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ABSTRACT 
 
 

Optical technology in biophysics has seen significant growth with development of high 

resolution techniques, like single-molecule FRET, to investigate biological structures under 

native conditions. Additionally, with the rise in gold nanoparticle use in drug delivery, bioassays, 

and intracellular tracking, Nanometal surface energy transfer (NSET) applications have also 

improved since its limited beginnings on 2nm gold nanoparticles. This dissertation aims to 

further exploit the surface plasmon – organic dye coupling properties by investigating a series of 

nucleic acid secondary structures with modified gold nanoparticles and fluorophores as structural 

contact points.  

Chapter 1 and Chapter 2 introduce the importance of tracking nucleic acid structures by 

describing their essential roles in biology as well as state-of-the-art techniques to monitor various 

conformers. In Chapter 3, gold nanoparticle-based aptamer sensors are investigated and 

manipulated to detect a multi-magnitude range of target concentrations. It is observed that the 

aptamer’s degree of exposure to the target predictably decreases the limit of detection in optical 

aptasensors. In sequential Chapters 4-6, a variety of G-quadruplex structures are investigated for 

their structural characteristics as well as their more global, cooperative relationships. The gold 

nanoparticle acts as a distant-dependent quencher for these surface-appended, dynamic nucleic 

acid sequences, in which the intensity of a DNA-functionalized dye distinguishes the specific G-

quadruplex structure. In Chapter 7, NSET is pushed to further limits, by adding a distant-

dependent contact point to the gold nanoparticle surface in the form of a FRET pair, to build a 

theorem for an NSET-FRET hybrid system for optical triangulation. The observed quenching of 

the donor lifetime in the presence of additional decay pathways confirms the efficacy of the 

NSET-FRET hybrid system and lays the groundwork for a mathematically predictable distance 

dependence model.  
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CHAPTER 1 
 

INTRODUCTION 
 
 

1.1 Nucleic acid secondary structures 
 

With structural elucidation of double helix DNA by James Watson, Francis Crick, and 

Rosalind Franklin in 1953, a new series of nucleic acid investigations began [1]. Their initial 

discovery explained the conformational status of double-stranded DNA at rest in the nucleus, but 

soon after, additional researchers began to discover alternate conformers under different 

conditions – organic solvents, cationic ions, salt concentration, pH, temperature, etc. [2,3,4]. 

Even a new basepairing mechanism was observed, Hoogsteen basepairing, that takes advantage 

of misaligned hydrogen bonding interactions, including non-AT or CG basepairs [5]. 

Simultaneously, research into the roles of short ribonucleic acid (RNA) sequences was also on 

the rise. It became evident that secondary and tertiary structures of t-RNA, m-RNA (including 

introns), and r-RNA are essential to RNA functions in protein production, small molecule 

binding, and immunological response [6-15]. Fast forward to the early 2000’s; past the 

discoveries of B- and Z-DNA, DNA helicases, genome sequencing and siRNAs [16-32]. Now, 

new classes of nucleic acid secondary structures are dominating the direction of genetic research. 

Not only have complex structures of non-Watson-Crick nucleic acids been identified, their 

structural stability is being explored in connection with biological processes and exploited for 

new bioanalytical assays [6-12,18,28,33-43]. 

The motivation of this dissertation is to explore relevant nucleic acid secondary structures 

using analytical methods. Not only is the understanding of nucleic acid folding crucial to 

understanding biological function, but the potential to use nucleic acids in sensor applications 

also depends on this knowledge [36,41,42,44-49]. Section 1.2 of this chapter describes the 

incorporation of DNA and RNA aptamers into sensing applications, which leads to systematic 

study of improving DNA aptamer sensor design in Chapter 3. Section 1.3 investigates the 

biological relevance of the G-quadruplex nucleic acid structure. More specifically, the 

importance of determining specific G-quadruplex structures is discussed, which explains the 

reasoning for human telomere and ILPR G-quadruplex investigations in Chapters 4, 5, and 6. In 

Chapter 2, common analytical techniques used for exploring nucleic acid secondary structures 
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are discussed, highlighting their strengths and weaknesses for structural elucidation under 

biological conditions. The need for improved techniques to monitor DNA and RNA structures 

drives the goals in Chapter 7, where advances in Nanometal Surface Energy Transfer (NSET) are 

explored. 

 

1.2 Aptamer sensors 
 
   Exploitation of favorable nucleic acid structures came about with the incorporation of 

“aptamers,” which are oligonucleotide sequences capable of binding to target molecules, into 

small-molecule binding assays [33,50]. While a DNA sequence binding to the human protein 

thrombin was the first and has certainly been the “guinea pig” aptamer sequence for 

biotechnologists, the discovery of new molecule-binding nucleic acids has spiraled with the 

development of library-style aptamer detection methods [33,50-57]. SELEX (systematic 

evolution of ligands by exponential enrichment), for instance, takes advantage of exponential 

amounts of random nucleic acid sequences (up to1020 sequences) to determine potential aptamer-

bound motifs with minimal experimentation [33,50,52-57]. Pull-down assays of the aptamer-

target assembly determines the most stable bound oligonucleotides to the target molecule 

(ligand) in question. The ligand can be biomolecules such as peptides, cell surfaces (and 

receptors), proteins, small molecules, ions, other oligonucleotides, and enzymes [34,35,58-60]. 

In several instances, the target-aptamer construct is stable enough to crystallize and an X-ray 

crystallography structure is acquireable [51,62-65]. In an aptamer-target interaction, 

crystallography elucidates the stabilizing mechanisms. The target molecule is stabilized by 

hydrogen-bonding between single-stranded basepairs where the target hydrogen bonds with the 

oligo itself or is stabilized by a positional pocket in the oligo secondary structure where basepair 

hydrogen-bonding is responsible for maintaining the target-bound state [51,62-65]. 

 Since the optimization of SELEX, more applicable methods have been developed that 

elucidate sequence-dependent aptamer-target contructs in biologically relevant environments. 

For instance, Cell-SELEX replicates the combinatorial library technique of SELEX, yet 

incorporates one specific cell type as the target molecule to distinguish aptamers specific to the 

target cell [37,66-68]. A schematic of the Cell-SELEX process is shown in Figure 1.1 [68]. Cell-

SELEX has served as an effective springboard for aptamer use as cancer cell markers and cell-

specific, drug delivery mechanisms [37,68-72].  
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  Intriguingly, once purified, the aptamer target sequnce is incredibly specific, where single 

basepair modifications, even those modifications away from the known binding site, inhibit 

target binding to the aptamer, presumably due to hydrogen-bond disruption within the target-

stabilized nucleic acid secondary structure. The degree of inhibition with single basepair 

replacement/omission range from slight decreases in the binding affinity to complete impedence 

of ligand-aptamer formation [73-75].  

Binding of the analyte molecule to its sequence specific aptamer is traceable by 

observation of the structural adjustment from the single-stranded sequence into its stable, target-

bound secondary structure [38,41,64]. Under this premise, as well as the sequence specificity of 

the target molecule, the aptamer is an obvious biophysical target for biomolecular assays and a 

broad variety of sensors. In fact, aptamers are a potential replacement for immunoassay 

technologies which rely on antigen-antibody interactions [76]. 

   Antibody-based sensors frequently incur nonspecific interactions [76-78]. Thus, aptamers 

have arisen as a good alternative to antibodies in detection systems where sensitive target-

Figure 1.1: Schematic illustration of the cell-SELEX process used to select 
aptamer sequences specific to one cell type. Reproduced from Reference [68] 
with permission of The Royal Society of Chemistry. 
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specific detection is particularly necessary. The transition to aptamer-based sensor applications 

was natural, considering the high target specificity and the observed structural changes in the 

aptamer structure upon target binding. In fact, initial aptamer detection systems were derived 

directly from established methods. For example, fluorescent hairpin aptamer sensors, termed 

“aptamer beacons” by Ellington, et al, mimic molecular beacon sensors where an increase in 

emission intensity, stemming from a decrease in FRET energy transfer in the non-hairpin state, is 

observed in the presence of the target analyte, as schematically shown in Figure 1.2 [38]. Similar 

optical methods followed in Ellington’s wake, incorporating a “flare” sequence, or a dye-labeled 

oligonucleotide annealed to the aptamer, designed to release upon target-binding. The release of 

the dye-labeled “flare” corresponds to an increase in emission intensity as the dye is moving 

away from the quencher molecule appended to the aptamer construct [39-41]. This “nano-flare” 

or “sticky flare” design has been commercialized by EMD for detection of RNA in vivo, though 

the work is controversial [39,40,79,80]. The functionalization of nucleic acids has enhanced 

aptamers’ effectiveness in label-free optical methods due to the range of fluorophore/quencher 

options available for coupling. 

  The ability to selectively label nucleic acid bases or append labels off the phosphate 

backbone has increased the modes of detection in aptamer sensors, as functionalization of the 

FIG. 4. Aptamer beacon fluorescence emission in TE buffer as a

Figure 1.2: (Left) Schematic of the “aptamer beacon” mechanism outlined by 
Ellington, et al [38] where a change in aptamer sequence structure from hairpin 
to target-bound induces a decrease in FRET. (Right) Successful “aptamer 
beacon” (labeled “G15D5d” in the image) in that the emission intensity 
increases with increasing target (thrombin) concentration. Reprinted from 
Analytical Chemistry, Vol. 294/Issue 2, Hamaguchi, N., Ellington, A., and 
Stanton, M., “Aptamer Beacons for the Direct Detection of Proteins,” pages 
128 (Left) and 129 (Right), 2001, with permission from Elsevier [38]. 
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aptamer permits appendage to surfaces, electrodes, nanoparticles, fluorophores, magnetic 

components, etc. [42-45,81-89]. For instance, significant steps in electrochemical sensing of 

molecular binding have been made in recent years. In these instances, the target, often an 

unlabeled small ligand, can induce a measurable change in voltage when the aptamer sequence 

positions the target near the electrode [44,83-85]. The electrochemical aptamer sensor represents 

useful replacement technology for antibody-based electrochemical sensors, as aptamers are 

smaller and the Debye length, or the distance between the target and the electrode surface, is 

significantly decreased as depicted in Figure 1.3 [86]. Other electronic aptasensors incur voltage 

changes from redox reactions triggered by the aptamer’s structural change when target-bound 

[45,87-89]. 

  With aptasensor development on the rise, it is necessary to determine the aptamer 

properties that influence their detection capabilities. Previous groups have explored the 

importance of sequence mutations, sequence length, and enviromental conditions most optimal 

for aptamer-target binding [46-49,90,91]. A common measure of the aptamer-target interaction is 

the binding dissociation constant (Kd), which is the reciprocal of the binding association constant 

(Ka) and an equilibrium constant describing the ratio of bound to unbound target concentrations. 

Kd is represented as 

Figure 1.3: Illustration of (a) an antibody-based electronic sensor and (b) an 
aptamer-based electronic sensor where the clear advantage in the use of 
aptamer is the shortening of the DeBye length, positioning of the target near 
the electrode surface, and increase in observed voltage per target molecule 
bound. Reprinted with permission from Maehashi, K.; Katsura, T.; Kerman, 
K.; Takamura, Y.; Matsumoto, K., Tamiya, E. Label-free protein biosensor 
based on aptamer-modified carbon nanotube field-effect transistors. Anal. 

Chem. 2007, 79, 782-787 [86]. Copyright 2007 American Chemical Society. 
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where [A], [T], and [AT] represent the concentrations of the aptamer, target, and aptamer-target 

complex, respectively. Naturally, a lower Kd value is indicative of stronger aptamer-target 

interaction. Typical Kd values reported for individual aptamers necessarily report the aptamer 

concentration with respect to the Kd or the Kd at a common, 1nM aptamer concentration 

[39,41,47]. A model aptamer-target binding curve with an extracted Kd is shown in Figure 1.4.  

 It is speculated that changes in Kd between aptasensors, even those that employ identical 

aptamer sequences, occur because the sensor conditions affect aptamer-target binding 

[39,41,47,58]. Efforts to modulate the Kd have been reasonably successful by modifiying the 

aptamer sequence away from the ligand-binding site, ensuring that binding between the target 

and aptamer can still occur, though a destabilization of the aptamer-ligand secondary structure 

occurs. In addition, the use of duplex sequences away from the binding site show a similar, 

inhibitory affect on the aptamer’s Kd value [36]. 

In examples where the identical aptamer sequence is utilized, optical aptasensors with 

“flare” strands report a wide range of Kd values. Though it has not been explored systematically, 

this particular change in Kd is attributed to varying degrees of aptamer sequence blockage by the 

complement “flare” strand [39,41]. The suggestion that modifications made to the sensor design 

Figure 1.4: Data set plotting the fraction of aptamer bound to its target 
molecule vs. target concentration. The data is fit to the binding curve described 
in eqn 1.1. The data points were obtained from a GraphPad PRISM example 
data set for a one-site binding curve [92]. 
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(rather than the aptamer sequence itself) are capable of tuning the Kd is powerful, as changing 

the sequence itself is risky and can result in the loss of ligand binding altogether [73].  Kd 

modulation is an essential biophysical tool in sensing, as target molecule concentrations vary 

greatly depending on the medium [46-48,75]. In order to continue pushing aptamer sensor 

applications forward to near-patient or implanted sensors, further investigation into control over 

aptamer Kd modification is necessary. In Chapter 3, the capability to “tune” concentration-

dependent binding in molecular beacon style aptamer sensors is studied. 

 
1.3 G-quadruplexes and disease state implications 

 
G-quadruplexes, an RNA and/or DNA conformation stabilized by guanine Hoogsteen 

basepair interactions, have dominated much of the genetic and biological literature over the past 

two decades [93]. Since their characterization in 1962 as a “Helix formation by guanylic DNA,” 

G-quadruplexes have proven to be pivotal mechanistic regulators in the genome [93-96].  

 Hoogsteen basepairing between multiple stacked planes of 4-guanine complexes 

comprise the G-quadruplex structure and can be structurally stable with as little as two guanine 

stacks maintaining the box-like formation [97,98]. Formation of a single-stranded G-quadruplex 

requires four total repetitive guanine runs, whereas multi-strand quadruplexes can form with less 

consecutive guanine runs per strand, as long as the sum of the total guanine tracts contributing to 

the structure is four [94-96]. The formation of G-quadruplexes shortens the DNA run from ~72Å 

to ~21Å, reflecting a box-like formation. It is suggested that longer guanine repeats or more 

stacked guanine planes equate to more energetically favorable structures (i.e. a TATG4 

quadruplex will have a higher melting temperature (Tm) than TATG3), though this effect is 

difficult to quantify as the number of total guanine runs in the sequence negates this inherent 

stability [98]. 

  G-quadruplexes exhibit exceptional stability relative to other DNA secondary structures 

as well. A single telomere quadruplex composed of a 3-guanine stack, has a Gibbs free energy 

value that rivals a 4-basepair Watson-Crick double strand sequence (ΔGQuad = -7.3 kcal/mole vs. 

ΔGWatson-Crick = -9.2 kcal/mole) [99-102]. This quadruplex stability is heavily reliant on the 

presence of cationic salts, particularly low valence metal ions, that sit in the guanine plane or in 

between planes to stabilize the guanine hydrogen bond interactions (Figure 1.5) [97-

101,103,104]. This trait alludes to the G-quadruplex’s capability to fold under biologically 
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relevant conditions, as intracellular and intranuclear alkaline concentrations can reach 100mM 

Na+ and 200mM K+, with notable concentrations of other divalent metal ions also present (Mg2+, 

Ca2+,etc.) [106-108]. 

    Assumption of biological relevance eventually led to observation, with groups reporting 

G-quadruplex structures in promoter regions, short RNAs, and telomeres [109-118]. In an 

attempt to gain quantitative insight into genetic/genomic DNA quadruplex relevance, the 

Balasubramanian group verified the genetic versatility of quadruplex locations in the genome via 

chromosomal imaging with a highly specific, optical antibody probe, BG4, as seen in Figure 1.6 

[117]. Additional work in imaging RNA quadruplex structures within the cytoplasm by the 

Balasubramanian group further verifies the biological relevance of G-quadruplexes in native 

nucleic acids [118]. Furthermore, genetic sequencing alludes to potentially up to 40% of 

promoters containing G-quadruplex sequences [116,117].  Some researchers argue that double 

the number of putative quadruplexes exist versus previous sequencing-based calculations due to 

stable RNA/DNA hybrid quadruplexes capable of formation. These hybrid structures only 

require 2 guanine tracts per RNA and DNA strand to induce a quadruplex conformation [94-96].  
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Figure 1.5: (Left) Bird’s eye view down the center of a G-quadruplex, 
depicting the stabilizing guanine hydrogen bonds encircling a metal cationic 
center. (Right) A DNA sequence in the G-quadruplex secondary structure with 
two metal cations located in between guanine planes, represented as flat 
rectangles [105]. Ambrus, A.; Chen, D.; Dai, J.; Bialis, T.; Jones, R.A.; Yang, 
D. Human telomeric sequence forms a hybrid-type intramolecular G-
quadruplex structure with mixed parallel/antiparallel strands in potassium 
solution, Nucleic Acids Research, 2006, 34, 2723–2735, by permission of 
Oxford University Press [105]. 
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Interestingly, oncogenic promoters demonstrate a higher incidence of putative quadruplex 

sequences, linking G-quadruplexes to disease-state metabolisms [114,116,117,119]. The 

majority of these oncogenic sites contain single quadruplex sequences, but also of medical 

interest are long repeat guanine tracts in the human genome, only two of which are known: the 

telomere and insulin-linked polymorphic regions (ILPR) [74,99,101,114,120,121]. Summaries of 

these G-quadruplex-littered repeat sequences are provided in sections 1.3.1b and 1.3.2, 

respectively. 

  G-quadruplex relevance in cell function and medicine presumably stem from protein-

quadruplex interactions, examples of which have been reported in recent years [122-127]. 

Intriguingly, both stabilization and destabilization effects of quadruplexes are observed with 

specific proteins, endorsing the versatility of quadruplexes in biological function. While some G-

quadruplexes are assigned the role of transcriptional upregulators, others are reported as 

repressors, varying only by genetic location [128]. Moreover, G-quadruplex stability and 

destabilization effects by proteins that are linked to specific disease states support observations 

that G-quadruplexes could also be considered a “resting” conformation of DNA in addition to 

duplex, histone-coiled, DNA [129]. The metabolic function and disease state implications of G-

S

a

GO/G1

iv v

Figure 1.6: Adenocarcinoma cell nuclei (left) in G0/G1 phase and (middle) in 
S phase stained with the BG4 fluorescent DNA quadruplex-binding antibody 
(red) and DAPI blue nuclei stain (blue). Scale bars at 20 µM. An increase in G-
quadruplex concentration per nuclei in S phase is indicative of the life cycle-
dependent nature of G-quadruplexes and their roles in cell metabolism. (Right) 
Chromosomes stained with BG4 quadruplex-binding antibody (red) and DAPI 
blue (blue). High BG4 intensity observed at the chromosomal tips verifies a 
high density of quadruplex folding in telomeres [117]. Scale bars at 2.5 µM 
[117]. Adapted by permission from Macmillan Publishers Ltd: Nature (Biffi, 
G.; Tannahill, D.; McCafferty, J.; Balasubramanian, S. Quantitative 
visualization of DNA G-quadruplex structures in human cells. Nat. Chem. 
2013, 5, 182-186), copyright 2013 [117]. 
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quadruplexes in DNA are quite remarkable. Notable examples are summarized below in sections 

1.3.1 and 1.3.2.  

 

1.3.1 The role of G-quadruplexes in cancer 
 

1.3.1a C-Myc function and cancer 
 

The Myc family of transcription factors plays important roles in DNA replication, 

apoptosis, and cell transformation [130,131]. Within this group of similarly structured proteins 

exists c-Myc, a protein that acts as both a transcriptional activator and suppressor via its DNA-

binding mechanism. Misregulation of the c-Myc gene is linked to a variety of human 

malignancies and, more specifically, a short, G-quadruplex folding region of its promoter,    

NHE III1, accrues the blame for c-Myc’s inconsistent expression [127,130-132]. Studies 

comparing healthy cell and tumor cell c-Myc transcript levels indicate a general upregulation of 

c-Myc transcription in malignant tumors, with strong evidence suggesting that single-stranded, 

non-quadruplex folded DNA, or protein-bound duplex DNA induces c-Myc transcription. A 

representation of this quadruplex-based protein regulation is shown in Figure 1.7. Small-

molecule drugs effective in binding and stabilizing NHE III1’s parallel quadruplex are being 

explored as a potential treatment to repress c-Myc expression [132-135]. 
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Figure 1.7: (Left) Representation of the normal, G-quadruplex-induced 
repression of the c-Myc gene stemming from G-quadruplex formation in the 
promoter region. (Right) Protein-bound duplex DNA inducing c-Myc gene 
transcription by a promoter region binding site. The absence of the G-
quadruplex in the promoter region permits protein binding and subsequent c-
Myc upregulation commonly observed in malignant cells. Adapted with 
permission from Reference 127 and Reference 132 [127, 132]. 
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1.3.1b Telomeres and cancer 
 

Telomeres, non-coding overhangs at the 3’-end of chromosomes, are considered a 

protective mechanism against genome degradation and genetic mutations during the DNA 

replication process [136-138]. Existing at lengths out to 300,000bp, telomere sequences provide 

healthy cells with an inherent senescence by way of gradual shortening with every DNA 

replication that eventually results in a cease of the replicative process when no protective single-

stranded overhang remains. They are heavily researched in the aging process for their dictation 

Figure 1.8: (Top) Cartoon of a chromosome terminated in a string of 
protective G-quadruplex structures, as predicted by researchers [139]. From 
Xu, X., “Consecutive formation of G-quadruplexes in human telomeric-
overhang DNA: a protective capping structure for telomere ends,” Angewandte 
Chemie International Edition. Copyright © 2009 by John Wiley & Sons, Inc. 
Reprinted by permission of John Wiley & Sons, Inc [120]. (Bottom) Single 
molecule experiments that elucidate the unfolding of telomere G-quadruplexes 
by two POT1 proteins, monitored by the change going from a high FRET 
efficiency (quadruplex-folded state) to a low FRET efficiency (POT1 unwound 
state) [140]. Ying, L.; Green, J.J.; Haitao, L.; Klenerman, D.; 
Balasubramanian, S. Studies on the structure and dynamics of the human 
telomeric G quadruplex by single-molecule fluorescence resonance energy 
transfer. Proc. Natl Acad. Sci. USA 2003, 100, 14629–14634. Copyright 2003 
National Academy of Sciences, USA [140]. 
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of an individual cell’s lifetime [136-138]. The telomere sequence is a repeat of guanine-infused 

tracts (dTTAGGG) known to form a number of stable G-quadruplex conformations. Of all the 

calculated and observed structures in solution, only one conformation, the (3+1) Hybrid (which 

can be subdivided into two, inverse structures, Hybrid-1 and Hybrid-2), is observed both 

intracellularly and in multi-quadruplex telomere sequences [139,141-143]. 

  In non-senescent tumor cells, a telomere lengthening mechanism is employed, utilizing 

the enzyme telomerase to bypass the natural senescence of the cell [136-138]. By encouraging 

never-ending cell replication, cancer cells dominate tissue locale over the properly aging healthy 

cells [144,145]. Thus, a number of research groups are identifying telomere and telomerase 

targets in anti-cancer investigations [125,135,136,144-148]. Use of quadruplex-binding small 

molecules consistently results in inhibition of telomerase, which indicates either unfolding of the 

quadruplex is necessary for telomerase binding/lengthening or the small molecule prevents 

telomerase binding to the occupied quadruplex [147,148]. 

  Other telomere-binding proteins, such as TPP1 and Pot1, exhibit an important directional 

dependence (3’ vs. 5’ movement) in the single-stranded telomere sequence [124,140,149]. For 

instance, Pot1 can bind single stranded DNA independently, but is capable of movement along 

the strand only in the 5’3’ direction. When complexed with TPP1, the new dual-protein 

formation is capable of sliding in both directions along the telomere single-strand. The protein 

complex is known to fold and unfold quadruplex sequences in a stepwise fashion, as shown by 

single-molecule FRET experiments, alluding to their potential as a priming step for other 

telomere-relevant events, such as elongation by telomerase [124,140,149]. The directionality is 

intriguing and indicates an importance in distinguishing Hybrid-1 from Hybrid-2 formation in 

telomeres, because the only structural distinction between the inverse Hybrids is the 

directionality of a single parallel arm in the quadruplex “box” [101,141]. In Chapters 4 and 5, 

NSET-based human telomere probes are utilized to determine the specific G-quadruplex 

structures forming under biologically relevant conditions. 

