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ABSTRACT

Nucleic acid quadruplex structures possess several unique properties

compared to the canonical nucleic acid structures. These structures are unique in

their sequence dependence and metal ion requirements. Evidence for the

presence and functional roles of quadruplexes in cellular systems has been

increasing rapidly in the past decade. They have also proven to be useful as

diagnostic and chemotherapeutic agents. Understanding of the structure and

stability of quadruplexes is essential to elucidation of their biological interactions.

Antiparallel quadruplexes contain guanine stretches that are antiparallel to

each other, in which half of the nucleosides have the anti conformations about

the glycosidic bonds and half possess the syn conformations. In contrast, the

guanine stretches in the parallel topology are parallel to each other with all

nucleosides in the anti conformation. Although the antiparallel fold is more
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prevalent, parallel quadruplexes are becoming increasingly common. The

influence of individual nucleoside conformation on the overall folding topology

was examined in order to understand the forces that determine the quadruplex

fold. Selective substitution of rC for dG allowed us to reverse the antiparallel fold

of the thrombin binding aptamer (TBA). In addition, this approach also converts a

unimolecular quadruplex into a bimolecular one. The reverse substitutions of dG

for r(3 in the all-RNA analogue of TBA confirmed the change in topology from

parallel to antiparallel conformation as well as the change from bimolecular to

unimolecular. Changing conformational properties of guanine nucleosides allows

us to control the quadruplex folding topology.

Metal ion – nucleic acid interactions are crucial in biological system and

have significant impact on structures and functions of macromolecules.

Quadruplexes are particularly unique in their unusual dependence on specific

metal ions for their formation and stabilization through binding via inner sphere

coordination. The thermodynamic behavior of quadruplexes stabilized by

monovalent and divalent cations was studied by Isothermal Titration Calorimetry

(ITC) at various temperatures. Results show that the enthalpy of quadruplex

formation is temperature dependent and non-zero heat capacities were

determined. These changes in the heat capacity are discussed in terms of

changes in exposure of polar and nonpolar groups upon quadruplex formation.
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1.1 WHAT IS QUADRUPLEX?

It has been known for a long time that tandemly repeated nucleic acid

sequences with two or more guanine bases have the propensity to form

polymorphic quadruplexes. The basic building blocks that construct these

quadruplexes are the guanine quartets stabilized by cyclic Hoogsteen hydrogen

bonding as shown in Figure 1 [1].

Figure 1: Guanine quartet - sº

1.1.1 Structural Polymorphism --> *---
-

The structural polymorphism of guanine quadruplexes can be classified in Sº
several ways [2]. They can be classified in terms of the number of strands that º

º

self-associate to form the structure. One strand of oligonucleotides containing at --
ony

least four runs of guanines bases can fold into an unimolecular quadruplex
-

(Figure 2D&E), while two strands with more than 2 runs of guanine bases can *.
fold and associate into a hairpin dimer (Figure 2B&C). The linear four-stranded

-

2
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(Figure 2A) quadruplex can also form. Quadruplexes can also be grouped into

parallel or antiparallel classes by the arrangement and orientation of the strands.

These structures can be further distinguished by the anti and syn conformations

of the guanosines about the glycosidic bonds, and by the orientation of the loops

to be lateral or diagonal.

In folded quadruplexes, which include the unimolecular / single stranded

(Figure 3) and the hairpin dimer / bimolecular structures, the sequential

guanosines usually alternate between anti and syn conformations about the

glycosidic bond . Also, the guanosines within each quartet alternate in the

sequence syn, anti, syn, anti or syn, syn, anti, anti. This is important in order to

maintain the hydrogen bonding among the bases within the quartets. In the linear,

four-stranded quadruplexes, all guanosines are in the anti conformations about

the glycosidic bonds. -

º
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D E

Figure 2: Schematics for various quadruplex structures. A. Linear

four-stranded. B: Hairpin dimer. C. Alternative hairpin dimer. D:

Unimolecular quadruplex. E. Alternative unimolecular quadruplex.
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Figure 3: Comparisons of unimolecular quadruplexes. A.

Antiparallel folding pattern. B: Alternative antiparallel folding. C:

Possible unimolecular parallel folding topology. D: Possible folding

containing three parallel guanine stretches and one antiparallel

stretch.
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Figure 4: Possible parallel quadruplexes. A. Four stranded; B:

Unimolecular, C. Double stranded or bimolecular
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In addition to the all-parallel quadruplexes formed from four strands of

guanine-rich oligonucleotides, another all-parallel motif was demonstrated in

more recent structural studies (Figure 4). It is particularly interesting, as this

structure is formed from a single strand folded several times on itself. The earlier

studies of this folding motif include one that was depicted by the d(GGA)4

sequence, which involves a guanine quartet stacked on top of a GAGAGAG

heptad [3]. This structure is similar to the two-stranded quadruplex formed by two

d((GGA)2G) sequences orientated parallel to each other with a guanine quartet

stacked on an AGGGGA hexad [4]. The c-myc promoter region sequence has

also revealed the formation of parallel unimolecular quadruplex conformation in

solution [5, 6]. A recent X-ray crystal structure of the human telomere sequence

d(AG3(TTAG3)3) in the presence of potassium ions [7] showed formation of a

parallel unimolecular structure. This observation is essentially different from the

previously published solution structure of the identical sequence in the presence

of sodium ions, which shows the antiparallel unimolecular folding topology [8].

Other evidence for the parallel folded configuration of this sequence was recently

provided by cross-linking experiments using dinuclear platinum complexes [9].

The most recent structure of HTR [10] determined by NMR in K+ solution

demonstrates a novel unimolecular quadruplex folding topology with hybrid-type

mixed parallel / antiparallel guanine strands (Figure 3D).

zºi.
:º



1.1.2 Metal lon Specificity

Other than their sequence dependence, quadruplexes are also unique

among all nucleic acid structures in their metal ion requirements. Their unusual

dependence on specific metal ions for their formation and stabilization results in

significant binding by means of inner sphere coordination [11–13]. Potassium and

sodium are common metals ions known to effectively induce and stabilize

quadruplex structures. In additions, there are many other cations capable of

inducing quadruplex structures [14]. A few of these cations are monovalent ions

such as NHa' [15, 16] and T■ ’ [17]. Divalent cations known to induce quadruplex

structures include Sr* [18], Ba” [19], and Pb" [12].

Sen and Gilbert investigated the roles of metal ions in the formation of G4

DNA (four-stranded structures) with the five alkali metal ions [20]. These alkali

metal ions have very different efficacies in inducing the formation of quadruplex

structures. It was demonstrated that K", in millimolar concentrations, is much

more effective than other alkali metal ions in promoting quadruplex structure

formation and that the K'-bound quadruplexes also possess the greatest thermal

stability. Li' on the other hand, was ineffective in the formation and stabilization

of quadruplex structures. In general, the trend of the alkali metal cation-induced

stabilization of G4-DNA is

K* > Rb" > Na’ > Cs’ > Li".

One of the possible explanations of this order of efficacies is that the

central cavity of the guanine quartet displays crown ether-like size-selective

binding of cations [21].



The intracellular K’ concentration is about 140 mM and Na’ concentration

is in the lower range of 5-15 mM. These phenomena are reversed in the

extracellular environment [22]. Under both conditions, the biological system is a

medium conducive to quadruplex structure formation.

Another phenomena termed the Na’ - K switch, which was first

introduced by Sen and Gilbert [20], regarding the variation of different

predominant structures of quadruplexes in the presence of both Na' and K (23,

24]. The ability of these cations to stabilize linear vs. folded quadruplexes differs

significantly for oligonucleotides containing two or more runs of guanines.

Therefore, when both of these alkali cations are present, it is hard to predict the

ratio of linear and folded quadruplexes that exists at equilibrium. This is further

complicated by differences in the kinetics of formation of these forms. Linear /

four-stranded quadruplexes can have very slow formation kinetics (25], whereas

unimolecular quadruplexes fold rather rapidly [26, 27]. Hence, it may take very

long times to reaching equilibrium, or there may even possibly be kinetic blocks,

to reaching equilibrium between these types of quadruplexes.

1.2 HISTORY

The first demonstration of the ability of guanine to form a guanine quartet

was made more than forty years ago using deoxyguanosine 3'-phosphate [28].

This phenomenon was also studied with 5’- and 3'-GMP as well as polyinosine

and polyguanine [14, 28-32]. GMP was reported to possesses the unique ability

to undergo spontaneous formation of this ordered quartet structure [33, 34].



1.3 BIOLOGICAL SIGNIFICANCE

Evidence for the presence of quadruplex structures in biological systems

is accumulating at an increasing rate. One of the most convincing pieces of

evidence for the presence of quadruplex structures in vivo is the demonstration

of antibody recognition of the structures in intact nuclei [35]. High-affinity single

chain antibody fragments (scFv) with capabilities of discerning parallel and

antiparallel quadruplexes were generated to study the presence of quadruplexes

in the macronucleus and micronucleus of Stylonychia lemnae. Experimental

evidence showed that the telomeres of Stylonychia macronuclei adopt a

quadruplex structure in vivo, suggesting the possibility of a role for this structure

in telomere function. More recently, Hurley and co-workers presented direct

evidence for quadruplex structures in the c-myc promoter region of human cells.

There are many identified proteins that specifically recognize and bind

qudruplexes. For example, the products of the Bloom's and Werner's syndrome

genes, BLM and WRN, are DNA helicases that unwind a variety of different

forms of guanine-quadruplex DNA [36]. With the cellular presence of

quadruplexes having been demonstrated, significant biological roles of

quadruplexes are highly likely. There are abundant quadruplex-forming motifs

widely dispersed in biologically significant regions in the eukaryotic genome.

There are many reports of proposing roles of quadruplex structures in replication,

transcription, and recombination. Studies have demonstrated their roles in

telomere function as well as their association with genetic based disorders in

triplet repeat sequences.

- -
-

-
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1.3.1 Possible Biological Roles

A. Telomere and telomerase

The tandem repeat G-rich telomeric sequences, which readily form

quadruplex structures, have been extensively studied over the years. The major

hypothesis concerning the significance of telomerase activity is the requirement

for telomerase in cells that divide indefinitely, making telomerase inhibition a

primary chemotherapy target [37-42]. Another significant hypothesis is that loss

of telomerase activity is a cause of cellular senescence [43–45) and hence being

able to prolong telomerase activity will allow cells to live longer.

During DNA replication, linear chromosomes are shortened and

telomerase prevents the shortening process. It is found that tumor cells divide

indefinitely and that 85–90% of all tumor cells have high levels of telomerase

activity [46-48]. Therefore, an abundance of research has been focusing on

inhibiting telomerase for cancer therapy[49-51].

There is a strand bias in the various telomeric DNAs in which the strand

running 5' to 3' from the center toward the end of the DNA molecule has more

guanine residues than its complement. Furthermore, the guanines in this strand

have tandemly repeated short, simple sequence motifs. This guanine-rich nature

and the extension of the 3' strand are characteristics of telomeres and may be

general features of telomere structures [52]. These telomeric sequences were

found to form novel guanine-quadruplex structures and it was suggested that

these structures might promote various aspects of telomere functions, including

regulation of telomerase or stabilization of chromosomes [53, 54].

11



Telomerase is a DNA polymerase, which is also a reverse transcriptase

because of its mechanism of action involves the copying an RNA template into

DNA. It is a ribonucleoportein containing its own RNA template as an integral

part of the enzyme [55, 56]. Telomerase has been shown to bind preferentially to

single-stranded telomeric oligonucleotides. The formation of quadruplexes was

shown to influence the extent of telomere elongation by telomerase, and hence

might act as a negative regulator of telomerase activity [57]. Quadruplex

structures are therefore become promising targets for therapeutic interventions

[41, 42, 58–60). Small molecules such as Porphyrin T4 (61–63), which binds

specifically to quadruplex structures, can push the equilibrium toward this folded

form, providing a credible approach to telomerase inhibition.

B. Bloom's and Werner's Syndrome

Bloom's syndrome is a rare genetic disorder characterized by

hypermutable cells; this leads to many clinical pathologies such as skin lesions

and increased occurrences of bacterial infections due to immunodeficiency [64].

