplex in sodium buffer compared to unlabeled quadruplex is
attributed to the stacking effect of the fluorophore on the 5° terminal face of quadruplex. Similar
stacking has been observed in the complexes formed between G-quadruplexs and planar
hydrophobic molecule daunomycin.** Our observation of the lack of change in the CD spectrum
of Py3 upon heating to 90 °C in the presence or absence of 10 mM potassium (Figure 4.8) is in
accord with the high thermal stability for (TGGGGGT) or d(TGGGG)-FL.>""* The failure of
Pyl to form a G-quadruplex structure even at high salt concentration or at low temperature
indicates that the hydrophobic association of four pyrenes is not sufficient to provide the extra
stabilization necessary for two G-quartets to form an intermolecular G-quadruplex structure.
The CD spectra of Py4 under constant buffer conditions as a function of salt concentration
(10 mM, 100 mM, and 1 M K") are displayed in Figure 4.9. The CD spectra in the presence of
K" show a negative band at 235 nm and two positive bands at 265 nm and 290 nm when the
concentration of KCl is below 0.5 M. A positive band near 265 nm and a negative band near 238
nm are characteristic of parallel quadruplexes. The positive peak at 290 nm might arise from an
antiparallel structure, which has characteristic positive peak at 290 nm and negative peak at 260
nm. Upon increasing the concentration of K, the positive peak at 290 nm decreases, while the

positive peak at 260 nm increases. When the concentration of potassium ions reaches to 1 M,
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only the positive peak at 260 nm remains. However, in Na environment, only one positive

peak at 260 nm is observed when the concentration of Na™ changes from 0.1 M to 0.75 M. The
different behavior for K" and Na" might be due to the

presence of two terminal Ts at each single strand, which increase the possibility of a different
orientation on flanking ends. Studies of vertebrate telomere repeats have found that a parallel
quadruplex is formed with external loops in antiparallel alignment when the concentration of
KCl increases to 0.1 M.** Since external loops are antiparallel with four corner strands forming a
quadruplex scaffold, an additional 290 nm positive peak is observed as a shoulder of 265 nm
peak. In our system having two terminal Ts, it is possible that the Ts are back-folding
antiparallelly with four corner strands, resulting a 290 nm shoulder. A suggested folding model

for conjugate Py4 in different salt conditions is shown in Scheme 4.1.
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High electrostatic repulsion

Scheme 4.1 Proposed folding of conjugate Py4 in different salt conditions. A) The folding of Py4
at low K condition. The density of K' ions binding on the backbones is relative low at this
concentration condition, so the back-folding of two terminal Ts is possible, which causes the 290
nm positive peak in CD spectra. B) Binding of K to the backbone of conjugate Py4 in high
concentration of KCI. Due to the high positive charge density on the surface of backbone and
relative bigger radius of potassium cations, back-folding of terminal Ts will be decreased due to
the increased repulsive energy, which will change the structure from A to C. C) The assembly of
conjugate Py4 when the concentration of K is high. This is also the assembly mode of conjugate
Py4 in NaCl solution.

As seen in scheme 4.1, when the concentration of K increases, the surface binding of K" on the
backbone increases. The increased positive charges in back-folding areas caused from two
terminal Ts lead to increased charge repulsion, which consequently causes unfavored surface
potential energy. To minimize the energy, the back-folding terminals intend to form the structure
shown in scheme 4.1C. This hypothesis might be supported by observing a similar result for a
strand with three terminal Ts or for a strand with four G-quartets and two terminal Ts. In the case
of sodium, since sodium ions have higher surface binding ability than potassium ions, plus the
advantage of small radius of sodium ions, four single strands more likely adopt the structure in

scheme 4.1C in either low or high Na concentration. Studies have shown the different affinity of
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monovalent cations for quartet surface sites, which follows the order NH, >Na" > Cs+ >
Rb" > K".* The higher excimer emission intensity of conjugate Py4 in 0.5 M KCl than in NaCl

(Figure 4.15) indicates parallel quadruplex structures are formed in both NaCl and KCl

conditions.
6
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Figure 4.15 Fluorescence spectra of 1 x 10° M conjugate Py4 in 0.5 M NaCl and KCI.

The fluorescence spectra of Py2 and Py3 show mixtures of monomer and excimer
fluorescence, even though the CD spectra are indicative of the formation of stable parallel

G-quadruplexs. It is possible that monomer and excimer fluorescence arise from different
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structures. However, PAGE gels for Py2 and Py3 display a single band, which shows light

green visible pyrene excimer fluorescence, even though the operative concentration of the
samples are 35 times higher than that of CD and fluorescent studies. Low pyrene
excimer/monomer fluorescence ratios have previously been observed upon duplex and triplex
formation with pyrene end-labeled oligonucleotides.'®'” A high excimer/monomer fluorescence
ratio has been observed for oligomeric pyrene-containing C-nucleosides™ and for an
intramolecular G-quadruplex having pyrenes attached to both ends of a
d(GGTTGGTGTGGTTGG) sequence.'® However, for several duplexes bearing pyrene as
pendant groups on multiple adjacent dU bases, only broadened monomer emission is observed.*®
37 These observations show proximity is a necessary, but not sufficient condition for the
observation of pyrene excimer emission. Early studies of the fluorescence of conformationally
constrained pyrene cyclophanes indicate that a full sandwich-like structure is required for the
observation of long-wavelength excimer fluorescence, whereas structures with partial overlap

display small shifts or only broadened monomer emission. ™

4.3.2 Monomer/excimer emission studies

Conjugates Py1-Py4 were intended to have four pyrene chromophores occupying the
5’-face of the G-quartets, so that the hydrophobic interactions of both the G-quartet and pyrenes
with water can be minimized. However, some of the pyrene chromophores have ground state

geometries which disfavor formation of a sandwich excimer with a neighboring pyrene upon
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electronic excitation. Evidence of the clustering of pyrenes on a single face of the

G-quadruplex is provided by the effect of added salts on the excimer/monomer fluorescence ratio
(Figure 4.12). Both added KCI and LiCl cause an increase in the I.«/I, ratio, even though 0.01 M
KCl is sufficient to effect G-quadruplex formation, as evidenced by the CD spectra. Since LiCl

35,39,40 :, - . .
27" its influence on L/, most likely is a

is unable to stabilize G-quadruplex structures,
consequence of a hydrophobic salt effect on the structure of the assembled pyrenes.*' LiCl and
KCI have similar hydrophobic effects on the solubility of nonpolar molecules such as benzene in
aqueous solution.*' Solvation of small ions by water results in collapse of the water molecules
around the ions.*” This phenomenon, known as electrostriction, increases the energy required for

creation of a space for a hydrophobic molecule such as pyrene and would force the four pyrenes

attached to the quadruplex to occupy a smaller volume, plausibly favoring excimer formation.