 

1.3.2 The role of G-quadruplexes in Type I Diabetes 
 

The second known G-quadruplex repeat sequence in the genome is the insulin-linked 

polymorphic region (ILPR), also known as the hypervariable tandem repeat (HVR), the variable 

nucleotide tandem repeat (VNTR), and the insulin diabetes mellitus loci (IDDM) 
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[121,129,150,151]. Containing anywhere from 60-200 sequence repeats (dACAG4TGTG4), the 

ILPR is located 365 basepairs upstream from the insulin gene (INS) promoter region. The 

consecutive guanine tracts are potentially capable of forming anywhere from 30 to 100 G-

quadruplex structures with high stability, as 4bp guanine stacks are involved [121,129,150-153]. 

The ILPR’s role in INS regulation and subsequent Type 1 Diabetes (T1D) predisposition is 

complex and not well understood. In fact, it requires the merging of multiple disciplines in 

biology to fully grasp the complexity of ILPR’s T1D mechanistic participation. 

  Geneticists have observed that large deletions within the ILPR cause a 40% increase in 

late-onset T1D development [150-154,156]. Whereas several examples of single-nucleotide 

mutations in G-quadruplex structures have been shown to completely inhibit quadruplex 

formation and those types of mutations are present in the ILPR, single-nucleotide deletions are 

not to blame for the malfunction in the ILPR [121,129,151]. Rather, deletions of hundreds of 

basepairs, creating clear phenotypic differences in healthy versus T1D predisposed patients, led 

to categorization of three genotypes (allele I, II, and III) based solely on ILPR length. Allele III 

patients (135-200 ILPR 14bp repeats) exhibit normal phenotypes and are therefore not likely to 

develop T1D in their lifetime, while allele I patients (26-65 14bp repeats) incur a 40% 

5’ 3’ 

3’ 5’ 

Insulin-linked polymorphic region (ILPR) INS gene 

INS promoter 

TSS 

TSS 

High transcriptional 
activity 

Low transcriptional 
activity 

Chromosome 11p15.5 

allele 3 

allele 1 

Figure 1.9: Schematic of the ILPR region located upstream from the INS 
gene. It is speculated that the length and/or quadruplex-forming behavior of 
allele 3 contribute to the higher transcriptional activity of INS relative to the 
shortened, mutated allele 1, which consequently, results in a predisposition for 
T1D [152-155].  
 
 



 14 

predisposition rate [152-154,156]. Allele II ILPR length is rarely observed (65-135 14bp repeats) 

and lies in between the categories of healthy and T1D predisposed. Biologists have correlated 

allele I’s genotype to low levels of INS transcripts in fetal thymus development [155,157]. This 

is important because unlike Type 2 Diabetes, T1D is an autoimmune disease, where insulin-

producing beta cells are healthy, but are attacked by the body’s own immune system as foreign 

entities [155,157].  

  Biochemists and biophysicists simultaneously went on to discover important protein-

quadruplex interactions in the ILPR that are potentially driving the misregulation of INS 

transcript levels. While several proteins have been shown to be effective ILPR binders (IGF-2 

and even insulin itself) [158-160], only one is specific to thymal cells, namely the autoimmume 

regulator (AIRE) [155,157,161]. In synthetic ILPR-INS constructs, it was observed that the level 

of AIRE protein is directly proportional to the level of INS transcription. Moreover, the number 

of quadruplexes preceding the INS promoter (i.e. – allele I vs. allele III) is directly proportional 

to the level of INS transcription [155,157]. Both of these observations were only relevant with 

the native INS 365bp promoter, and a significant decrease in INS transcription is observed when 

a generic promoter is introduced between the ILPR and INS gene [155]. 

  In summary, the dominant regulator of the INS gene is the ILPR region preceding the 

INS promoter. Playing an important role in this regulation is the length of the ILPR (allele I vs. 

allele III) and potentially the number of quadruplexes forming in the region (Figure 1.9) 

[121,150-157,161]. AIRE, a known thymus-specific protein and ILPR quadruplex binder, assists 

in the ILPR-based transcription of the INS gene, possibly through a quadruplex-binding 

mechanism in early stage thymal development; low levels of which encourage T1D development 

later in life [155]. 

  The role of quadruplex formation in the ILPR’s INS regulation differs from those 

observed in the c-Myc cancer mechanism and telomere function. More specifically, it is has not 

proven helpful or necessary to study ILPR quadruplexes on a structure-specific basis [151,159]. 

Whereas c-Myc’s function is attributed to a single parallel quadruplex formation [127,130-135] 

and telomeres are identified solely as Hybrid conformers [139,141-143], the ILPR’s large 

deletions and resulting T1D phenotype is more global. Therefore, less attention is paid to the 

individual quadruplex structures within the region, but rather the relationship and cooperativity 

between ILPR quadruplexes becomes relevant [162]. Experiments described in Chapter 6 begin 
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to bridge the biophysics-genetics gap by studying the interactions of multiple, sequential ILPR 

quadruplexes using an NSET-based probe. Furthermore, the capabilities of future work 

incorporating more than three sequential quadruplexes is discussed. 

 

1.4 Summary of chapters 
 

This dissertation is directed towards exploring the applicability of NSET in elucidating 

biological structures via optical sensing mechanisms. In Chapter 2, state-of-the-art techniques in 

tracking nucleic acid conformations are discussed, including the techniques utilized in this 

dissertation. In Chapter 3, the sequence-dependent modification of effective aptamer sensors is 

described using off-to-on ATP aptamer NSET beacons. Chapter 4 investigates 1) the capability 

of NSET to distinguish biologically relevant nucleic acid structures (flanked human telomere G-

quadruplexes) and 2) the size limits of gold nanoparticles (AuNPs) as quenching molecules for 

these types of biophysical probes. In Chapter 5, relevant biological information is attained when 

the same NSET probes from Chapter 4 are applied to determine structural populations the native 

telomere sequence, Tel22. Continuing with the theme of investigating important G-quadruplex 

properties, Chapter 6 describes NSET beacons to track long-range ILPR quadruplex folding. The 

cooperativity of these quadruplexes is investigated by extracting biophysical constants from the 

NSET-quenching saturation curves. Last, Chapter 7 explores the next steps in structural 

elucidation with NSET contact points by establishing a mathematical model for an NSET-FRET 

hybrid system. In this system, the capability to explore long-range (NSET) and short-range 

(FRET) distances simultaneously is investigated.  
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CHAPTER 2 
 

METHODS FOR MONITORING NUCLEIC ACID STRUCTURES 
 
 

2.1 Introduction 

 
Rosalind Franklin revealed the helical DNA structure via X-ray diffraction, but since her 

discovery, great strides have been made in employing other techniques to characterize nucleic 

acid conformations [1]. Summarized below are various relevant experimental methods, their 

strengths and weaknesses, and examples of their usefulness in the field of nucleic acid research. 

The techniques described in sections 2.4.1-2.4.6 (NMR, EPR, X-ray Crystallography, Optical 

Tweezers, CD, and FRET) are alternative methodologies used in the field of biophysics for 

conformational analysis. In section 2.4.7, NSET is described, which is the primary method 

utilized to study DNA secondary structures in this dissertation. 

 
2.1.1 NMR spectroscopy 
 
  The benefits of NMR spectroscopy in nucleic acid research are vast. Stemming from 

early characterizations such as DNA-intercalating drugs [163,164], NMR can be used to monitor 

a variety of conformers because of the distinct ppm shift attributed to changes in local atom 

environments. For example, parallel telomere G-quadruplex sequences are easily identifiable 

from Hybrid quadruplexes based solely on 1HNMR, where significant changes in the guanine-

specific hydrogens’ low-field ppm values are observed due to differences in the structures’ 

hydrogen-bonding interactions [105,164-168]. Moreover, site-specific basepair labeling with 

NMR-active isotopes like 15N in synthetic nucleic acid sequences permits easy tracking of 

specific basepair/protein interactions [169-171]. 

With the benefits of NMR, also come various downsides. High sample concentrations not 

only make experiments expensive but also introduce unwanted, non-native intermolecular 

interactions. Also, nucleic acid folding has a heavy reliance on high salt concentrations, which 

cause broadening of NMR signals difficult to fully deconvolute [165,167,168]. Attempts to 

verify optical results with NMR in this dissertation failed, due to low sample concentrations. 
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2.1.2 EPR 
 

EPR tracking of nucleic acids has developed in recent years with progress in synthesis of 

effective spin-labels [172,173]. Specifically, DEER-EPR (also known as PELDOR) calculates 

the distance between two spin-labels based on the strength of their magnetic coupling. The two 

spin-labeled basepairs act as contact points in an oligonucleotide sequences, the intermolecular 

distance of which is extractable based upon the observed resonant coupling [142,143,172-174]. 

In terms of experimental accuracy and versatility, EPR is arguably the most effective short-range 

contact-point tool for nucleic acid conformations, as it is effective in solution, at low 

concentrations, and has also been used for intracellular measurements [142]. Maximum EPR 

contact measurements of ~90 Å have been reported [175]. 

            EPR’s primary pitfall is the inability to track distances at biologically relevant 

temperatures. Measurements are performed at 0°C or below [142,143,172,173] to attain 

observable resonance between labels, which potentially alters the structure of the nucleic acid 

under observation. Recently though, a group reported the synthesis of trityl spin labels capable of 

room temperature measurement of short dsDNA basepair distances (<13 basepairs, 45 Å) [174]. 

A schematic image of sample under investigation is shown in Figure 2.1 [174]. If spin labels 

with strong resonance at room temperature continue to be developed, EPR may be an 

experimental method difficult to beat in nucleic acid research. While EPR was not utilized in this 

Figure 2.1: Short double stranded DNA sequence labeled terminally with 
triarylmethyl (TAM) radicals to monitor room temperature distant-dependent 
magnetic coupling via pulsed EPR spectroscopy [173]. Adapted with 
permission from Shevelev, G.Y.; Krumkacheva, O.A.; Lomzov, A.A.; 
Kuzhelev, A.A.; Rogoshnikova, O.Y.; Trukhin, D.V.; Troitskaya, T.I.; 
Tormushev, V.M.; Fedin, M.V.; Pyshnyi, D.P.; Bagryansjaya, E.G. 
Physiological-temperature distance measurement in nucleic acid using 
triarylmethyl-based spin labels and pulsed dipolar EPR spectroscopy. J. Am. 

Chem. Soc. 2014, 136, 9874-9877. Copyright 2014 American Chemical 
Society [174].  
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dissertation, EPR studies from others have appeared that confirm the results obtained with 

optical techniques described in Chapters 4 and 5. 

 

2.1.3 X-ray crystallography 
 
  The best structural resolution in oligonucleotide structures, without contest, is X-ray 

crystallography. X-ray diffraction of planes in the crystallized DNA structure is resolvable to 

sub-angstrom levels, and produces definitive, inarguable details of the conformer under 

investigation [5,7,15,51,61-66]. In the development of NSET (described in section 2.2), X-ray 

crystal structures of nucleic acids were crucial to analyze the relevance of the observed structure 

[176-179].  

  Examples of DNA/RNA structures solved by crystallography are numerous, but an 

excellent use of crystallography (which also conveniently identifies its shortcomings) is the 

telomeric G-quadruplex sequence. Under K+ rich conditions, a single parallel G-quadruplex 

crystallizes and is characterizable by crystallographic analysis [180]. Under Na+ conditions, 

however, the parallel structure does not crystallize, and is observed as part of a mixed population 

of quadruplex structures by other methods [101,105,141,143,164-166]. In this case, 

crystallographic data is unattainable, highlighting the sensitivity of crystal formation to sample 

purity. Moreover, solution-based methods, such as Förster resonance energy transfer (FRET), 

EPR, NMR, and circular dichroism (CD), characterize the human telomere sequence in K+ rich 

solution conditions as a mixture of conformers [101,105,140-143, 164-166,181,182]. This 

demonstrates that crystallographic methods, while attaining exceptional resolution, lack the 

capability of replicating biological conditions for ideal nucleic acid structural mapping. 

 
2.1.4 Optical tweezers 
 
  Apparatuses built to “trap” single molecules were initially limited to applications in 

physics [159]. Upon slowly filtering into the biological sciences, however, optical traps have 

become an exciting asset in monitoring environmentally-sensitive molecules, sorting 

phenotypically diverse cells, and measuring biomolecular properties [183-188]. Molecules 

studied via optical trapping techniques range in size from small molecules to living cells [184-

187]. It is important to note that optical traps, which utilize focused lasers at optical wavelengths 

to control the 3D position of nano-objects, are not ideal for determining structures. Therefore, 
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their usefulness in nucleic acid research is limited to determining biophysical constants, as 

shown in the Force (pN) vs. Extension (nm) curve in Figure 2.2 [129]. However biophysical 

constants are often sufficient to distinguish amongst known structures; perhaps structures pre-

selected by X-ray crystallography or molecular dynamics calculations. 

  Pertinent G-quadruplex information, for instance, has been unlocked by analyzing the 

structural properties of individual and sequential structures in an optical (or magnetic) tweezer 

system [129,162]. The force required (in pico-Newtowns (pN)) to unwind a single quadruplex, as 

well as the average distance change in transitioning from the folded G-quadruplex to single-

stranded DNA state, are directly related to the entropic, enthalpic, and free energy forces 

maintaining the hydrogen-bond stabilized G-quadruplex (Figure 2.2) [129,162]. Using optical 

tweezer measurements to compare the unwinding force of one quadruplex to two quadruplexes 

in sequence, elucidated an additional force that stabilizes the two-quadruplex system, verifying 

an interaction (at least in the folded state) between neighboring G-quadruplex structures 

[120,162]. What these optical trapping techniques lack in obtaining structural information and 

replicating native conditions, they regain in sensitivity at the single molecule level.  

Figure 2.2: (Left) Illustration of the optical tweezer experimental setup in the 
forced unfolding a G-quadruplex. Blue 3D circles represent the beads located 
within the focus of the optical laser responsible for the opposing directional 
motion. (Right) Force (in picoNewtons, pN) exerted on the quadruplex 
structure vs. the distance extension between the beads. A jump in the extension 
(orange line to blue line at ~1200nm) indicates a quadruplex unfolding event 
[129]. Adapted with permission from Yu, Z.; Schonhoft, J.D.; Dhakal, S.; 
Bajracharya, R.; Hegde, R.; Soumitra, B.; Mao, H. ILPR G-quadruplexes 
formed in seconds demonstrate high mechanical stabilities. J. Am Chem. Soc. 
2009, 131, 1876-1882. Copyright 2009 American Chemical Society [129]. 
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2.1.5 Circular dichroism (CD) 
 
  The differential absorption of right-handed versus left-handed circular polarized light 

represents a potent characteristic of chiral molecules. In addition, Applied Photophysics Ltd., 

designer of highly sensitive spectroscopic instrumentation, notes that “a primary use [of CD] is 

in analysing the secondary structure or conformation of macromolecules,” which naturally 

explains the popularity of utilizing CD in nucleic acid structural analysis [189].  

  The human telomere structures, for instance, which each contain a different combination 

of parallel and antiparallel directional arms that comprise the overall G-quadruplex structure, are 

no exception in that they contain distinguishable absorptive traits in CD spectroscopy 

[181,182,190]. While fully parallel and fully antiparallel telomere conformers have distinct CD 

spectra in the UV region, the (3+1) hybrid structures are, as one would expect, intermediate in 

relative CD spectral features. These differences in spectra, noted primarily by clear positive or 

negative peaks at 250nm and 290nm, render the parallel (“propeller”), the anti-parallel 

Figure 2.3: Circular dicroism (CD) spectra of (left) a fully parallel G-
quadruplex and (right) an antiparallel G-quadruplex. Notable differences 
between the spectra are the negative valley at 250nm in the parallel structure 
and more pronounced 290nm peak in the antiparallel quadruplex spectra. 
Hybrid telomere quadruplexes, which have a (3+1) mixture of parallel to 
antiparallel strands in their quadruplex, exhibit a CD spectra intermediate of 
those shown above [182]. Reprinted from Methods, 43, Paramasivan, S., 
Rujan, I., and Bolton, P.H., “Circular dichroism of quadruplex DNAs: 
applications to structure, cation effects and ligand binding, pages 324–331, 
Copyright 2007, with permission from Elsevier [182].  
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(“basket”), and hybrid structures distinguishable, as shown in Figure 2.3 [181,182,190]. 

Unfortunately, the two most biologically relevant telomere structures, Hybrid-1 and Hybrid-2, 

produce identical spectra, as they both contain the same ratio of antiparallel/parallel strands 

[101,181,182,190]. While CD is useful in tracking most biomolecules with a secondary or 

tertiary folded structure, its applicability for structurally similar biomolecules is limited. In 

Chapters 5 and 6, CD is utilized as a secondary technique to verify quadruplex folding, though 

the specific G-quadruplex structures under investigation are indeterminable.  

  

2.1.6 Förster Resonance Energy Transfer (FRET) 
 

 FRET describes the dipole coupling interaction of two fluorophores in close proximity 

(<100 Å), observable by the decrease in emission intensity from the high energy donor and 

subsequent appearance of emission intensity from the low energy acceptor [191,192]. This non-

radiative downhill transfer of energy follows a distant-dependent efficiency model where the R0, 

or distance as which 50% energy transfer occurs is described as, 
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where κ is the orientation factor, Φdye is the quantum yield of the donor, NA is Avogadro’s 

number, n is the refractive index of the medium, and J(λ) is the overlap integral between the 

donor emission and acceptor absorption, calculated from the donor emission spectra and acceptor 

extinction spectra. As seen in the theory, values that increase the likelihood of effective energy 

transfer (large R0 values) are a large overlap integral and high quantum yield of the donor 

[191,192].  

  FRET systems are easily predictable, adaptable to a variety of dye combinations, and 

reliable in regards to their correlation to theory. Thus, the popularity of FRET systems for 

monitoring a wide-range of biomolecular events, especially changes in nucleic acid structures, is 

no surprise. The simplest nucleic acid FRET system is likely the molecular beacon, noted earlier 

in section 1.1 in the form of an “aptamer beacon,” where a change in nucleic acid structure from 

a hairpin (high FRET state) to an extended double stranded DNA (low FRET state) is tracked 

[38,193]. The loss of FRET signal (decrease in acceptor emission), then, is attributed to the 

presence of a complement target strand. 
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  With the availability of a full optical spectrum of organic dyes, FRET systems can 

become drastically more complicated, as groups look to incorporate multi-wavelength markers in 

an attempt to eliminate the need to deconvolute auto-fluorescence and background noise. Three-

color FRET is a useful triangulation system where the distant-dependent quenching of multiple 

donors/acceptors can elucidate 3D structural information. In devices designed to mimic electron 

transfer systems, such as those used to convert solar energy, representation of energy flow in 

DNA origami-based devices is easily observable via optical energy in multi-dye FRET, and 

subsequent structural changes in the origami structures can be tested for their reliability in energy 

transfer [194]. When structure is less important, as in the instance of multi-wavelength 

biomarkers, a FRET waterfall system is employed. FRET waterfall constructs have one clear 

benefit: one excitation wavelength results in up to three emission wavelengths [195]. This 

concept is represented further in Figure 2.4 [195]. 

  It is important to note that even FRET dye pairs with the highest J(λ) are limited in 

distance. Theory and experiment both support the observation that the maximum efficient FRET 

Figure 2.4: (Left) Illustration of the condensed RNA hairpin structures littered 
with three dyes, fluorescein (green), Cy3 (yellow), and ROX (red), which act 
as a FRET waterfall system where one excitation wavelength (488nm) 
produces three emission peaks (510nm, 555nm and 600nm). (Right) Emission 
spectra of the FRET waterfall where various dyes are omitted from the system, 
as denoted by the binary representation in the top right corner. The binary 
legend is listed as left to right, fluorescein, Cy3, and ROX, respectively. From 
Hu, R., “DNA Nanoflowers for Multiplexed Cellular Imaging and Traceable 
Targeted Drug Delivery,” Angewandte Chemie International Edition. 
Copyright © 2014 by John Wiley & Sons, Inc. Reprinted by permission of 
John Wiley & Sons, Inc [195]. 
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coupling is ~100 Å as, FRET R0’s max out at 65 Å [191-193]. Some researchers are looking to 

push the FRET R0 limit by placing the dye pairs within the near-field of a large metal 

nanoparticle in an effort to take advantage of plasmonic enhancement effects observed when 

metal nanoparticles exceed 30nm in diameter [196-198]. Large increases in the FRET R0 value 

have been observed with this technique though it is without predictability. Systematic studies of 

FRET systems coupled to plasmonic systems are necessary before the FRET R0 enhancement 

tactic can be reliably controlled. The majority of the contact distances under investigation in this 

dissertation fall outside of measureable FRET distances, thus FRET is not used in this 

dissertation.  

2.2 Nanometal Surface Energy Transfer (NSET) for structural elucidation 
 

The Strouse group has developed an additional energy transfer model over the past 

decade incorporating a metal nanoparticle acceptor (rather than the FRET organic dye acceptor) 

in an effort to break the 100 Å distance barrier in optical energy transfer experiments. Derived 

from the original work of Kuhn and Chance, Prock, & Silbey for gold and silver surfaces, the 

Strouse group has developed an empirical model of Nanometal Surface Energy Transfer (NSET) 

between small spherical nanometals and organic fluorophores [199,200]. In NSET, the small 

(<20nm diameter) nanometal acts as the acceptor, providing an additional non-radiative decay 

pathway for the organic fluorophore, in analogy to a FRET acceptor. NSET extends the distance 

of interaction between the donor fluorophore and energy transfer acceptor well beyond the 100 Å 

seen in FRET, out to distances greater than 350 Å [176-178]. The NSET model has been shown 

to be empirically valid for gold nanoparticles with diameters smaller than 20nm and is strictly 

valid only for particles that have negligible nearfield intensities compared to their absorptivity 

[178]. Whereas previous groups successfully described the plasmonic oscillatory effects of bulk 

and nanometals, none have effectively constructed an energy transfer theory describing the 

interaction between a metal nanoparticle and molecular dye confirmable by experimentation. In 

fact, the most notable theories commonly over-predicted the metal’s quenching behavior when 

considering small metal nanoparticles (~2nm) [200].  

  Equation 2.2 outlines the size-dependent NSET model, written as the d0 value, or the 

distance at which 50% energy transfer between the donor and nanoparticle acceptor occurs, 
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In equation 2.2, λ is the emission wavelength of the donor, nm is the refractive index of water, nr 

is the refractive index of the metal, Φ is the quantum yield of the donor, ε1 is the dielectric 

constant of water, and ε2 is the dielectric constant of the metal. In the subsequent equation (eqn. 

2.4), NA is Avogadro’s number, ελ is the extinction coefficient as a function of λ, rcm is the radius 

of the nanoparticle in centimeters, γskin is the skin depth of the nanoparticle, and Vcm is the 

volume of the nanoparticle in cm3 [178].  

It is important to first note the distance factor’s mathematical powers in FRET and 

NSET, which are 1/d
6 versus 1/d

4, respectively. This stems from the coupling interaction in 

FRET occurring between two dipole interactions (between the donor, FA, and acceptor, FD) 

described as FA*FD or (1/d
3
)*(1/d

3
) ≈ (1/d

6
). On the other hand, the conduction electrons in the 

oscillatory metal nanoparticle increase the resonant coupling, which is best represented by a 

FA*FDm model of (1/d
3
)*(1/d) ≈ (1/d

4
) [175,190]. This 4th power dependence for small AuNPs 

has been confirmed by several groups but is in contrast to the d6 distance dependence seen in 

larger particles (stemming from derivations of the Gersten-Niztan model), which is a 

consequence of the large nearfields observed in larger nanoparticles (diameter >20 nm) [201-

203]. The large particle interactions leading to the d6 interaction can be successfully modeled as 

a point dipole at the center of the particle (in analogy to FRET) [201].  

In development of the size-dependent NSET theory, correlation to the absorptive 

properties of nanoparticles required treatment of the surface absorption term with a volume 

absorption term, A, as shown in equations 2.2 and 2.3. In general, two terms in the NSET model, 

the absorptivitiy, A, and the dielectric constant of the metal, ε2, are size-dependent and are 
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necessarily adjusted as larger nanoparticles are employed (up to 20 nm in diameter). With the 

increase in nanoparticle size, a larger d0 is also observed, indicating that the fluorophore can 

participate in energy transfer out to distances significantly farther from the nanoparticle surface 

[178]. 

The NSET theorem’s correlation to experiment has been demonstrated with multiple 

sizes of AuNPs coupled to dye-labeled, double-stranded DNA of variable lengths [176-178]. 