Complications arising from this disorder include the formidable chronic lung

disease, diabetes, leukemia, and many other types of cancers (64–66). Bloom's

syndrome is caused by defects in the BLM gene, which encodes a DNA helicase.

This ATP dependent helicase was reported to be significantly more active at

unwinding linear DNA quadruplexes than duplexes [67]. This preference

suggested that linear DNA quadruplex may be a natural substrate of BLM in vivo

[67].

12



As in the genotype of Bloom's syndrome, Werner's syndrome is also

caused by defects in an ATP dependent helicase encoded by the WRN gene (68].

This genetic disorder is associated with genetic instability and early onset of

aging including gray hair, muscle atrophy, osteoporosis, cataracts, diabetes

mellitus, hyperlipidemia, malignancy, and senile dementia [65, 66,68]. WRN was

shown to unwind certain quadruplexes in the presence of hydrolysable ATP and

Mg” [69). WRN efficiently unwinds hairpin dimer quadruplexes formed by

d(CGG)7 with the presence of a 3’- or 5’-single-strand tail. However, WRN is

unable to unwind the corresponding blunt-ended quadruplex, as well as hairpin

dimer quadruplexes of a telomeric sequence or four-stranded linear

quadruplexes of an IgG switch region sequence. This selective ability of WRN to

unwind specific quadruplexes may suggest a specific role of this helicase in DNA

metabolism [69].

BLM and WRN are classified as RecQ helicases, which catalyze the ATP

dependent unwinding of quadruplex DNA. Hence, this unwinding function of

these helicases may be critical during replication and transcription.

C. Oncogenes

Quadruplex structures are also of potential biological significance as

regulatory elements as demonstrated by their formation in the G-rich sequence of

the c-myc oncogene control region [70]. c-myc has emerged as an attractive anti

cancer therapeutic target over the past few years because its expression has

been linked to cellular proliferation as well as inhibition of differentiation

associated with several human and animal malignancies, including breast, colon,

13
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cervix, and lung cancer [71-73). There is also evidence indicating that brief

inactivation of c-myc results in apoptosis of tumors and osteogenic sarcoma [74].

The nuclease hypersensitive element (NHE) Illi of the c-myc promoter, a 27

base-pair guanine-rich sequence situated in the upstream from the P1 promoter,

has been shown to form intramolecular quadruplex structures under physiological

conditions [70, 75). NHE Illi controls 85-90% of the transcriptional activation of

the c-myc oncogene, the stabilization of the quadruplex structures formed in this

sequence by the cationic porphyrin TMPyP4 was shown to suppress further c

myc transcriptional activation [75]. Not only do the c-myc promoter regions

contain the quadruplex-forming sequence, but other similar sequences are also

found in the promoter regions of various other oncogenes [70]. These

observations provide compelling evidence that quadruplexes may play a role in

gene regulation as a transcriptional repressor element.

The human B-cell CLL/lymphoma2 (bcl-2) gene is a proto-oncogene found

to be overexpressed in a wide range of human cancers including B-cell and T

cell lymphomas, breast, cervical, lung, prostate, and colorectal cancers [76-81].

Unlike other proto-oncogenes, the bol-2 gene product does not promote cell

proliferation but instead its oncogenic potential is achieved by reducing the rate

of cell apoptosis. Hence, overexpression of bcl-2 was shown to interfere with the

therapeutic action of current cell treatment regimes, which involve inducing

apoptosis of tumor cells [82].

Bcl-2 has also emerged as an attractive target for neuroprotective therapy,

which acts by preventing apoptotic neuronal cell death in neurodegenerative

14



disorders of aging, including Alzheimer's disease, Parkinson's disease, and

stroke. Overexpression of bcl-2 in neuronal cells has been shown to prevent cell

death induced by diverse apoptotic stimuli [83, 84].

The P1 promoter regions upstream of the translation start site is a

guanine-rich transcriptional promoter region containing multiple transcriptional

start sites [85]. This guanine-rich strand can form intramolecular quadruplexes in

solution containing K’ [85]. These results indicate that the quadruplexes

identified in the promoter region of the bol-2 gene are likely to play a role similar

to those in the c-myc promoter, in that their formation could serve to modulate

gene transcription [86].

D. Triplet Repeats

Triplet repeats have been associated with a variety of human, genetic

based disorders (87-89). The molecular basis of the triplet repeat diseases is

expansion, of the number of repeats of a triplet sequence, which can occur in a

single generation. Triplet repeat diseases exhibit non-Mendelian inheritance, with

genetic characteristic known as anticipation, a term referring to the tendency

towards earlier onset and increasing severity with the degree of expansion [90].

The most extensively studied case is the fragile X syndrome, a result of

the expansion of the d(CGG) repeat within the human fragile X mental

retardation (FMR1) gene [91] and the loss of fragile X mental retardation protein

(FMRP) function [92]. Studies show that while d(CGG) is repeated about 5-50

times in normal individuals, it is repeated about 40-230 times in carriers and from

about 230 to more than 2000 times in diseased individuals (93). Although multiple
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forms of DNA structure have been proposed for these d(CGG) repeats [89], there

is substantial evidence that d(CGG) repeats can form quadruplex structures

under physiological conditions [91, 94].

E. RNA Quadruplexes

There are several examples of guanine-rich sequences appearing in

mRNA that have the capability of forming quadruplexes. RNA quadruplexes may

be involved in fragile X syndrome as several reports describe the high affinity of

the FMRP protein for quadruplex motifs in mRNA [92, 95-98). Targeting various

mRNA sequences may be a significant function of FMRP, acting as a

translational repressor. There may also be a protein-RNA quadruplex interaction

involved in transporting the bound mRNA to certain cellular sites. Other studies

have also shown that the DNA region containing tandem GGC repeats may form

unimolecular quadruplexes that might involved in the mechanism underlying the

expansion process (99,100].

Sequence analysis of the 3'-untranslated region of the insulin growth

factor (IGF) ll mRNA suggests the presence of guanine quadruplex structures in

the guanine-rich region downstream of the cleavage site for endonucleolytic

cleavage [101]. It was proposed that the presence of quadruplexes flanking the

site may serve to keep the intervening sequence containing the cleavage site

available for interactions involved in the posttranscriptional processing events at

that site [101].

Studies have also described a translational recoding event in a herpes

simplex virus mutant that results in a low level of expression of full-length
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thymidine kinase, despite the presence of an extra base in the corresponding

mutant gene. There is evidence showing that the underlying mechanism of this

downstream frameshift is based on the ability to form guanine quadruplex

structures [102, 103].

RNA quadruplexes are also involved in the preferential binding of the fo

gene 5 protein to its linear form [104, 105]. The resulting RNA-protein complex

may be involved in translational repression. Other studies also demonstrated a

more than 100 fold greater binding affinity of this gene 5 protein for quadruplex

DNA than for the single-stranded DNA [106].

Although RNA aptamers, identified by in vitro selection with quadruplex

folding motif, are relatively rare, it has been shown that the essential recognition

element for the prion protein was an RNA quadruplex [107].

F. Quadruplexes as Biosensors

Thrombin binding aptamer (TBA), identified by in vitro selection

techniques in an effort to generate tight-binding ligands for the protin thrombin, is

the most extensively studied quadruplex-forming sequence [27, 108]. TBA has

been exploited in other ways, using its protein recognition cabilities as diagnostic

tools in microarray format and in an immunobead assay [109, 110]. In addition,

aptamer beacons, based on TBA, have been described as a sensitive tool for

protein recognition [111].
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CHAPTER 2: ENGINEERING THE QUADRUPLEX FOLD:

NUCLEOSIDE CONFORMATION DETERMINES BOTH

FOLDING TOPOLOGY AND MOLECULARITY IN

GUANINE QUADRUPLEXES
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2.1 ABSTRACT
()

The distribution of syn and antiglycosidic bond configurations differs in the

various quadruplex folding topologies. Because RNA prefers the glycosidic bond

to be in the anti conformation, specific positioning of ribonucleosides into a G

quadruplex-forming DNA sequence provides the possibility of controlling the

folding topologies. Substitutions of RNA into the Thrombin Binding Aptamer

sequence d(GGTTGGTGTGGTTGG) allows exploration of these possibilities

using CD experiments. This method allows the studies of the physical,

biochemical, and biological properties of these various folding topologies. * -
... "
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2.2 INTRODUCTION

In addition to the all-parallel quadruplexes formed from four strands of

guanine-rich oligonucleotides, another all-parallel motif was demonstrated in

more recent structural studies. It is particularly interesting as this structure is

formed from a single strand folded several times on itself. The earlier studies of

this folding motif include one that was depicted by the d(GGA)4 sequence, which

involves a guanine quartet stacked on top of a GAGAGAG heptad [1]. This

structure is similar to the two-stranded quadruplex formed by two d((GGA)2G)

sequences orientated parallel to each other with a guanine quartet stacked on an

AGGGGA hexad [2]. Study of the c-myc promoter region sequence has also

revealed the formation of parallel unimolecular quadruplex conformation in

solution [3,4]. A recent X-ray crystal structure of the human telomere sequence

(HTR) d(AG3(TTAG3)3) in the presence of potassium ions [5] showed formation of

a parallel unimolecular structure (Figure 1). This observation is essentially

different from the previously published solution structure of the identical

sequence in the presence of sodium ions, which depicts the antiparallel

unimolecular folding topology (Figure 2) [6]. Other evidence for the parallel folded

configuration of this sequence was recently shown by cross-linking experiments

using dinuclear platinum complexes [7].

In light of these observations regarding the various folding topologies for

unimolecular quadruplexes, it is of interest to assess the factors that determine

whether a given sequence will fold in an antiparallel or parallel fashion. We

approach this question here by examining the effect of syn/anti (Figure 3)

tº
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preferences of individual guanine nucleosides on the overall fold of Thrombin

Binding Aptamer (dTBA) (Figure 4), using site-specific substitution of

deoxyribonucleosides, dG's, with ribonucleosides, rG's. It is well known that in

oligo- and polynucleotides, dG has a significantly greater propensity for the syn

conformation than does rC [8]. In the case of polynucleotides, for example, it is

more difficult to induce the Z-form, left-handed conformation in poly(rG

rC) poly(rC-rC) than in poly(dG-dC) poly(dG-dC) [9], which can be attributed, at

least in part, to the higher energy of the syn conformation in RNA, as compared

to DNA, in the context of double helical structures.

s'

--
*-

34



C
ºv

* *-*.

T - - - - -
/.../º ! ■ t U

RARY *

-
º| t--- º

- ºfvº º ■ º. "
---

*//ºC

… I ~
-*- cº

--
C

[...] sºº
..º

2. *
º º -

^ 4.
sº tº

- -

* *



- - - -

Willº

-- **
-

º

sº

-
º

- - * .

- -]

**
Figure 1: HTR structure viewed perpendicular to helix axis (top -

row) or viewed down the helix axis (bottom row); the shaded sº

surfaces are the 5' and 3’ terminals. A: NMR structure (antiparallel º

unimolecular quadruplex) B: X-ray structure (parallel unimolecular º,

quadruplex) =~
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Figure 2: Schematic of different quadruplex folding topologies for

HTR. a. NMR structure. b. X-ray structure [5].

H1

anti syn

Figure 3: anti and syn conformation about glycosidic bond of

guanosine
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Figure 4: Schematic of dTBA antiparallel unimolecular quadruplex

structure. The syn conformation guanosines are shaded gray.
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2.3 MATERIALS AND METHODS

2.3.1 Sample Preparation

All oligonucleotides were purchased from IDT (Coralville, IA) with ion- º

exchange HPLC purification. The sequences were modified based on the 15- ---

mer sequence of the DNA thrombin binding aptamer, dTBA, as follows:

dTEA: 5'-GGTTGGTGTGGTTGG-3' -

dTEArt: 5'-qGTTgGTGTgGTTgG-3'

dTEAr2: 5'-GgTTGgTGTGgTTGg-3' -

rTBA: 5'-gguuggugugguugg-3'

rTBAd 1: 5'-GguuGguguciguugg-3'

rTBAd2: 5'-g'GuugGugugGuugG-3'
*

.Vi.