4.4 Conclusion

Conjugates possessing a 5’-pyrenebutanol covalently linked to a poly(dG) sequence can
form quadruplex structures. Conjugate Py3 which possesses a GGGG sequence forms a stable
quadruplex even in the absence of added salt and does not dissociate upon heating to 90 °C. In
the presence of added KCl conjugate Py2 forms a quadruplex structure which is stable at room
temperature but undergoes thermal dissociation above 60 °C. Evidence based on circular
dichroism spectra indicates that both Py2 and Py3 form parallel quadruplex structures in which

the appended pyrenes occupy the 5’-face of the quadruplex. Conjugate Py1 fails to form a stable
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quadruplex structure even at low temperature in the presence of KCl. Conjugate Py4 forms
well aligned parallel quadruplex in the presence of NaCl and high concentrations of KCI1. A
salt-dependent folding mechanism has been proposed for conjugate Py4 at low KCI. Further
experiments need to be carried out in order to confirm this proposal.

The fluorescence spectra of the quadruplexes formed by conjugates Py2-Py4 display both
monomer and excimer bands. Upon heating the eximer/monomer band ratio for Py2 deceases
sharply above 50 °C, concomitant with thermal dissociation of the quadruplex. In contrast the
excimer/monomer ratio for Py3 increases with temperature, indicative of a change in pyrene
aggregate structure in a manner that favors the face-to-face geometry required for pyrene
excimer fluorescence. The effect of added salts (KCl or LiCl) on the pyrene excimer monomer

ratio is attributed to electrostriction, which confines the hydrophobic pyrenes to a small volume.
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Chapter 5

Design and thermal stability studies of modified thrombin binding agents
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5.1 Introduction

In 1992 a study of a pool of DNA containing 60 nucleotides of random sequence have
found that 32 of them that inhibit thrombin-catalyzed fibrin-clot formation have a highly
conserved 14-17 base region, d( GGTTGGNNNGGTTGG).' This observation of single strands
acting as an aptamer has attracted more and more structural studies focused on these single
strand DNAs. Structural studies of thrombin binding agent (TBA), d(GGTTGGTGTGGTTGG)
using NMR have shown that the TBA strand forms a unimolecular DNA quadruplex, as
displayed in Figure 5.1.%° The oligonucleotide folds such that it forms two guanine quartets
connected by a central three-base TGT loop and two TT side loops having a potential T - T bp
formed between the two TT loops across the diagonal of the top G-quartet, as illustrated in
Figure 5.2. In the folded chair conformation, an edge-looped quadruplex structure, is adopted,
instead of the diagonal looped structure. X-ray studies of this sequence have shown the
quadruplex structure is sandwiched between two different positively charged regions of two
symmetry-related thrombin molecules via ionic and hydrophobic interactions.”

Studies have found that fibrin formation and polymerization are essential to some
neurodegenerative and neurological diseases,” such as mad-cow or Alzheimer disease, and to
cardiovascular disease and operation, while fibrin polymerization defection is found in
HIV-infected patients.’ Thus molecules or analogues of TBA the can either inhibit or enhance
the activity of thrombin are be considered as potential targets as therapeutic drugs. Studies of

aptamer selection have found oligonucleotides possessing both quadruplex and duplex motifs
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show higher binding and inhibitory activity toward thrombin.”® A selected highly stable

intramolecular four-stranded DNA structure containing two stacked guanosine-quartets have
been reported to inhibit the replication of the human immunodeficiency virus type 1 (HIV-1) via
against HIV integrase.” ' Selected aptamers inhibit to neutrophil elastase."’ Quadruplex

structures also show arginine binding activity.'?

G10

G1 G1-Quartet
G11

G2 G2-Quartet
T12

713 T3

Figure 5.1 schematic drawing of the thrombin aptamer structure. Shaded squares represent
guanine quartets (as shown in chapter 1.)
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Figure 5.2 NMR structure of oligonucleotide d(G,T.G,TGTG,T,G). Figure obtained from ref.?

These selected oligonucleotides have shown that their function has a close relationship
with their structure and stability, which indicates that two fundamental criteria need to be
considered for designing new aptamers; thermal stability and target binding ability. Modified
TBA has been studied with these considerations in mind. A synthetic three quartet aptamer has
been reported to exhibit similar thrombin binding activity similar to that of TBA."
Thermodynamic stabilities of modified TBA aptamer sequences are dependent upon
modifications in the various loop domains of the aptamer, as well as the effect of adding an

additional quartet."
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Previous studies of stilbenediether-containing hairpins in our group have shown increased
thermal stability compared to hairpins with natural nucleobase loops. In the work presented
here, we examine a series of modified TBA aptamer sequences in which the various loop
domains replaced by stilbenediether (Sd) linkers, as shown in Table 5.1. The thermodynamic
stability and structures of these sequences were studied by UV-melting and
temperature-dependent CD spectra. The electronic properties of modified sequences have studied

by UV-Vis spectroscopy.

Table 5.1 Structure of TBA and designed Sd-containing sequences.

Name Sequence

TBA 5’ GG-TT-GG-TGT-GG-TT-GG 3’
HTS-1 5’ GG-TT-GG-Sd-GG-TT-GG 3’
HTS-2 5 GG-Sd-GGTGTGG-SA-GG 3°
HTS-3 5’ GG-Sd-GG-Sd-GG-Sd-GG 3°

HTS4 5’ GG-Sd-GG-TGT-GG-TT-GG 3’
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5.2 Results

5.2.1 Synthesis and purification of modified thrombin binding agent

Stilbenediether linker was prepared as described in experiment chapter 6.3.2. Modiffied
conjugates in Table 5.1 are prepared by means of conventional phosphoramidite chemisty."
Experiments show that removal of protecting groups of guanines is not fully completed under
general ammonium treatment. Therefore the deprotection procedure has been either carried out in
longer time or at higher temperature. Isopropyl-phenoxyacetyl protected dG also provides an
alternative method. Sequences are purified by HPLC and characterized by UV and by
MALDI-TOF mass spectrometry using 3-hydroxypicolinic acid (3-HPA) matrix, as described in
Experimental section 6.5.2. Due to the presence of four GG domains in designed sequences, they

are stored in ddH20 at 4 °C.