Duplexed DNA acts as a rigid rod molecule out to exceptional distances, making it the perfect 

“ruler” for exploring NSET’s distant dependent behavior. Initial studies confirmed that 1) 

AuNPs up to 16nm in diameter and 2) dyes with different optical wavelengths correlate well to 

the NSET theorem. Intriguingly, the verification of the mathematical theory also confirmed the 

drastic increase in distances to which energy transfer is still observable, ~ 400 Å [178]. A 

depiction of this AuNP size and distance dependence is depicted in Figure 2.5. These initial 

studies on duplex DNA opened the door for the utilization of NSET as a viable tool in 

biophysics.  
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Figure 2.5: (Left) Depiction of the size-dependent NSET energy transfer 
measurements between various AuNP sizes (changing “r” values) and dye-
labeled double-stranded DNA (of lengths “d”) [178]. (Right) Quenching 
efficiency (Qeff) curves describing the efficiency of energy transfer versus 
distance for a FRET pair with an R0=65 Å (solid line), a 5nm AuNP with 
fluorescein dye where d0=136 Å (dotted line), and a 10nm AuNP with 
fluorescein dye where     d0=221 Å (dashed line). It is clear from the efficiency 
curves and the R0, d0 values that incorporation of an AuNP as the acceptor in 
the energy transfer increases the distance to which energy transfer from donor 
to accepter occurs [176-178, 191]. 
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2.2.1 Biophysical research with NSET 
 
  The quenching behavior of metal nanoparticles has been known long before the 

mathematical modeling of its capabilities were compiled into NSET. Where the NSET theorem 

describes the applicability of energy transfer molecular “rulers,” simple off-to-on optical systems 

also rely on metal nanoparticle-based quenching. These turn-on optical systems have proven to 

be exceptionally compatible in intracellular environments [39,40,204].  

 Mirkin, et al utilized the basic quenching properties in AuNPs to track ATP binding to its 

aptamer in living cells. The aptamer sequence, complexed to the previously described, dye-

labeled nano-“flare,” is appended to the AuNP surface until ATP binding releases the “flare” 

reporter, resulting in a sudden increase in dye emission intensity (Figure 2.6) [39,40]. Dye 

intensities are then correlated to intracellular ATP concentrations. The Strouse group has also 

taken advantage of intracellular off-to-on mechanisms using NSET in recent years. In studies to 

investigate and calibrate the process of gene release from nanoparticle-based delivery systems, 

fluorescent dyes were appended to gene constructs near the nanoparticle surface [204]. A “turn-

on” event, or increase in dye emission tracked through confocal microscopy, is indicative of gene 

release from the nanoparticle surface (Figure 2.7). Through these NSET-based constructs, it was 

discovered that time-dependent intracelluar cargo release from the nanoparticle surface is linked 

Figure 2.6: (Left) Scheme of aptamer “nano-flare” technology on AuNPs 
developed in the Mirkin lab, where target binding to the aptamer sequence 
releases a dye-labeled “flare” strand. (Right) Flow cytometry graph 
demonstrating the increased dye (Cy5) intensity observed in cells laced with 
high target concentrations. In this instance, the target is ATP [39]. Adapted 
with permission from Zheng, D.; Seferos, D.S.; Giljohann, D.A.; Patel, P.C.; 
Mirkin, C.A. Aptamer nano-flares for molecular detection in living cells. Nano 

Lett. 2009, 9, 3258−3261 [50]. Copyright 2007 American Chemical Society. 
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to gene/DNA sequence size, providing valuable data to the field of controlled intracellular 

release [204]. 

Ray, et al has transformed NSET technology into an effective marker for photothermal 

destruction of malignant cells by combining aptamer-based cell selectivity with fluorescent 

“flare” turn-on. Dye-labeled aptamers coating AuNP nanocages select and bind to cancer cells 

expressing the aptamer’s target receptor, PSMA. Simultaneous near-IR excitation (785mn) of the 

aptamer-AuNP nanocage during incubation results in a heat-induced release of the dye-labeled 

aptamer “flare” from the AuNP nanocage surface, fluorescently marking the affected cells. 

Absorption of the near-IR radiation by the AuNP nanocages results in a strong plasmonic heating 

effect, leading to cell death. Coupling of nanotechnologies (i.e. aptamers, photothermal therapy, 

and NSET) has proven an effective concept in the development of new potential nanomedicines 

[205]. 

NSET’s use as a molecular “ruler,” taking advantage of the distant dependent modeling, 

is also used by the biophysical community. Tan, et al in particular utilized size-dependent NSET 

rulers prior to the mathematical model development by empirically measuring the width of 

individual receptors at a cell surface [206]. By appending AuNPs and dyes to opposing sides of a 

cell receptor, the emission intensity and the change in optical quenching repeated with varying 

AuNP sizes was tracked. The change in distance between the dye and AuNP surface related 

solely to the increasing AuNP radius with each experiment (as both energy transfer entities are 

bound to the same cell receptor) producing a static distal value which corresponds to the cell 

receptor’s width [206].   

  The Strouse group elucidated relevant structural information of RNA hammerhead 

complexes via optical tracking and NSET molecular ruler calculations. Lifetime and 

photoluminescent measurements of a dye appended terminally to the substrate, with a 2nm 

AuNP appended to a RNA hammerhead arm, reveal two different structures when the substrate 

is bound and in the presence Mg2+ [179]. Differences in quenching, correlated to distances via 

the NSET theorem, reveal two distinct states in the hammerhead complex – one structure prior to 

substrate activity, and a subsequent structure in the presence of Mg2+ revealing an active 

hammerhead complex [179]. A representation of the hammerhead complex is shown in Figure 

2.7. 
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  NSET’s versatility in nanoparticle size, metal composition, dye wavelength, and range of 

distances for which it can measure make its potential uses in biology and biophysics vast. The 

remainder of this dissertation aims to use NSET to improve new technologies and investigate 

properties of relevant biomolecular structures previously limited by obstacles in experimental 

design. Likewise, in Chapter 7, additions to the molecular ruler capabilities of NSET are made in 

a FRET-NSET hybrid system capable of triangulating three relative points in space. 

 

 
 

Figure 2.7: (Left) Scheme of AuNP-gene/DNA uptake and subsequent cargo 
release from the AuNP surface within the cell. The intracellular surface release 
is tracked by the sudden emission of a fluorescein dye appended to the 
gene/DNA that was initially quenched by the AuNP. The gene, which codes 
for a red fluorescent protein, is then transcribed/translated into protein as 
marked by red emission post-translation [204]. (Right) The evolution of an 
RNA hammerhead complex tracked by NSET after substrate annealing and 
preliminary cleavage steps with the addition of Mg2+. Dye to AuNP distances 
derived from the dye’s variable quenched lifetime/emission intensity are 
indicative of the two heammerhead states, annealed and active hammerhead 
[179]. 
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2.3 Contact distance distributions in labeled systems (EPR, FRET, and NSET) 
 
  Before demonstrating the application of SET and FRET for biomolecular distance 

measurements in the upcoming chapters, it is essential to discuss the effects of dye/spin label-

based methods to measure nanometer-scale distances. Inherent in any molecule, including non-

native dye or spin-label modifications used in FRET, NSET, and EPR, are rotational degrees of 

freedom about the chemical bonds [207-209]. Multiple computational methods have been 

employed to account for the spin label’s likely rotational space, though molecular dynamics 

calculations of the side-chain labels on peptides, proteins, and/or nucleic acids, derived from the 

rotamer states’ free energy minima, have provided the best predictability of the label’s potential 

conformers stemming from the statistically relevant bond rotations and atomic locations [207-

213]. More importantly, the calculated populations of the conformer states from molecular 

dynamics simulations elucidate the inherent distance distribution incurred by dynamic movement 

of the labeled molecule [207,212,213]. With information about the label’s distributive movement 

in 3D space, experimental design accounting for the measurement’s error is simpler and is 

discussed for EPR, FRET, and SET here. 

 Pulsed EPR spin labels for distance extraction have evolved over the years to include 

nitroxide, triaryl methyl, and, more recently, Gd3+-DOTA derivatives [175,210,214,215]. The 

coupling distances of these labels naturally rely on the strength of their paramagnetic resonance, 

and the accuracy of the reported contact distance between coupled labels relies on the length of 

Figure 2.8: (Left) Example nitroxide EPR spin label with a 
methanethiosulfonate linker, displaying the rotational potential of the linker’s 
bonds [207]. 
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the labels’ linker structures [207,210-214]. Figure 2.8 shows the potential bond rotations of a 

common nitroxide spin label’s linker, methanethiosulfonate [207,208,211,212]. Reviews of 

nitroxide spin label dynamics report EPR techniques capable of measuring spin label contact 

distances within 3 Å [207]. While this reported distribution is impressive, it is important to note 

the relationship between length, favorable free energy structures and distance distributions of the 

spin labels [207,210,211,212]. All labels do not produce this level of accuracy and analysis of 

the spin label’s conformer states ought to be strongly considered in experimental design 

[207,211,212,215]. In fact, more recent molecular dynamics analyses of common EPR spin 

labels at varying protein amino acid positions note a patternless distribution of single, dual, and 

multipartite conformer populations amongst label sites. The overall distance between conformers 

of individual spin labels, however, varied by as much as 16 Å [212].  

 Similarly, FRET and NSET organic fluorophore labels incur rotational bond disorder 

depending on the linker length and structure to the biomolecule [216-219]. As concluded in the 

instances of EPR, it is essential to design experiments that account for these unavoidable 

distributions in distance.  Figure 2.9 presents a dual FRET-NSET system containing two organic 

dyes appended to complement DNA strands, with the duplex DNA strands attached to a 10nm 

AuNP. To account for the rotamer disorder in the dye labels and the change in energy transfer 

rates stemming form nanoparticle size distribution, gray dots represent 10,000 possible label 

positions generated from the linker length, with probabilities dictated by a Gaussian distribution 

[216]. In instances of short distances measurements with FRET and NSET, distance extraction 

Figure 2.9: FRET and NSET construct demonstrating the dynamic 
rotational potential of the organic fluorophore modifications (green and 
red) and of the thiol-modified linker at the AuNP surface (purple). Gray 
dots represent 10,000 possible locations generated by accounting for 
the motion of each label. These distributions stem from the size 
distribution of the AuNP (10nm ± 0.5nm) and a randomized 3D 
Gaussian point distribution with one sigma defined as 90% of the 
fluorophore’s linker length [216]. 
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from these labels is more largely affected by the linker length distribution, in that the overall 

uncertainty in length constitutes a higher percentage of the measured separation distance, as 

shown in Figure 2.10. In longer distances, however, the distribution of the dye label is small 

percentage to the measured contact distance. While FRET demonstrates higher resolution than 

NSET measurements at short distances, dye label error is substantially less relevant in long-range 

NSET studies (Figure 2.10) [216,217]. These considerations are important in implementing 

optical energy transfer methods into biomedical applications. 
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Figure 2.10: Percentage of the measured distance comprised by the 
linker vs. the experimental distance measured (red), assuming the 
linker’s distributed distance due to rotational freedom is 14 Å. Vertical 
lines denote the measureable distances of a FRET dye pair with an 
R0=65 Å (black solid line), a dye-small AuNP pair with a d0=136 Å 
(black dotted line), and a dye-large AuNP pair with a d0=221 Å. The 
measureable distances of the FRET and NSET methods (vertical lines) 
were calculated by assuming the distance at which 10% energy transfer 
occurs is the longest experimentally measureable distance. 
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CHAPTER 3 
 

AN NSET APTAMER BEACON FOR ATP DETECTION 
 
 

3.1 Introduction 
 

Nucleic acid sequences can form non-canonical structures by folding in the presence of 

small molecule ligands or following the binding of a protein [45,86,89,179,220]. The realization 

that single-stranded DNA forms unique, complex, nucleic acid structures in response to ligand 

binding has led to the development of synthetic, single-stranded DNA sequences tailored to fold 

in the presence of a specific target. These synthetic sequences, termed aptamers, can be highly 

selective for a target ligand [50,54-57]. The rapid advancement of the field stems from the use of 

combinatorial library screening to select aptamer sequences based on binding affinity (Kd) 

response, resulting in new aptamers appearing in the literature for a wide range of small 

molecules including thrombin, ATP, cocaine, HIV-1 REV, Hg2+, and prostate-specific 

membrane antigen (PSMA) [33-35,50,54-58,221]. Since their discovery, the use of aptamers to 

sense the binding of target molecules in solution or on cell surfaces has evolved rapidly for 

bioanalytical applications. Recently, the incorporation of gold nanoparticles (AuNPs) onto 

aptamers has further pushed aptamer technology into applications such as fluorescence, 

electrochemical, and plasmonic sensors to report binding [38,39,87,222-224]. 

  It is well-known that the fluorescent quenching of a dye by a AuNP is well described 

within the nanometal surface energy transfer (NSET) model, and thus has attracted considerable 

attention as an optical ruler in biophysics [225]. NSET with longer R0 values (R0 >100 Å) makes 

separation of the donor and acceptor more attainable than FRET studies, which can be 

advantageous for molecular beacon fluorescent sensors. In fact, earlier fluorescent biosensors 

utilizing pyrene-appended aptamers have shown perturbation of target binding due to 

interference of the binding site by dye-labeling in the binding pocket [226]. NSET allows the 

positioning of the donor and acceptor labels away from the binding pocket. 

  While the AuNP-based fluorescent assays are very sensitive, the difficulty in tuning the 

binding affinity to match the experimental conditions has limited their broader applicability. To 

increase the long-term applicability of nanoparticle-based aptamer sensors, the sensor response 

has to be generalizable to the experimental conditions in biophysics. The ability to systematically 
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tune a previously identified aptamer’s binding affinity to better match experimental conditions 

(concentration range) without redesigning the aptamer or relying on single point mutations is not 

well developed [227]. When the aptamer is bound to a AuNP, the response of the aptamer can be 

influenced by the aptamer structure and any interaction with the AuNP surface, which can 

impact sensitivity as well as specificity of future sensors. The interaction of the AuNP with the 

aptamer can be minimized by surface passivation as previously demonstrated, but the effect of 

aptamer design on response is far less understood [179,228]. It has been observed in molecular 

beacon stem-loop architectures that the aptamer Kd values are affected by stem-loop size, stem 

length, stem composition, and single point mutations in and away from the target’s binding site 

[48,227,229]. Several studies have also indicated that the aptamer binding affinity in optical 

sensors, including nonhairpin optical probes, is strongly impacted by the degree of duplex 

formation over the aptamer sequence. The higher Kd values are attributed to the thermodynamics 

associated with overcoming the duplexed regions or target accessibility to the binding sites on 

the aptamer [39,75]. Developing a deeper understanding of the underlying consequences of 

positioning the single-stranded aptamer sequence into a stem-loop molecular beacon framework 

could allow more judicious design of AuNP aptasensors. 

  In this chapter, the influence of a 25-mer single-stranded ATP DNA aptamer’s location in 

the loop region of a 57-mer stem-loop molecular beacon on the aptamer’s binding affinity for 
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Figure 3.1: Illustration of the movement of the ATP aptamer sequence around 
the circumference of the NSET stemloop beacon, the effect of which on the 
binding affinity of ATP is studied in this chapter.  
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ATP is described. The influence of target site exposure in the loop is investigated by sliding the 

aptamer sequence along the loop circumference as shown in Figure 3.1, resulting in a variable 

degree of single-stranded exposure for the ATP aptamer. The design allows the influence of 

ligand accessibility and duplex formation to be investigated. The chosen ATP aptamer is based 

upon the Huizenga and Szostak 25-mer ATP DNA aptamer sequence whose structure and ATP 

binding properties were previously analyzed by NMR [58,64]. The aptamer binds two ATP 

molecules per sequence and induces a folded structure. For the analysis of the influence of 

aptamer position within the loop, the aptamer beacon incorporates a 3 nm AuNP at the 3′ end as 

an energy acceptor and a fluorescein dye (FAM) at the 5′ end as an excited state donor. The use 

of the AuNP-FAM energy transfer pair allows the binding affinity to be measured and the 

change in distance following ATP binding to be monitored using Nanometal surface energy 

transfer techniques (NSET) [178]. The change in the photoluminescent (PL) intensity data with 

increasing ATP concentration allows the change in Kd and the change in aptamer sequence 

location in the loop to be correlated. The remainder of this chapter is divided into Experimental 

section (3.2), Results & discussion (3.3), and Conclusion (3.4). 

  

3.2 Experimental section 
 
 3.2.1 Aptamer beacon construction 
 

The 25-mer aptamer strand is incorporated into a 57-mer stem-loop construct with the 

aptamer sequence positioned sequentially around the structure. The sequences are listed in Table 

3.1. The 57-mer DNA sequences contain a fluoroscein dye label coupled to a C6 phosphate 

spacer appended to the 5′ terminus of the single-stranded, aptamer-encoded DNA. The 

complementary 15-mer ssDNA sequence contains a 5′ C6-NH2 modification to allow 

coordination to the DHLA-AuNP through an EDC condensation reaction. The aptamer hairpin is 

annealed prior to appendage to the AuNP by heating to 95 °C for 4 min then snap cooling to 4 °C 

to ensure hairpin formation. The annealing is carried out in pH 7.5 phosphate buffer (20 mM 

phosphate, 50 mM NaCl). Coordination of the aptamer hairpin to the AuNP is accomplished 

through condensation of the C6-NH2 to the free acid group on the DHLA-AuNP by reaction of 

DHLA-AuNPs (1 nmol) with 10 µL of a stock EDC solution (10 mg/mL), and 100 µL of stock 
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NHSS solution (1 mg/mL) in 0.5 mL nanopure H2O at RT (3 h) to form the NHS intermediate. 

The NHS intermediate is coupled by addition of the annealed aptamer (3 nmol) and reacted for  

3h. Final concentrations obtained in the reaction are 1.3 µM and 3.8 µM for the AuNPs and 

aptamer, respectively. The AuNP−aptamer construct was purified via ethanol precipitation and 

analyzed by gel electrophoresis, UV−Vis, and TEM (Figure 3.2). The AuNP−aptamer construct 

is stored at 4 °C in the dark until use. Gel electrophoresis (2% agarose) on the hairpin aptamer 

appended to the AuNP exhibits a single band. TEM analysis shows a spherical, 3 ± 0.5 nm AuNP 

core, and absorption features consistent with the AuNP (520 nm) and duplex DNA (260 nm).  

The FAM feature is obscured by the AuNP LSPR by comparison to the DNA aptamer 

absorption. The UV−Vis confirms a stochastic, ~1:1 coupling ratio for aptamer to AuNP. The 

aptamer loading is measured by UV−Vis absorption spectra by analyzing the ratio of the DNA 

absorption at 260 nm to the AuNP absorption at 520 nm using the Beer−Lambert law, as 

described below at 260nm 

                                      A(total)260 = A(AuNP)260 + A(DNA)260 

                                                        = b{ε(AuNP)260[AuNP] + ε(DNA260[DNA]} 

 and at 520nm 

Seq i. 
5’-(FAM)- CCCTGGGGGAGTATTGCGGAGGAAGGTTTTTTTTTCCAGGGGGGTGGAGGTGGAGG -3’ 

                                                                                                                            3’- CCCACCTCCACCTCC(NH2) -5’ 

Seq ii. 
5’-(FAM)- CACTGTCCTGGGGGAGTATTGCGGAGGAAGGTTTTTACAGTGGTGGAGGTGGAGGTG -3’ 

                                                                                                                               3’- CACCTCCACCTCCAC(NH2) -5’ 

Seq iii. 
5’-(FAM)- CCCTTCCGTTTTATTTCCTGGGGGAGTATTGCGGAGGAAGGGGAGGTGGAGGTGGAG -3’ 

                                                                                                                                3’- CTCCACCTCCACCTC(NH2) -5’ 

Seq iv. 
5’-(FAM)- CTCCGCTTTTTTTTTTTTTTTTCCTGGGGGAGTATTGCGGAGGAAGGGTGGAGGTGG -3’ 

                                                                                                                           3’- CTTCCCACCTCCACC(NH2) -5’ 

Seq v. 
5’-(FAM)- CAATACGTGAGTGAGTGAGTGATTTTTCCTGGGGGAGTATTGCGGAGGAAGGTTTTC -3’ 

                                                                                                                               3’- GCCTCCTTCCAAAAG(NH2) -5’ 

*Seq vi. 
5’-(FAM)- CACTGTCCTGGGGGAGTATTGCGGAGGAAGGTTTTACAGTGGTGGAGGTGGAGGTG -3’ 

                                                                                                  3’- AAAATGTCACCACCTCCACCTCCAC(NH2) -5’ 

  
 

Table 3.1: Stemloop aptamer beacon sequences used in this study. Red, 
italicized text is indicative of the conserved 25-base-pair ATP aptamer 
sequence. A dotted underline represents the loop portion in the stemloop 
structure while a bold underline represents the 6-base-pair stem. Amine-
terminated 15-base-pair linkers are listed below the sequence, aligned at the 
appropriate complementary positions. 
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                                      A(total) = A(AuNP)520 = b{ε(AuNP)520[AuNP]} 

 

where A is the absorption value, ε is the extinction coefficient for the components and b is the 

pathlength of the cuvette (b = 1 cm). Solving for the AuNP concentration at 520nm allows the 

DNA concentration to be calculated at 260 nm (and indirectly the FAM concentration since the 

ratio on the synthetic sequence is 1:1 FAM to DNA). 

 

3.2.2 Absorption and photoluminescence measurements 
 

Photoluminescence (PL) was measured in 0.3 cm quartz cuvettes on a Varian Eclipse 

fluorimeter in a thermostated optical cell holder (20 °C) by exciting the FAM at 494 nm and 

collecting the PL spectra from 505nm to 650nm. The aptamer beacon and ATP dilutions were 

dissolved in TRIS buffer (20 mM TRIS, 300 mM NaCl, and 5 mM MgCl2). The AuNP−aptamer 

ii 

iii 

i 

iii ii 

iii 

10 nm 

Figure 3.2: UV-Vis (left), TEM (middle) and gel electrophoresis (right) of the 
NSET stemloop beacons. Sample iii represents the final purified NSET beacon 
and contains features from its separate components, free FAM-labeled aptamer 
sequences (i) and free 3 nm AuNPs (ii). A DNA absorption peak at 260nm and 
FAM feature at 494nm are observed in sample i, though due to it’s low 
absorption cross-section relative to the AuNP, the FAM feature is not observed 
in the final purified NSET beacon (iii). TEM of the final NSET beacon 
indicates a size distribution of 3nm ± 0.6. Retardation of the NSET beacon’s 
movement through the gel (iii) relative to the unlabeled DHLA-coated AuNPs 
(ii) is indicative of DNA attachment to the AuNP surface via EDC coupling 
reaction. 
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concentration was ~1 nM and ATP concentrations were varied systematically from 5 nM to 97 

mM. UTP, GTP, and AMP binding studies were carried out for selected aptamers identically to 

the ATP studies to analyze the impact on specificity and selectivity. Binding curves relating 

fluorescein intensity to target concentration are plotted as ΔPL vs. concentration, where ΔPL is 

the integrated fluorescein intensity.  

 

3.3 Results & discussion 
   

           The stem-loop construct contains a 25-mer Huizenga-Szostak ATP aptamer, wherein the 

aptamer sequence is moved along the stem-loop region from the 5′ toward the 3′ end, resulting in 

partial blocking of the ATP target site due to base pairing when the loop is closed. The six 

individual 57-mer stem-loop constructs utilized in the study are shown in Figure 3.3 and Table 

3.1. In Table 3.1, the 25-mer Huizenga-Szostak aptamer sequence in each of the six constructs is 

i. 

ii. 

iii. 

iv. 

v. 

ATPα%
ATPβ%

ATPα%
ATPβ%

vi. 

ATPα%
ATPβ%

Figure 3.3: Scheme of the NSET stemloop beacons and their response tp ATP. 
The red bars in the stemloop structures are indicative of the aptamer sequence 
location in the stemloop architecture. Sequences i, ii, iii, iv, and vi remain a 
single construct upon ATP binding whereas sequence v contains enough 
aptamer sequence overlap in the stem to induce displacement of the flare 
strand upon ATP binding. 
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red and italicized for clarity. To distinguish between the loop and stem region, the loop is 

highlighted by a dashed underline, while the stem is highlighted by a solid underline. As a 

control, the five stem-loop studies were compared to a single-stranded sequence containing the 

aptamer (sequence vi) that cannot form a stem-loop structure. 