Upper cases are used for deoxyribonucleosides and lower cases for Y *

ribonucleosides. The underlined positions represent those nucleosides with syn sº

conformation about the glycosidic bond in the unimolecular quadruplex formed by º

the dTBA [10, 11].

Samples were annealed by heating up to 90 °C for 5 minutes, then cooling

slowly to 15 °C in 10 mM Li-cacodylate buffer, pH 6.8, and with the addition of 25

mM or 140 mM KCl as indicated.
--

2.3.2 Circular Dichroism

CD experiments were carried out on an Aviv 215 Circular Dichroism

spectrophotometer equipped with a peltier temperature controller. All CD spectral
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scans were accumulated over the wavelength range 220-320 nm, using 1 cm

path-length cells from Starna Cells Inc, at 15 °C, unless otherwise noted. The

scan of buffer alone was subtracted from each sample.

2.3.3 UV Measurements

Concentrations were determined spectrophotometrically, based on 8260

values (Table 1) estimated by nearest neighbor methods [12], using 1 cm path

length cells from Starna Cells Inc. UV melting curves were measured in a Cary

100 spectrophotometer equipped with a peltier heating device and run at a

heating rate of 0.2 °C/min. Thermodynamic analysis was carried out with an all

or-none model for quadruplex unfolding, assuming temperature-independent

enthalpy and entropy changes.

Sequence L(mol strand-cm)”
dTEA 147,920

dTEArt 150,020

dTEAr2 150,100

rTBA 156,380

rTBAd 1 154,280

rTBAC2 154,160

Table 1: £260 values used for concentration determinations.
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2.3.4 Nondenaturing Polyacrylamide Gel Electrophoresis (PAGE)

Samples of 80 HM concentration were heated in 10 mM Tris acetate, pH

6.8, and 25 mM KCl for 1 min at 90 °C, then cooled down slowly to room

temperature. Samples were then run on a 10 cm x 10 cm, 20% polyacrylamide

(19:1 acrylamide:bisacrylamide ratio) nondenaturing gel, made up in 40 mM Tris

acetate buffer containing 25 mM KCl (also used for the running buffer) for 2.5

hours at 240V in a cold room at 4 °C. Gels were stained with stains-all and

destained in 70% ethanol.

2.3.5 1D Imino Proton NMR

NMR spectra were obtained on a Varian 600 MHz NMR instrument with a

watergate pulse [13] for solvent suppression. Samples (500 pm strand) were

prepared in 90 % H2O/10 % “H2O in the presence of 25 mM KCl and 10 mM

perdeuterated Tris-acetate, pH 6.8.

2.4 RESULTS

2.4.1 Circular Dichroism

Circular dichroism (CD) spectra can be used to assess the nature of the

quadruplex fold, based on observations that antiparallel quadruplexes present a

long-wavelength positive maximum near 293 nm in the presence of sodium or

potassium, while parallel quadruplexes exhibit a CD maximum near 265 nm [14].

This difference has been attributed to the requirement for half of the

deoxyguanosine nucleosides to possess the syn conformation about the

l■ º
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glycosidic bond in order to fully realize the hydrogen bonding pattern of the

guanine quartet in antiparallel conformations [15]. Although the use of CD to

distinguish parallel from antiparallel folding topologies has proved to be reliable in

general, some have suggested that it may not always lead to the correct result

[16]. Nonetheless, the vast majority of published reports are consistent with these

observations; for example, there is no instance of a known parallel quadruplex

with a single, positive peak near 293 nm. Thus the very distinct spectra described

below can be confidently used to distinguish parallel from antiparallel quadruplex

Structures.

In Figure 5A, we present CD spectra for the thrombin binding aptamer,

dTBA. The spectrum in the presence of buffer alone shows several low

amplitude bands indicative of a relatively unstructured state, and similar to what

has been reported earlier in the absence of added metal ions [17]. Addition of 25

mM KCl results in a dramatic overall change in the CD spectrum, with a large

positive maximum near 293 nm, characteristic of antiparallel quadruplex

structures, in this case an antiparallel, unimolecular folded quadruplex. The high

resolution NMR structure of this sequence stabilized by K+ reveals the overall

fold to be that shown in Figure 4 and also establishes that half of the

deoxyguanosines are in the syn conformation [10, 11]. Similar observations have

been reported for all other quadruplexes involving antiparallel folds, including

both unimolecular and bimolecular constructs [18, 19].
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ael A

20

240 250 320 240 2■ o 320

Wavelength, nm

Figure 5: CD spectra for various sequences at 7p1N concentration

in 10 mM Li-cacodylate at 15 °C in 1 cm path cells, unless

otherwise specified. A dTBA in buffer alone (–) or with 25 mM

KCI (e); B: rTBA in buffer alone (–) or with 25 mM KCl (e); C:

dTBArí, in buffer with 25 mM KCI, 5 °C, measured at 60 pm in a

0.1 cm cell, (o), dTBArz in buffer with 25 mM KCI (e); D: rTBAdt in

buffer with 25 mM KCI (e), r■ 3Ad2 in buffer with 25 m M KCl (o).
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When the same experiment is carried out with the all-RNA analog, rTBA,

the CD spectrum in the absence of added metal ion resembles that of dTBA,

consisting of very low amplitude features characteristic of a minimally structured

state (Figure 5B). The addition of KCl (25 mM) results again in a change in the

CD spectrum, but to a significantly different pattern. Most importantly, the long

wavelength maximum is shifted to 265 nm, characteristic of parallel quadruplex

structures. This spectrum, consisting of a single positive peak, is clearly distinct

from that of dTBA and indicates a major change in overall structure for rTBA. In

particular, a parallel quadruplex conformation implies that all nucleosides are in

the anti conformation, demonstrating that replacement of all

deoxyribonucleosides with their corresponding ribonucleosides results in a

refolding of the antiparallel structure to a parallel structure.

We next made more selective substitutions of ribo- for

deoxyribonucleosides. Our rationale was based on the well known observation

that ribonucleosides strongly prefer the anti conformation about the glycosidic

bond to the syn conformation, as mentioned above. Thus selective substitution of

the dC nucleosides in dTBA that possess the syn conformation about the

glycosidic bond may significantly destabilize the antiparallel fold, possibly leading

to a parallel fold.

The NMR solution structures for dTBA reveal that dG nucleosides in

positions 1, 5, 10, and 14 all possess the syn conformation [10, 11]. Thus we

substituted just those positions with rC, nucleosides, leading to the

oligonucleotide dTBArt. For this sequence, addition of KCl to buffer results in a

tº
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positive CD peak at 265 nm, similar to that of the all-RNA sequence r■ 3A, as

illustrated in Figure 5C. This result is fully consistent with our predictions, based

on the observation that ribonucleosides strongly prefer the anti over the syn

conformation when incorporated in oligo- or polynucleotides. This spectrum was

obtained at relatively high strand concentration (and low temperature); CD

spectra obtained under standard conditions showed little difference from those

observed in buffer alone (Figure 6).

Additional efforts were made to stabilize the quadruplex formed by the

chimeric dTBArí. It has been shown that addition of 30% methanol (MeOH) to

the buffer stabilizes quadruplex structure formation (Smirnov and Shafer,

Biopolymers, in press). This was indeed shown in the CD spectra in Figure 6 of

the chimeric dTBArT in buffer solution containing of 30% MeOH. The addition of

MeOH results in an overall change in the CD spectrum, with a positive maximum

peak at 265 nm. In order to confirm that addition of MeOH only stabilized the

quadruplex structure, which results in the increase in the amplitude of the

corresponding CD peaks, we did a similar addition to dTBA (Figure 7) and rTBA

(Figure 8).

Results of native polyacrylamide gel electrophoresis (shown below)

suggest the possibility that parallel structures may consist of more than one

strand. Hence, we investigated structure formation of dTBArT in higher

concentration conditions, which results in more distinct overall CD changes, as

shown in Figure 5C and Figure 9. This concentration dependence indicative of

the possibility of multi-stranded parallel structures is investigated further below.
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Figure 6: CD spectra for dTBArT at 7 p.M in 10 mM Li-cacodylate

at 15 °C in 1 cm path cells, after being heated to 90 °C for 5 min

and slowly cooled down. dTBArT in buffer alone (–), with 25 mM

KCI (e), or with 25 mM KCl and 30% MeOH(o).
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Figure 7: CD spectra for dTBA at 7 p.M in 10 mM Li-cacodylate at

15 °C in 1 cm path cells, after being heated to 90 °C for 5 min and

slowly cooled down. dTBA in buffer alone (–), with 25 mM KCl (e),

or with 25 mM KCl and 30% MeOH (o).
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240 280 320

Wavelength, nm

Figure 8: CD spectra for rTBA at 7 p.M in 10 mM Li-cacodylate at

15 °C in 1 cm path cells, after being heated to 90 °C for 5 min and

slowly cooled down. r■ 3A in buffer alone (–), with 25 mM KCI (e),

or with 25 mM KCl and 30% MeOH (o).
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Figure 9: CD spectra for dTBArT at 60 pm in 10 mM Li-cacodylate

at 15 °C, or 5 °C in 0.1 cm path cells, after being heated to 90 °C

for 5 min and slowly cooled down. dTBArT with 25 mM KCl at 15

°C (–), with 25 mM KCl at 5 °C (o),and with 140 mM KCl at 5°C

(e).
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As an additional test of our hypothesis that the syn-anti behavior of

individual nucleosides plays a major role in affecting the overall quadruplex fold,

we examined a control sequence, dTBArz, in which the other four dG residues

(those which possess the anti conformation in the antiparallel quadruplex formed

by dTBA) have been replaced by rC. Here we expected little or no difference

compared to dTBA and indeed this turns out to be the case, as illustrated in

Figure 5C, where it can be seen that dTBAr2 exhibits a positive CD peak at 293

nm, consistent with an antiparallel fold.

Having converted the antiparallel fold of dTBA to a parallel fold by

selective substitution of rC for dG, we turned to the converse, i.e. converting the

parallel fold of rTBA to an antiparallel fold. Thus we investigated the properties of

rTBAd 1, in which the rG nucleosides at positions 1, 5, 10 and 14 are substituted

by dG. Here we have selectively replaced syn-phobic nucleosides with syn-philic

ones and now this chimeric sequence folds into an antiparallel quadruplex, as

demonstrated by its CD spectrum shown in Figure 5D. Again, replacing the other

rG nucleosides with dG, to yield rTBAd2, the relevant control sequence, leads to

a parallel quadruplex fold, similar to its parent sequence rTBA, also shown in

Figure 5D.

We have repeated these CD spectra in the presence of 100 mM NaCl

instead of 25 mM KCI (Figure 10). For dTBA, rTBA, dTBArz, and rTBAd 1, the

spectra observed in NaCl are similar to those observed in KCI, except with

smaller amplitudes. In the case of dTBArT and r■ 3Ad2, addition of NaCl led to

little or no change compared to buffer alone, indicating no quadruplex formation,

L tº
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most likely due to the extremely weak strand association for these sequences

under these conditions. L tº
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Figure 10: CD spectra for various sequences at 7 pm

concentration in 10 mM Li-cacodylate, in buffer alone (–) or with

100 mM NaCl (e), at 15 °C in 1 cm path cells. A dTBA ; B:

dTEAr1; C: dTBArz; D: r■ 3A, E: r■ 3A1; F: r■ 3A2.

tº º'

It?

51



*** * *
---*** ---

" … : :

- * * …!
- • *-au

J. M ‘C !

****
1 º ºrm-º-º-



2.4.2 Polyacrylamide Gel Electrophoresis

In order to further examine the possibility that some of the species

considered here consist of more than one strand, we carried out native

polyacrylamide gel electrophoresis. In Figure 11, it is apparent that the

sequences which exhibit positive CD peaks at 293 nm (dTBA, dTBArz, and

rTBAd1) exhibit higher electrophoretic mobility in comparison to those

sequences possessing a CD peak at 265 nm (rTBA, rTBAd2 and dTBArT). The

position of the slower-moving bands, near the gel position for the 20- and 27-mer

components of the ladder, suggests that these structures are composed of more

than one strand, and are most likely two-stranded rather than four-stranded

species; the latter would be expected to migrate even more slowly in the gel.