5.2.2 Electronic absorption spectra and thermal dissociation of Sd-conjugates

The UV absorption spectra of Sd-containing oligonucleotides are shown in Figure 5.3.
Absorption in 300 — 350 nm is due to the stilbenediether linker. The strand concentration was
measured by the extinction coefficient of Sd. Thus with increasing the number of Sd linkers
from HTS-1 to HTS-3, an increased UV absorption in this region is observed. The absorption at
260 nm is dominated by nucleobases. A shoulder has been observed at 280 nm with increasing

the number of Sd linkers in conjugates.
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Figure 5.3 UV spectra of TBA and Sd-linked oligonucleotide conjugates. (3x 10° M conjugate
in ddH,0)

The 295 nm thermal dissociation of TBA sequence in 0.1 M KCI has been obtained at
295 nm, as shown in Figure 5.4. Between 0 °C and 60 °C, hypochroism is observed as reported I
the literature.'* ' With continuously increasing temperature, a hyperchroism is observed, which
has not been reported in literature. Considering the absorption of stilbenediether linker, the
thermal dissociation behavior of Sd-containing sequences has been recorded at both 295 nm and
324 nm shown in Figure 5.5. UV-melting profiles of HTS-1 and HTS-4 at 295 nm are similar to
that of TBA. At 324 nm, both samples show a well defined hyperchroism curve followed by a

continuous absorption increase. However for both HTS-2 and HTS-3, neither wavelength gives



155

well defined melting curves due to the absence of a fully melted state. Interestingly, unlike
HTS-1 and HTS-4, at the wavelength of 295 nm HTS-2 and HTS-3 show increased UV
absorption with increasing temperature. Melting temperatures (Ty,) obtained from first derivative

of the profiles of TBA, HTS-1 and HTS-4 at 295 nm are summarized in Table 5.2.

0.10

TBA

0.09

UV @ 295 nm
2
|

0.07

0.06 T T T T T T T T T T T
Temperature °C
Figure 5.4 Thermal dissociation profile of 3 uM TBA sequence in 0.1 M KCI, 0.01 phosphate

buffer, pH 7.0. Data obtained at monitoring UV absorption change at 295 nm with a heating rate
of 0.5 °C/min. Inset plot shows a melting temperature of 46.0 °C
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Figure 5.5 Thermal dissociation profiles of 3 x 10 M Sd-containing conjugates in 0.1 M KCI,
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0.01 M Li phosphate buffer, pH=7.0. Data obtained at 295 nm and 324 nm with a heating
rate of 0.5 °C/min. Arrows show UV change according to the change of temperature.

Table 5.2 Summary of UV-T,, and CD-Tj, values for TBA and Sd-containing sequences
obtained form UV melting curves and CD melting curves.

CD-Tp,
@ 295 nm (°C) @ 324 nm (°C) °C)
HTS-1 40.5 47.5 443
HTS-2 NA” 55.0/80.9“ N/A®
HTS-3 NA” NA/76.9“ N/A®
HTS-4 42.0 40.3 45.7
TBA 46.0 47.0

“ Two melting temperatures obtained at 324 nm with tentative assignment of melting curves in

two transition states. ” data not available.
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Figure 5.6 CD spectra of 3 x 10° M Sd-containing sequences and TBA sequence in 0.1 M KClI,
0.01 M Li phosphate buffer, pH 7.0. Spectra were recorded at 5 °C.

Table 5.3 The positions of CD peaks of 3 x 10 TBA and Sd-containing sequences in 0.1 M KCI
solution.

Position of Position of

Name positive peak A (blue shift)* negative peak A (blue shift)*
TBA 294 - 270 -
HTS-1 292 -2 265 -5
HTS-2 290 -4 264 -6
HTS-3 289 -5 263 -7
HTS-4 291 -3 263 -7

* A (blue shift) obtained from subtracting the corresponding TBA position from that of
SD-containing sequences.
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5.2.3 CD spectra of TBA and Sd-containing conjugates HTS-1 to HTS-4

CD spectra of TBA and Sd-containing conjugates in 0.1 M KCl are shown in Figure 5.6.
The CD structure of TBA sequence shows a positive peak at 294 nm and negative peak at 270
nm, which are the characteristic of an antiparallel quadruplex formed via intramolecular folding
of the TBA sequence in the presence of potassium. Sd-containing conjugates have similar
positive and negative peaks with a small blue shift compared to TBA (Table 5.3) SD-containing
sequences have higher CD intensities than that of TBA. HTS-1 has the highest CD intensity of
the Sd-containing conjugates. Due to the incorporation of stilbenediether linker CD signals in the
300-350 nm range have been observed for Sd-containing sequences (Figure 5.6). Sample HTS-1

has a negative peak at this range, while other 3 samples show positive peaks.

5.2.4 Temperature dependent CD study of TBA and Sd-containing sequences

For purposes of comparison with our modified Sd-containing sequences with native
thrombin binding agent TBA, a temperature dependent CD study has been carried out, as shown
in Figure 5.7a. The CD melting profile of TBA at 295 nm is presented in Figure 5.7b and the Tm
value is reported shown in Table 5.2.