The stem-loop construct is designed (Figure 3.3) to detect the conformational changes in 

the ATP-induced aptamer binding by monitoring the change in the fluorescent intensity of the 

appended FAM when quenched in the vicinity of the AuNP. A 3 nm AuNP with low loading (1:1 

AuNP:DNA) was chosen to promote high efficiency of the aptamer binding to ATP, as observed 

in previous studies where hybridization of DNA on AuNP surfaces was most efficient at low 

primer loading levels and on surfaces of high curvature [230,231]. The AuNP acts as a dark 

acceptor of the FAM excited state via a long-range NSET mechanism. The NSET method is 

similar to FRET techniques, wherein the separation distance between the fluorescein and AuNP 

are reported by the change in emission intensity of the fluorescein. The quenching can be 

described within an NSET model allowing the ensemble-averaged distances to be calculated by 

comparison to theoretical values. Unique to NSET, the R0 (critical distance for 50% energy 

transfer) is a longer value of 110.6 Å for a 3 ± 0.5 nm AuNP-FAM acceptor donor pair, allowng 

the fluorescein (FAM) and AuNP to be bound distally from the aptamer site to minimize impact 

on the observed aptamer folding behavior [178].   

            The impact of small molecule dyes, quantum dots, and EPR tags on the folding of 

biopolymers is an area of open discussion in the biophysics community. Studies on AuNPs 
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Figure 3.4: Quenching efficiency of FAM on a 3nm AuNP versus distance 
(left) and the calculated distribution in NSET R0 values for FAM on a 3nm 
AuNP stemming from the distribution in AuNP diameter, 3.0nm ± 0.6 (right). 
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below 4 nm approach the size of the footprint of DNA. Earlier studies have shown that no impact 

on folding is observed for substrate induced folding of RNA or protein induced folding in DNA 

when bound to a small AuNP surface, presumably due to the increased distance of separation 

from the binding site allowable by NSET probes [179,198]. It is also important to note that 

nonspecific DNA interactions with the AuNP surface are not expected because previous groups 

report little to no DNA adsorption onto nanoparticle surfaces with a ligand-passivated, neutral 

surface [228,232]. Typical DNA adsorption studies that report high levels of single-stranded 

adsorption utilize citrate-capped AuNPs where the citrate molecule is displaced to accommodate 

DNA laying down on the surface [233]. The AuNPs used in this study are DHLA-capped, thus 

the surface is thiol-coated, and it is assumed that the small particle size and the stable ligand 

coating make these AuNPs resistant to nonspecific adsorption.  

           The PL NSET efficiencies and calculated distances for the aptamer sequences at I0 (no 

ATP) and Imax (high ATP concentration) are listed in Table 3.2. In the absence of ATP, the 

aptamer forms a closed stem-loop hairpin conformation positioning the AuNP and the FAM in 

close proximity, resulting in partial quenching of the FAM in the AuNP near field. The intensity 

of the fluorescein emission in the absence of ATP for the closed stem-loop yields a separation 

distance of AuNP to FAM of 77 Å (E = 19%) confirming loop formation in the absence of ATP. 

Exposure of the aptamer to ATP induces opening of the loop and formation of a folded DNA 

conformer that repositions the FAM and AuNP to cause the change in fluorophore emission,  

Δ
P
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        NSET aptamer beacon 

Δ     NSET aptamer beacon + 2x [AuNP] 

Figure 3.5: Binding curves of sequence ii without excess AuNPs (cirlces) and 
in the presence of 2x [AuNPs] (triangles) where ΔPL is the integrated FAM 
intensity. Similar saturation behavior indicates no adverse affects of free 
AuNPs in solution. 
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 I0 FAM-AuNP distance 

at I0 (Å) 

 Imax FAM-AuNP distance 

at Imax (Å) 

Seq i 0.19 77± 7 0.41± 0.05 101± 9 

Seq ii 0.19 77± 7 0.38± 0.06 98± 10 

Seq iii 0.19 77± 7 0.38± 0.05 98± 9 

Seq iv 0.19 77± 7 0.44± 0.05 104± 9 

Seq v 0.19 77± 7 1.0 ---- 

Seq vi 0.61 124± 8 0.41± 0.06 101± 10 

 
 

    

tracking the binding of ATP. The fluorescein intensity at high concentrations of ATP yields a 

separation distance consistent with the NMR predicted folded structure, wherein the AuNP to 

FAM separation distance is 96−109 Å (~Δ25% E), confirming formation of the ATP induced 

folded aptamer in the presence of ATP [64]. A distal range is reported here because TEM 

analysis indicates a ±0.6 nm Gaussian distribution in AuNP sizes, which results in an NSET R0 

that is better described as a weighted probability to account for the nanoparticle size (Figure 3.4). 

By incorporating the measured population distribution for particle size coupled to the change in 

extinction coefficient which scales as r3, the R0<avg> value for the prepared AuNPs in the study is 

110.6 Å. Although it should be noted that the correction to R0 for the distribution results in only 

a minimal perturbation to the R0<calc,3 nm> for the 3 nm average size (R0<calc, 3 nm> = 110.5 Å). 

Moreover, while the ATP-bound NMR structure is available, its orientation to the surface could 

vary. Photoluminescent saturation is therefore used to establish the ATP saturation limit for ATP 

binding. 

   As a control and in an effort to ensure that free, unlabeled AuNPs in solution do not 

impact the conformation of the folded aptamer, analysis of the fluorescein intensity following the 

addition of free AuNP (up to 2 nM excess AuNP) in solution is provided (Figure 3.5). No change 

in PL saturation was observed from the binding curves. Binding assays for UTP and GTP on 

selected sequences are available in Figure 3.6 and demonstrate that specificity for ATP over  

Table 3.2: Intensity values and the extracted distance between the FAM 
moiety and the AuNP surface at I0 (no ATP added) and Imax (saturation with 
ATP) for each of the NSET beacon sequences. 
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other triphosphate nucleosides is not impacted by the binding of the AuNP or the position of the 

aptamer in the loop. Control studies on AMP binding relative to ATP were also performed and 

the extracted Kd values arelisted in Table 3.3, wherein similar binding affinities between AMP 

and ATP are observed, consistent with literature results [41,226,234,235].  

  AMP 

Kd1 (2σ), Kd2 (2σ) 

ATP 

Kd1 (2σ), Kd2 (2σ) 

Seq iii  0.5 (1.6), 9.9 (10.8) μM  0.3 (0.6), 6.9 (12.0) μM 

Seq iv  43.3 (19.9), 584.0 (389.0) μM  33.6 (4.5), 232.8 (333.4) μM 
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Figure 3.6: Binding curves of sequence ii, sequence iii, and sequence iv with 
ATP (circles), UTP (triangles), and GTP (squares.) The specificity of the 
aptamer for ATP is unchanged despite movement around the hairpin 
circumference. 
 
 

Table 3.3: Kd1 and Kd2 of AMP and ATP binding to sequence iii (circles) and 
sequence iv. Similarity in binding affinities indicate the NSET stemloop 
beacons have no affect on ATP and AMP’s mechanism of binding to the 
aptamer sequence. 
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           The binding affinities for the five stem-loop constructs were measured by analyzing the 

ATP concentration-dependent change in integrated FAM photoluminescence (ΔPL) at 1 nM 

aptamer. The raw PL data is plotted in Figure 3.7, a binding curve of the data is plotted in Figure  
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Figure 3.7. Raw PL data of the NSET stemloop beacons increasing ATP 
concentrations. Each sample is at a concentration of ~1nM beacon. Hairpin 
sequences (sequence i, ii, iii, iv, and v) increase in intensity with increasing 
ATP concentration whereas sequence vi, a non-hairpin structure, decreases in 
intensity with increasing ATP concentration. 
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3.8 (ΔPL vs [ATP]), and as a log plot of the binding curve (ΔPL vs log[ATP]) is plotted in 

Figure 3.9. Consistent with the proposed structural folding of the aptamer following opening of 

the stem-loop upon ATP binding, the observed PL intensity increases asymptotically with 

increasing ATP concentration in sequences i thourgh v. The maximum intensity change reflects 

the final conformation of the aptamer after ATP-induced folding. In sequence vi, the observed 

PL decreases with increasing ATP concentration, consistent with a shortened conformer forming 

in the ATP-bound aptamer state. The binding affinity for the ATP is extracted by fitting the ΔPL 

data to a two-site ATP binding curve  
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Figure 3.8: ATP binding curves of the five NSET stemloop beacons fit to 
equation 3.1. The curves display the relationship between ΔPL and micromolar 
ATP concentration. The sequence vi saturation curve is fit to a single-event 
model described in equation. 3.2. 
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 where Bmax
(1) represents the maximum ΔPL for the first binding site, Bmax

(2) represents the 

maximum ΔPL for the second binding site, and Kd
(1)

 and Kd
(2) are the binding affinities for the 

individual sites. NMR studies support the two-site model in that two ATP sites are observed in 

the NMR solution structure of this target-bound DNA aptamer [64]. The Kd values are listed in 
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Figure 3.9: Log plot of the two-site binding model (one-site binding model is 
employed for sequence vi) fit to the NSET beacon saturation with ATP, 
demonstrating the range of detection for each sequence. 
 
 



 45 

Table 3.4 and the binding curves for sequences i-v are shown in Figure 3.8. Sequence vi was 

unable to be fit to a two-site binding model, as the two Kd values produced are ambiguous 

values. Thus, sequence vi is fit to a one-site binding curve described in eqn. 3.2 below,  

                                                Δ�� =
[���]

�
�
+[���]

                          eqn. 3.2. 

 

           Despite confirmation of two ATP sites by NMR, previous groups employed a one-site 

binding curve in extracting the Kd of this DNA ATP aptamer, thus it was important to verify the 

use of the two-site binding curve in our studies. The degrees of freedom (DOF) and sum of 

squares (SS) from the one-site binding model (DOF1 and SS1) were statistically analyzed against 

the two-site binding model (DOF2 and SS2) using an F-test and an Akaike’s (AIC) test. Details of 

the statistical equations are shown in eqn. 3.3 (a and b), 
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where  the F-test equation is denoted as (a) and the Akaike’s (AIC) test as (b). F represents the F-

test values, A is AIC test value, SS1 and SS2 are the sum of squares for the single-event and two-

event models, respectively, DOF1 and DOF2 are the degrees of freedom for the respective 

models, and N is the number of points analyzed. Both approaches to comparing binding models, 

(a) and (b), relate the changes in the SS and DOF as the models become more complex (going 

from the one-site binding curve to the two-site binding curve). Values >1 for the F-test and 

negative values for the AIC test are indicative of the more complex model (two-site binding 

curve) being the statistically more appropriate fit. For the sequences i through v, F-test values of 

>1 with the Akaike’s test values <0 are observed and are listed in Table 3.4. The F-test values of 

>1 coupled to negative AIC values confirms the validity of the more complex two-state model 

for the studied sequences. The control sequence, sequence vi, which cannot form a stem-loop 

structure, exhibits an F-test value of zero and a positive AIC value, and therefore is fit to the 

single-binding model in Figures 3.8 and 3.9.  

              Interestingly, NSET monitors two ATP binding sites consistent with the reported NMR  
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studies, but earlier FRET studies have been unable to distinguish separate sites [41,64]. The 

reasons for the FRET studies’ shortcomings are not described and are possibly not well 

understood, but may stem from the ATP sites following a positively cooperative binding model, 

rendering the two-site binding curve unfittable. To analyze cooperativity between the ATP sites 

in our stem-loop aptamer constructs, the data from Figures 3.8 and 3.9 were analyzed by fitting 

to a cooperativity model 

Δ�� =
����[���]

ℎ

�
�

ℎ
+[���]

ℎ
                           eqn. 3.4 

where h is the Hill coefficient representative of positively cooperative (h >1), negatively 

cooperative (h <1), or noncooperative behavior (h =1) between ATP binding sites. Fitting the 

ΔPL data to the cooperativity model (eq. 3.4) yields values for h between 0.4 and 0.8 for 

sequences i through v of the stem-loop constructs as shown in Table 3.4. A Hill value of <1 

indicates negative cooperativity between ATP sites for the sequences in Figure 3.3 and Table 

3.1. A negative cooperativity can be understood in terms of the initial binding of one ATP 

obstructing the binding of the second ATP to the aptamer. A Hill coefficient value of 2.04 is 

measured for the sequence vi, which is indicative of positively cooperative or near-simultaneous 

  Kd1 (2σ)  Kd2 (2σ)  Hill (h)  F‐test, AIC 

Seq i  1.1 (1.2) μM  35.3 (30.2) μM  0.77  1.615, ‐0.307 

Seq ii  1.3 (2.4) nM  102.3 (93.4) nM  0.55  8.754, ‐10.502 

Seq iii  0.3 (0.6) μM  6.9 (12.0) μM  0.70  2.368, ‐1.818 

Seq iv  33.6 (4.5) μM  232.8 (333.4) μM  0.49  1.498, ‐0.473 

Seq v  203.0 (129.8) μM  5486 (8248) μM  0.73  7.940, ‐9.123 

Seq vi  12.1 (10.2) nM  ‐‐‐‐‐‐  2.07  0, 4 

Table 3.4: Table of the Kd values with the reported 95% confidence limits 
(2σ) extracted from equation 3.1, the Hill coefficients (h) extracted from 
equation 3.4 and the F-test and AIC values extracted from equation statistical 
analyses described in equation 3.3. 
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binding of the two ATP moieties. It is worth noting that a value of h =2.04 in sequence vi would 

explain the inability to fit sequence vi data to a two-site binding model, as supported by the F-test 

and AIC statistical analyses. 

           Comparison of the Kd values in Table 3.3 for the sequences listed in Table 3.1 reveals that 

increasing single-stranded exposure in the loop decreases the Kd value. A decreasing Kd value 

indicates stronger binding affinity. No significant preference in Kd value is observed if the 5′ or 

3′ end of the aptamer is partially blocked (sequence i vs. sequence iii). The measured Kd value of 

the fully exposed loop sequence (sequence ii) is consistent with the measured value for the 

single-stranded molecular beacon analogue (sequence vi). Likewise the sequence incorporated 

into the stem-loop configuration with significant duplex formation in the stem exhibits Kd values 

similar to previous reports in an analogous nanoflare design, supporting the effect of aptamer 

location on the observed Kd values [39,41,234]. The results of the binding curves imply that ATP 

accessibility to the single-stranded region is critical to the experimentally measured binding 

affinity with an observed tunability over 4 orders of magnitude. 

         It is has been reported by molecular tweezer mechanical unfolding studies that the folded 

ATP-bound aptamer structure is energetically stable compared to the free, single-stranded 

aptamer, while separate groups have demsontrated ATP binding to the aptamer is hindered by 

duplexing across the aptamer sequence [236]. In addition, an aptamer embedded in the stem-loop 

conformations described here should reflect additional thermodynamic contributions from the 

inate stability of the hairpin structures. The sums of these duplex and hairpin structural stabilities 

undoubtedly act as competition to the ATP binding mechanism, which can be summed according 

to eqn. 3.5, 

 

               Δ�!"#$%& + Δ�!!"#$"% − Δ�!"#!!"# =  Δ�!"#$%&'()*                 eqn. 3.5 

 

where ΔGduplex represents the change in free energy between the duplexed and denatured states of 

the double-stranded DNA region, ΔGhairpin represents the change in free energy between the 

single-stranded and hairpin states, ΔGATP-apt is the change in free energy between the single-

stranded and ATP-bound aptamer sequence, and ΔGNSETbeacon represents the observed change in 

free energy between the ATP-unbound and ATP-bound states specific to the NSET stem-loop 

beacons in this study. Inspection of the individual thermodynamic contributions to ATP binding  
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to these stemloop beacons (Table 3.5) is informative. The ΔGduplex and ΔGhairpin values are 

calculated from IDT OligoAnalyzer software and, in the instance of the ΔGduplex, the nick at the 

5’ end of the hairpin stem of the NSET beacon sequence is disregarded, as shown in Figure 3.10 

[237]. The ΔGATP-apt is a constant value throughout these stem-loop beacon sequences, as the 25 

basepair aptamer sequence itself does not change. Therefore, only the free energies of the duplex 

regions and the hairpin structure, listed in Table 3.5, are considered when determining the major 

contributions to the free energy of the NSET beacon, and subsequently the observed Kds. 

          The values listed in Table 3.4 and Table 3.5 indicate that with increasing free energy 

stabilization of the duplexed region (decreasing ΔGduplex), the Kd value also increases, while 

ΔGhairpin does not appear to correlate. Furthermore, as ΔGduplex appears to be the sole competitive 

contributor to ATP-aptamer binding, the values of ΔGduplex and Kd should be logarithmically 

related based on the thermodynamic relationship between equilibrium constant and free energy 

change. A plot of −ΔGduplex vs Kd1 and Kd2 on a logarithmic scale is shown in Figure 3.10. The 

graph demonstrates that a logarithmic correlation is observed consistent with thermodynamic 

 % d.s ΔGhairpin 
kcal/mol ΔGduplex 

kcal/mol 

Seq i 20% -3.31 -9.69 

Seq ii 0% -1.79 -------- 

Seq iii 20% -2.29 -8.19 

Seq iv 44% -4.18 -24.25 

Seq v 60% -1.34 -34.92 

Seq vi 0% -------- -------- 

    

Table 3.5: Percent double-stranded portion of the aptamer sequence (% 
d.s), the melting temperature of the hairpin (Thairpin), the Gibbs free energy 
of the hairpin (ΔGhairpin), and the Gibbs free energy of the duplexed 
aptamer sequence (ΔGduplex) in each NSET stemloop beacon. The ΔG 
values are calculated from IDT Oligoanalyzer software [237]. 
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expectations. Similar phenomena were observed previously in varying duplex lengths away from 

the aptamer sequence [238]. The results of the thermodynamic plot supports the observation that 

the ATP aptamer site location in the stem-loop architecture provides a strategy to systematically 

vary Kd by intentionally including duplexed regions without affecting selectivity or cooperative 

binding behavior. 

3.4 Conclusion 
 

          For the Huizenga-Szostak ATP aptamer in this study, the results clearly indicate that 

increasing duplex formation by positioning the sequence in the stem allows the binding affinities 

for ATP to be tuned over four orders of magnitude with a seven order range of detection, as 

shown by the binding curves (Figure 3.11). The study shows a correlation between single-

stranded exposure, lower Kd values, and a scaling with –ΔGduplex in the DNA ATP aptamer. The 

advantage of using the stem-loop architecture and tuning the Kd values by positioning the 

aptamer target region in the loop is purely in the simplicity of the design parameters, not in 

adjusting the aptamer sequence itself. Earlier studies by Plaxco et al show similar results for 

control of metal ion sensors using allosteric inhibition, where distal DNA duplex sequences 

predictably tune the binding affinities of Hg2+ ions two orders of magnitude and across detection 

ranges of three orders [75]. This confirms an advantage in blocking portions of the aptamer 

sequence directly, as we see no change in ATP cooperative binding behavior while pushing the 

Kd’s and detection range to longer magnitudes. Another allosteric inhibition technique employed 
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by Plaxco and colleagues tuned a cocaine aptamer with distal-site modifications where the Kd’s 

span three orders of magnitude and the detectable concentration range spans six [229]. Changing 

the aptamer sequence itself can be risky, as single-site modifications in nucleic acid strands 

capable of forming secondary structures can unpredictably impede secondary structure formation 

[73,74].  

           The observation of native biophysical constants for the NSET stem-loop designs indicates 

no perturbation of the ATP aptamer folding in the presence of the appended AuNP, which 

supports the utilization of NSET to monitor other complex biological events without 

manipulating native behavior. From a biophysical viewpoint the use of the NSET aptamer 

beacon allows multidimensional analysis of ATP aptamer binding. While previous optical 

studies have been unable to identify the cooperativity or distinguish individual ATP binding 

sites, the NSET hairpin probe method clearly observes two distinct binding sites.  

         The selection of aptamers against a target ligand leads to the aptamers with the lowest Kd 

values and, thus, aptamers are typically only useable in a narrow concentration range. The results 

of the study suggest that judiciously tuning the Kd value to expand the applicability of the 

aptamer can be achieved by site control of the aptamer in a stem-loop architecture without 

relying on mutation approaches or multiprobe platforms [48,229]. The ability to tune the Kd 

value by changing the duplex content in a stem-loop architecture provides clear design criteria 

that can be more widely implemented, the results of which may have an advantage in sensor 

design, namely, the ability to rationally extend the detectable concentration range for a ligand in 

a previously isolated aptamer from library screening.  
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Figure 3.11: Log plots of the NSET beacon binding curves as a demonstration 
of their range of ATP detection across six orders of magnitude. 
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CHAPTER 4 
 

STRUCTURES OF TELOMERIC G-QUADRUPLEXES 
 
 

4.1 Introduction 
 
  The realization that G-quadruplex repeats in the genome are ubiquitous and important in 

up-regulation of telomerase in non-senescent cells has resulted in a global effort to understand 

the structure and function of these simple G-tracts [136,145,146]. Telomeres are one example of 

many in the genome where quadruplex-protein interaction is coupled to genetic function 

[97,122,157,239-242]. The desire to gain structural insight into the possible folding landscapes 

of guanine repeats led the experimental focus towards telomeric G-quadruplexes, which have 

been observed to preferentially form mixed Hybrid-1 and Hybrid-2 structures in human telomere 
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Figure 4.1: Scheme of Hybrid-1 and Hybrid-2 G-quadruplexes folded on 
AuNP surfaces of various sizes and the distinct position of thymine 14 (T14) 
between the two structures. Theoretical distances between the AuNP surface 
and the dye labels at T8 and T14 were extracted from proton NMR structures 
of the two conformers. 
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sequences (Figure 3.1)[105,142,143,166,167,243-245]. Several biophysical methods have been 

employed to investigate the folding of these structures. These methods, while effective in 

confirming structural folding, are widely carried out under non-biologically relevant conditions. 

NMR, for instance, is used for short contact measurements to deduce a global structure but 

requires highly concentrated samples and produces broadened line widths at high salt 

concentrations[141,166-168,243-248]. EPR is perhaps the most promising method for observing 

the G-quadruplex folding event at low concentration, but is incapable of measurements at room 

temperature[142,143,249]. Optical methods, like circular dichroism, are effective in recognizing 

the presence of a folded quadruplex, but fail to distinguish between the more relevant (3+1) 

hybrid structures in telomeres [182,250-253]. Förster resonance energy transfer (FRET) offers 

potential but the necessity for dyes to be within close proximity can limit their flexibility as long-

range sensors [140,254,255]. Moreover, comparisons between folded and unfolded structures 

using FRET molecular rulers become difficult in scenarios where unfolding is contingent upon 

salt removal, as denaturing of complementary DNA is often a side effect of the desalting process. 

Accurately mapping telomere structure folding requires biophysical tools capable of monitoring 

structural formations at biologically relevant conditions without impacting the folding landscape. 

 Alternative optical rulers using resonance energy transfer principles hold potential for 

tracking these structures. Of these techniques, NSET has the largest dynamic range for mapping 

conformational space in biophysical settings [178]. Where other metal nanoparticle techniques, 

such as plasmonically-coupled probes, can attain distal coupling that rivals NSET, the use for 

these strictly plasmonic probes in biophysics is limited due to the required use of exceptionally 

large particles and overall lower resolution [256-259]. NSET allows long-range energy transfer 

(d0 > 100Å) from a dye to the AuNP through perturbation of the radiative and non-radiative rates 

for the dye when resonant with the metal localized surface plasmon (LSPR) [178]. NSET’s 

inclusion of bioapplicable AuNP sizes (<20nm) permits observable dye emission to optically 

track structural biomolecular changes. The recent development of a mathematical model to 

predict the coupling distances achievable by NSET of AuNPs up to 16nm in diameter for the 

dyes emitting from 500 to 800nm allows the use of NSET rulers to unravel complicated folding 

events in biophysics [178]. Use of a AuNP molecular ruler, for instance, allows the fluorophore 

and AuNP quencher probes to be distally positioned, in order to minimize structural perturbation 

of the nucleic acid folding event [176,179,260]. More recently, NSET-based biological 
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applications using AuNPs larger than 2nm have appeared as payload delivery agents, molecular 

rulers, molecular flares, and even intracellular sensors [39,206,261-265].  

 Unfortunately, over the past two decades, observations of non-specific interactions for 

biopolymers with the surface of nanoparticles have been reported depending on surface 

passivation and experimental conditions, suggesting that while NSET is a viable toolset in 

biophysics, the potential for non-specific interactions perturbing the folding even is a real 

concern [228,232,233,266,267]. The possible impact of biomolecular function on the AuNP 

surface due to van der Waals, electrostatic, or molecular interactions has not been extensively 

studied with respect to AuNP nanoruler capabilities. In fact, the probability of non-specific 

interaction is likely to increase with increasing AuNP size reflecting the higher surface area on 

the nanoparticle [233,266-268]. The potential for interactions in single-stranded or overhang 

DNA sequences could be more significant, as other groups have reported variable surface 

adsorption behavior between duplex, single-stranded, kinked, and bent DNA strands [232,233]. 