There is evidence for some minor species in some of the lanes, which could

represent small amounts of impurities or a small population of unfolded or

differently folded oligonucleotide. In this regard, we note that these samples were

run at relatively high concentration in order to facilitate the formation of any two

stranded structures. Nonetheless, the positions of the major species are clear,

and indicate a unimolecular fold for the antiparallel structures and a bimolecular

fold for the parallel structures.
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Figure 11: Non-denaturing polyacrylamide gel run at 4 °C. Lanes 1

– 7: dTBArz, dTBArt, dTBA, DNA ladder (dT10, dT15, dT20, - - -
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2.4.3 Thermal Denaturation Studies

The molecularity of these quadruplex structures can be further

investigated by examining the concentration dependence of the melting

temperature, assessed by finding the temperature, Tmax, corresponding to the

maximum in the slope of the melting curve. This measure of thermal stability

does not require any modeling or assumption of molecularity and thus is useful

when the latter is in doubt. UV melting curves were measured for each of these

sequences.

The effect of strand concentration on the melting temperature for dTBA,

rTBA and rTBAd 1 is summarized in Figure 12, where it can be seen that the

Timax of the all-RNA sequence, rTBA, exhibits significant concentration

dependence while that of the other two sequences appears independent of

strand concentration. Among these three sequences, only rTBA exhibited a

substantial hysteresis and a biphasic character in its melting profile. In such

cases, the Tmax was determined for the first transition in the heating direction.

Similar behavior has been reported for this sequence by others [20]. While this

suggests a more complicated set of conformations for this sequence and

possible kinetic issues, rendering thermodynamic analysis difficult, the strand

concentration dependence is nonetheless apparent. The two antiparallel

structures, dTBA and rTBAd 1, do not exhibit a concentration-dependent Tmax

and hence behave as unimolecular species, consistent with their high gel

mobilities. In contrast, both gel behavior and concentration dependence of
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melting temperature support a two-stranded species for the parallel quadruplexes

in this study.
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Results for Tmax values are presented in Table 2. The all-DNA sequence,

dTBA, melts at 46 °C, in excellent agreement with earlier work of sSmirnov and

Shafer on this sequence under similar conditions [21]. As this sequence folds into

a unimolecular quadruplex, its melting temperature is independent of strand

concentration. In the case of the parallel structures, however, specifying a

melting temperature is more ambiguous, as one must also specify strand

concentration. Nonetheless, at relatively high strand concentration, dTBArí

exhibits the lowest Tmax, and hence has the lowest thermal stability overall. For

other parallel quadruplex structures, rTBA, at high strand concentration, exhibits

a melting temperature similar to that of dTBA but a melting temperature about 5

°C lower than dTBA measured at low strand concentration, while ri■ BAd2 melts

at a fairly low temperature, 29 °C, at low strand concentration. These results are

consistent with the need to measure the CD spectrum of dTBArT at low

temperature and high strand concentration. Similarly, they are consistent with the

lack of quadruplex formation by dTBArT and rTBAd2 in NaCl solution, as these

two sequences form the least stable quadruplexes in KCI.
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Sequence Tmax, "C

dTEA 46

dTBArT (80 pm) 22

dTEAr2 52

rTBA 41

rTBAd 1 49

rTBAC2 29

Table 2: Melting temperatures determined by UV thermal

denaturation. Samples run in 10 mM Li-cacodylate buffer, pH 6.8

containing 25 mM KCl and at 7 p.M strand concentration unless

otherwise specified.

In the case of the remaining, unimolecular antiparallel quadruplexes,

dTEAr2 and r■ 3Adºl, both exhibit higher Tmax values than dTBA. This leads to

the general observation that all antiparallel quadruplexes have higher melting

temperatures than all of the parallel quadruplexes, indicating that, at least for this

base sequence, the parallel folding topology is less thermally stable than the

antiparallel topology. Furthermore, among the three antiparallel structures, the

all-DNA sequence is the least stable, while among the three parallel structures;

the all-RNA sequence is the most stable.

Results from thermodynamic analysis of the UV melting curves for those

sequences forming unimolecular antiparallel quadruplexes are presented in

tº º
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Table 3. Similar analysis for parallel-forming species was not carried out due to

significant hysteresis in their heating and cooling curves. In terms of thermal

stability, the all-DNA sequence is the least stable while the mainly DNA

sequence, dTBAr?, is the most stable. The intermediate thermal stability of the

mainly RNA sequence, rTBAdí, suggests that RNA can essentially fold in a

manner similar to that of its DNA analog when the barrier to taking on the syn

conformation is removed. Both RNA-containing sequences in Table 3 appear to

have greater enthalpic contributions to the stability of their folded structures. This

may be due to stacking differences and/or other specific effects. The slightly

lower thermal stability of rTBAdí compared to dTBArz derives from destabilizing

entropic effects, which more than compensate the slight enthalpic preference for

the former. Since differences in these terms are small, it is difficult to assess their

real significance. What does appear unambiguous is that both RNA-containing

sequences are more stable than the all-DNA sequence.
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Sequence Tim AH% AS” AG°(37 °C)
(°C, it 0.5) (kcal/mol, #2) (cal/(mol-deg), #4) (kcal/mol, #0.2)

dTEA 45.9 40.3 127 0.93

dTEAr2 51.8 45.3 139 2.21

rTBAC1 49.4 46.2 144 1.72

Table 3: Thermodynamic parameters from van't Hoff analysis of

the thermal denaturation of sequences forming unimolecular

antiparallel quadruplexes in 25 mM KCI.

2.4.4 Imino proton NMR spectra

One of the signature properties of structures based on the guanine quartet

involves the presence of imino proton resonances in the -10.5 – 12.5 ppm range

[18, 19]. Thus we measured the imino proton spectrum for both dTBA and r■ 3A

in order to confirm the presence of a quadruplex conformation in these

sequences. The imino proton spectrum of dTBA has been well characterized [10,

11] and we include it here simply for reference. Results for both dTBA and rTBA

are presented in Figure 13. The spectrum for dTBA resembles that already

reported, again indicative of guanine imino protons engaged in quartet hydrogen

bonding. Similarly, the spectrum for r■ 3A also contains resonances

characteristic of guanine quartets.

t". º
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12.0 11.5 11.0 10.5

13.0 12.5 12.0 11.5
ppm

Figure 13: Quartet imino proton spectra for rTBA (top) and dTBA

(bottom), 500 piM strand, in 10 mM perdeuterated Tris-acetate

buffer, pH 6.8, and 25 mM KCI, 5 °C, .

The spectrum of each structure covers a similar range of frequencies, with

that for dTBA slightly smaller than that for rIBA. Additionally, the resolution is

substantially better in the spectrum for dTBA. The apparently broader lines in the

rTBA spectrum may be due to the fact that this structure consists of more than

one strand and its spectrum may possess more than eight resonances. For our

purposes, however, the significance of these spectra is that they confirm the

presence of a guanine quartet based structure for rTBA, the all-RNA version of

this sequence.

2.5 DISCUSSION

Guanine quadruplex stability is affected by multiple forces. Of primary

significance is the ability to form complete guanine quartets. In general, the more

quartets in a structure, the more stable it will be, all other things held constant. In

the case of folded quadruplexes, we can anticipate a role for the loop sequences
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in modulating the stability of these structures. The importance of loop length and

sequence in determining the thermal stability of dTBA has been shown

previously [21]. More recently, the effect of loop length on quadruplex stability

has been demonstrated in other sequence contexts [16]. Evidence suggesting

the possibility of parallel unimolecular quadruplexes appeared over a decade

ago. For example, in an early study on the human telomere repeat sequence

[22], CD spectra, in the presence of K” ions, showed peaks at both 265 nm and

293 nm, suggesting the presence of both parallel and antiparallel quadruplex

structures. Several years later, a report appeared describing both DNA and RNA

forms of the Tetrahymena repeat sequence, d(T2G4)4, including data suggesting

that the RNA oligonucleotide was both unimolecular and parallel [23].

More recently, several structural studies demonstrating a DNA parallel

quadruplex conformation have appeared. Patel and co-workers described an

unusual four-stranded DNA structure, in the presence of 150 mM Na’, in which

two strands of d(GGAGGAG) formed a quartet and an AGGGA hexad, with all

GG segments parallel to each other; two such structures complexed with each

other via stacking of their respective hexads [2]. Thus within each two-stranded

hexad-quartet structure, all GG segments are parallel to each other, but those of

One such structure are antiparallel to those of the other.

Katahira and co-workers have reported the NMR solution structure of the

12-mer d(GGA)4 in the presence of 10 mM NaCl and 100 mM KCl [24]. This

structure involves a single strand folding in a parallel fashion to form one guanine

quartet stacked over a GAGAGAG septet. As in the AGGGGA hexad structure

*
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mentioned above, two such structures stack via their GAGAGAG heptads, giving

rise to a two-stranded structure. Shortly following that report, an X-ray crystal

structure for the human telomere sequence, d(AG3(T2AG3)3), appeared [25]. This

structure, obtained in the presence of K' ions (and a quadruplex-binding ligand),

exhibited a parallel folding topology, in striking contrast to the antiparallel, folded

structure reported about a decade earlier for the same sequence by NMR in

solution, in the presence of Na’ ions [6]. More recently, evidence for a two

stranded, parallel quadruplex formed by a two-fold repeat of the human telomere

has been described, in which the two strands each contribute half of the

guanines in each quartet [26]. G-rich sequences from the control region of the c

myc promoter have also been shown to form a unimolecular parallel quadruplex

[3, 4, 27].

RNA quadruplexes have been studied less extensively than DNA

quadruplexes. One example is a study demonstrating different quadruplex

structures formed by d(G2AG2TAG2AG2A) and its RNA analog,

r(G2AG2U4G2AG2A); the DNA sequence forms a typical bimolecular antiparallel,

diagonal loop type structure while the RNA sequence forms a dimer of two

parallel unimolecular quadruplexes [28, 29]. This result echoes the results

mentioned earlier, in which CD and gel electrophoresis data indicated, under

certain conditions, an antiparallel, unimolecular structure for d(T2G4)4 in contrast

to a parallel, unimolecular structure for r(U2G4)4 [23]. Some physical studies have

been carried out on an RNA quadruplex-containing aptamer targeted to the

Fragile-X mental retardation protein, although its folding topology is not apparent
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[30, 31].

At this time, then, there is ample documentation of both parallel and

antiparallel folded quadruplexes, yet relatively little is known regarding the forces

which determine how a specific sequence folds. One study has shown that the

normally antiparallel folded quadruplex formed by d(G4(T4G4)3) can be induced to

fold to a parallel quadruplex in the presence of K when certain single

nucleosides are replaced with a locked nucleic acid (LNA) analog [32]. No clear

evidence for change from antiparallel to parallel was reported, however, in the

presence of Na". This approach also sought to exploit the preference of the LNA

analog for the anti conformation, yet in two of the three cases where conversion

from antiparallel to parallel was essentially complete, the substitutions occurred

at sites that normally possess the anti conformation. Thus the rationale for those

results is not clear. In the results presented here, the role of the substituted

nucleosides is unambiguously demonstrated via the control sequences and the

results are seen for both K" and Na’.

A more recent report has appeared describing the effect of replacing all

quartet deoxyguanosines in dTBA with the LNA analog, which led to a structure

with a parallel-like CD spectrum and substantially lower thermal stability than

dTBA [33]. No information concerning the molecularity of this structure was

provided, although the observed hysteresis in CD melting profiles for this

modified sequence indicated very slow kinetics of quadruplex formation,

consistent with the possibility of a multi-stranded species. In this regard, it is of

interest to note that some two-stranded quadruplexes have been shown to
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exhibit very slow kinetics of formation/dissociation (26] and thus the observation

of hysteresis in melting curves is consistent with either two- or four-stranded

structures. The specific role of the syn — anti properties of the LNA analog was

not considered.