Thermal stabilities and structure changes of loop modified sequences were studied using
temperature dependent CD spectra as well, as shown in Figure 5.8 for HTS-1, Figure 5.9 for
HTS-2, Figure 5.10 for HTS-3, Figure 5.11 for HTS-4. The CD-melting curves at 295 nm are
provided in Figure 5.12. Both HTS-1 and HTS-4 show well defined equilibrium states before

and after dissociation process. The behavior of non-clear transition in HTS-2 and HTS-3 is
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Figure 5.7 a, top) Temperature dependent CD dissociation of 3 uM TBA in 25 mM KCl, 0.01 M
phosphate buffer, pH 7.0 b, bottom) CD melting profile of TBA obtained at 295 nm. Inserted
plot shows a T, value of 47.0 °C.
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similar to the observation in UV-melting profiles. The CD intensities at 295 nm of HTS-1,

HTS-2, and HTS-3 can be mostly recovered after one heating and cooling cycle, while HTS-4

lost nearly half of intensity (Figure 5.12).
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Figure 5.8 Temperature dependent CD spectra of 3 x 10°M HTS-1in 0.1 M KCI, 0.01 M Li
phosphate buffer, pH 7.0, with a heating/cooling rate 0.5 °C/min.
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Figure 5.9 Temperature dependent CD spectra of 3 x 10°M HTS-2in 0.1 M KCI, 0.01 M Li
phosphate buffer, pH 7.0, with a heating/cooling rate 0.5 °C/min.



163

r —— HTS-3-in-05
HTS-3 i
20 | no annealing o -:$§:g::::;g
15 - [SS]=3uM —-—-HTS-3-in-35
1 0.1M KClI i
a -, HTS-3-in-45
O 10+ 0.01M Li buffer - _N HTS-3-in-55
5 _ HTS-3-in-65
12280 Y /ST \ N HTS-3-in-75
0- Te——
5] —— HTS-3-in-85
| - — =-HTS-3-in-95
20 T T T T T T T T T T 1
— HTS-3-de-95
1 - — -HTS-3-de-85
154 - HTS-3-de-75
| —-—-HTS-3-de-65
---=-HTS-3-de-55
A 4 JEN HTS-3-de-45
g X Y - L HTS-3-de-35
5. ——— HTS-3-de-25
—— HTS-3-de-15

- — - HTS-3-de-05

T T T T T T T T T T T T T T 1
200 225 250 275 300 325 350 375 400

Wavelength nm

Figure 5.10 Temperature dependent CD spectra of 3 x 10°M HTS-3in 0.1 M KCI, 0.01 M Li
phosphate buffer, pH 7.0, with a heating/cooling rate 0.5 °C/min.



15

HTS-4
1 no annealing
10 4 3uM, 0.1M KClI
0.01M Li buffer
1 fresh sample

—— HTS-4-in-05
- = =HTS-4-in-15
-+ -+ HTS-4-in-25
—-—-HTS-4-in-35
- -+ =-HTS-4-in-45
______ HTS-4-in-55
........... HTS-4-in-65
- HTS-4-in-75

ot
———HTS-4-in-85
- — -HTS-4-in-95

CD

—— HTS-4-de-95
- - -HTS-4-de-85
- -+ HTS-4-de-75
—-—- HTS-4-de-65
- =-HTS-4-de-55
------ HTS-4-de-45
........... HTS-4-de-35

" —io- HTS-4-de-25

—— HTS-4-de-15
- - -HTS-4-de-05

T T T T T T T T T T
200 225 250 275 300 325
Wavelength nm

T T T T 1
350 375 400

164

Figure 5.11 Temperature dependent CD spectra of 3 x 10°M HTS-4 in 0.1 M KCI, 0.01 M Li
phosphate buffer, pH 7.0, with a heating/cooling rate 0.5 °C/min.
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Figure 5.12 CD-melting profiles of of 3 x 10°M Sd-containing conjugates in 0.1 M KCI, 0.01 M
Li phosphate buffer, pH=7.0, with a heating/cooling rate 0.5 °C/min. The CD melting
measurements were recorded at 295 nm.

5.3 Discussion
5.3.1 Structures of Sd-modified thrombin binding agent sequences

The similarity of the spectra CD of Sd modified sequences (Figure 5.6) to that of TBA
sequence indicates that they all form antiparallel quadruplex structures via intramolecular folding.
Studies have shown that in the folded TBA structure (Figures 5.1 and 5.2), there are two

G-quartets (G1-quartet and G2 quartet) stacking with each other.” There is also diagonal T4 - T13



166

base pairing between two side loops. The G8 and T9 in central loop region stack on the
G1-quartet, while T7 is binding in a major groove. The oxygen-oxygen (O-O) distances between
two strands of a G-quaduplex are obtained from crystal structure of d(G4T4G4), which is formed
through dimeriztion of two hairpins.'” The O-O distance for the two strands positioned on one
edge of the G-quartet is 17.4 A, while the O-O diagonal distance for the two diagonal strands is
224 A. The 18.1 A length of stilbenediether linker makes it be able to span the distance of two
adjacent strands in order to replace the three natural edge loops in TBA sequences, as modeled in
Figure 5.13. As shown in the model, the incorporation of stilbenediether linkers in any loop
region can result in a hydrophobic interaction between stilbenediether linker and the adjacent
G-quartet. This interaction may lead to induced CD or exciton coupled CD (EC-CD) signal in
stilbenediether absorption range. Our observation of a weak band in the 300-350 nm range
provides additional evidence that quadruplex structures have been formed from all four

stilbenediether linked sequences.
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Figure 5.13 Molecular modeling of HTS-3. Stilbenediether linkers shown in gray, guartets in
green.

5.3.2 Thermal stability of Sd-containing sequences

For the well defined melting curves of HTS-1, HTS-4, and TBA, thermodynamics
parameters have been calculated by Van’t Hoff analysis, as summarized in Table 5.4. The free
energy value of TBA sequence matches the value of -1.57 kcal mol™ at 37 °C in the literature.'®
The increased AGyy values of HTS-1 and HTS-4 are consistent with our observation of a

slightly decrease in melting temperatures from both UV melting and CD melting processes.
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Table 5.4 Thermodynamics formation of quadruplexes from Sd-containing thrombin binding
sequences and TBA sequence by Van’t Hoff analysis of UV melting curves at 295 nm.”