Such unexpected interactions can produce significant error in measuring simple distances for 

ligand-induced folding events. This lack of predictability impacts the potential of NSET ruler use 

and more importantly can provide erroneous results if the interaction is not understood. For 

molecular ruler experiments based on NSET, quantifying the presence of non-specific 

interactions between the G-quadruplex and AuNP surface is critical to the mapping of the hybrid 

telomere structures. Specifically, surface interactions with nanosensor-relevant AuNP sizes 

(>2nm) need to be explored to determine NSET’s applicability as a molecular ruler for future 

bioapplications. 

  In this chapter, to ascertain the impact of AuNPs on the folding of complex biomolecules, 

the folding of Hybrid-1 and Hybrid-2 telomere G-quadruplexes are mapped when assembled 

onto 5, 7, 9, and 10nm AuNPs. The folding event is visualized optically by monitoring the 

motion of two separate nucleotides in the telomere sequence, namely thymine 8 (T8) and 

thymine 14 (T14), labeled with DyLight680 fluorophore (DL680). The remainder of this chapter 

is divided into Experimental section (4.2), Results & discussion (4.3), and Conclusion (4.4)  
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4.2 Experimental section 
 
4.2.1 NSET beacon construction 
 

 The NSET telomere beacons were constructed by appending a modified Tel26 or 

wtTel26 single stranded sequence to the surface of AuNPs of various sizes. Single-stranded 

sequences containing the Tel26 sequence (underlined), 5’-TATGTGTATGTGTAAAGGGT 

T(DL680)AGGGT T(DL680)AGGGTTAGGGAA-3,’ or the wtTel26 sequence (underlined),   

5’-TATGTGTATGTGTTTAGGGTT(DY680)AGGGTT(DL680)AGGGTTAGGGTT-3,’ were 

annealed to a complementary 13mer linker, 5’-ACACATACACATA(C3 thiol)-3,’ with a 

terminal thiol modification for AuNP surface appendage. The flanked telomere sequences, Tel26 

and wtTel26, were purchased with either a thymine 8 (T8) DL680 or thymine 14 (T14) DL680 

internal dye modification as noted in the sequences by a bolded, italicized “T” followed by 

“(DL680).” 

  Spherical 5, 7, 9, and 10nm BSPP-coated AuNPs were prepared by modification of 

literature protocol [269]. Two reactions solutions were prepared and heated prior to mixing to 

induce a tannic acid/citrate reduction of a Au3+ salt. Solution 1 was prepared by purging 200uL 

of 1% (wt) HAuCl4 in 16mL npH2O with nitrogen and heating to 60°C. Solution 2, a solution of 

1% (wt) tannic acid, 0.8mL of 1% (wt) sodium citrate, and npH2O, contained a variable amount 

of tannic acid and npH2O depending on the desired AuNP diameter. For a 5mn AuNP, 0.5mL 

tannic acid and 2.7mL npH2O were required. For a 7nm AuNP, 0.1mL tannic acid and 3.1mL 

npH2O were required. For a 9nm AuNP, 38uL tannic acid and 3.162mL npH2O were required. 

And likewise, for a 10nm AuNP, 20uL tannic acid and 3.18mL npH2O were required. Solution 2, 

with all three of its components, was heated to 60°C. Upon reaching 60°C, Solutions 1 and 2 

were quickly mixed under high stirring and removed from heat upon a red color change 

indicative of AuNP formation. At room temperature, variable amounts of BSPP ligand were 

added (70mg for 5nm AuNPs and 60mg for larger AuNP sizes) and the reaction was stirred 

overnight. The AuNPs were collected by centrifugation after forced insolubility by addition of 

0.5mL saturated NaCl. All samples were stored dry at 4°C until use.  

 Tel26 and wtTel26 sequences were annealed to the complement linker strand in 2 heat 

cyles (95°C for 4 minutes, RT for 10 minutes, ice for 4 minutes) and stored at 4°C in the dark 

until use. Appendage to the AuNPs was accomplished by DTT reduction of the linker’s 3’ thiol 
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by Sigma-Aldrich protocol. A 125µL aliquot of 100mM DTT solution (in pH 8, 50mM sodium 

phosphate buffer, 10mM NaCl) was added to 80pmoles of the annealed telomere linker complex 

and placed on the rotisserie for 35 minutes at RT. To remove the DTT after thiol reduction, the 

reaction was purified by Nap5 column washed with pH 6 sodium phosphate buffer (10mM) and 

the elutions were immediately added to a solution of AuNPs. The initial DNA:AuNP ratio was 

varied depending on AuNP size to accommodate the unequal surface area between the different 

sizes of AuNPs; 5:1 DNA to AuNP for 5nm, 7:1 DNA to AuNP for 7nm and 9nm, and 10:1 

DNA to AuNP for 10nm. The AuNP-DNA ligand exchange reaction sat at RT for 1 hour and 

was then stored at 4°C for 1 day. All storage conditions involving the telomere sequence or 

telomere-AuNP conjugates were in the dark to avoid photobleaching of the DL680 dye. The 

telomere-AuNP conjugates were purified via EtOH precipitations without NaCl to avoid 

inadvertently high salt conditions in the optical quadruplex-folding experiments. Size 

distributions of the final AuNP products (after DNA appendage), 5.3 ±0.6 nm, 6.6 ±0.6 nm, 9.0 

±0.6 nm, and 10.0 ±1.1 nm, were determined by TEM. Appendage of the telomere sequences 

was also characterized by gel electrophoresis (2% agarose) and UV-Vis  (Figure 3.2). 

Characteristic DNA absorption features are observed at 260nm, with DL680 absorption near 

680nm, and a classic AuNP LSPR observed at 520nm. It should be noted that due to large 

differences in the AuNP, DNA, and DL680 extinction coefficients (AuNP ε520 = 9.70*106 M-

Figure 4.2: (Left) UV-Vis absorption spectra of DL680-labelled wtTel26 
sequence (i), 5nm BSPP-coated AuNPs (ii), and a purified NSET wtTel26 
beacon after appendage of the DNA to the AuNP surface via thiol reduction 
(iii). (Right) Gel electrophoresis of the BSPP-coated AuNPs prior to DNA 
appendage (lane 1: 5nm, lane 3: 7nm, lane 5: 9nm, and lane 7: 10nm), and after 
attachment of the wtTel26 beacon complex to the AuNP surface (lane 2: 5nm, 
lane 4: 7nm, lane 6: 9nm, and lane 8: 10nm.) 
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1mol-1; DNA ε260 = 3.98*105 M-1mol-1; DL680 ε680 = 1.40*105 M-1mol-1) the DNA absorption 

features for loading levels used in this study are typically not observable. Thus, for the sole 

purpose of characterization, high loading levels of ~15:1 DNA to AuNP are shown in the UV-

Vis absorption spectra.  

 

4.2.2 Absorption and photoluminescence experiments  

 

 Photoluminescence (PL) was measured in 0.3cm quartz cuvettes on a Varian Eclipse 

fluorimeter in a thermostated optical cell holder (25°C) by exciting the DL680 at 620nm and 

collecting the PL spectra from 635 to 800nm. Samples were dissolved in 50µL of nanopure H2O 

and an initial (low-salt condition) PL was taken to represent the linearly extended DNA sequence 

value. Before salt additions, dilutions of the sample were made as needed to ensure the absence 

of the inner filter effect from high AuNP concentrations. Moreover, controls against DNA in 

solution with unappended AuNPs at comparable concentrations were also carried out. With 

DL680’s red wavelength excitations, however, these inner filter adjustments were only required 

in the 10nm AuNP samples. The K+ concentration was gradually increased with small aliquots of 

3.4 M KCl every 5 minutes, along with intermittent sonication, until a [K+] of at least 75mM was 

reached. It was observed that 9 and 10nm AuNPs had a propensity for aggregation at high salt 

concentrations, thus sonication and gradual K+ additions were employed to prevent AuNP 

precipitation. Because smaller AuNPs resist aggregation, the smaller AuNP sizes, 5 and 7nm, 

were brought to the goal K+ concentration of 100mM. UV-Vis effectively monitored the 

solubility of the AuNPs throughout the salting process. After 6 hours at high KCl concentration, 

a final PL was taken, representative of the DL680 emission in the folded-quadruplex state. Slits 

were opened in the fluorimeter as needed to increase DL680 intensity on the larger AuNPs. 

 
4.2.3 NSET distance calculations 
 

 The validity of the NSET molecular ruler is well-supported in the literature and has been 

demonstrated for identifying the folded structure of various nucleic acid structures 

[196,258,259]. The separation distance of the donor to the AuNP acceptor surface used in the 

NSET analysis is calculated using a Clegg model for the 13bp duplex and the predicted folding 
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of Hybrid-1 and Hybrid-2 structures from NMR for the appropriate telomere sequence (Figure 

4.1) [105,165,244,262]. 

The quenching efficiency follows a R-4 distance dependent behavior leading to a 

functional ruler distances exceeding 130 Å for DL680 when coupled to a 10 nm AuNP. The 

predicted efficiency curves for a 5.3 ± 0.6nm, 6.6 ±0.6 nm, 9.0 ±0.6 nm, and 10.0 ±1.1 nm AuNP 

and DL680 are provided in Figure 3.3, indicating d0 values (50% quenching efficiency, derived 

from eqn. 4.1) of 53.6 Å (5nm), 62.1 Å (7nm), 74.4 Å (9nm), and 78.4 Å (10nm), with an overall 

range of measurement from 40-130 Å [178]. Also shown in Figure 4.3 is the first derivative of 

the quenching efficiency curves for each of the AuNP sizes and DL680, where the peak 

maximum corresponds to the distance at which the greatest change in DL680 intensity per Å 

would be observed.  

 For an NSET ruler, the magnitude of PL quenching is extracted from the integrated 

intensity of the donor dye relative to the dye PL in the absence of an appended AuNP. The 

magnitude of quenching from the dye label is then a measure of the separation distance between 

the dye and the AuNP. Contact distance are extracted from the PL data via the NSET theorem 

using eqn. 3.1, 
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where α is the orientation of the donor to the metal which is assumed to be influenced only by 

the average vector, resulting in � =  
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In equation 4.1, λ is the emission wavelength of DL680, nm is the refractive index of water, nr is 

the refractive index of gold, Φ is the quantum yield of DL680, ε1 is the dielectric constant of 

water, and ε2 is the dielectric constant of gold. In the subsequent equation (eqn. 4.2), NA is 

Avogadro’s number, ελ is the extinction coefficient as a function of λ, rcm is the radius of the  
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AuNP in centimeters, γskin is the skin depth of the AuNP, and Vcm is the volume of the AuNP in 

cm3 [178]. The values for eqn. 4.1 and 4.2 are tabulated in Table 4.1. 

 
 4.3 Results & discussion 

   

           NSET methods utilizing AuNPs have emerged as a powerful tool in biophysics and 

structural biology [39,179,206,260,264,265,266]. Using the AuNP as the acceptor, NSET can be 

thought of as an analogue to a FRET molecular ruler, but operative over longer distances. The 

interaction between the Nanometal LSPR and a fluorescent dye in close proximity impacts the 

radiative and non-radiative rates of the dye and is described as a function of distance from the 

nanoparticle surface, nanoparticle size, and the dye emission frequency within the NSET 

theorem [178]. Until recently, NSET theory was restricted to 2nm AuNPs, limiting its range of 

applicability to below 200Å dye-AuNP donor-acceptor separation distances, but the development 

Variable Symbol Numerical Value 

emission wavelength of DL680 λ 710nm 

refractive index of water nm 1.33 

refractive index of gold nr 0.13 

quantum yield of DL680 ϕ 0.21 

dielectric constant of water ε1 1.77 

dielectric constant of gold ε2 -18.3+(6.56*i) 

Avogadro’s number NA 6.02*1023 

extinction as a function of λ ελ 6.6*105 LM-1cm-1 

radius of the AuNP in centimeters rcm 2.6*10-7 cm 

skin depth of the AuNP γskin 26.00 nm 

volume of the AuNP Vcm 7.3*10-20 cm3 

orientation factor α 0.123212 

   

Table 4.1: Variables used in this chapter to extract the appropriate d0 values 
for a 5.3 ±0.6 nm, 6.6 ±0.6 nm, 9.0 ±0.6 nm, and 10.0 ±1.1 nm AuNP and 
DL680, as expressed in eqn. 3.1 and 3.2. 
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of predictive theory to describe the interaction now allows distances greater than 400Å to be 

probed, expanding its potential applicability for addressing biophysical questions [178,225]. 

NSET molecular rulers on 5, 7, 9, and 10nm AuNPs were prepared with a Tel26 or 

wtTel26 sequence appendage and the folding behavior for the Hybrid-1 and Hybrid-2 telomeric 

G-quadruplexes under biologically relevant conditions were monitored using the NSET probes. 

The Hybrid-1 and Hybrid-2 constructs are schematically represented in Figure 4.1. The use of 

AuNP NSET molecular beacons allows desalting by centrifugation, permitting optically 

traceable folding of both the unfolded and folded G-quadruplex states. Duplexed FRET systems 

are not stable in low salt conditions, flawing the use of those systems to monitor nucleic acid 

folding on multiple DNA strands. The DNA quadruplex sequences employed in this chapter, 

Tel26 and wtTel26, are flanked sequences that contains the native telomere quadruplex 

sequence, Tel22. Tel26 and wtTel26 contains two additional basepairs at the 3’ and 5’ end, 

ensuring single population folding of Hybrid-1 in Tel26 and predictable 75%/25% Hybrid-

2/Hybrid-1 folding in wtTel26 [244]. The sequences are synthesized with an additional 13 

basepairs at the 5’ end to accommodate a complementary 13mer 3’-thiol linker for AuNP 

attachment. Utilization of the flanked sequences is necessary to promote predictable Hybrid-1 or 

Hybrid-2 quadruplex populations, as Tel22 is known to form mixed conformer populations 

[105,141,143,244]. Estimation of the final DNA:AuNP ratio (~1-5:1) is calculated by DNA and 

AuNP UV-Vis absorption features. Multiple repeated trials where variation in loading levels  
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Figure 4.3: (Left) Theoretical NSET quenching efficiency versus distance of a 
5.3 ± 0.6nm, 6.6 ±0.6 nm, 9.0 ±0.6 nm, and 10.0 ±1.1 nm AuNP (sliding from 
left to right) and DL680. (Right) First derivative of the quenching efficiency 
curve which depicts the distance at which the maximum slope of the quenching 
efficiency curve is incurred.  
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Figure 4.4: Normalized PL intensities of Tel26 (left column) and wtTel26 
(right column) NSET beacons. The beacons are listed from top to bottom 
increasing in AuNP size. Each plot contains the normalized DL680 intensity of 
free DL680-DNA (dotted line), an initial, 0mM K+ concentration (solid line), 
and at high 75-100mM K+ concentration (dashed lined). 
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Figure 4.5: Normalized PL data of the T8 DL680 emission intensities for the 
5nm, 7nm, 9nm, and 10nm NSET beacons upon K+ addition. Each plot depicts 
the emission intensity of free DL680-DNA (dotted line), an initial, 0mM K+ 
concentration (solid line), and at high 75-100mM K+ concentration (dashed 
lined). 
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occurred produced identical changes in PL upon quadruplex folding and thus the small 

inconsistency in loading level between samples (~1-5 DNA per AuNP) is considered irrelevant. 

Low DNA loading levels are obtained to deter intermolecular DNA-DNA interactions on the 

surface that may affect the folded structures, as reported by previous AuNP-DNA sensors 

[191,192]. Evidence of the assembly of the molecular rulers is demonstrated by a shift in the gel 

electrophoresis (Figure 4.2) while the size of the AuNP-DNA assembly is determined by TEM 

images. Size distributions of the AuNPs used in this chapter as determined by TEM are 5.3 ±0.6 

nm, 6.6 ±0.6 nm, 9.0 ±0.6 nm, and 10.0 ±1.1 nm.  

In Figure 4.1, a schematic of the duplex modified telomere sequences folded into the 

Hybrid-1 and Hybrid-2 telomere structure when appended to an AuNP is shown. By inspection 

of Figure 4.1, it is clear that the two unique conformers can be optically identified by molecular 

ruler methods by monitoring the T14 to AuNP contact distances. Hybrid-1 (r = 82 Å) versus 

Hybrid-2 (r = 58 Å) folding will result in a measurable change in the separation distance for the 

T14 fluoro-label from the AuNP surface, and thus in the observed efficiency for NSET induced 

PL quenching of DL680. It is important to note that the wtTel26 flanked sequence has been 

shown via NMR studies to form a predictable 75%/25% ratio of  Hybrid-2/Hybrid-1 [206]. Thus, 

the Hybrid-2 contribution from the wtTel26 K+-saturated spectra is extracted from equation 4.3, 
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   eqn. 4.3 

 

where IwtTel26 is the wtTel26 integral (after normatlization), IH-1 is the Tel26 integral (from the 

corresponding AuNP size), and IH-2 is the subsequent Hybrid-2 contribution to the spectra. 

 In Figure 4.4, the normalized photoluminescence for the T14 fluoro-labeled Tel26 and 

wtTel26 (λex= 620nm, 298K, pH=6.0, <1mM NaCl) are shown at 0mM K+ and at 75mM K+ or 

100mM K+ for the NSET rulers measured at a concentration of 10nM. For the PL studies, the 

choice of NSET beacon concentration is chosen to minimize the inner-filter effect associated  

with the strong optical cross-section for an AuNP [232,233]. Although the changes in position 

for T8 are less significant, the T8 PL data is available in the Figure 4.5 for Tel26 and 

wtTel26. In all cases the intensity of the DL680 is decreased following addition of K+. 

Consistent with the projected structures, wtTel26 T14 exhibits the highest magnitude of PL 

signal loss following folding, while Tel26 T14 shows the smallest signal change.  
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  The experimental NSET data obtained for Tel26 and wtTel26 can be interpreted in terms 

of a folded structure by applying the NSET theorem and equation 4.3 for wtTel26. The 

experimental results confirm no observed structural perturbation occurs for AuNPs between 5 

and 10 nm in size [234]. By application of the NSET equations (eqn. 4.1-4.2) to the quenching 

data in Figure 4.4, the observed PL data at 75 mM K+ ion (25°C) for T14 labelled Tel26 and 

wtTel26 can be converted to contact distances listed in Table 4.2. The observed PL data for 

Tel26 and wtTel26 confirm the prediction of exclusive Hybrid-1 and Hybrid-2 folding 

respectively for these sequences, as previously observed in NMR studies [145,146,206]. At 0mM 

K+, converting the PL data for Tel26, and wtTel26 to a contact distance yields a value of 95 ± 16 

Å nm which is consistent with a fully extended sequence. The observation is consistent with 

previously reported results that show the single-stranded DNA persistence lengths >14 basepairs 

is observed at exceptionally low salt conditions [235,238]. 

 
4.4 Conclusion 

 
  This chapter demonstrates the capability of an NSET probe to optically track biologically 

relevant telomere G-quadruplexes and that no structural manipulation of the quadruplexes is 

Tel26 T14 
AuNP-DL680 distance 

(theory) 

AuNP-DL680 distance 

(experimental) 

DL680 % Emission 

(theory) 

DL680 % Emission 

(experimental) 

5nm AuNP 81 Å 85 Å ± 16 84% 86% ± 14 

7nm AuNP 81 Å 78 Å ± 7 74% 72% ± 8 

9nm AuNP 81 Å 78 Å ± 6 58% 55% ± 7 

10nm AuNP 81 Å 79 Å ± 5 53% 51% ± 6 

wtTel26 T14  

5nm AuNP 58 Å 59 Å ± 4 58% 59% ± 7 

7nm AuNP 58 Å 54 Å ± 5 43% 35% ± 7 

9nm AuNP 58 Å 54 Å ± 5 27% 22% ± 9 

10nm AuNP 58 Å 56 Å ± 6 23% 21% ± 9 

Table 4.2: Table of the extracted distances from the NSET theorem based up 
the T14 DL680 emission intensities observed for the 5nm, 7nm, 9nm, and 
10nm Tel26 and wtTel26 NSET beacons. 
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observed when bound to AuNP surfaces up to 10 nm in diameter. It is presumed that the long- 

range NSET labels, as well as a stable AuNP ligand coating, preserve the native folding behavior 

of the Hybrid-1 and Hybrid-2 structures in the flanked telomere sequences. As hybrid (3 + 1) 

quadruplexes have proven to be important conformations biology, new methods in identifying 

these structures under biologically relevant conditions are extremely desirable. The versatility in 

AuNP diameter of this NSET ruler exemplifies NSET’s place as an impactful biomolecular 

probe.  

 While all sizes were capable in this instance of distinguishing Hybrid-1 and Hybrid-2 

quadruplex folding, the 5 nm AuNP incurred more error (Table 4.1 and Figure 4.6), as the distal 

contacts observed lay far off the d0 value for this sized particle (Figure 4.3). Inspection of the 

size-dependent AuNP sensitivity in these NSET-based, telomeric bioassays demonstrates the 

capability that NSET offers in optimizing the molecular ruler method. For a given distance of 

separation, merely selecting the appropriate AuNP size obtains the desired d0 value for a specific 

dye–AuNP donor-acceptor pair. 
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Figure 4.6: Plots of the AuNP-T8 (left) and AuNP-T14 (right) separation 
distances extracted from the DL680 emission intensities using the NSET 
theorem (eqn. 4.1, 4.2, and Table 4.1). Horizontal lines denote the theoretical 
separation distances exhibited by Hybrid-1 (Tel26) and Hybrid-2 (wtTel26) 
folding, as calculated from reported (3+1) Hybrid NMR structures. 
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CHAPTER 5 
 

G-QUADRUPLEX POPULATIONS IN HUMAN TELOMERES 
 
 

5.1 Introduction 
 
  The human telomere region contains a high number of repeats of the six mer nucleic acid 

sequence 5’-d(TTAGGG)-3’. Unique to G-tract sequences like the human telomere sequence, a 

minimum of four consecutive repeats can form a G-quadruplex secondary structure. The 

ubiquitous presence of G-runs in the telomere and their propensity to fold into a G-quadruplex 

has generated interest in the biomedical and biophysical fields [269]. The quadruplex comprises 

guanine-guanine hydrogen bonding through non-canonical Hoogsteen base pairing [260]. G-

quadruplex forming sequences appear in both nuclear and mitochondrial genomes and evidence 

of G-quadruplex formation in cells has been reported [117,270]. The G-quadruplex sequence is 

implicated to play a role in helicase binding and replication [271-274]. In non-senescent cells up-

regulation of telomerase occurs, regenerating telomere strand lengths, and is a proto-oncogenesis 

promoter [136-138,145-148]. The plethora of G-quadruplex sequences in the human genome, 

their unique structural forms, and their important role in biological processes have resulted in an 

intense effort to correlate theoretical and experimental results to understand the role of this 

unique sequence that is evolutionarily conserved in nature [101]. As the structural complexity of 

the G-quadruplex folding landscape is explored, the importance of the folding on regulatory 

function in biology is being revealed. The lack of unambiguous structural assignments of the 

folded conformer under physiological conditions have complicated the ability to understand the 

role of the G-quadruplex formation in biology. The folding landscape for the 5’-d(TTAGGG)-3’ 

G-quadruplex sequence is quite complex and can exist in more than six possible folded 

intramolecular structures with similar thermodynamic stabilities [105,140,141,166,244]. 

Structural insights from NMR, EPR, and CD spectroscopy have revealed that telomeric G-

quadruplex folds preferentially into the (3+1) Hybrid-1 or Hybrid-2 structures 

[105,140,141,166,181,182,244,249,251,275]. The structures are effectively inversions only 

differing in their DNA strand orientation (3’ versus 5’,) and as such the two hybrid forms are 

nearly thermodynamically equivalent. Based on NMR experiments, the native Tel22 sequence 

(5’-AGGGTTAGGGTTAGGGTTAGGG-3’), an in-vivo model oligomer, is believed to exist as 
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a mixture of Hybrid-1 and Hybrid-2 conformers, implying that Hybrid-1 and Hybrid- 2 are in 

rapid equilibrium under physiological conditions [165]. Although alternative structures have 

been proposed for Tel22, including a basket form, the Hybrid-1 and Hybrid-2 form are the 

relevant physiological conformers [94,101,141,121,142]. The suggestion of an equilibrium for 

conformers in Tel22 is intriguing, as the population may impact the biological function of Tel22. 