The potential role of loops in directing a parallel or antiparallel fold has

been investigated by Neidle and co-workers [16]. In that study, it was concluded

that loop length may play a major role in determining the overall fold. Specifically,

the study finds that the parallel structure is the only stable form when all loops

consist of a single base; in most other cases, both parallel and antiparallel folds

are possible. This conclusion is supported by previously published structures of

parallel quadruplexes, both DNA and RNA, which possess two or three single

base loops [24, 27, 29, 34].

The influence of loops on the CD spectrum of quadruplexes has also been

considered. For example, in a study on the CD spectra of a series of telomere

sequences from vertebrates, Bolton and co-workers have suggested that in

spectra possessing positive peaks near 260 and 290 nm, that the longer

wavelength peak may arise from the three-base (TTA) loops while the other peak

arises from the quartet core [35]. Similarly, others have shown that the CD

spectrum of the four-fold repeat of Tetrahymena, d(T2G4)4, in the presence of

NaCl possesses positive peaks at both 260 and 290 nm (23, 36]; one explanation

is that the unusual fold of this sequence, involving two lateral loops and one

double-reversal, or propeller, loop [37] is both part parallel and part antiparallel,

and thus may have a CD spectrum with both peaks. However, the alternative
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explanation attributing the two positive peaks to two different species cannot be

ruled out, especially in light of gel electrophoresis results suggesting the

presence of two different species under these conditions [23].

Our CD results provide some additional insight into this question, as

parallel and antiparallel species display CD spectra possessing either the

positive peak at 265 nm or at 293 nm, but not both. The loops, likely composed

of two or three bases, must have different folds yet do not appear to make a

separate contribution to the CD signal. Of course, it is difficult to generalize from

a single example, and thus the general CD properties of parallel and antiparallel

quadruplexes remain to be elaborated.

The main focus, however, of this work is to investigate the effect of the

guanine nucleoside on the nature of the quadruplex fold. Specifically, we have

demonstrated that dO residues at certain positions can be replaced with rC

residues (a difference of a single oxygen atom on the sugar ring) resulting in a

major change in the overall folding topology. Starting with all-DNA (antiparallel

conformation), substitution of specific dé, residues can reverse the sense of the

fold. Similarly, the parallel fold of the all-RNA sequence can be reversed by

specific substitution of rC with dG. We rationalize these changes by noting that

RNA nucleosides exhibit a strong preference for the anti conformation about the

glycosidic bond, related to the fact that ribonucleosides exhibit the C3'-endo (N)

type of sugar pucker. This preference for the anti conformation in RNA is not

absolute, as there are examples of RNA structures containing syn

ribonucleosides, such as Z RNA [9], hairpins [38], G-A mismatches in duplexes
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[39] and ribozymes [40]. Nonetheless, within the context of the sequences

studied here, the inherent preference of ribonucleosides for the anti conformation

appears to be sufficiently strong to force quadruplex refolding.

In addition to reversing the quadruplex fold from antiparallel to parallel,

specific replacement of dO with rC also changes the molecularity of the structure

from one to two strands. At this time, we can only speculate in a limited manner

on the arrangement of the two strands in the parallel quadruplex formed by

dTBArT (and by ri■ BA and rTBAd2 as well). As illustrated in Figure 4 in Chapter

1, several different arrangements are possible for parallel quadruplexes: (i) a

single unimolecular species — Figure 4B, (ii) a dimer of unimolecular

quadruplexes and (iii) a single quadruplex composed of two strands - Figure 4C.

Our results indicate that the latter two forms are possible arrangements for the

parallel structures investigated here; additional studies will be necessary to

distinguish (ii) from (iii). Examples of type (ii) structures in the literature involve a

single quartet stacked on a larger guanine quartet-containing platform composed

of purines, such as an AGGGGA hexad [2, 29] or an GAGAGAG heptad [24].

Given the sequence of TBA, this may be unlikely to form in the parallel

quadruplexes studied here, leaving type (iii) as the more likely strand

configuration.

It is well appreciated experimentally that in most DNA and RNA structures,

the anti conformation about the glycoside bond is more frequently observed than

the syn conformation, implying that the former is more stable than the latter.

Relating these observations to the conformational properties of the nucleic acid

-
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building blocks is considerably more complicated, as the glycosidic torsion angle

is coupled to other degrees of freedom, such as sugar pucker. For example,

solution studies on purine nucleosides indicate only relatively small differences

between syn and anti conformations [8], yet this similarity in energy is not

observed at the oligo- or polynucleotide level. A clearer correlation is seen,

however, regarding sugar pucker, with ribonucleosides preferring the C3' pucker

and deoxyribonucleosides preferring the C2' pucker. Furthermore, computations

have led to quite different energetics between the various conformational states

of nucleosides and nucleotides [41–44].

The results described herein demonstrate that the observed preference of

ribonucleosides for the anti conformation about the glycosidic bond in a large

number of structures also holds for the guanine quadruplex. The energetic

difference between the syn and anti conformations of rC, incorporated into

oligomeric structures, is sufficiently large to destabilize the antiparallel fold

relative to the parallel fold. Similarly, the relative ease with which d(3 can exhibit

the syn conformation reverses the situation, resulting in an antiparallel fold for a

mainly RNA chimeric sequence. Thus there does not appear to be anything

inherent to RNA chemistry or structure preventing antiparallel folding, other than

the glycosidic bond conformational properties. The switch in folding is not the

only change that occurs, however, as the parallel species examined here consist

of more than one strand, while the antiparallel species are unimolecular. This

observation raises the question of the relationship between folding topology and

molecularity. The TBA sequence presents no obvious obstacle to simply forming
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a unimolecular, parallel quadruplex. Unimolecular parallel structures have been

reported containing one-base, two-base and three-base loops [16, 27].

Apparently there is some driving force for a two-stranded, parallel structure in this

case such that the unimolecular species has a higher free energy than the

corresponding two-stranded structure, suggesting that the entropic cost of

associating two strands is less than the enthalpic cost of forming the

unimolecular parallel conformation.

One possible factor influencing the molecularity of parallel quadruplexes is

the sequence in the loops. All of the known structures of unimolecular parallel

DNA quadruplexes, i.e. those in which a single strand folds into a complete

parallel quadruplex, contain adenine in one or more loops and also contain at

least one single-base loop [4, 24, 25, 27]. In contrast, the TBA sequence studied

here contains no adenine and no single-base loop sequence. This suggests a

possible role for loop sequence in determining the folding pattern for

quadruplexes and also is consistent with earlier studies indicating that single

base loops are most readily accommodated in unimolecular parallel

quadruplexes [16].

While it is somewhat premature to generalize, all RNA quadruplexes

investigated to date appear to exhibit a parallel folding topology, while only DNA

quadruplexes have been found in both parallel and antiparallel folds. Such

differences could have important biological implications. For example, the

intramolecular guanine quadruplex in mRNA that binds the fragile-X mental

retardation protein [45] is likely a parallel, rather than an antiparallel, structure.
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Formation of 8-methylguanine from exposure to certain carcinogens has been

reported [46, 47]; this could potentially occur in both DNA and RNA in vivo, and

impact the nature of quadruplexes formed in G-rich regions of the genome or of º

RNA, due to the influence of methylation at the 8 position on the syn-anti

conformational preferences of the modified nucleoside. The inactivity of the RNA

version of a DNA quadruplex aptamer that binds ATP could be due to a change

from antiparallel to parallel folding [48]. Finally, it is likely that antiparallel

quadruplex structures proposed for G-rich RNA sequences, such as that shown

by in vitro selection to bind tightly to prions [49], will need revision.
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2.6 OTHER SEQUENCES

Similar studies by CD were carried out with different sequences. Selection

of one of the sequences was based on the report describing both DNA and RNA sº

forms of the Tetrahymena repeat sequence, dTETTEL [23]. Once again the

sequence was modified based on the DNA form d(T2G4)4 with reference to its

solution structure formed in Na’-containing solution [37]. The other sequence

studied was based on the Oxytricha repeat sequence, dOTEL, with the

modification based on the solution structure reported in the presence of metal

cation [50]. A similar notation was adopted for these sequences, with upper

cases used for ded.»yribonucleosides, lower cases for ribonucelosides, and

underlined positions represent those nucleosides with syn conformation about

the glycosidic bond in the quadruplex structures formed by the DNA forms.

Sample preparations were same as described in section 2.3.1. _Y

dTETTEL: 5'-TTGGGGTTGGGGTTGGGGTTGGGG-3' s

dTETTELn: 5’-TTgGGGTTGggGTTGgGGTTgGGG -3'
-

s

dOTEL: 5'-GGGGTTTTGGGGTTTTGGGGTTTTGGGG-3'
- --

dOTELn: 5'-gggg.TTTTgGgQTTTTgGgGTTTTgGgQ-3'
-

*
-

". .
rOTEL; 5'-gggguuuugggguuuugggguuuugggg-3'

dHTRr1: 5'-AGgGTTAgGgTTAGGGTTAgGg-3'

dHTRr2: 5'-AgQgTTAGGGTTAgGgTTAGGG-3'
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2.6.1 CD results for dTETTEL and dTETTELT

In Figure 14, there is no dramatic overall change in CD spectrum for

dTETTEL with the addition of 25 mM KCI. There are two major CD peaks at 265

nm and 293 nm indicative of the presence of mixture of parallel and antiparallel

quadruplex structures. However, for the chimeric dTETTELr in the presence of

25 mM KCI (Figure 15), the major structures are the parallel structures indicated

by the major CD maximum peak at 265 nm.

The chimeric dTETTELn in the presence of 100 mM NaCl has a different

CD pattern. As can be seen in Figure 16, the two peaks with maxima at 265 nm

and 293 nm of almost equivalent amplitude are indicative that approximately

equal amount of parallel and antiparallel quadruplex structures are formed by the

chimeric dTETTELr in the presence of 100 mM NaCl. This result does not

replicate the results reported by Sugimoto and co-workers [50]. Also, since the

modification was based on the solution structure of dTETTEL in the presence of

Na', it is surprising that the chimeric sequence formed more stable parallel

structures in the presence of KCl as opposed to NaCl. Further studies could be

carried out to investigate the possibility of multi-stranded parallel quadruplex

formation as shown in the dTBA and corresponding chimeric sequences.
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2.6.2 CD results for dOTEL, rCTEL, and dOTELn

As was seen in Figure 17, addition of 25 mM KCl to dotel results in a CD

spectrum of a positive maximum CD peak at 293 nm characteristic of antiparallel

quadruplex structures. However, a different CD spectrum is (Figure 18) obtained

by the addition of NaCl at both concentrations of 50 mM and 100 mM.

When the same experiments were carried out with the all RNA analog,

rOTEL, the addition of both 25 mM KCI (Figure 19) and 100 mM NaCl (Figure

20), resulted in significant CD changes were observed. Both spectra showed one

large, positive maximum at 265 nm with the characteristic of parallel quadruplex

Structures.

The chimeric dOTELr also revealed a quite significant overall CD change

(Figure 21) with the expected positive CD peak at 265 nm appearing with the

addition of 25 mM KCI. Once again, no considerable CD changes (Figure 22) in

the presence of NaCl at both concentrations.
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2.6.3 CD results of dhTRr1 and dBTRr2

Figure 23 shows the CD spectra of dhTRr1. As seen in Figure 23A, there

is a small positive maximum CD peak at 293 nm characteristic of antiparallel

quadruplex structures as a result of the addition of 100 mM NaCl to dh'TRr1. The

spectrum remains the same after leaving the solution in the same condition for

two days.

There is a more significant change in CD with the addition of 25 mM KC

to dh'TRr1 with a positive peak at 265 nm, which is a characteristic of parallel

structures, and also a broad shoulder extended to 293 nm. This may indicate the

presence of mixed parallel and antiparallel structures. However, the CD spectrum

changed peak having a maximum at 293 nm in the presence of 30% MeOH and

this 293 nm peak increases when the solution left in the same condition for 2

days.

As for the other chimeric sequence, dHTRr2, no significant change in CD

signals occurs with the addition of 100 mM NaCl (Figure 24).
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Figure 23: CD spectra for dhTRr1 at 1 OD in 10 mM Li-cacodylate

at 15 °C in 1 cm path cells, after being heated to 90 °C for 5 min

and slowly cooled down. A: dhTRr1 in buffer alone (–), with 100
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32.