. A Hyy A Syy A4 Gy (37°C)
sequences (°C)
(Kcalmol™)  (calmol'K")  (kcal mol™)
HTS-1 40.54 -21.8 -69 -0.24
HTS-2 N/A
HTS-3 N/A
HTS-4 42.03 -52.4 -166 -0.83
TBA 46.0 -54.4 -170 -1.53
TBA® 46.4 -39.7 -123 -1.57

“ The oligos were prepared at 3 uM strand concentration in 0.1 M KCI1, 0.01 M Li phosphate
buffer at pH 7.0. Van’t Hoff enthalpy and entropy changes (4 Hyyand 4 Syy) for the thermal
transitions were calculated according to the equation InK(T) = -4 Hy/RT +A4 Syp/R, where K is
the equilibrium constant for the G-quadruplex transition and was determined by the UV-thermal
curve. Plotting of InK(T) versus 1/T allowed to obtain the values of 4 Hyy and 4 Syy,
respectively, from the slope and the intercept of the linear regression. Free energies (4Gyy) were
calculated at 37°C using the Gibbs equationdGyy (T) =4 Hyy - TA Syy.

? Data obtained from ref'®
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The melting curves in temperature dependent UV studies of HTS-2 and HTS-3 at

both 295 and 324 nm, are indicating that they might have higher stabilities than sequences with
only one loop replacement. Increased stability is attributed to n-stacking from more than one
stilbenesdiether linker. Also since more than one loop region has been replaced by stilbenediether
linker in HTS-2 and HTS-3, the absorption of stilbenediether at 295 nm will be competitive with
that of G-quadruplexes, which might result in the observation of net hyperchroism at 295 nm in
the UV melting curves for both HTS-2 and HTS-3 (Figure 5.5). This competitive absorption
may also affect the appearance of temperature dependent CD spectra for HTS-2 and HTS-3,

both of which have a continuous decrease in CD signal at 295 nm.

5.3.3 Proposed two-step dissociation mechanism for DNA aptamer TBA

Interestingly, the CD-melting curves in the 300-350 nm region of both HTS-2 and HTS-3
show an initial increase in intensity and then a decrease in intensity when the temperature is
increased from 5 °C to 95 °C.  The intensity reaches maximum between 55-65 °C (Data not
shown). The tandem rise and decay in this wavelength range has been observed for both samples
when the temperature has been decreased from 95 °C to 5 °C (data not shown). This indicates
there is a change in the interaction of stilbenediether linkers in HTS-2 and HTS-3. When only
one loop region is replaced, as in HTS-1 or HTS-4, there is only a single collapse during heating
and a single reforming during cooling in 300-350 nm CD band. Therefore we propose a

mechanism of two-step dissociation process of this chair type quadruplex formed from two
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quartets as presented in Scheme 5.1, which is different from the reported unfolding

mechanism of TBA in the presence of Sr*"."

Hrs-2 7N

T) T)

v N

Folded chair intermediate .
type structure hairpin-like structure disordered structure

Scheme 5.1 Proposed two-step dissociation mechanism of unfolding of chair type quadruplexes
formed from two quartets. Molecule HTS-2 is used for illustrating the unfolding process. The

dihedral angle in between two stilbenediether linkers in the intermediate hairpin-like structure
could be flexible.
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In this mechanism, the intermediate hairpin-like structure may increase the flexibility
of the conformation of two stilenediether linkers at side loop positions, which enables them to
have exciton coupled CD signals (EC-CD). This two-step dissociation mechanim may also
explain the observation of the change from hypochroism to hyperchromism in the UV-melting

profile of TBA sequence.

5.4 Conclusion

We have studied the thermal stabilities of newly designed analogues of the thrombin
binding aptamer having stilbenediether loop regions. Studies have found that the nucleobase
sequence of the central loop and two side loops are essential to maintain the stability of the
quadruplex structure formed from the TBA sequence. Modified conjugates with incorporation of
one stilbenediether linker in either central loop region or one side loop region maintain the
thermal stability of the quadruplex structures. With two side loops replaced by stilbenediether
linkers or three loops replaced by stilbenediether linkers, the thermal stability is greatly increased
according to the UV-melting profiles. Based on the change of CD signal in stilbenediether
absorption region in HTS-2 and HTS-3, a two-step unfolding mechanism has been proposed for
chair type quadruplexes with two quartets. Hydrophobic interaction of the stilbenediether linker
with the G-quartets is assumed to be able to stabilize the quadruplex structures in this study,
however further experiments using modified sequences with non-hydrophobic linkers, such as

polyethylene chains, alkyl chain, or abasic nucleotides, need to be carried out. Considering the
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increased thermal stability of newly designed TBA analogous, in vitro studies of binding

abilities to thrombin may prove interesting.



173

Chapter 6

Experimental section
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6.1 Materials

All chemicals for intermediate synthesis were purchased from Aldrich, unless otherwise
stated and were used without further purification. Anhydrous reagents and solvents were
supplied by Aldrich in Sure-Seal bottles. Nucleotide phosphoramidites and solid supports for
solid phase DNA synthesis were purchased from Glen Research. Reagents for gel electrophoresis
were purchased from BioRad Laboratories. TLC was carried out on Sorbent silica G plates.
Colum chromatography was performed on silica gel.

All oligonucleotides were purified by RP-HPLC and stored in ddH,O. Concentrations of
oligonucleotide solutions were measured by UV absorption by 260 nm, 350 nm for
Sa-Sd-hairpins, or 334 nm for pyrene-containing oligonucleotides. Extinction coefficients of
oligonucleotides were calculated by the nearest neighbor method. Extinction coefficient of
pyrenebutanol was determined in THF solution. Extinction coefficients of stilbenediether and

stilbenediamide were measured in methanol solution.

6.2 Instrumental

NMR: 'H and *'P 1-D NMR spectra data were measured on a Varian Mercury 400-MHz
or a Varian INOVA-500 MHz NMR Spectrometer, and VNMR operation software was used to
process the NMR data.

DNA Synthesizer: Solid phase DNA synthesis was carried out on the Millipore Expedite

nucleic acid synthesizer. An Expedite 1.1 workstation was used to control and program the solid
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phase DNA synthesis.

HPLC: Reverse phase (RP) HPLC, Dionex (Sunnyvale, CA) DX 500 PEEK system with
GP 40 gradient pump, AD 20 detector, and Peakner 1.1 workstation, or Summit SST system with
P580 LPG gradient pump, UVD 340S photodiode array detector, and chromeleon 6.00
workstation, or Waters series 600 HPLC system with Empower workstation was used to carry
out the analysis and purification of all oligonucleotides. HyperClone (5 um, 250-4.6) columns
from Phenomenex were used in RP-HPLC system. Aqueous triethylammonium acetate (TEAA)
and acetonitrile were used as mobile phases. DNA and EG-hairpins were monitored at 260 nm.
Sa-Sd-containing DNA was monitored at both 334 nm and 260 nm.