It can be speculated the equilibrium may play a regulatory role due to the directionality of 

telomere-binding proteins and the opposing directionality of Hybrid-1 and Hybrid-2 

[122,124,125,149]. Consistent with the speculation, studies have suggested that the structure of 

the quadruplex plays a role in binding of proteins, for example telomere-binding POT-1, TPP, 

UP1, Pif1, and helicases of the RecQ and ReG families [122-125,276-279]. The helicase, Pif1, 

has been reported to tightly bind to parallel intra-molecular G-quadruplexes with clear evidence 

that the rate of unfolding of the DNA is affected by the binding [276,277]. G-quadruplex-

unfolding proteins, such as POT1, only traverse DNA in a single direction and therefore may be 

influenced by the quadruplex conformation, as strand directionality in the quadruplex is the 

primary determinant of the conformer [122-124]. 

  The structural similarity of the Hybrid-1 and Hybrid-2 conformers have not allowed the 

most common quadruplex characterization methods to clearly distinguish the population of the 
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Figure 5.1: A schematic showing the two predicted G-quadruplex folding 
conformations and contact distances for Tel22 in an NSET ruler containing a 
T14 DyLight680 (DL680) fluorolabel on a 5.3 + 0.6 nm AuNP at the 5’ end of 
the sequence. The structures are based upon calculations from previously 
reported NMR structures of Hybrid-1 and Hybrid-2 conformers [105,165,166]. 
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conformers.[101,244] While single-molecule fluorescent studies of telomere-unwinding proteins 

have elucidated the denaturation process in a strand-by-strand fashion, it has failed to 

acknowledge the initial conformation of the G-quadruplex state as Hybrid-1 or Hybrid-2 [146-

148]. Insight into the structural factors that are involved in the folding have been gained by 

application of flanked sequences, namely Tel26 and wtTel 26. Tel26 and wtTel26 are flanked 

sequences that contain the native telomere quadruplex sequence, Tel22 [155,206]. The Hybrid-1 

and Hybrid-2 structure can be predictably isolated by sequence design and have been observed in 

NMR studies. The Tel26 (5’-AAAGGGTTAGGGTTAGGGTTAGGGAA-3’) variant results in 

Hybrid-1 folding, while wtTel26 (5’-TTAGGGTTAGGGTTAGGGTTAGGG TT-3’) produces 

a Hybrid-2 to Hybrid-1 ratio at 75%:25% [164]. Identifying the equilibrium condition, the 

percent population of the conformers, and the Gibbs free energy of interconversion in Tel22 can 

provide powerful insight into the regulatory function of the sequence in the genome. Further 

theoretical and experimental analysis is required to fully understand the structural polymorphism 

in Tel22, the equilibrium between structures that exist under biologically relevant conditions, and 

the impact on cell biology. 

  In Chapter 4, it was demonstrated that selective labeling of the nucleic acid by a 

fluorophore modification allowed the Hybrid-1 and Hybrid-2 folding to be distinguished on 

Tel26 and wtTel26 flanked sequences using an NSET ruler [260]. NSET utilizing AuNPs and a 

fluoro-label has emerged as a powerful tool in biophysics to measure distances for structural 

biology [176,178,179,269]. In this chapter, a Tel22 NSET beacon comprised of a 5nm AuNP and 

an internal base fluoro-label DL680 at T14 appended to the AuNP through a 5’end thiol linkage 

is designed to monitor the folded hybrid structure population from 4°C to 37°C. Additional 

studies utilizing a fluorescein-modified T14 sequence appended to a 5nm AuNP confirm the 

observed DL680 conformer results. By monitoring the quenching behavior with comparisons to 

Hybrid-1 and Hybrid-2 induced emission intensities in Chapter 4, the equilibrium of Hybrid-1 

versus Hybrid 2 conformers in Tel22 as a function of temperature is extracted. The equilibrium 

ratio of the conformers (Keq) as a function of temperature allows extraction of the free energy of 

the system, ΔG for inter-conversion at biological temperatures between the two folded 

conformers in Tel22. While the existence of the equilibrium was postulated from earlier NMR 

experiments, the optical ruler is capable of quantifying the equilibirum where other methods fall 
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short. The remainder of this chapter is dividided into Experimental section (5.2), Results & 

discussion (5.3), and Conclusion (5.4). 

 
5.2 Experimental section 

 
5.2.1 Tel22 NSET beacon construction 
 

 The Tel22 NSET beacons were constructed by methods described previously in Chapter 

4 with Tel26 and wtTel26 NSET beacons using the sequence 5’-TATGTGTATGTGTCC 

AGGGTTAGGGTT(DL680/FAM)AGGGTTAGGGTTA-3,’ where the Tel22 sequence is 

underlined and the T14 basepair modified with a DL680 or fluorescein dye label is bold nad 

italicized. DNA annealing to a 15mer complement sequence with a 3’ C6 alkyl-thiol is 

accomplished by heating at 95°C for 4 minutes then snap cooling to 4°C in phosphate buffer 

(20mM phosphate, 50mM NaCl, pH = 7.5). Appendage was subsequently carried out to the 5.3 ± 

0.6 nm AuNP or 3.0 ± 0.6 nm AuNP in a 3:1 ratio of DNA to AuNP using the previously 

described place exchange methods in Chapter 4. In the Tel22 NSET beacons, the 5’-duplex 

modification to the telomere sequence involves the addition of a 15 base pair extension on the 5’ 

end of the telomere sequence, which differs from the flanked sequences Tel26 and wtTel26 

 

 

!

!

!

!

!

!

!

!

!

 

A. B. C. 

4 5 6 7
0

50

100

150

200

AuNP diameter (nm)

C
o

u
n

ts

Figure 5.2: (Left) Gel electrophoresis of the NSET ruler versus BSPP-coated 
5.3nm ± 0.6 AuNPs. Retardation of the NSET ruler band (left-hand well) in 
comparison to the BSPP-coated AuNPs (right-hand well) indicates appendage 
of DNA to the AuNP surface. (Center) TEM of the BSPP- coated 5.3nm ± 0.6 
AuNPs and (Right) the AuNP size distribution. TEM size distribution analysis 
reports an AuNP size of 5.3nm ± 0.6. 
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which contain only a 13 basepair complement extension. The differences in linker length stem  

from the need to compensate for the flanked sequences’ additional two basepairs at the 5’ end to 

maintain an identical basepair length between the AuNP surface and the G-quadruplex folding 

event. Also, fluorescein-3nm AuNP conjugate differ slightly in that both the linker sequence and 

the fluorescein-modified Tel22 sequence contain terminal C6 thiols for AuNP surface appendage. 

It has been demonstrated previously in Chapter 4 that neither the appendage of the duplex region 

to the 5’-end of wtTel26 and Tel26 nor attachment to an AuNP impacts the observed quadruplex 

folding [260]. 

  The NSET beacons are purified post-appendage by ethanol precipitation and stored in the 

dark at 4°C until use. The NSET beacon is characterized by gel electrophoresis and cyanide ion 

digestion of the AuNP (Figure 5.2 and Figure 5.3.) Cyanide ion digestion of the DL680 beacons 
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Figure 5.3: Dissolution of the AuNPs by NaCN and serial dilutions allow the 
measurement of DNA:AuNP ratios by UV-Vis absorption and Beer’s Law 
correlation. A 10µL aliquot of 100mM NaCN was added to a concentrated 
(0.48 µM) 50µL Tel26-AuNP construct. To track the disappearance of the 
AuNP features upon CN- addition, dilutions of the sample are tracked via (A) 
UV-Vis and (B) PL spectroscopy. The concentrated sample blocks all incident 
light and is incapable of optical monitoring before dilutions. After 30 minutes, 
a UV-Vis and PL spectra (solid line) of the concentrated sample reveal 
complete digestion of the AuNP and a final [DNA] of 1.6µM. It should be 
noted that the absorption cross-sections of the DNA (ε260 = 3.97*105 LM-1cm-1) 
and DL680 (ε680 = 1.40*105LM-1 cm-1) are drastically lower than that of the 
AuNP (ε520 = 9.97*107 LM-1cm-1) and therefore the typical DNA:AuNP ratios 
utilized in the PL studies (~1-4:1) do not produce noticeable absorption 
features for the DL680-labeled DNA sequences, as observed in the 37.5x 
dilution (dotted line) spectra.  
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allows the labeling efficiency to be extracted from the optical data. The dye labeling is measured 

by monitoring the intensity of the absorption feature for DL680 at 680 nm relative to the AuNP 

absorption at 520 nm and the DNA absorption at 260 nm before and after AuNP digestion by 

addition of 10uL 100 mM NaCN. Assuming Beer’s law behavior, the loading level is extracted 

from the optical data using the reported extinction coefficients. The results of the assay yields a 

DNA to AuNP labeling ratio of 3:1. The complete dissolution of the AuNP by addition of the 

CN- ion is verified by the appearance of the DL680 PL intensity following CN- ion addition 

(Figure 5.3.) 

 

5.2.2 Temperature-dependent optical experiments 
 

 Dye labeling T14 allows optical tracking of conformational folding by monitoring the 

photoluminescence (PL) intensity for DL680 and fluorescein. Experimental data for T14-labelled 

and T8-labelled Tel26 and wtTel26 DL680 sequences is shown in Chapter 4. The PL change for 

T14 is more sensitive than T8 due to the larger magnitudes of structure change for the T14 

position reflecting the larger change in distance and subsequent NSET efficiencies, therefore T8 

data is not included for Tel22. 

  The PL measurements on the assembled Tel22 NSET beacon were measured at DL680 

λex = 620 nm (pH = 5.8 in nanopure water) and fluorescein λex = 488 nm (pH = 8.0 in 20mM 

Hepes buffer, pHed with CsOH) in a 0.3cm quartz cuvette on a Varian Eclipse fluorimeter. The 

cuvette was sealed to prevent evaporation. Temperature-dependent PL studies were performed at 

4°C, 15°C, 25°C, and 37°C following optical cell thermal equilibration for 6 hours in the 

spectrometer. The measured PL intensity for DL680 emission (650 to 800 nm) and for 

fluorescein emission (509 to 650 nm) utilized in the molecular ruler calculations are obtained 

from the integrated intensity for the NSET beacon at 0mM and 100mM KCl relative to a DL680 

and fluorescien control PL measured under identical conditions without an appended AuNP to 

the terminal DNA thiols. Changes in Tel22 intensity with temperature is confirmed be due to a 

reequilibration of Hybrid-1 and Hybrid-2 rather than a DL680 or fluorescein temperature-

dependence, as the temperature range analyzed in this Chapter has no effect on the emisison 

intensity of the dyes (Figure 5.4). To ensure the NSET beacon remains in solution as the salt 

concentration is raised, sequential aliquots (1µL) of 2M KCl were added every 5 minutes to 
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bring the final K+ concentration to 100mM. The sample was gently sonicated and shaken to 

prevent aggregation with each salt addition. The PL following KCl addition is recorded 6h 

following of the salt to the sample. It is worth noting that maximum intensity change is observed 

within 1 hour as demonstrated in Figure 5.5 with the fluorescein-Tel22 beacons, but PL values 

are reported at 6 hours following addition of the last aliquot of K+ ion to ensure the quadruplex-

folded population is in equilibrium. To verify the change in intensity arises from the NSET 

beacon’s expected quenching behavior upon quadruplex folding rather than a sensitivity of the 

dyes to changes in salt concentration, control studies of the free DNA strand in solution with 

unappended AuNPs were measured. No change in DL680’s for fluroescein’s emission is 

observed up to 200mM K+. 

 

5.3 Results & discussion 

  In Figure 5.1, a schematic of the duplex modified Tel22 telomere sequence folded into 

the Hybrid-1 and Hybrid-2 telomere structure when appended to a AuNP is shown. Studies in 

Chapter 4 elucidated optimal NSET beacon conditions for tracking quadruplex folding when 

utilizing DL680 as the donor fluorophore. More specifically, larger particles, based upon the d0 

values for DL680-9nm AuNP and DL680-10nm AuNP, are ideal for tracking expected changes 

in distance between 50-90 Å. Unexpectdedly, initial appendages of the Tel22 beacon sequence 

onto 9nm and 10nm AuNPs results in little to no DL680 emission intensity, contrary to 

appendage of similar Tel26 and wtTel26 NSET beacons. Gel electrophoresis confirms the 

modification of the AuNP surface upon Tel22 appendage (Figure 5.6), and emission intensity of 

DL680 is recovered when reduced dithiol small molecules (dihydrolipoic acid) are added to the 

NSET beacon solution. This suggests that appendage of the Tel22 beacon sequence is successful 

but that the DL680 emission intensity is quenched, until release of the telomere sequence is 

triggered by the dithiol replacement of the DNA-terminated monothiol at the AuNP surface. 

Moreover, this confirms the lack of DL680 intensity is not arising from a lack of DNA 

appendage, but rather a full quenching of DL680 when appended by adsorption to the AuNP 

surface.  

  While literature precedent suggests the susceptibility of DNA single strands to adsorb to 

AuNP surfaces, and that G-quadruplexes are also susceptible to surface adsorption, the flanked 

telomere sequences reported in Chapter 4 (Tel26 and wtTel26) are not observed to adhere to  



 72 

 

650 700 750 800

0

10

20

Wavelength (nm)

P
L

 I
n

te
n

s
it
y

4°C

15°C

25°C

37°C

Figure 5.4: To ensure changes in Tel22 quenching arise from dynamic 
Hybrid-2/Hybrid-1 ratios, the temperature dependence in DL680 (left) and 
fluorescein (right) is shown. The photoluminescence of a Tel22 NSET beacon 
sample was divided into four 50µL aliquots, each taken to a different 
temperature, 4°C, 15°C, 25°C, and 37°C. It is clear the DL680 emission 
intensity is unchanged by the temperature range explored in this study.  
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Figure 5.5: Time dependent quenching of Tel26, wtTel26, and Tel22, 
demonstrating an equilibrium is reached in each sequence within 2 hours of the 
K+ addition.  
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AuNP surfaces up to 10nm in diameter [260,280,281]. The clear difference in the adsorption 

behavior of Tel22 versus the flanked sequences must arise from the susceptibility of Tel22 to 

unfold relative to the flanked sequences. Earlier groups have reported a precedent for AuNP 

surface adsorption in biosensors where certain G-quadruplexes are capable of withstanding 

atractive colombic surface forces and others succumb to AuNP surface adsorption, deeming 

those sequences unreliable for AuNP-based biosensors [280].  

  One would assume the propensity for one quadruplex sequence to adsorb to the AuNP 

surface while the other withstands adorption stems from stability of the G-quadruplex in 

question. Computational analysis via hydrodynamic bead modeling from the Trent and Chaires 

groups indicate the stability of flanked sequences, Tel26 and wtTel26 (ΔGTel26 = -5094.00 

kcal/mol, ΔGwtTel26 = -4933.18 kcal/mol), is significantly greater than Tel22 (ΔGTel22 = -4360.05 

kcal/mol) [101]. This confirms the notion that the native G-quadruplex sequence, Tel22, is more 

likely to undergo AuNP surface adsorption via G-quadruplex unfolding as observed in this 

chapter. As it is reported that smaller metal nanoparticles (5nm) are less likely to induce DNA 

adsorption than larger particles, presumable due to surface curvature and surface area arguments, 

continuing temperature-dependent Tel22 NSET beacon studies were performed on 5nm AuNPs 

to resist adsorptive effects [228,233]. Because 5nm AuNP-quenching of DL680 is the least 

effective size regime explored in Chapter 4, additional studies with 3nm AuNPs and fluroescein-

labeled Tel22 DNA are introduced here, as the R0 of fluorescein for 3nm AuNPs is 110 Å, which 
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Figure 5.6: (Left) Gel electrophoresis of 10nm BSPP-coated AuNP (left lane) 
and 10nm AuNPs after Tel22 sequence appendage (right lane). (Right) PL 
monitoring DL680 emission intensity before (solid line) and after (dotted line) 
addition of excess reduced dihydrolipoic acid (DHLA).  
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should result in a higher degree of fluorophore quenching upon quadruplex folding than with 

DL680.  

  The Tel22 sequence illustrates the predicted contact distances for a T14 fluoro-label to 

the surface of the AuNP based upon NMR predictions [105,165,166]. The validity of the 

predicted contact distances of Hybrid-1 and Hybrid-2 is verified in Chapter 4 using flanked 

Tel26 and wtTel26 [260]. From studies outlined in Chapter 4, it is clear that the two unique 

conformers can be optically identified by molecular ruler methods by monitoring the T14 to 

AuNP contact distances. Hybrid-1 (r = 81 Å) versus Hybrid-2 (r = 62 Å) folding will result in a 

measurable change in the separation distance for the T14 fluoro-label from the AuNP surface, 

and thus in the observed efficiency (EHybrid-1 = 86%, EHybrid-2 =61%) for NSET induced PL 

quenching of DL680. An equilibrium population, as suggested in early NMR studies, will be 

reflected in an efficiency value that lies in between the two predicted conformers, and will be 

temperature dependent assuming an activation energy for conversion between the two 

conformers. 

  In Figure 5.7, the normalized photoluminescence for the T14 fluoro-labeled Tel22, Tel26, 

and wtTel26 for DL680 on 5nm AuNPs (λex= 620nm, 298K, pH=5.8, <1mM NaCl) and for 

fluorescein on 3nm AuNPs (λex= 488nm, 298K, pH=8.0, <1mM NaCl) are shown at 100mM K+ 

(the G-quadruplex folded state) for the NSET rulers measured at a beacon concentration of 

10nM. For the PL studies, the choice of NSET beacon concentration is chosen to minimize the 

Figure 5.7: PL of T14 DL680 (left) and T14 fluroescein (right) emission 
intensities at 25°C for the Tel26 beacon (“H-1” solid line), the wtTel26 beacon 
(dotted line), the saturated (100mM K+) Tel22 beacon (dashed line) and the 
pre-salt (0mM K+) Tel22 beacon gray line. The “H-2theory” solid line represents 
the theoretical 100% Hybrid-2 conformation, extracted from the wtTel26 data 
which is known to form 75% Hybrid-2 and 25% Hybrid-1.  
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inner-filter effect associated with the strong optical cross-section for an AuNP [254,265]. As 

changes in position for T8 are less significant, the T14 PL data is utilized in the evaluation of a 

Hybrid-1/Hybrid-2 equilibrium. As expected, Tel22 T14 exhibits intermediate quenching relative 

to Tel26 T14 and wtTel26 T14, consistent with the earlier supposition that Tel22 is an 

equilibrium between Hybrid-1 and Hybrid-2 folded structures. In both the DL680 and 

fluorescein emission spectra in Figure 5.7, a theoretical peak for 100% Hybrid-2 is shown, as 

wtTel26 is presumed to have a maximum Hybrid-2 contribution of 75% [244]. Extraction of the 

Hybrid-2 contribution from the emission spectra is described in Chapter 4 with equation 4.3. 

  The experimental NSET data obtained for Tel22, Tel26 and wtTel26 can be interpreted in 

terms of a folded structure by applying the NSET theorem. By application of the NSET 

equations (eqn. 4.1-4.2) to the quenching data in Figure 5.5, the observed PL data at 100 mM K+ 

ion (25°C) for T14 labelled Tel22 sequence exhibits an emission value of EDL680 = 78 ± 6% and 

Efluor = 23 ± 6% corresponds to a contact distance of 74 ± 7Å (DL680) and 78 ± 8Å (fluroescein). 

At 0mM K+ (shown in Figure 5.8), converting the PL data for Tel 22 to a contact distance yields 

a value of 95 ± 16 Å nm which is consistent with a fully extended sequence (just as the 0 mM K+ 

PL data for Tel 26 and wtTel26 in Chapter 4 confirms). The predicted contact distance for the 

folded Tel22 state (100mM K+) does not correlate to any reported theoretical distances for a 

single folded telomere conformer.  
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Figure 5.8: Tel22 T14 DL680 (left) and T14 fluorescein (right) emission 
intensity at 0mM K+ (solid line) and at 100mM K+ (dashed line). The dotted 
line is indicative of the emission intensity without appending the Tel22 
sequence to an AuNP.  
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The inability to definitively assign Hybrid-1 or Hybrid-2 contact distances for the T14 

dye label to the surface of the AuNP for Tel22 may arise from either the presence of an 

alternative structure (neither Hybrid-1 or -2) or more likely a population equilibrium between 

Hybrid-1 and Hybrid-2 structures for Tel22. Other groups have reported in Tel22 a parallel 

“propeller” conformation, however it was observed that appendage of additional basepairs to 

either the 5’ or 3’ end of the telomere eliminates the potential for the formation of the parallel 

structure [143]. Similarly, earlier reports of high concentrations of intermediate or unfolded 

states do not apply to these studies, as the observations of additional conformer states occur at 

short time scales (< 2 hours) and significantly lower salt concentration (35mM K+) 
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Figure 5.9: (Top left) Temperature-dependent PL measurements for the 
DL680 Tel22 beacon at 4°C (purple), 15°C (blue), 25°C (red), and 37°C 
(black). (Top right) The calculated fractional population of Hybrid-1 and 
Hybrid-2 as a function of temperature, extracted from NSET model 
calculations. (Bottom left) Temperature-dependent PL measurements for the 
fluorescein Tel22 beacon at 4°C (purple), 15°C (blue), 25°C (red), and 37°C 
(black). (Bottom right) The calculated fractional population of Hybrid-1 and 
Hybrid-2 as a function of temperature. The dotted line in both PL spectra 
represents the initial (0mM K+) state normalized to 1. 
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[275,282,283]. Therefore, it is reasonable to assume that the 5’-duplex modified Tel22 sequence 

used in this study will only form the Hybrid-1 or Hybrid-2 structures. The poor correlation with a 

known single population structure for Tel22 likely reflects the presence of an equilibrium 

population between the hybrid structures at room temperature. The presence of an equilibrium 

between Hybrid-1 and Hybrid-2 has been postulated previously from NMR data and reported for 

similar sequences (i.e. Tel24), although the equilibrium ratio specific for Tel22 has not been 

reported [141,165,244,275]. 

From the optical data, the ratio of Hybrid-2 to Hybrid-1 can be estimated by assuming no 

significant population of an intermediate unfolded species exists for the Tel22 structure. It should 

be noted that we are aware of reported intermediate steps between various folded quadruplex 

structures; however, we assume that their populations will be negligible after 6 hours at high salt 

concentration as demonstrated previously with NMR [100,101,166,175,275]. Assuming the two-

state model, the observed PL intensity can be written as the combination of the independent 

structures, such that ITel22 = ITel26(1-x) + IwtTel26(x), where ITel22, ITel26, and IwtTel26 represent the 

integrated PL intensities of T14-DY680 or T14-fluorescein on Tel22, and x represents the 

fractional population of Hybrid-2, attained by solving for the Hybrid-2 contribution in equation  

4.3. Solving the expression yields a population equilibrium in Tel22DL680 of 31 ± 16% Hybrid-2 

to 69 ± 16% Hybrid-1 and Tel22fluore of 33 ± 12% Hybrid-2 to 67 ± 12% Hybrid-1 at 25°C. The 

equilibrium constant for the two conformers at 37°C is ~1.3.  

In Figure 5.9, the equilibrium population as a function of temperature is extracted and 

plotted for Hybrid-1 and Hybrid-2. The temperature dependent behavior for Tel26 and wtTel26 

NSET beacons is shown in Figure 5.10 and verifies that these single-population flanked 

sequences exhibit the same folding behaviors across the temperature range used in this study. 

The temperature dependent change in the population percentage for the two hybrid structures is 

revealing. The signal at 4°C favors the Hybrid-2 folded structure implying Hybrid-2 is 

thermodynamically favored at low temperature. The temperature evolution of the population 

exhibits an asymptote in the population above 20°C indicative of a dynamic equilibrium for the 

two conformers, which has not been previously reported in Tel22. The appearance of a dynamic 

equilibrium between Hybrid-1 and Hybrid-2 allows the free energy parameters for Hybrid-1 to 

Hybrid-2 inter-conversion to be estimated, since ΔG  = -RTln(Keq). The experimentally 

measured ΔG for interconversion at 37°C is -0.16 kcal/mol. The small activation energy is 
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consistent with predicitons of a low energy barrier for interconversion, as multiple conformers 

are observed in solution via NMR [165,244]. At 4°C, ΔG approaches -1.34 kcal/mol.  