In summary, we have demonstrated how to engineer the overall folding

pattern of guanine quadruplexes by making specific substitutions of ribo- for

deoxyriboguanosines, or vice versa. These results clearly establish the role of

individual nucleoside conformational preferences on the overall quadruplex fold,

and illustrate how a minor modification, addition or deletion of a single oxygen

atom on several nucleosides, can have a profound impact on nucleic acid

secondary, tertiary, and quaternary structure.
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CHAPTER 3: HEAT CAPACITY EFFECTS IN THE

UNFOLDING OF THE THROMEIN BINDING APTAMER
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11, 1]

3.1 ABSTRACT

This study is designed to investigate the thermodynamic behavior of

nucleic acid quadruplexes. The goal in this study is an enhanced understanding

of the thermodynamics related to the formation of DNA quadruplexes in the

presence of KCI. Experimental techniques used in this study are UV/CD

spectroscopy, isothermal titration calorimetry (ITC) and gel electrophoresis. We

performed UV, CD, and gel electrophoresis studies to confirm the molecularity of

the structures and also to know the temperature range in which the quadruplex

conformation is stable. ITC measurements were repeated at different

temperatures to determine the temperature dependence of the enthalpy change

accompanying quadruplex formation. Quadruplex formation was exothermic at

high temperature but with a decreasing magnitude as the temperature decreased.

These results are discussed in terms of the changes in heat capacity that

accompany quadruplex formation.
~ *

-

95



-º-º-º-
+ * .

---> • *

■ y
*-*.

- ! ºº t

* A R Y
»

-*.
- 2*}

-* - ~.o
ºf £3 1?

ºt■º
'' –
-*-- &

º
º

tº sº
º 0.

º º
º,

" º

* , /*
Li C.
--

º * ---a --- *
anº
* ~. ... : : *
***** * * * *

--- ºr--ºr " --> **
■ º. • *- : * > e-g

***** - -----"
**- : * ~ *

: a- ºr-wºr:-
-* -

-

**** * *
amºnºsºr.”----- *

- sº
Hºnºuretº --f

º* -
Lººs-----º-º-º:

-
º
º ~!*-** *.*

** - - - -t:
*-------
º-º- ºr -- ****-

tº ºs º- -º-º:



tº.

3.2 WTRODUCTION

\\eat capacity changes (ACE) associated with structural folding transitions

are prevalent in protein folding but are usually considered minor or negligible in s
thermodynamic studies in nucleic acid folding. However, with improved -

technology for thermodynamic measurements, along with more advanced * .

understanding of nucleic acid folding, there are increasingly more nucleic acid

studies addressing the significance of ACp in thermodynamic analysis of nucleic

acid structure formation[1, 2]. It is important to include ACp terms in order to

improve free energy calculations for nucleic acid structure prediction. ~

In light of the significant energetic contributions of ACp, structural changes *

in nucleic acid are associated with changes in ACp along with changes in free

energy (AG), enthalpy (AH) and enthropy (AS). In addition, the sign and
4 Tºtº

magnitude of ACp may also suggest molecular details of the folding process. Rºy

In this ITC study of the thrombin-binding aptamer (TBA), along with UV
º

melting and circular dichroism (CD) measurements, we show that AH is in fact C

temperature-dependent and the non-zero values of quadruplex formation are º º

also comparable to the calculated ACp, based on the changes in exposure of º |

polar and nonpolar surfaces upon quadruplex unfolding.
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3.3 MATERIALS AND METHODS

3.3.1 Sample Preparations

All DNA thrombin binding aptamer oligonucleotides, TBA (5'-

GGTTGGTGTGGTTGG-3'), were purchased from IDT (Coralville, IA) with ion

exchange HPLC purification. Samples were annealed by heating up to 90 °C for

5 minutes, then cooling slowly to 15 °C in 10 mM Tris-acetate, pH 6.8, and with

the addition of 25 mM or 140 mM KCl as indicated.

3.3.2 UV Measurements

Concentrations were determined spectrophotometrically, based on e260 =

147,920 L(mol strand-cm)', estimated by nearest neighbor methods, using 1 cm

path-length cells. UV melting curves were measured in a Cary 100

spectrophotometer equipped with a peltier heating device and run at a heating

rate of 0.2 °C/min. Thermodynamic analysis of melting curves was carried out

with an all-or-none model for quadruplex unfolding, assuming temperature

independent enthalpy and entropy changes.

3.3.3 Circular Dichroism (CD)

CD experiments were carried out on an Aviv 215 Circular Dichroism

spectrophotometer equipped with a peltier temperature controller. All CD spectral

scans were accumulated over the wavelength range 220-320 nm at 15 °C,

unless otherwise noted. The scan of buffer alone was subtracted from each

sample.
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3.3.4 Isothermal Titration Calorimetry (ITC)

ITC experiments were carried out on the VP-ITC from Microcal. We have

chosen to run the ITC experiments by titrating DNA in the syringe into metal in

the cell instead of the more common way of ligands titrated into macromolecules.

This is because the purpose of this work is to study the temperature dependence

of the enthalpy change for quadruplex unfolding. Hence, we do not need the full

energetics of the quadruplex formation, where free energies and binding

constants can be measured. Here, we are only measuring the enthalpy change

associated with each titration step and by titrating DNA to the excess metal in the

cell, we are maintaining the condition of constant ionic strength. 10 pil of about

900 HM TBA in 10 mM Tris-Acetate buffer in the syringe were titrated into the

calorimeter cell containing 1.4398 mL of either 25 mM or 140 mM KCI. In each

ITC experiment, we take the average of the AH measured from five titration steps

for experimental data collected at 15, 20, 25, 30, and 35°C.

Two control experiments were carried out to take into account the heat

changes associated with processes other than the formation of quadruplexes. In

the first control experiment, 10 pil of 900 HM TBA in 10 mM Tris-Acetate buffer in

the syringe were titrated into the calorimeter cell containing 10 mM Tris-Acetate

buffer. This is the typical control experiment done in ITC to account for dilution of

the titrant. The second control experiment involved titrating 10 pil aliquots of 10

mM Tris-Acetate buffer in the syringe into cell containing 1.4398 mL of either 25

mM or 140 mM KCI. This was needed to account for dilution effects of the salt

Solution in the cell.
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Monovalent metal ions such as potassium need to be present in excess

amounts, in contrast to divalent metal ions (see chapter 4), in order to induce

quadruplex formation. For this reason, titrations of potassium into a DNA solution

are not practical.
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3.4 RESULTS

3.4.1 ITC of TBA into 25 mM, KCI

UV melting experiments were carried out to obtain the appropriate range

of temperatures for ITC experiments. The lowest temperature was chosen such

that there is no or minimal pre-existing quadruplex structures without the addition

of K", whereas the highest temperature was chosen such that there is maximum

quadruplex structure before it is thermally denatured. This is important because

at low temperature, where there are pre-existing structures, there will be heat

used to compensate the energy needed to undo the structure prior to formation

of the quadruplex. At the high temperature range, where quadruplex structures

are not fully formed, the enthalpy change measured with ITC would not be an

accurate representation of the enthalpy change associated with the formation of

quadruplexes. From the UV melt curves of 7 pm TBA in buffer only and in 25 mM

of KCl in 10 mM Tris Acetate buffer (Figure 1), we have chosen a temperature

range of 15-35 °C for these ITC studies. This is because at temperatures lower

than 15 °C, there is a weak UV signal indicative of some preliminary structures

even in the absence of added salt. As for TBA in the presence of 25 mM KCI, the

UV absorption signal begins to decrease at 35 °C, which is indicative of the

beginning of the melting transition.
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Circular dichroism (CD) spectra can be used to assess the formation of

quadruplex structures; hence only CD spectra of TBA in buffer at lower

temperatures and CD spectra of TBA in 25 mM KCl at higher temperatures were

obtained. The spectra (Figure 2) confirmed the minimal pre-existing structure at

lower temperatures and maximum quadruplex structures at the higher

temperatures.

ITC experiments allow us to measure the heat evolved during quadruplex

formation as a function of the amount of titrant from the mixing of TBA and

potassium solutions. Figure 3 shows representative ITC data, where multistep

addition of TBA in the syringe is made into a 25mm KCl solution in the cell. In

Panel A1 and B1, each peak corresponds to the heat released on addition of an

aliquot of TBA to KCI, which was recorded as the differential power signal with

respect to time during the experiments. Integration of each peak with respect to

time and normalization per mole of added TBA yields the apparent enthalpy

Change, AHapp (Figure 3: panel A2 and B2).
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Figure 2: CD spectra of 7 p.M TBA in 10 mM Tris-acetate, pH 6.8,

only (A) and with 25 mM KCl (B)
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Part of the measured AHapp is caused by the heat of dilution, typically for

the solution in the syringe because each injection corresponds to about 150-fold

dilution. However, there is evidence that the Small dilution of metal in the cell

actually has a significant heat effect as well [3,4]. Hence, we include a second

control experiment for the metal dilution effect, where buffer in the syringe is

titrated into KCI. Hence the enthalpy change of dilution of TBA, AHallona, is

measured by the control experiments of titrating DNA in buffer alone into the cell

containing buffer only, while the enthalpy change for dilution of KCl is measured

by titrating buffer into the KCl solution. These effects are related to the enthalpy

of quadruplex formation, AHiod, by the equation:

AHapp = AHold + AHdBNA + AHdlkc

The AHailpna and AHalkci of the control experiments were subtracted from

the AHapp of the ITC experiments. Figure 4 shows the AH;old for TBA quadruplex

formation vs. titrant addition. The average AH;old values at different temperatures

were then used to estimate the positive heat capacity change, ACp, for the

unfolding of TBA.
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Cp is defined as amount of heat required to raise the temperature of a

substance by one degree at constant pressure. Cp can be a measure of the

temperature dependence of the enthalpy or entropy.

c.-||-|#|-|r;" LAT], LóTJ, L 6T],

Hence, changes in Cp associated with the folding or unfolding of a

biopolymer can be expressed as:

ac.-[*]-[º]
A common experimental method for determining ACp is by measuring AH

as a function of temperature as in ITC experiments (Figure 3). The AH;old at

different temperatures in Figure 4 were averaged and these values were used in

plotting AH;old as a function of temperature as shown in Figure 5.
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Since the AH values measured from the ITC experiments were for
º º

quadruplex folding, the values with opposite signs were plotted against various
** 1st tº

temperatures in order to obtain the ACp for the unfolding process. ACp was . R. Yº

obtained from the slope of the linear regression of the AH vs. temperature plot. In J s
Figure 5A, the last data point appeared to be an outlier and hence, in order to

get a better linear regression, it was omitted. From the UV melting curves in

Figure 1, 35°C falls at the very beginning of the transition. Hence, it is possible

that at this temperature, not all quadruplexes are formed, which is why there is

less heat evolved. There is also a possibility that ACp is not constant over

different temperature ranges. sº
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4.

Jº
3.4.2 ITC of TBA into 140 mM KCI º *

Since the range of temperatures for the study with 25 mM KCl was limited !/?t ■ º tº
A R Y

to only 15–30 °C, the same study was repeated with higher salt concentration so
-

s

that a broader range of temperatures can be used in order to get a better linear fit

of the enthalpy change.

UV melting experiments were repeated at the same condition, except with

a higher concentration of 140 mM KCI. As shown in Figure 6, the melting

transition is about to start at 40 °C, hence the temperature range 15-40 °C, which

is also supported by the CD spectra in Figure 7.
º -

* , , ,

º

- ºr
º
*

tº 74 º º

^ Rºy

s

> -
.."

~ *

- 2. º, *

* . . . )

/º
-

.."?z \
~) *

-
- wº

sº

º
º,

110



º
º(C*

--- -: *l/'t lºº

R_a R_Y

AC
rºcíº
RARY

- r _*–– Sº
-tº

- -ST
2 - *

s º *-
* ,

vº º 17
---

º/*K
- A

, - +

… *º a-º.