MS: High resolution mass spectral data for synthetic DNAs were obtained by means of
electron spray ionization mass spectroscopy. The mass spectra were measured on a Micromass
Quattro IT atmospheric pressure ionization (API) triple quadrupole mass spectrometer. Matrix
assisted laser desorption ionization time of flight mass spectra (MALDI-TOF) were obtained on
a Perseptive Biosystem Voyager Pro DE spectrometer. Authentic poly(T) strands were employed
as calibration standards. A mixture of 2,4,6-trihydroxyacetophenone (THAP) and ammonium
citrate was used as matrix.

UV-Vis: UV-Vis spectra were recorded on a Perkin-Elmer lambda 2 spectrometer.
Thermal dissociation experiments were carried out using the Perkin-Elmer spectrometer
equipped with a Peltier PTP-1 temperature programmer and a NESlab RTE-100 refrigerated

circulator for automatically increasing the temperature at the rate of 0.5°C/min.
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Circular Dichroism Spectroscopy (CD): CD spectra were obtained using a Jasco

J-715 spectropolarimeter with 165-900 nm photomultiplier tube with a Jasco Peltier type
temperature controller and a NESlab RTE-100 frigerated circulator for automatically increasing
the temperature at the rate of 0.5°C/min.

Fluorescence Spectroscopy: Fluorescence spectra were measured on a Spex FluoroMax
Fluorometer with temperature control provided by a Quantum Northwest TC 125 Peltier
controller. Fluorescent spectra were collected after samples were deoxygenated by purging
with dry nitrogen gas for 15 minutes. Fluorsecence spectra of Sa-containing DNA samples were
excited at 340 nm and monitored from 300 nm to 700 nm. Pyrene-containing DNA samples were
excited at 336 nm and monitored from 360 nm to 600 nm. The integration time was 0.1 s and
slits for both excitation and emission were 5.0 nm. Temperature dependent fluorescent spectra
were collected with heating or cooling rate of 40°C/hr. All spectra were obtained on freshly
prepared samples within 30 minutes of preparation.

Gel electrophoresis: Gel electrophoresis was performed using a BioRad vertical gel
casting system equipped with a BioRad PowerPac 3000 power supply. Acrylamide storage
solution was prepared as a 50% (w/v) aqueous solution of 29:1 acrylamide: bisacylamide (w/w)
and was diluted to proper concentrations before polymerization.

TEM: Transmission electron microscopic images were recorded on a Hitachi HF-2000
instrument. TEM samples were prepared by approaching a Holey Carbon copper grid (400 mesh,

SPI supplies) to droplet of DNA solution (10-100 mM) on a clean glass slide for 45 seconds. The



177

grid was rinsed with water for 10 seconds and stained by uranyl acetate solution for 30
seconds. Excessive liquids were removed by touching the grid with the edge of a piece of filter
paper. The grid was air dried and submitted for TEM observation.

Fluoresence Decay: Picosecond (ps) fluorescence decay measurements were carried out
by Dr. Vladimir Shafirovich in New York University. In the picosecond single photon counting
system the sample is excited by a Coherent Mira 900 femtosecond Ti:Sp laser that is pumped by
an Innova 310 argon ion laser. The output of the Ti:Sp laser (700 nm) is passed through a
Conoptics electro-optic light modulator system consisting of a Model 350-160 Modulator, a
Model 25D Digital Amplifier, and a M305 Synchronous countdown electronics, to reduce the
laser pulse frequency from 76 MHz to 12 MHz, which is then doubled to provide excitation at
350 nm. Fluorescence emission is registered at 390 nm using an Aries FF250 monochromator.
A Time Harp 100 PC card (PicoQuant, Germany) controlled by an IBM PC computer provide
registration of the counts with rates of up to 80 MHz.  After deconvolution (PicoQuant FluoFit
software), the time-resolution of this apparatus is ca. 35 ps.  All experiments, including data
collection and analysis, are controlled by an IBM PC computer using PicoQuant software.

Femtosecond broadband pump-probe spectroscopy: femtosecond and picosecond
transient spectra were measured by Milen Raytchev and Qiang Wang in Boston College. The
changes in optical density were probed by a femtosecond white-light continuum (WLC)
generated by tight focusing of a small fraction of the output of a commercial Ti:Sp based pump

laser (CPA-2010, Clark-MXR) into a 3 mm calcium fluoride (CaF,) plate. The WLC provides a
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usable probe source between 300 and 750 nm. The WLC was split into two beams (probe and

reference) and focused into the sample using reflective optics. After passing through the sample
both probe and reference beams were spectrally dispersed and simultaneously detected on a CCD
sensor. The pump pulse (1 kHz, 400 nJ) was generated by frequency doubling of the compressed
output of a home-built NOPA system (from 666 nm to 708 nm respectively, 7uJ, 40 fs). To
compensate for group velocity dispersion in the UV-pulse an additional prism compressor was
used. The overall time resolution of the setup is determined by the cross correlation function
between pump and probe pulses which is typically 120 — 150 fs (fwhm, assuming a Gaussian
lineshape). A spectral resolution of 7-10 nm was obtained. All measurements were performed
with magic angle (54.7°) setting for the polarization of pump with respect to the polarization of
the probe pulse. A sample cell with 1.25 mm fused silica windows and an optical path of I mm
was used for all measurements. A wire stirrer was used to ensure fresh sample volume was
continuously used during the measurement.

Nanosecond Transient Absorption Spectra. Nanosecond transient spectra were
recorded by Dr. Vladimir Shafirovich in New York University. The transient absorption spectra
and kinetics of the radical ions were monitored directly using a fully-computerized kinetic
spectrometer system (~7 ns response time). A 355 nm nanosecond Nd-YAG (Continuum Surelite
1) laser pulses (~ 6 ns pulse width, 10 Hz repetition rate, ~10 mJ pulse” cm™) was used as the
excitation source. The sample excitation frequency was reduced to 1 Hz by an electromechanical

shutter and used to excite sample solutions (0.25 mL) of the oligonucleotides saturated with
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argon. The transient absorbance was probed along a 1 cm optical path by light from a pulsed
75 W xenon arc lamp with its light beam oriented perpendicular to the laser beam. The signal
was recorded by a Tektronix TDS 5052 oscilloscope operating in its high resolution mode.