 
5.4 Conclusion 

 
 To our knowledge, this marks the first study in which Hybrid-1 and Hyrbid-2 relative 

populations in Tel22 have been reported. Temperature dependent population measurements 
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Figure 5.10: The observation of each flanked telomere sequence, Tel26 and 
wtTel26, to fold under the temperature range studied is essential to ensuring 
the observed quenching of Tel22 is due to a Hybrid-1/Hybrid-2 mixture, rather 
than an alternate temperature-dependent structure. (Top left) The DL680-T8 
emission of Tel26 and (Top right) the DL680-T14 emission of wtTel26 are 
similarly quenched at all temperatures (4°C, 15°C, 25°C, and 35°C) at 100mM 
K+. (Bottom left) The fluorescein-T14 Tel26 emission and (Bottom right) the 
fluroescein-T14 wtTel26 emission are also similarly quenched at the 
temperature range studied. This is indicative of native folding behavior across 
the temperature range explored in this Tel22 study. For simplicity, the free-
DNA fluorescein emission peak is not shown in the fluorescein-T14 (bottom) 
samples. 
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reveal Hybrid-2 is thermodynamically favored and the ΔG for inter-conversion at 37°C is small. 

The ability to measure the population using low concentration telomere sequences via NSET 

methods is important, as it is known that protein binding can affect the thermodynamic energy of 

the folded structure and quadruplex-binding proteins often interact selectively with one structure. 

As such the low energy inter-conversion of Hybrid-1 and Hybrid-2 telomere structures may be 

an important regulator in biological activity and warrants further exploration. Specifically, 

telomere-denaturing proteins TPP, Pot1, and UP1 operate in a directionally relevant fashion, 

suggesting the directionality of the hybrid quadruplex contributes to the protein’s biological 

mechanism [122-125]. Further studies are required to further support this postulate. 
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CHAPTER 6 
 

COOPERATIVE BEHAVIOR IN ILPR QUADRUPLEXES 
 
 

6.1 Introduction 
 

 The insulin-linked polymorphic region (ILPR) is a region of 14-basepair repeats         

(5’-ACAGGGGTGTGGGG -3’) capable of folding into G-quadruplex structures and contains 

few single point mutations per ILPR region [121,151,284-286]. The healthy, wild-type ILPR 

allele (allele III) consists of 1900-2800 basepairs on average, whereas the common mutated, 

shortened form, allele I, is comprised of only 350-900 basepairs. Shortened alleles of the ILPR 

result in a 40% increased risk of late-onset Type I Diabetes (T1D) [152-157,287-292]. As T1D is 

an autoimmune disease, the malfunctions stemming from the large-scale ILPR deletion are 

localized within the thymus and not insulin-producing β-cells [155,157,158,291-294]. This is 

often overlooked within the biophysical community, as many of the ILPR G-quadruplex-protein 

studies under investigation by biophysicists include G-quadruplex-insulin interactions or studies 

with pancreatic cell extracts, which are not relevant to T1D [159,297,298]. The exact role of the 

genetic ILPR deletion in T1D development is unclear, though the ILPR is located only 365 

basepairs upstream from the promoter and is known to be the regulator of the insulin gene (INS) 

transcription. Thymal cells in fetuses predisposed for late-onset T1D display low INS transcript 

levels (Figure 1.9) [152,153,155,239,289,293-296].  

Corresponding with the significant drop in the number of basepairs from allele III to 

allele I is a simultaneous drop in the number of putative G-quadruplex sequences in the ILPR 

(~100 possible quadruplex formations in allele III down to ~32 possible formations in allele I) 

[122,153,162,248,294,295]. Though the exact role of the ILPR deletion in T1D development is 

unknown, two factors have demonstrated clear participation in low INS transcription levels: the 

presence of an allele I ILPR and low concentrations of autoimmune regulator protein (AIRE) 

[152,153,155,239,289,293-296]. Conveniently, AIRE is known to bind to ILPR G-quadruplexes, 

and thus, it is speculated that INS transcription is related to the degree of G-quadruplex 

formation in the ILPR and subsequent AIRE-quadruplex binding events [155,294]. 

Biophysical groups have focused on individual quadruplexes to elucidate 1) structures of 

folded ILPR quadruplexes, and 2) AIRE-quadruplex binding models [121,129,151,155,159,160, 
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239,284,285,299]. While information at the molecular level is important to the larger picture of 

deciphering the mechanism of ILPR’s INS regulatory capabilities, the vast number of putative G-

quadruplexes in the ILPR indicates that significant information lies in interactions between 

multiple quadruplexes as well. For instance, although single point mutations in individual ILPR 

quadruplex sequences demonstrate G-quadruplex structure inhibition, the low occurrence of this 

type of mutation found in the ILPR would result in a negligible number of G-quadruplexes lost, 

maintaining near normal INS transcription [121,151,285,286]. Thus, it is important to combine 

the views of biophysicists who investigate individual quadruplexes and the views of biologists 

who investigate the entire insulin genome by studying multiple quadruplex interactions to 

determine their contribution to the problem at hand. 

In this chapter, the influence of sequential positioning of multiple quadruplexes on the 

individual quadruplex’s ability to fold is studied using an NSET probe. The salt-induced folding 

of one and two ILPR quadruplexes is monitored by an NSET method using 5nm or 10nm AuNP 

quenchers attached to ILPR sequences with terminally-labeled fluorescein donor molecules 

(Figure 6.1). The ILPR NSET beacons are designed to decrease in emission intensity upon 

quadruplex folding, as G-quadruplexes would position the fluorescein dye closer to the AuNP 

relative to the unfolded, worm-like single-stranded DNA state.  

Utilizing the saturation binding models and cooperativity models, the relationship 

between quadruplexes in the two-quadruplex system are explored by comparison to similar 

biophysical constants in the one-quadruplex system. Positive cooperativity between multiple 

quadruplexes is indicative of a potential force contributing to the regulation of the INS gene, as 

Figure 6.1: Scheme of the variable length (and variable quadruplex number) 
ILPR NSET beacons used in this chapter. The one, two, and non-quadruplex 
systems are named for the respective number of putative quadruplexes that can 
form from the ILPR 14mer repeats comprising the beacons’ sequences. 
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preformation of the quadruplex may need to exist prior to AIRE binding [120,162,294]. In that 

instance, positive cooperativity of quadruplex formation is favorable towards AIRE binding, 

which in turn contributes to the promotion of INS transcription. The remainder of this chapter is 

divided into an Experimental section (6.2), Results & discussion (6.3), and Conclusion (6.4). 

 
6.2 Experimental section 

 
6.2.1 ILPR one-, two-, and non-quadruplex NSET beacon construction 
 

 The 69mer DNA sequences used in this chapter contain various degrees of potential G-

quadruplex folding (one or two quadruplexes), as well as a control sequence that lacks guanine 

runs and subsequently lacks the capability to form a G-quadruplex structure. Additionally, 

complement sequences designed to inhibit quadruplex formation when annealed to the one and 

two quadruplex-forming sequences are employed. All sequences employed in the one- and two-

quadruplex studies in this chapter are listed in Table 6.1.  

The one-, two-, and non-quadruplex forming sequences are equipped with a 5’ C6-thiol 

modification and a 3’ terminal fluorescein modification. The “block” sequence, designed to 

prevent quadruplex formation in the one-quadruplex sequence and prevent the 5’ quadruplex 

from forming in the two-quadruplex sequence, contains a 3’ C6-thiol modification. The linker 

sequence, a 12mer complementary to the ‘5 end of the one-, two-, and non-quadruplex forming 

sequences, also contains a a 3’ C6-thiol modification similar to the “block” sequence and is 

Non-Quad 
5’- (C6 S-S) CAAAAACAACAATGTATACTGAATTCCGTGTTACTCTTGCCAACCTCGTG 

TATACTGAATTCCACAGGT (fluorescein) -3’ 

One-Quad 
5’- (C6 S-S) CAAAAACAACAA TGTGGGGACAGGGGTGTGGGGATAGGGGTGTCCTC 

GTGTATACTGAATTCCACAGGT (fluorescein) -3’ 

Two-Quad 
5’- (C6 S-S) CAAAAACAACAATGTGGGGACAGGGGTGTGGGGATAGGGGTGTGGGG 

ACAGGGGTGTGGGGACAGGGGT (fluorescein) -3’ 

linker 5’- TTGTTGTTTTTG (C6 S-S) -3’ 

block 5’- CCCCTATCCCCATACCCCTGTCCCCACATTGTTGTTTTTG (C6 S-S) -3’ 

  

Table 6.1: Table of the non-, one-, and two-quadruplex sequences, the 
universal 12mer linker, and the one- and two-quadruplex block sequences 
utilized in this chapter. ILPR G-quadruplex sequences are underlined in the 
one- and two-quadruplex sequences. The terminal 5’ C6 thiol and terminal 3’ 
fluorescein modifications are shown in each sequence. 



 83 

utilized in experiments where monitoring the full quadruplex-forming capabilities is desired (i.e. 

when the “block” sequence is not used). 

 DNA annealing between the linker sequence and quadruplex sequences or between the 

“block” sequence and quadruplex sequences is accomplished by heating at 95°C for 4 minutes 

then snap cooling to 4°C in phosphate buffer (20mM phosphate, 50mM NaCl, pH = 7.5). To 

append to the AuNPs via ligand exchange of the two DNA 3’ C6-thiols, 25µL of 100mg/mL 

TCEP-HCl is added to 250 pmoles annealed DNA (~400µL volume). A total of 15pmol 5nm 

AuNP or 5pmol 10nm AuNP is added to the reaction and the reaction mixture is placed on the 

rotisserie in the dark overnight. Purification of free DNA and simultaneous desalting of the 

reaction is achieved by several rounds of saltless EtOH precipitations. Samples are stored in the 

dark to avoid photobleaching of the fluorescein dye and at 4°C until use. 

 
6.2.2 Absorption and photoluminescence experiments 
 

The PL measurements on the purified ILPR NSET beacons were measure in a sealed, 

0.3cm quartz cuvette on a Varian Eclipse fluorimeter (λex = 465 nm) in a 20mM Hepes buffer 

brought to a pH of 8 with CsOH. It is necessary to work in slightly basic conditions to maximize 

the intensity of the fluorescein emission and, as Cs+ ions are too large to induce quadruplex 

folding, CsOH is an ideal candidate for buffer pH stabilization in this study [300,301].  

Freshly purified ILPR samples were diluted and divided into equivalent samples at 2nM 

in concentration. Each sample was brought to a final desired [K+] using a 2µL aliquot of variable 

KCl concentrations. [K+] additions varied extremely from 10µM to 3M in these experiments 

depending the quadruplex sample under investigation. As shown in the Results & discussion 

(6.3), one-quadruplex and two-quadruplex sequences varied in saturation concentration and [K+] 

aliquots were adjusted to accommodate this variance. The PL following KCl addition is recorded 

2h following of the salt to the sample. It is worth noting that maximum intensity change is 

observed within 30 minutes, but PL values are reported at 6 hours following addition of the last 

aliquot of K+ ion to ensure a fully quadruplex-folded population. Fluorescein intensity as a 

function of KCl concentration was monitored to ensure that changes in PL intensity arise from 

quadruplex conformer changes rather than adjustments in salt concentration. No change in 

fluorescein emission intensity is observed up to 200mM KCl. 
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6.2.3 Fluorescein-AuNP NSET distance calculations 
 

As in Chapters 4 and 5, the separation distance of the fluorescein molecule to the AuNP 

surface used in the NSET analysis is calculated using a Clegg model for the 12 basepair duplex 

and the calculated single-stranded DNA persistence length at exceptionally low salt conditions 

for the extended 57mer. The Clegg model, originally monitored by FRET, accounts for the 

helical nature of DNA when measuring the separation distance of two labels appended via short 

alkyl linker molecules [262]. Previous uses of FRET to monitor DNA persistence lengths have 

proven to be effective in short single-stranded DNA sequences (< 40 bp) but the low R0 values in 

FRET have limited this technique in longer single-stranded sequences [267,268]. Studies using 

AFM analysis under variable Na+ conditions report maximum straightened gene-length DNA 

regions to be 91 Å at 0 mM NaCl, though the gene samples lie on a substrate prior to AFM 

imaging which is potentially non-native to DNA persistence length in salt-less solution 

conditions [302]. Therefore, the initial, salt-less distance value for the ILPR NSET beacons were 

calculated by a CN- etch described similarly in Chapter 5 (Figure 5.3). The change in fluorescein 

intensity of the ILPR NSET beacons after concentrated CN- additions is representative of the 

effective quenching (Qeff) and correlated fluorescein-AuNP surface distance when appended to 

the AuNP surface. It should be noted that the addition of NaCN drastically increases the pH of 
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Figure 6.2: CN- etch of the 5nm one-quadruplex ILPR NSET beacon. The 
relative change in intensity represents the degree of quenching in the initial, 
pre-K+ state of the NSET beacons, where Qeff = 0.41. Averaging of all three 
5nm NSET beacons (one-, two-, and non-quadruplex) and conversion to a 
distance utilizing the NSET theorem results in an initial AuNP-fluorescein 
distance of 145 ±19 Å prior to G-quadruplex folding. Identical distances were 
extracted in CN- analysis of the 10nm ILPR NSET beacons. 
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the NSET beacon solution (even under buffered conditions) which results in an additional 

increase in fluorescein emission intensity due to fluorescein’s sensitivity to pH [303,304]. 

Therefore, the final, CN--etched fluorescein intensity is extracted from a control sample (sans 

CN-) comprised of identical concentrations, derived from UV-Vis monitoring of the NaCN etch 

study, of fluorescein and unappended AuNPs. An example of the change in intensity upon CN- 

etching for the 5nm one-quadruplex ILPR NSET beacon is shown in Figure 6.2. The salt-less 

persistence length of the single-stranded DNA was calculated to 145 ± 19Å in the case of the 

5nm and 10nm ILPR NSET beacon. Observation of the identical persistence lengths on the 5nm 

and 10nm AuNPs indicates a lack of influence by the AuNP on the single-stranded ILPR DNA 

system, also observed in Chapter 4 [266]. After asserting the initial extended value (145 ± 19Å), 

fluorescein intensity values at saturation are converted to distances using the NSET model where 

d0 = 136 Å for a fluorescein molecule on a 5nm AuNP, and d0 = 222 Å for a fluorescein 

molecule on a 10nm AuNP. 

 
6.3 Results & discussion 

 

 G-quadruplex formation has been studied extensively on individual quadruplex models 

and quadruplex-quadruplex interactions in multi-quadruplex telomere chains have been 

examined via molecular tweezer studies [99,142]. The unwinding of up to six G-quadruplexes by 

molecular tweezer pulling forces demonstrates that, through statistical analysis of changing 

length scales per pulling event, quadruplex-quadruplex stabilizing interactions are present in long 

chain quadruplex biopolymers [121,162]. However, quantification of these inter-molecular 

stabilizing forces and observation of similar effects upon G-quadruplex folding (rather than 

forced unfolding) have not been reported. 

             Unique attachment elements, more specifically the use of two monothiol modifications, 

in the ILPR quadruplexes sequences were included in this study to enhance stability of the DNA 

at the AuNP surface even under low salt conditions [305,306]. It is observed that the ILPR 

quadruplexes in this chapter exhibit the highest propensity to undergo structural changes relative 

to the other nucleic acid sequences in this manuscript. Conditions to obtain the “extended” or 

“non-folded” must be exceptionally salt-free, and therefore an extra element of stability for DNA 

surface-appendage is incorporated. Previous groups have indicated significantly higher thermal 
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stability at the AuNP surface with a dual, monothiol system, than a dithiol or monothiol 

appendage [305,306].  

In this chapter the salt-induced folding of multiple quadruplex sequences (non-

quadruplex, one-quadruplex, and two-quadruplexes) as a function of [K+] concentration is 

evaluated to assess the cooperative effect of one quadruplex on the folding of a sequential 

quadruplex. The Kd value of the multi-quadruplex systems denote the propensity for a ILPR 

quadruplexes to form. Figure 6.3 and Figure 6.4 shows the raw fluorescein intensity data upon 

increasing potassium concentration for each of the 5nm and 10nm ILPR NSET beacons, 

respectively. Decreasing emission intensity for the ILPR quadruplexes is observed, as expected. 

The low-salt condition of the initial PL intensity relates to the extended DNA form whereas high 

salt concentration represents the fluroescein-quenched, G-quadruplex-folded, condensed 

structure. 

Also shown in Figure 6.3 and Figure 6.4 are the normalized integrated fluorescein 

intensity peaks, fit to one-site binding models adjusted for a decreasing intensity system, 
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                          eqn. (6.1) 

 

where I is the fluorescein intensity, I0 is the initial fluorescein intensity, Bmax is the maximum 

binding at saturation, and Kd is the dissociation constant for the G-quadruplex folding event. 

Attempts to fit the sequences, even the multi-quadruplex ILPR sequences, to a two-site binding 

model, described similarly in Chapter 3 (eqn. 3.1), are unsuccessful in that ambiguous Kd values 

are extracted [260]. Similar observations of the inaccuracy of the two-site binding model are 

made in Chapter 3, where the non-hairpin, single-stranded ATP aptamer beacon is best fit to a 

one-site model reflecting the positively cooperative ATP relationship [260].  

           Even in the hairpin sequences described in Chapter 3 where a two-site binding curve is 

used to model ATP-induced saturation, positive cooperativity between ATP binding sites was 

observed via the cooperativity model (h >1) [260]. Similarly in this chapter, the Hill coefficient 

is employed to assess the relationship between neighboring quadruplex folds. The two-

quadruplex data from Figure 6.3 and Figure 6.4 was fit to a cooperavitiy model (eqn. 3.4) where 

it is observed that h5nm = 1.89 and h10nm = 2.01 for the 5nm and 10nm ILPR NSET beacons, 
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respectively. A Hill coefficient >1 correlates with a decreasing Kd and an increase in putative G-

quadruplex content in the ILPR NSET beacon sequences, indicating increasing degrees of 

cooperativity as a sequential quadruplex sequence is added.   

           While the existence of cooperativity, described as “quadruplex-quadruplex interactions” 

by previous groups, has been noted before, this is the first report of a quantitative cooperative 

value, which conveniently corresponds to the number of quadruplexes under investigation in the 

sequence. The ability to first report positively cooperative values to multi-quadruplex sequences 
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Figure 6.3: (Left column) Raw fluorescein PL data upon increase in [K+] of 
the 5nm NSET beacon non-, one-, and two-quadruplex strands (top to bottom). 
(Right column) Integration of the normalized fluorescein PL peaks with 
respect to [K+] concentration fit to a linear equation in the non-quadruplex 
system and eqn. 6.1 in the one- and two-quadruplex systems. 
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in this chapter is attributed to the utilization of NSET, as earlier groups incorporate molecular 

tweezer techniques limited them to unwinding studies (rather than folding analysis) and FRET 

systems are unable to monitor the distances observed in these ILPR NSET beacon studies (90-

150 Å).  

            The use of NSET also permits the extraction of distances upon K+ saturation and G-

quadruplex folding. The initial (0 mM K+) donor-acceptor distance of the single-stranded DNA 

in all three, 69mer, ILPR systems studied in this chapter (one-, two-, and non-quadruplex) is 145 

Figure 6.4: (Left column) Raw fluorescein PL data upon increase in [K+] of 
the 10nm NSET beacon one-, two-, and non-quadruplex strands (top to 
bottom). (Right column) Integration of the fluorescein PL peaks with respect to 
[K+] concentration fit to eqn. 6.1 in the one- and two-quadruplex system and fit 
to a linear equation in the non-quadruplex system. 
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± 19Å. Distances in the folded quadruplex state in the one-, two-, and non-quadruplex sequence 

are extracted from the NSET model (for 5nm and 10nm AuNPs) from the fluorescein emission 

intensity at saturation (I) relative to the emission intensity at I0. In the 5nm NSET non-

quadruplex beacon, the final non-quadruplex distance at saturation stems from an observed 

higher intensity upon K+ addition (Figure 6.3) and is calculated to be 149 ± 8Å. No change in 

distance is observed at the highest [K+] for the 10nm NSET non-quadruplex beacon. In the one- 

and two-quadruplex ILPR systems where fluorescein emission intensities decrease upon 

increasing [K+], the distances extracted at saturation are 100 ± 9Å and 72 ± 11Å, respectively, 

for the 5nm ILPR NSET beacon and 104 ± 18Å  and 80 ±22Å , respectively, for the 10nm NSET 

beacon. Again, similar extracted values for the 5nm and 10nm AuNP system reflect no observed 

effect from the AuNPs on ILPR quadruplex folding [266]. Figure 6.5 displays the quenching 

efficiency curves (blue lines) of a fluorescein molecule appended to a 5nm AuNP (d0 = 136 Å) 

and 10nm AuNP (d0 = 222 Å). The black vertical line depicts the initial single-stranded DNA 

distance (145 Å) prior to K+ addition. The the experimental distances observed in the one- and 

two-quadruplex ILPR system extracted from the NSET model (eqn. 4.1) are represented by black 

Figure 6.5: Quenching efficiency curve of 5nm and 10nm AuNPs with 
fluorescein (blue lines) which describes the fluorescein-AuNP separation 
distance relationship monitored in the ILPR quadruplex beacons. The d0 values 
are 136 Å for the 5nm NSET beacon and 221 Å for the 10nm NSET beacon. 
The initial distance (calculated from the CN- etch experiments outlined in 
section 6.2 and Figure 6.2), 145 ± 19Å, is depicted as a black vertical solid 
line. Final saturated, G-quadruplex-folded distances extracted from the NSET 
theorem are shown as black dotted (one-quadruplex) and dashed (two-
quadruplex) lines, at 100 ± 9Å and 72 ± 11Å, respectively. Likewise the 
theoretical values are shown as red dotted (one-quadruplex) and dashed (two-
quadruplex) lines, at 103 Å and 70 Å, respectively. 
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dotted (one-quadruplex) and dashed (two-quadruplex) lines. Likewise, the red dotted (one-

quadruplex) line at 103 Å and the dashed (two-quadruplex) line at 70 Å represent the theoretical 

distances in the ILPR beacons calculated using the Clegg model for the 12mer linker, C6-thiol 

appendage to the AuNP, and a predicted folded-quadruplex length from similar solution NMR 

quadruplex structures [262]. In the case of the two-quadruplex system, a quadruplex end-to-end 

sequential folding model is assumed. 

            It should be noted that multiple quadruplexes could potentially form more complex 

intramolecular structures than an end-to-end formation and no crystal structure of this interaction 

has been reported. Thus, the experimental distance values of the folded two-quadruplex ILPR 

sequence extracted from Figure 6.4 are an ensemble representation of the most energetically 

favorable multi-quadruplex conformation, though that complex intramolecular conformation has 

yet to be fully mapped.  

           Chapter 4 describes the importance of selecting the appropriately-sized AuNP for optical 

NSET nanoruler measurements, as maximum changes in intensity per Ångstrom are observed at 

distances near the d0 value [264]. An assessment of the observed distances, illustrated in Figure 

6.6, in the ILPR NSET beacons indicates that the initial (prior to K+ additions) single-stranded 

DNA length, 145 ± 19Å, is closer to the 5nm AuNP d0 (d0 = 136 Å) value than the 10nm AuNP 

observed in the 5nm ILPR NSET studies. The greater accuracy in the 5nm beacon is also 

apparent when comparing the error deviation for the 5nm and 10nm final saturation distances.  
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Figure 6.6: Scheme of the folded ILPR quadruplex behavior of the one- and 
two-quadruplex sequences with and without the pre-annealed 40mer “block” 
sequence. 
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Therefore, the remaining studies in this chapter are performed solely with the 5nm AuNP as the 

quencher molecule, as it creates a system more apt for monitoring ILPR quadruplex folding. 

            To verify the enhancement in positive cooperativity stems from quadruplex-quadruplex 

interactions, inhibition of the one- and two-quadruplex ILPR systems in this chapter is 

accomplished by annealing to an 40mer “block”complement designed to prevent single 

quadruplex formation. The block sequence is listed in Table 6.1 and Figure 6.6 depicts the 

expected behavior of the block sequence on the one- and two-quadruplex system relative to the 

originial (non-blocked) one- and two-quadruplex ILPR beacons. The ΔG = -81.6 kcal/mol for 

Watson-Crick basepairing across the quadruplex and stabiltiy of the inhibitory complementary 

sequence is enhanced by a terminal 3’ C6-thiol modification designed to append to the AuNP 

surface upon reduction with the ILPR NSET sequences [307]. 

           The raw PL and Kd binding curves of the one- and two-quadruplex block sequence of 

their quenching behavior with increasing potassium concentration are shown in Figure 6.8. The  

observed change in fluorescein PL of the one-quadruplex sequence when annealed to the “block” 

sequence resembles the non-quadruplex response to increasing salt concentration, as no 

significant change in intensity is observed (Figure 6.3 and Figure 6.7). Likewise, the two-

quadruplex ILPR sequence, annealed to the “block” sequence, is similar in salt-dependent 

quenching behavior to the one-quadruplex (non-“block”) system in that Kd1Q = 3.5 mM and 

Kd2Qblock = 4.7 mM. Not surprisingly, with the “block” sequence preventing formation of the one-

quadruplex system and preventing single-quadruplex formation of the two-quadruplex system, 

the newly quadruplex-inhibited ILPR sequences, perform identically to those with the same 

number of putative quadruplexes.  