*- c
**[ ] s

.*
*. >

º, Sº {
y &

---> * *
-

*|-

| | | *
--> º

* , ,”
* º

2
■ º

R.A. R

**_* ***.
**

** . … sº º'-

***** ****-*.*.
*** -

********
ºne - a.

-
º

******** -: ,

**** ****

* ** ***.
**-*.* * *

**** - -º ****
*



0 20 40 60 80 100
- n _ n _ º a l _

■ º Y
0.28 - 0.28

s
E -

■ º
to 0.24- 0.24
o
ov.
-
tº; -

£
tº;
> 0.20 - 0.20
->

0.16- — 0.16

T n T n T n T i T-
sº

O 20 40 60 80 100 : . .

Temperature, “C º

Figure 6: UV melt of 7 p.M TBA in in 10 mM Tris-acetate, pH 6.8,

only (–) and with 140 mM KCl (e) º

111



*

***********
*********

*-****
*****--~~

-º-º-****
****--

-----…ºn

*****-**-ºsmºs
1s---***

º **-*-*****º

**

4.******

■
********,*rusº

t"----***

***e-f->
********is

*if:

*******

--~*---,

*....s
**

*...
-**•

*– w=--- &T.
Aºjº■

**~*-*
---

*-

}.

*…-*--

ysºtº

.*
sºL.

*f
t1*-

-y-

yº,fººt
*--

*…--r

*
C.

->
_*-

&-*
.*

*

Jºvº

*******

-

º



60

40

T—u—
T T T n g u

260 280 300 320

Wavelength, nm

n tº n

220 240

Figure 7: CD spectra of TBA in in 10 mM Tris-acetate, pH 6.8, only

(A) and with 140 mM KCl (B) at different temperatures

//w/v. tº

* R Y

º
º

112



********--~~
-º-º-º-'ºº

***u-a,-
****s---º ,ºr*:*****

***----arra
*-º-asº

c
-

*--—
!....º

º*...*
sº*(*.

>
*- .*| -*-

Aºvºf

-y----

ºf

º-r

**

>

-

º



11. º

Figure 8 shows representative ITC data, where multistep additions of TBA } . *

in the syringe were made into 140 mM KCl in the cell. Once again, integration of
/?: 1 \, ()

peaks in Panels A1 and B1 with respect to time and normalization per mole of
-

s• R. s

added TBA yields the apparent heat change, AHapp. The study was carried out J º
the same as before, with similar control experiments except for the higher

concentration of KCl at 140 mM. AH for TBA quadruplex formation and controls

vs. titrant additions obtained from the ITC experiments were also plotted (Figure

9) on the same graph and the average net AH values were again used for linear

fitting (Figure 10) in order to get a value of 340 cal K"mo■ ".
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3.5 DISCUSSION

Reported ACp values for nucleic acid structural transitions ranges widely

from zero to values as much as -100 cal K'base pair' [5]. This large variation in

ACp has significant impact on our ability to predict the structural stability of

nucleic acids quantitatively and accurately from sequence. Most of the

predictions for nucleic acid stability are base on the assumption that ACp = 0, [6,

7]; but if ACp is on the order of a larger non-zero value, such as the 400 cal K.

'mo■ ' we obtained in our studies of unfolding of the TBA quadruplex, then the

prediction of enthalpy change will be 4 kcal K"mo■ ' more for every 10 K increase

in temperature.

ACp has long been considered in studies of protein folding; which is

predominantly originates from solvent effects, including both solute-solvent and

solvent-solvent interactions. In addition to solvent effects, the ACp of nucleic acid

folding also derives from internal solute effects, such as conformational entropy,

changes within coupled states, electrostatic, vibrational modes, and others [6].

As in protein folding, solvent effects are predominantly viewed as the

major causes in the ACp of nucleic acid folding as differential solvation of polar

and nonpolar surfaces is much easier to probe experimentally than internal

solute effects. Hence, ACp of TBA unfolding was computed from the change in

polar and nonpolar surfaces as described below.

The prediction of ACP can be calculated based on the empirical

relationship between changes in water-accessible surface area and methods for

1//w ■ º tº

A Hº Y

º ** : * >
A.'s ºt t"

A ºn
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doing this have been developed by several groups (8, 9]. The resulting

expression, used to compute the ACp for the unfolding of TBA, based on data for

the ACp of transfer of small hydrocarbons and amides from water to pure liquid

phase [9, 10] is:

ACp = 0.32AApp – 0.14 AAp (1)

AAp and AAnp represent changes in surface area of polar and nonpolar

water-accessible surfaces respectively, which we obtained from the GETAREA

web server (version 1.1) [11], provided by the Sealy Center for Structural Biology

at the University of Texas Medical Branch. This service allows users to obtain

solvent accessible surface area or solvation energy using their program

FANTOM (Fast Newton-Raphson Torsion Angle Minimizer), which calculates

low-energy conformations of macromolecules [11] by specifying data files

containing Cartesian coordinates in the format of Protein Data Bank (pdb) file.

Ap and Anp for the TBA quadruplex structures were obtained from

GETAREA with the pdb files from NMR studies of solution structure of TBA by

Feigon's and Bolton's groups [12, 13]. Individual nucleotides and nucleosides of

TBA were used to compute Ap and Anp for the unfolded states. The AAp and AApp

were used to compute ACp with equation (1). As shown in Table 1, the average

ACE is about 316 cal K"mo■ '. This value is in close agreement with the

experimental ACE values, which are 458 cal K"mo■ ' 25 mM KCl and 340 cal K.

'mor' for 140 mM KCI. Since individual nucleosides and nucleotides were used

to calculate the water-accessible polar and nonpolar surface area, the

!/? I, it

A tº Yº

* * * * *
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contribution of solvent effects calculated from equation (1) is the maximum _

possible.
-

7//w/v. tº

Ap ■ old And ■ old Ab unfold And unfold AAp AAmp ACp A Riº

bolton 1183.4 || 1510.9 || 3690.6 || 3364.4 || 2507.2 | 1853.4 || 242.09 sº
feigon1 1467.2 || 1377.6 || 3690.6 || 3364.4 || 2223.4 || 1986.7 || 324.48
feigon2 1490.9 || 1366.7 || 3690.6 || 3364.4 || 2199.8 || 1997.6 || 331.28
feigon3 1461.5 || 1376.1 || 3690.6 || 3364.4 || 2229.1 || 1988.3 || 324.17
feigon4 1484 || 1364.8 || 3690.6 || 3364.4 2206.6 || 1999.6 || 330.95
feigons 1474.1 || 1427.5 || 3690.6 || 3364.4 2216.5 | 1936.8 || 309.47
feigonó 1454.7 || 1360.6 || 3690.6 || 3364.4 2235.9 || 2003.8 || 328.19
feigon? 1505.8 || 1390.4 || 3690.6 || 3364.4 || 2184.8 || 1974 || 325.81
feigon& 1439.8 || 1384.2 || 3690.6 || 3364.4 || 2250.8 || 1980.1 || 318.52
feigon.9 1410.8 || 1384.2 || 3690.6 || 3364.4 || 2279.8 || 1980.1 || 314.46

feigon10 1445.1 || 1370.9 || 3690.6 || 3364.4 || 22.45.5 | 1993.5 || 323.54
feigon11 || 1441.7 || 1396.2 || 3690.6 || 3364.4 |2248.9 || 1968.1 || 314.95 sº
feigon12 || 1457.7 || 1396.5 || 3690.6 || 3364.4 || 2232.9 || 1967.9 || 317.11 ... "

dGMP 277.46 || 206.13

dTMP 219.09 || 244.61 –
dG 156.39 || 247.65 2 y

Table 1: Calculations of ACp from changes in water-accessible polar and * R \,

nonpolar surface area. J s

Due to the highly polyanionic nature of nucleic acids, the contributions to º
* .

ACp for nucleic acid folding may be different from those of other biopolymers. In º º

addition to solvent effects, the presence of pre-existing structures that must be $ t

~

undone has been observed to play an important role for ACP for nucleic acid º

folding [2, 5]. º
*

At lower temperatures, more heat is required to undo the pre-existing sº

structures; hence this reduces the net heat generated from the formation of the º,
-

quadruplex structures. However, at higher temperatures, the pre-existing ! º
f
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structures are less stable, requiring less heat to undo structures prior to

quadruplex formation. Hence the net AH is greater in magnitute at higher

temperature.

* tº .
‘. .

º

- *

* ,

--" *

º
f

ºt■ ,v (;

* R \
s

*-] º

sº ºº

º

º
*

C.
".

,
– 2.

º s

■
*-

-- 7 ■ ºlº

A Rºy
*

– º
º

sº A.
* *

--. *
* * ,

* - |
-

1.

~,
- - *Z º \º

*-

-)
*

--- -

-, -

: Sº
- *

**

-

º
".

- “..
} %

120



º7//
- Cº.

f7-inci■
RARY

sº~º

*s.
º * *******sº

*** --~~~
lase-s: * * *-***-*.

-- **** -- **** - -*!ºlº

**** --ºº-ºº
*- :----,
** ** *****
*-- ---
*****-------

- a
** *

**u-samas... "

º
*-i-ne
gº- * * * º,
**-*** * *
*º * *

º **
*. --******* *-***

tºº. -- *a
*** **, *: --- 3.



3.6 CONCLUSIONS , '

The enthalpy of quadruplex folding/unfolding is temperature dependent ºt■ ,\! {}
A. R. Yº

and we can determine the corresponding heat capacity change (ACE). As in the | >- Sº

case of protein, unfolding of DNA results in positive ACp. Values of ACE can be sº \
º s

*

calculated theoretically using established methods, which only accounts for the ºn
contribution from changes in water-accessable polar and nonpolar surface areas. i.

In the case of TBA, there is a good agreement between the measured and

calculated ACp values. Therefore, the contributions of pre-existing structures to

ACp in the unfolding of TBA quadruplexes are minor. - sº
sº t

º
º

-
f º
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: Fººtº
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CHAPTER 4: THERMODYNAMIC CHARACTERIZATION

OF THE THROMEIN-BINDING DNA APTAMER
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4.1 ABSTRACT

DNA quadruplex structures based on the guanine quartet are typically

stabilized by monovalent cations such as K’, Na', or NH3". Certain divalent

cations can also induce quadruplex formation, such as Ba”, Pb", and Sr*. Here

we studied the binding of these divalent cations with unusually high affinity to the

thrombin binding aptamer, d(GGTTGGTGTGGTTGG), inducing a unimolecular

folded structure.

At micromolar concentrations the binding is stoichiometric in folding the

aptamer. The binding constants and other thermodynamic parameters can be

determined by Isothermal Titration Calorimetry and Circular Dichroism titration.

Once again, nonzero ACp values are obtained in these measurements.
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4.2 INTRODUCTION

It has become increasingly evident that the quadruplex-forming sequences

are able to adopt various types of conformations and structures [1-5). Hence,

energetic information associated with different conformations is crucial in

understanding the thermodynamic and kinetic stability of different quadruplex

structures under various solution conditions. From such information, one can

develop important interrelationships between the structures and potential

biological functions.

The common factors affecting quadruplex stability include variation in

strand, loop, cation, and pH. In this chapter, the main focus is to investigate

specific metal cation - DNA interactions, particularly the divalent cations. This

specificity of metal-binding in quadruplex formation is unique, as opposed to the

looser counterion condensation binding behavior of most monovalent metals with

nucleic acids in general. Though monovalent cations, such as the commonly

used K", are specific in quadruplex formation, divalent cations have more

apparent specific binding interactions, with quadruplex-forming nucleic acid

sequences due to their greater affinity for binding [6-12].

Several studies have measured the thermodynamic stability of quadruplex

structures in the presence of fixed excess cation concentrations using thermal

denaturation [8, 13]. However, under these conditions, the secondary and non

specific binding of the excess cations can complicate the interpretation of the

results.
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The focus of this study is to explore the thermodynamic property of

specific binding of divalent cations in quadruplex formation. The objective is to

investigate this specific binding in by directly measuring their DNA binding affinity

directly. Several previous thermodynamic studies on the thrombin binding

aptamer (TBA) with differential scanning calorimetry have resulted in some

difference in interpretation of the measured values [8, 13].