Satisfactory signal/noise ratios were obtained even after a single laser shot.

6.3 Chemical synthesis
6.3.1 Synthesis of trans-N, N’-bis(3-hydroxylpropyl)stilbene-4,4’-dicarboxamide (Sa) linker
and corresponding phosphoramidite

The preparation of phosphoramide of frans-N, N’-bis(3-hydroxylpropyl)stilbene-
4,4’-dicarboxamide is described in Scheme 6.1. trans-4,4’-stilbene dicarboxylic acid was
synthesized from toluic acid via free radical reaction at high temperature,' and then transferred to

phorsphoramidite product following the procedure of Letsinger and Wu.?
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trans-4,4’-stilbene dicarboxylic acid. A mixture of 4-toluic acid (100 g, 0.74 mol)

and sulphur powers (11.8 g, 0.36 mol) was placed in a 1-litre flask, and stirred and heated on a
sand bath between 260 and 280 °C for 2 h. After the resultant mixture was cooled to about 140
°C, and hot xylene (400 mL) was added. With an air condenser, the mixture was boiled under
reflux for 30 min., then filtered hot. The collected solid was boiled with dioxane (150 mL) for 30
min., then filtered, washed with hot dioxane (100 mL) and dried under vaccum, resulting a crude
dicarboxylic acid as a yellow powder. The crude product was boiled in a solution of potassium
hydroxide (14.0 g) in water (600 mL). The dissolved solution was concentrated to 200 mL and
crystallized to yellow plates as dipotassium salt. The dipotassium salt was boiled in water (500
mL), and then neutralized by adding conc. HCI (30 mL). The precipitate was washed with water
and dried under reduced pressure to give a yellow powder as the final product of
trans-4,4’-stilbene dicarboxylic acid (13.5g, yield 28%)

trans-N, N’-bis(3-hydroxylpropyl)stilbene- 4.4’-dicarboxamide (Sa). A suspension of
approximately 1g trans-4,4 -stilbene dicarboxylic acid and 100 mg benzyl triethyl ammonium
chloride in 40 ml anhydrous 1,2-dichloroethane and 20 ml anhydrous benzene was heated and
refluxed for 1.5 h under N,. Then 2ml thionyl chloride was added slowly. The reaction mixture
was refluxed overnight, then cooled to room temperature. Removal of solvent via vacuum
distillation yielded 4,4’-stilbene dicarboxylic chloride as yellow-brown solid.

About 30 ml anhydrous benzene and 40 ml anhydrous tetrahydrofuran were added to the

4,4’ -stilbene dicarboxylic chloride and the resulting slurry was slowly added into a well-stirred
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clear solution of 3-aminopropanol (0.7 ml), anhydrous triethylamine (4ml, Fischer) and
anhydrous methanol (27 ml) at 0 °C. The mixture was stirred overnight at room temperature
under N; and a white suspension was obtained. The solvent was removed by rotavap. The
resulting solid was collected and washed with water and methanol to give 1.03g light yellow
product of Sa, with a yield of 78%. '"H NMR (DMSO-de, ppm) & 1.68 (m, 4H), 3.45 (m, 4H),
4.49 (t, 2H), 7.42 (s, 2H), 7.72 (d, 4H), 7.84 (d, 4H), 8.46 (m, 2H).

Mono-4,4’-dimethoxytrityl protected Sa (Mono-DMT-Sa) Suspension solution of 180
mg Sa in 20 ml anhydrous pyridine was heated and refluxed until the mixture turned to yellow
clear solution. A red solution of 215 mg dimethoxytrityl chloride in 5 ml anhydrous pyridine was
slowly added to the mixture under N,. The reaction mixture was stirred and allowed to cool to
room temperature. After 3h stirring at room temperature, TLC (CHCl3;: MeOH = 20:1 plus 5%
triethylamine) indicated three fluorescent spots: starting Sa, mono-DMT-Sa and bis-DMT-Sa.
The mixture was poured into 20 ml saturated NaHCOj solution. Ethyl acetate was used to extract
the mixture three times. The organic layers were collected, dried using anhydrous sodium sulfate
and concentrated via rotavap. The yellow crude product was dissolved and purified by silica gel
column using 20:1 CHCls/MeOH, plus 5% triethylamine eluent. A white solid product,
Mono-DMT-Sa, was collected with a yield in the range of 20-50%.

Phosphoramidite of mono-4,4’-dimethoxytrityl protected stilbenedicarboxamide
(DMT-Sa-phosphoramidite) 150 mg mono-DMT-Sa was dissolved in 5 ml anhydrous

tetrahydrafunan, and 200 pl anhydrous diisopropylethylamine was then added, followed by the
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addition of 100 ul 2-cyanoethyl diisopropylchloro-phosphoramidite under N,. The reaction

was complete at room temperature within an hour. The R value of the product was around 0.56
on TLC (ethyl acetate plus 5% triethylamine). Ethyl acetate (30 ml, pretreated with saturated
NaHCO3) was then poured to the reaction mixture following by the addition of 5 ml saturated
NaHCO; solution. The aqueous layer was washed with ethyl acetate twice and the organic layers
were combined, dried by sodium sulfate, and concentrated via rotavap. The residue was purified
by silica gel column chromatography (ethyl acetate, 5% triethylamine). The collected eluent was
dried on vacuum line for 2 to 3 hr to give a white solid, compound of DMT-SA-phosphoramidite,

with a yield of 50-70%. *'P NMR (CDCls;, HsPOy as external standartd, ppm): & 149.87

6.3.2 Synthesis of trans-bis(2-hydroxylethyl)stilbene-4,4’-diether (Sd) linker and
corresponding phosphoramidite

The preparation of phosphoramide of frans-bis(2-hydroxylethyl)stilbene- 4,4’-diether is
described in Scheme 6.2. frans-bis(2-hydroxylethyl)stilbene- 4,4’ -diether (Sd) was prepared by
the method of Sieber,” and transferred to phosphoramidite product following the procedure of

Letsinger and Wu.?
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Scheme 6.2 Synthesis outline of trans-bis(2-hydroxylethyl)stilbene-4,4’-diether (Sd),
mono-DMT-Sd and DMT-Sd-phosphoramidite.

trans-bis(2-hydroxyethyl)stilbene-4,4’-diether (Sd). 20 mmol 2-phenoxyethanol and 10
mmol chloroacetaldehyde diethyl acetal was dissolved in 4 ml acetic acid and kept in ice-water
bath. Pre-ice-cooled 1:1 acetic acid and sulfuric acid was added slowly, while stirring. The
reaction mixture was stirred at 0-4 °C for 6 hr and then at room temperature overnight. Ry value
of the product on TLC (1:5 CHCl; and ethyl acetate) plate is about 0.7. The fluid was poured on
ice and extracted with ether thrice. Organic layer was collected, washed with saturated Na,CO;
solution, dried over anhydrous Na,SO4, and concentrated via rotavap. 15 ml ethylene glycol was
added to the colorless residue and the mixture in a vacuum distillation glassware set-up was

heated in 170-250 °C sand bath for 50 min and then cooled to room temperature. Small amount



185

of distillate came out at 90 °C and after cooled to room temperature a large amount of white
solid was observed. The solvent was removed via vacuum filtration, and the solid was
recrystallized in pyridine (~35% yield). "H NMR (DMSO-dg, ppm): & 3.55 (m, 4H), 4.04 (t, 4H),
4.56 (t, 2H), 6.91 (d, 4H), 7.02 (s, 2H), 7.48 (d, 4H).

Mono-4,4’-dimethoxytrityl protected Sd (mono-DMT-Sd) similar preparation
procedure as described in 6.3.1 for mono-DMT-Sa. The R¢ value for mono-DMT-Sd is 0.3 (4:6
hexane / ethyl acetate) on TLC. Mono-DMT-Sd was collected as while solid, with a yield range
of 25-40%. 'H NMR (CDCls, ppm): & 3.43 (t, 2H), 3.8 (s, 6H), 3.95 (t, 2H), 4.15 (m, 4H), 6.82
(d, 4H), 6.92 (m, 6H), 7.2-7.5 (m, 13H).

Phosphoramidite of mono-4,4’-dimethoxytrityl protected stilbenediether
(DMT-Sd-phosphoramidite). The preparation of DMT-Sd-phosphoramidite was conducted as
the procedure of DMT-Sa-phosphoramidite. The product was obtained as a white solid (yield
50-70%). '"H NMR (CDCls, ppm): & 1.2 (d, 12H), 2.6 (t, 2H), 3.45 (t, 2H), 3.65 (m, 2H), 3.80 (s,
6H), 4.18 (m, 4H), 6.90 (m, 10H), 7.2-7.5 (m, 13 H); *'P NMR (CDCls, H;POy, as external

standartd, ppm): 6 149.87

6.3.3 Synthesis the phosphoramidite of pyrenebutanol
100 mg pyrenebutanol was dissolved in 5.2 ml anhydrous THF, and 200 ul anhydrous
diisopropylethylamine was then added, followed by the addition of 100 ul 2-cyanoethyl

diisopropylchloro-phosphoramidite under N,. The reaction was complete at room temperature
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within an hour. The Ry value of the product was around 0.7 on TLC (1:4 of hexane / ethyl

acetate plus 5% triethylamine). Ethyl acetate (30 ml, pretreated with saturated NaHCO3) was

then poured to the reaction mixture following by the addition of 5 ml saturated NaHCOj solution.
The aqueous layer was washed with ethyl acetate twice and the organic layers were combined,
dried by sodium sulfate, and concentrated via rotavap. The residue was purified by silica gel
column chromatography (1:4 of hexane / ethyl acetate plus 5% triethylamine). The collected
eluent was dried on vacuum line for 2 to 3 hr to give a white solid, compound of
phosphoramidite of pyrenebutanol, with a yield range of 80-90%. *'P NMR (CDCl;, H;PO, as

external standartd, ppm): 6 148.369

6.4 Solid phase phosphoramidite oligonucleotide synthesis and sample purification
6.4.1 General synthesis and purification

The conventional B-cyanoethyl phosphoramidite solid phase oligonucleotide synthesis is
outlined in Scheme 6.3. All oligonucleotide-chromophore conjugates in this work were prepared
by automated solid phase synthesis carried on Millipore Expedite nucleic acid synthesizer on a 1
pmole scale. The sequences containing only natural bases or inosine (I) and chromophore were
synthesized using standard solid phase synthesis methods and reagents. But for sequences
containing 7-deazaguanine (Z) base, a milder oxidizing reagent and a modified procedure were
used. Instead of the routinely used oxidizing reagent (I, in water and THF), 1 g

10-camphorsulphonyl oxaziridine dissolved in 10 ml anhydrous acetonitrile was used as the
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oxidant. A longer oxidation time (180 s compared to standard 10 s) was also used.

In all the cases, the 4,4’-dimethoxytrityl (DMT) protecting group at 5’ end of
oligonucleotides was retained during auto solid phase synthesis. The DMT group increases the
retention time in RP-HPLC and thus help the purification of oligonucleotides. After solid phase
synthesis, the CPG was treated with 1 ml concentrated ammonium hydroxide at 55 °C for 17 hr
or at room temperature for 24 hr. Removal of NH3 was accomplished by using N, bubbling. The
ammonium hydroxide not only cleaved the oligonucleotide from the solid support but also
removed the protecting groups on nucleobases. Pure water was added to rinse the solid support
and dissolve the crude oligonculeotides. The mixture was filtered through a 0.2 um syringe filter
(Waterman) and about 1 to 1.5 ml solution was collected, ready for RP-HPLC purification.

An analytical injection of the synthetic oligonucleotide on RP-HPLC was run first to
locate the target peak, and then preparative injections accomplished the purification. The
collected eluent from the target peaks were first dried by Speedvac (Savant speed vac SC 100
and refrigerated condensation trap RT 100), and then detritylated using 80% acetic acid/water
solution for 30 min at room temperature. After this reaction, the acetic acid was completely
removed by Speedvac and 1 ml pure water was added. The solution was extracted by ethyl ether
for trice, while the organic layers were disposed and the aqueous layer was dried by Speedvac.
The deprotected sample was analyzed by RP-HPLC. A second HPLC purification was carried out

as needed.
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