In this study, stoichiometric titration of divalent metals into TBA, in which

the folding process was monitored by circular dichroism (CD), allowed us to

measure the binding affinity by the analysis of these titration curves. The binding

constants are then compared to the thermodynamic parameters obtained from

isothermal calorimetry (ITC).
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4.3 MATERIALS AND METHODS

4.3.1 Sample Preparation

All DNA thrombin binding aptamer oligonucleotides, TBA (5'-

GGTTGGTGTGGTTGG-3), were purchased from IDT (Coralville, IA) with ion

exchange HPLC purification. Samples were annealed by heating up to 90 °C for

5 minutes, then cooling slowly to 15 °C in 10 mM Tris-acetate, pH 6.8.

Divalent metals (Baº', Pbº, Sr*) were prepared with 10 mM Tris-acetate,

pH 6.8, which is the same buffer used in TBA solution.

4.3.2 UV Measurement

Concentrations were determined spectrophotometrically, based on E260 =

147,920 L(mol strand-cm)', estimated by nearest neighbor methods [14], using 1

cm path-length cells.

4.3.3 Circular Dichroism (CD)

CD experiments were carried out on an Aviv 215 Circular Dichroism

spectrophotometer equipped with a peltier temperature controller. All CD spectral

scans were accumulated over the wavelength range 220-360 nm at 10 °C, 20 °C,

and 30 °C. The scan of buffer alone was subtracted from each sample. In CD

titration experiments, metal ions were titrated into TBA in small increments. The

quadruplex formation was monitored by following the CD signal at 301 nm for the

binding of Ba”. The titration data was then fit to a single binding site model to

yield the binding constant.
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4.3.4 Isothermal Titration Calorimetry (ITC) -]

ITC experiments were carried out on the VP-ITC from Microcal. Divalent c lºt (

metal in the syringe was titrated into the calorimeter cell containing 1.44 mL of º
(

about 7 pm TBA in 10 mM tris acetate buffer. Experiments were done at various l º >

temperatures namely 15, 20, 25, and 30°C. In the first set of control experiments,

divalent metal in the syringe was titrated into the calorimeter cell containing 10

mM tris acetate buffer. The other control experiments were done by titrating 10

mM tris acetate buffer into the calorimeter cell containing TBA in buffer. Two

control experiments at corresponding temperatures were carried out to take into

account the heat changes associated with processes other than the formation of
-

_º ---
º * *

* -

quadruplexes.
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4.4 RESULTS

Circular dichroism (CD) spectra can be used to assess the nature of the

quadruplex fold, based on observations that antiparallel quadruplexes typically

present a long-wavelength positive maximum near 293 mm for TBA in the

presence of Na’ or K” [15, 16]. The effect of adding barium acetate to TBA was

followed by CD measurements, as displayed in Figure 1. In the absence of metal

ion, the CD spectrum is of relatively low amplitude, characteristic of

oligonucleotides possessing little or no structure (Figure 5A in Chapter 2).

Addition of Ba” results in a significant change in the CD spectra. As seen in

many cases of quadruplexes formed with the addition of divalent cations, the

long wavelength of CD is shifted, relative to that observed in the presence of K",

by almost 10 to 20 nm to about 301 – 312 nm . The other significant difference

between monovalent cations and divalent cations is that much lower

concentrations of divalent cations are needed to complete the transition (see

Chapter 3). Addition of micromolar range concentration of Ba” results in a long

wavelength maximum at 301 nm (Figure 1). As we follow the long CD

wavelength during the titration, the nice isosbestic points are good indications of

an all or none model for the formation of this quadruplex.
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Figure 1: CD spectra of TBA with the addition of barium acetate, both in * ,
"...,

10 mM tris acetate buffer, pH 6.8, at 30°C ––

- *z, ■ º
Figure 2 represents the results of the CD titration of TBA by the addition of * Q \,

barium acetate, followed at 301 nm. At 10 °C, it can be seen that the binding of – sº

Ba” is very tight and the binding constant can only be estimated to be about 1.2
- *-

x 10'. Figure 3 and Figure 4 are the same CD titrations repeated at 20 °C and 30 - * .
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Figure 4: CD titration of TBA with barium acetate at 30 °C

Binding constants, K, can be estimated from fitting the CD titration curves

above. The estimated K values are presented in Table 2 along with K values

obtained from ITC experiments below.

ITC experiments were carried out to measure the heats of quadruplex

formation at different temperatures. Figure 5 and Figure 6 are representative ITC

data, involving multistep addition of divalent metals into TBA in 10 mM tris

acetate. Control experiments were carried out to take into account the heat

changes associated with processes other than the formation of quadruplexes.
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metal ITBA] (uN)|Temperature ("C) | N K(x10°) | AH (x10") AS ---
* {

Ba” 51.22 15 0.83 || 23.71 –2.04 || -41.61 * †, ,

Ba’’ 51.22 20 0.86 | 16.65 –2.24 –48.07 * A R \

Ba’’ 51.22 25 0.88 8.34 –2.50 | -56.60 sº
Ba” 51.22 30 0.89 3.32 –2.83 –68.06 º

º

Pb” 21.22 15 1.23 || 25.40 -1.37 || -18.28
-

Pb” 21.22 20 1.23 15.31 -1.92 –37.11

Pb” 21.22 25 1.00 15.39 –2.44 –53.57

Pb” 21.22 30 0.61 10.70 –2.72 –61.96

Pb” 21.22 35 0.58 || 7.76 –2.78 –63. 16

Sr* 16.6 25 0.75 | 12.54 –2.04 || -40.45

Sr* | 19.5 25 0.57 || 7.66 –2.38 || -52.81 º
Sr* 19.5 25 0.69 9.57 -2.02 || -40.53

--
* A

Table 1 Thermodynamic parameters obtained from ITC experiments. *-
-- *7, ■ º t

* * Rº,
-

Table 1 lists all the thermodynamic parameters obtained from ITC . J s

experiments. Note that when Ba” or Pbº is titrated into TBA, the binding º º º

Constant decreases as temperature increases. -
As in the case of titrating monovalent cation, such as K’ as described in &

Chapter 3, the heat evolved during quadruplex formation of TBA with divalent * / º yº
7 ºn

cations increases as the temperature increases. Once again, it is shown that AH - ~~

is temperature dependent. ACp is determined by measuring the AH as a function

of temperature in the ITC experiments above. ACE was determined from the
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- - - -slope of the linear regression of the AH vs. temperature plots as shown in Figure – ".
y

- sº

7 and Figure 8. *—
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Figure 8: AH vs. temperature plot for TBA-lead quadruplex. ACp = 910

calK'mo■ '

Temperature (°C) K (CD) K (ITC)
10 1.2 x 107

-

15
-

2.37 x 10°

20 4 x 10° 1.66 x 10°

25
-

8.34 x 10°

30 1.17 x 10° 3.32 x 10°

Table 2. K for binding of Ba” and TBA.

All the binding constants were used to make a van't Hoff plot in Figure 9.
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In Figure 9, the slope from the van't Hoff plot is 11, 468 K. From the van't

Hoff equation, namely

ln (IV) = —
AH2 | 1. 1. AsºR | T R

The slope AH can be estimated from multiplying the slope with negative R,

which is 1.98 cal K' mo■ '. Thus, we obtain

AH = - 1.98 cal K' mo■ ' x 11,468 K = -22.7 kcal mo■ '

This value is in a good agreement with the average AH values from ITC

data of Ba” titrated into TBA, which is about -24 kcal mo■ '

* >
S.

-
". .

s º ºl /--- Af

* y
//-4 tº
r
7.4/?dº tº

R_* R \,
- - ~

* *-
*

R; t■
-4/º

7 -)
*

*
-

141



-- *- * ->º'c'■
º * * *
* *~



4.5 DISCUSSION

Thermodynamic characterization of the quadruplex formation process in

solution is crucial in understanding the stability of the structures in solution. One

of the objectives of thermodynamic studies is to obtain precise equilibrium

constants and changes of thermodynamic quantities including enthalpies and

entropies [17]. CD titration and ITC are two common techniques used in

thermodynamic studies.

CD titrations rely on the CD signal changes observed upon quadruplex

formation induced by binding of metal ions. It is possible that other modes of

metal-DNA interactions may exist but without inducing changes in the ellipticity of

the CD spectrum. Such interactions would not be detected by CD titration

experiments. CD signals are measured as a small percentage difference in

absorption of left- and right-polarized light. Hence signal increases with sample

concentration. However, the concentration range that can be used is restricted by

the amount of light passing through the sample to the detector. If the sameple

concentration is too high, then only limited light will be detected and the

difference in absorption will be swamped by noise in the electronics.

For the purposes of our studies and the concentration range we covered,

binding constants measured by ITC are relatively more reliable than by those

estimated from CD titration. ITC experiments allow a wider range of DNA

concentrations In VP-ITC, a good approximation for the concentration (C) range

of micromolecules in the sample cell given a binding constant (K), is

K x C = 5-500
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In Table 1, the highest K value for Ba” is 2.4 x 10° and concentration of

TBA is 5.1 x 10° M. This leads to a value of

K x C = 122

As for Pbº", the highest K value is 2.5 x 10° and the concentration of TBA

is 2.1 x 10° M, resulting in a value for

K x C = 53

This is an even better condition for the ITC experiments as the ideal

concentration according to the ITC instrument manual is when K x C = 5-50.

Unlike ITC, in CD experiments the corresponding DNA concentration for

such tight binding to be accurately estimated should be in a range around 1/K, i.e.

considerably smaller than in ITC. The uncertainty in Ba” concentration is also

significantly greater at such low concentrations.

We can see that AH is not constant with respect to temperature, as

discussed in chapter 3. In chapter 3, the ACp measured for TBA in 25 mM KCl is

458 cal K" mo■ ' and AC, is 340 cal K"mo■ ' for TBA in 140 mM KCI. In our

studies with barium and lead, the ACp values are relatively higher. ACE is 524 cal

K'mo■ ' for TBA in Ba” and AC, 910 cal K"mor" is for TBA in Pb". These

results clearly indicated that ACE is not zero as assumed in most studies.
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Specific substitution of ribo- for deoxyriboguanosines in the thrombin- º
binding aptamer (TBA), and vice versa, was demonstrated as a means of

*

controlling the overall folding pattern of this particular quadruplex. Future studies * R Y →
will address the issue of whether this approach can be applied to other

quadruplex-forming sequences and thus serve as a general method for

engineering the quadruplex fold. Preliminary results on several other

quadruplexes suggest that such an approach can indeed be extended to other

sequences, although not without additional complications that will warrant

detailed investigation.

As the studies presented here demonstrate that individual nucleoside

conformational preferences have a profound impact on the overall quadruplex

fold, another area of future study concerns the possibility of creating novel

quadruplex folds. For example, substituting brominated or methylated
-

deoxyguanosine, which prefer the syn conformation about the glycosidic bond, º
for deoxyguanosine may force the TBA structure from the normal syn, anti, syn, J sº

anti, syn, anti, syn, anti alternation in the guanine stretches to anti, syn, anti, syn, sº º
anti, syn, anti, syn alternation.

Another important aspect of quadruplex structure that has emerged from the § 1 I

investigation of quadruplex refolding is the observation that RNA quadruplexes º
all appear to fold in a parallel fashion, again most likely due to the propensity for . ~~ x- º

rG to possess the anti conformation about the glycosidic bond. This raises the *

question of the generality of this observation, i.e. whether all RNA quadruplexes *. º
*

inherently fold into parallel quadruplexes. Due to the growing importance of RNA | º,
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quadruplexes in biological systems, the question of their structure is an important

one worthy of future studies.

Many guanine-rich sequences form a mixture of different quadruplex

structures under certain experimental conditions, making it difficult to study the

properties of each structure individually. Judicious substitution of dG by rC, and/or

8-broG may allow selection of a single conformation under such conditions.

Being able to control the equilibrium of one fold over the others will enable us to

isolate single conformations from mixtures, thereby facilitating analysis of their

structure and stability.

Finally, the studies on the binding of divalent cations to TBA may be

extended to other quadruplex-forming sequences and, ultimately, to other binding

partners, such as quadruplex-specific ligands or proteins.
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