          Utilizing the Kd of the unblocked, one-quadruplex sequence (Kd1Q = 3.5 mM) and the Kd of 

the blocked, two-quadruplex system (Kd2Qblock = 3.1 mM), a theoretical binding model for a two-

quadruplex, two-site independent model (where h =1) can be constructed (Figure 6.8). In this 

theoretical two-quadruplex system where quadruplex-folding is presumed to be independent of 

neighboring structures, the Kd of the unblocked one-quadruple system is representive of the 5’ 

quadruplex while the blocked, two-quadruplex Kd reprsents the 3’ quadruplex, as described in 

eqn. 6.2 below, 
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Figure 6.8 plots the theoretical uncoupled system (dotted line) using the individual quadruplex 

Kd values fit to eqn. 6.2, and the experimentally observed binding curve of the unblocked, two-

quadruplex system (solid line) [260]. The x-axis of these plots are shown as the log of [K+] to 

better demonstrate the drastic difference in potassium ion saturations between the experimental 

and theoretical two-quadruplex systems. It is observed there is a decrease in K+ saturation as well 

as an inability to distinguish indivudual Kd values from the binding model in the two-quadruplex 

system, as it is best fit to a one-site model, indicating the two neighboring quadruplexes fold 

simultaneously rather than in distinct, individual motions. Therefore, the emergence of positively 

cooperative behavior in G-quadruplex formation is directly related to the inclusion of sequential, 

neighboring, putative quadruplexes in the ILPR sequences. 

 

 
 

Figure 6.7: (Left column) Raw PL data of the one-quadruplex (top) and two-
quadruplex block sequences with K+ additions. (Right column) Linear fit of 
the (top) one-quadruplex and Kd curve fit to eqn. 6.1 of the (bottom) two-
quadruplex block sequence saturation extracted from the raw intensity data. 
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6.4 Conclusion 
 

 The clear G-quadruplex formation stability under low-salt conditions in multi-quadruplex 

sequences confirms the suggestion by others that the quadruplex-folded ILPR state is most likely 

the resting conformation of the regulatory allele complex [129]. Nuclear conditions are reported 

to sustain high-salt conditions (250 mM K+, 10mM Na+) which is far beyond the saturation limit 

of the lowest salt-induced quadruplex formation observed in this chapter [106-108].Moreover, 

the incorporation of a long-strand complementary sequence to inhibit individual quadruplex 

formation demonstrates a method for potential ILPR manipulation. Using this blocked-

quadruplex mechanism, it was observed that the positively cooperative behavior between 

quadruplexes in the two-quadruplex system is removed and the quadruplexes behave 

independently of each other. 

If a decrease in quadruplex formation is responsible for the subsequent decrease in INS 

trasncription, inhibtition via complementary strand inhibition is an potential verifiction to the  

regulatory mechanism . Further studies are necessary to relate the degree of ILPR quadruplex 

folding to the complex, protein-binding regulatory mechanism of INS transcription 

[152,153,155,239,289,293-296].  

Figure 6.8: Plots of the theoretical two-quadruplex, two-site binding curve 
(dotted line) assuming a quadruplex-uncoupled system and the experimental 
two-quadruplex binding curve (solid line). The theoretical plot is fit to eqn. 6.2 
where Kd1= 3.5 mM and Kd2block= 4.7 mM, and Bmax(1) and Bmax(2) are assumed 
to be 0.475 to match the maximum y-value in the experimental plot (0.95). The 
experimental plot is fit to a one-site binding model, eqn. 6.1, as the two-site 
model produces ambiguous values for Kd1 and Kd2, commonly observed in 
highly positively cooperative systems [260]. 
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Future studies increasing the number of quadruplex sequences in the ILPR beacons hinge 

upon overcoming obstacles to syntheszie quadruplex-dense DNA. Figure 6.9 denotes 

experiential evidence supporting the difficulty to synthesize putative G-quadruplex DNA by 

plotting the % yield of DNA synthesis versus inclusion of increasing putative G-quadruplex 

sequences. An obvious trend in synthetic inhibition with additional putative quadruplex 

sequences is observed. The three-quadruplex system, in particular, incurs a severe inability to 

attain high synthetic yields (1.0% yield) as noted in Figure 6.9. To counteract the overeall 

synthetic limitations, the one-, two-, and non-quadruplex sequences were designed with high-

yield modifications (3’thiols and terminal fluorescein modifications). Smaller, high yield DNA 

oligos containing the fluorescein and thiol modifications are the most promising route to a fully-

constructed multi-quadruplex systems at sufficient yields to complete the appropriate biophysical 

studies.  

    

Figure 6.9: Graph of the synthetic disadvantage of G-quadruplex design 
plotted as a function of % yield (from a 200 nmole synthesis) vs. the number of 
putative quadruplexes incorporated into the sequence. It is worth noting that 
the terminal fluorescein and thiol modifications in the one-, two-, and non-
quadruplex sequences are also detrimental to DNA yields when compared to 
unmodified DNA sequences of the same length (69mer). The three-quadruplex 
sequence contains more basepairs (111mer) to accommodate the inclusion of 
the third ILPR quadruplex sequence, which is also inhibitory to its synthesis. 
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CHAPTER 7 
 

A MULTIFACETED OPTICAL ENERGY TRANSFER SYSTEM 
 
 

7.1 Introduction 
 

 The biologically relevant conformations of biomolecules are classically constructed by 

measuring multiple local structural contacts. Methods such as NMR and X-ray crystallography 

easily achieve multiple length scales but require large quantities of materials, often negate the 

biologically native structure due to experimental conditions, and in the case of NMR, demand 

complex modeling to develop a map of the molecular structure in three dimensions [5,7,15,51, 

61-65,180]. Optical methods offer a remedy to these downsides of X-ray crystallography and 

NMR, though at the loss of mapping entire biomoelcules. However, in instances where 

determining the separation distance between biomolecular points is sufficient (such as the 

instance of telomere structure determination in Chapters 4 and 5), optical methods based upon 

energy transfer are potentially powerful tools measuring multiple length scales, and can even be 

used down to single molecule level [140,194,308,309]. 

  The distance dependence of a donor molecule’s optical emission and an acceptor 

molecule’s absorption can be described by a variety of theoretical models, the most accurate and 

most prevalent in recent biophysical literature being NSET and FRET [191,193,198,176-

178,201,254,272]. NSET and FRET differ in the absorptive properties of the acceptor (NSET 

employs metal nanoparticles while FRET utilizes organic fluorophores or other point dipole 

moieties) and subsequent coupling strength between donor and acceptor, resulting in 

individualities in measuring biopolymer distances [191,176-178]. 

Each has demonstrated successes in biophysical measurements. The capabilities of NSET 

to measure long-rage biopolymer distances (up to 300Å) where FRET techniques fall short have 

been reported, as well as short-range FRET measurements reported to overcome NSET’s 

resolution shortcomings [140,176-178,191,193,194,198,201,254,272,299,309]. Rarely are these 

optical techniques coupled to simultaneously monitor two different length scales, a capability 

that would be extremely advantageous in deciphering biological structures. For instance, FRET-

resolvable distances would be those observed in protein binding pockets, where amino acid 

interactions across the protein chains occur [7,51,61,62,310,311]. On the other hand, large 
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structural changes in nucleic acid or protein conformations can occur at distances in the tens of 

nanometers, measurements of which would be far more attainable with metal nanoparticle-based 

NSET methods, as observed earlier in Chapter 6 [15,63,179]. Combining energy transfer systems 

with differing distal scales and deriving a useful theoretical model will improve experimental 

methods for researchers looking to explore more dynamic biological queries. 

  Other groups report the use of simultaneous NSET and FRET methods with large metal 

nanoparticles (>20nm) in an effort to 1) observe the near-field effects of the nanoparticle on the 

FRET process and 2) enhance the non-radiative FRET pathway thereby increasing the FRET R0 

value [196-198]. However, the extent of the observed enhancement effect is unpredictable by 

theory to date and has yet to be applied to biological molecules [196-198]. In this chapter, 

distance extraction measurements with a gold nanoparticle (AuNP)-based NSET system with 

FRET components on 10nm AuNPs are demonstrated. The smaller AuNPs (<20nm) ensure that 

near-field resonant enhancement effects are not impinging on the donor and acceptor dyes in the 

system. This system uniquely removes the radiative rate (kr) manipulator (large AuNPs) from the 

system to leave the non-radiative (knr) decay pathway subject to the competitive NSET and 

FRET processes. Not only does a smaller AuNP result in a simpler, predictable model for 

deriving efficiency-based distances, but smaller AuNPs are also more advantageous for uses in 

biological systems, as the biopolymers under observation are less likely to interact with the 

AuNP surface [228,232,233,260].  

  In this study, measurements were obtained by tracking the radiative lifetime of a donor 

dye (5(6)-carboxy-X-rhodamine (ROX)) appended via basepair modifications on a double 

stranded DNA 60mer extending from the surface of the AuNP (Figure 7.1). The FRET acceptor 

S
 S 

d
0
=137 Å 

R
0
=67 Å 

ROX dye 

DL680 

42 bp 

18 bp 

Figure 7.1: Scheme of the NSET-FRET beacon where a donor dye, ROX, is 
separated from a 10nm AuNP by 42 basepairs, and separated from an acceptor 
dye, DL680 by 18 basepairs. The NSET d0 =137 Å for ROX with a 10nm 
AuNP and the R0 =67 Å for an ROX-DL680 FRET pair. 
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(DL680 dye) is also appended to the dsDNA at the terminal end, opposite the AuNP. ROX acts 

as both the NSET and FRET donor in this dual energy transfer system. 

  Moreover, a theoretical model capable of describing the distal attributes of the NSET 

component (the ROX donor to the AuNP) and the FRET component (the ROX donor to the 

DL680 acceptor) of the system is proposed. The distances between the donor (ROX) and 

acceptors (AuNP and DL680) extracted from the donor lifetime and the theoretical model 

correlate well with expected dsDNA lengths based upon Clegg model predictions, which predicts 

helical DNA distances appended by a short alkyl linker at a nanoparticle surface [262]. This is 

the first report of a multi-faceted energy transfer system utilized to observe and predict 

biopolymer distances. Distal correlations between theory and experimental lifetimes demonstrate 

the advantage of merging common biophysical methods to elucidate unique or complex 

structures, where multiple length scales may be at play. 

 

7.2 Experimental section 
 
7.2.1 NSET-FRET beacon construction 

 

 Spherical BSPP-coated AuNPs of a 10nm diameter were synthesized via citrate/tannic 

acid reduction and ligand exchanged with BSPP prior to functionalization with DNA, as 

described in Chapter 4 (4.2.1) and in literature protocol [278]. 

  The 60mer dsDNA sequence used in this study is comprised of two, modified, 

complementary 60mers, the donor strand, dROX, and the acceptor strand, aDL680, synthesized 

and purified by Midland Certified Reagent Company. When describing the ROX-modified DNA 

or the DL680-modified DNA in this chapter, the descriptors “dROX” and “aDL680” are used. 

When discussing the properties of the dyes themselves, however, they are references by their 

common “ROX” and “DL680” abbreviations. The full sequences used in the study are listed in 

the Table 7.1 and are written in the direction to which they anneal to eachother for simplicity. 

The donor sequence, dROX, contains an ROX internal dye label via C6 spacer on basepair #42 in 

the sequence (bold, italicized, and underlined in Table 7.1), with a terminal thiol modification at 

5’ end, also attached with a C6 spacer linkage. The complementary acceptor sequence, aDL680, 

likewise, contains a terminal C6 thiol modification at the 3’ end and a terminal DL680 dye label 

at the 5’ end. Each sequence also has a non-dye-labeled complement counterpart with a terminal 
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C6 spacer (at the 3’ end for the ROX-complement and the 5’ end for the DL680-complement) for 

control studies sans the donor or acceptor molecule.  

  DNA was annealed in two consecutive heat cycles (95°C for 4 minutes, cooling to RT for 

10 minutes, and on ice for 4 minutes) with a 1.1:1 ratio of acceptor to donor to ensure no free  

donor is in the system. Appendage of the annealed sequences to the AuNPs was accomplished by 

a TCEP reduction of the terminal thiols and subsequent ligand exchange with BSPP ligand at the 

AuNP surface. In a ~1mL reaction volume of pH 7.2 phosphate buffer (50mM phosphate, 50mM 

NaCl, filtered), 12pmol 10nm BSPP-coated AuNPs was reacted with 500pmol annealed dsDNA 

complex. The final reaction volume was brought to a final TCEP concentration of 10mM with 

concentration TCEP aliquots (~20µL) in nanopure H2O. A ligand exchange ratio of ~40:1 

dsDNA to AuNP was used. The reaction was placed on the rotisserie overnight and the FRET-

NSET beacons were purified with three rounds of EtOH precipitations, assisted with saturated 

NaCl additions. DNA appendage was confirmed by the beacons’ hindered movement in 2% 

agarose gel electrophoresis when compared to the BSPP-coated AuNPs. 

 
7.2.2 Absorption and photoluminescence experiments 

 

 Final concentrations of FRET-NSET beacons were extracted from UV-Vis absorption 

peaks for the DNA (ε260=1.057*106 M-1cm-1) at 260nm and the AuNPs (ε520=9.55*107 M-1cm-1) 

Name Sequence 

dROX 5’-(C6 thiol) CAGTTACGCTAGATTCGACATGCCGACAACAACGTCCAGTAT(ROX) 

CGACAATCCGACATTAAC-3’ 

aDL680 3’-(C6 thiol) GTCAATGCGATCTAAGCTGTACGGCTGTTGTTGCAGGTCATAG 

CTGTTAGGCTGTAATTG (DL680)-5’ 

dROX-comp 3’-(C6 thiol) GTCAATGCGATCTAAGCTGTACGGCTGTTGTTGCAGGTCATAG 

CTGTTAGGCTGTAATTG-5’ 

aDL680-comp 5’-(C6 thiol) CAGTTACGCTAGATTCGACATGCCGACAACAACGTCCAGTAT 

CGACAATCCGACATTAAC-3’ 

  

Table 7.1: Table listing the four sequences used in these energy transfer 
studies. The labeled basepair in the dROX donor strand is bold, italicized, and 
underlined. Sequences complementary to the dROX sequence, aDL680 and 
dROX-comp, are listed in the 3’ to 5’ direction. 
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at 520nm indicate a final coupled ratio of ~17:1 DNA to AuNP. Due to the drastic difference in 

extinction coefficients between the AuNPs and DNA sequences, it was necessary to perform CN- 

etching studies on concentrated samples (as described in Chapter 5, section 5.2.1) to obtain the 

final DNA:AuNP ratio of ~17:1. 

Quenching of ROX in the dROX-aDL680 FRET pair was first determined optically by 

relating the emission intensities of ROX in the dROX-aDL680 FRET pair to identical 

concentrations of free dROX-complement. The 10nm AuNP absorption spectrum, dROX 

absorption and emission spectra, and aDL680 absorption and emission spectra are shown in 

Figure 7.2. The aDL680 acceptor has a small absorption near the excitation wavelength (λex=550 

nm) and contributes additional, directly excited, emission intensity to the FRET acceptor 

emission in the FRET studies. Therefore, the emission intensity (at λex=550 nm) of free aDL680 

at a concentration identical to the dROX-aDL680 FRET pair is subtracted from the final FRET 

spectra. Concentrations for the DNA prior to annealing are [dROX]=0.4µM, [ROX 

complement]= 0.44µM, [aDL680]=0.44µM, and [DL680 complement]= 0.4µM.  

Similarly, comparisons between the ROX emission intensity from the NSET-FRET 

beacon and a dROX-complement-AuNP conjugate were used to evaluate the NSET component 

of the NSET-FRET beacon. Differences in ROX emission intensity of the NSET-FRET beacon 

and dROX-complement-AuNP samples at 2nM were used to determine the ENSET between ROX 

and the AuNP as well as the ROX-AuNP distance extracted from the NSET theorem, where 

d0=137 Å for a 10nm AuNP acceptor with an ROX donor. As in the FRET pair studies, direct-

excitation emission from DL680 was accounted for by subtracting the DL680 emission (at 
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Figure 7.2: Absorption spectra of (black line) 10nm BSPP-AuNPs, (orange 
dotted line) dROX, (red dotted line) aDL680, and emission spectra of (orange 
solid line) aROX, and (red solid line) aDL680.  
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λex=550 nm) in a 2nM aDL680-complement-AuNP sample from the NSET-FRET beacon 

sample.  

 
7.2.3 Lifetime experiments 
 

Lifetime measurements of the ROX donor, described similarly in previous publications, 

were measured by exciting at 560nm (<1 mW) using a Nd:VO4-pumped (Spectra-Physics 

Vanguard, 2W, 532 nm, 76 MHz, 10 ps) cavity-dumped R6G fluorescent molecule laser 

(Coherent 702-1) as a source and collecting onto a Hamamatsu C5680 streak camera coupled to 

a Chromex 500 imaging monochromator. The intensity decay profiles are collected over a 20ns 

window to ensure ample time for fluorescent population decay, as well as a 200nm spectral 

window to observe the donor (ROX) as well as acceptor (DL680) emission. 

 

7.3 Results & discussion 
 

 The FRET theorem, described in Chapter 2 (2.3.6), relates the degree of spectral overlap 

and strength of dipole coupling between a donor (ROX) and acceptor (DL680) dye with a value 

that describes the distance at which 50% energy transfer occurs (R0) [178,191]. The R0 value for 

an ROX-DL680 pair is 67 Å. Upon obtaining the R0 value, the efficiency of energy transfer 

(EFRET) is better described as, 

�!"#$ =
!

!!
!

!!

!                         eqn. 7.1 

where R is the distance between the coupled dipoles. Similarly, NSET’s 50% efficiency value, 

d0, is described as 

�!"#$ =
!

!!
!

!!

!                         eqn. 7.2 

 

where d is the distance between the organic fluorophore and the AuNP surface. The full NSET 

theorem is outlined in further detail in Chapter 2 (2.4.1.) [176-178,191]. 

 This NSET-FRET beacon is not the first to treat a FRET mechanism in the presence of a 

metal nanoparticle. Gersten, et al, treats the change in the FRET rate, kFRET, in the near-field of a 

metal nanoparticle as a perturbation to the dipole interaction energy between donor and acceptor 
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dyes [312]. But in any energy transfer interaction (be it FRET, or NSET) the total rate of energy 

transfer, kET, must equal the sum of all pathways (including all radiative and non-radiative 

pathways), as expressed in equation 6.3,  

�!" = �! + �!"(!"!#$)                         eqn. 7.3 

 

where kr and knr represent the radiative rates, respectively. Likewise, the lifetime of the donor, τ, 

is represented as the inverse of the energy transfer rate, or 1/(kr + knr) [176-178,201]. In this 

system where NSET, kNSET, and FRET, kFRET, non-radiative pathways are introduced as com-

petitive donor relaxation pathways, the experimental lifetimeof the ROX donor, τ’, is best 

represented as 

�′ =
!

!!"#$!!!"#$!!!!!!"

                         eqn. 7.4 

 

where kr and knr represent the radiative rates, repsevtively. Written as an efficiency (E) relating 

the modified ROX lifetime in the presence of the NSET and FRET pathways, τ’, to its native 

lifetime, τ0, the value for E is shown as,  

� = 1 −
!
!

!!

=
!!"#$!!!"#$

!!"#$!!!"#$!!!!!!"

                         eqn. 7.5. 

 

 In this model, the energy transfer rates are unmodified from their FRET-only and NSET-only 

values. The nonradiative energy transfer pathways combine in a competitive manner with native 

decay rates and lead to a predictable decrease in ROX lifetime, τ’, in the NSET-FRET beacon. 

With this simple kinetic model, a system of equations can be generated, combining earlier 

expressions for EFRET and ENSET (eqn. 6.1 and 6.2, respectively,) to solve for the separation 

distances, d (ROX-AuNP) and R (ROX-DL680), in the FRET-NSET beacon:  

� = �!
!!

!!
− 1 −

!

!!

!! !!/!

                         eqn. 7.6 

 

� = �!
!!

!!
− 1 −

!

!!

!! !!/!

                         eqn. 7.7. 
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In this representation, the only experimental components required to obtain the donor-AuNP 

(NSET) and donor-acceptor (FRET) distances are the native donor lifetime, τ0, the modified 

donor lifetime, τ’, and one of the separation distances, d or R. 

 To exemplify this NSET-FRET mathematical model, a simple linear DNA duplex 

structure containing a short single contact FRET pair (ROX-DL680) with a single long-contact  

NSET pair (ROX-10nm AuNP) is examined by optical spectroscopy (photoluminescence and 

lifetime). A schematic of the NSET-FRET system under investigation is shown in Figure 7.1. 

Initial photoluminescent studies of the control beacons (dROX-AuNP and aDL680-

AuNP), the NSET-FRET beacon, the dROX-aDL680 FRET pair, and the free DNA controls 

(dROX and aDL680) were performed and are shown in Figure 7.3 (left). The FRET pair 

spectrum, with the subtraction of the directly excited emission contribution from aDL680, shows 

an EFRET of 0.43 ± 0.10. The dye-dye distance extracted from the FRET theorem, where ROX-

DL680 R0= 67 Å value, of is 73 ± 7Å. The theoretical distance between 18 basepairs in duplex 

DNA where 3.4 Å is allotted per basepair and C6 dye linkers is 73 Å [253].  

Photoluminescent NSET and NSET-FRET studies with dROX, were performed by 

comparing ROX emission intensity in an dROX-AuNP sample with that of the NSET-FRET 

beacon (Figure 7.3 - right). As loading with the dROX-complement duplex and the dROX-

aDL680 consistently resulted in variable amounts of DNA on the AuNP surfaces, it was 

exceptionally difficult accurately quantify the degree of ROX quenching when dROX was 
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complement strand, the red dotted line represents the small DL680 population 
directly excited by λex=550 nm, and the solid black represents the FRET 
spectra after subtracting the directly excited DL680 contribution. 
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appended to the AuNP with an acceptor (aDL680) relative to quenching without an acceptor 

(dROX-complement). It is clear, however, that the ROX emission intensity decreases in the 

NSET-FRET beacon, relative to the dROX-AuNP conjugate; it is simply not easily quantifiable 

as to how much the ROX emission decreases. A decrease in emission intensity in the presence of 

an extra acceptor (aDL680) is not surprising, as another non-radiative pathway, kFRET, is now 

presented to the ROX donor, decreasing the efficiency of the radiative rate, kr. To properly 
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Figure 7.4: Lifetime decay data of the (top left) free dROX sequence (τ0 =4.4 
± 0.1ns), (top right) the dROX-aDL680 FRET complex (τ’=2.8 ± 0.1ns), 
(bottom left) the dROX-complement-AuNP beacon (τ’=2.1 ± 0.1ns), and 
(bottom right) the NSET-FRET beacon (τ’=1.9 ± 0.1ns). Residuals of the 
AuNP-based fits (ROX NSET and FRET-NSET) are shown below the 
corresponding lifetime plots. 
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quantify the degree of increased ROX quenching in the NSET-FRET beacon, lifetime analysis 

the ROX donor, where the lifetimes obtained are independent of concentration, is essential. 

  The observed lifetimes of the ROX donor, extracted energy transfer rate components, 

and NSET-FRET beacon component separation distances are displayed in Table 7.2. The 

collected fluorescence decay curves for the ROX donor in the various beacons (dROX-

complement-AuNP) as well as the residual fits for the AuNP-based ROX systems are shown in 

Figure 7.4. The lifetime for ROX in the absence of acceptors, τ0, was measured to be 4.4 ± 0.1ns 

ns while the modified lifetime of ROX, τ’, in the NSET-FRET beacon (in the presence of both 

the AuNP and DL680 acceptors) is 1.9 ± 0.1ns. In the modified NSET-FRET equations 

described earlier (eqn. 7.6), this lifetime correlates to an experimental ROX-AuNP separation 

distance of 139 ± 7 Å. Using the Clegg model for duplex DNA appended to a nanoparticle 

surface at these basepair lengths (146 Å), the theoretical lifetime for the ROX donor is τ’=1.8 ns. 

The experimental ROX lifetime in the dROX-aDL680 FRET pair is 2.8 ± 0.1ns, which 

corresponds to an ROX-DL680 separation distance of 75 ± 7 Å following the FRET model 

(R0=67 Å). Following the Clegg model for a 20 basepair separation, plus C6 thiol linkers  

appending each dye, the theoretical dye-dye distance in the ROX-DL680 FRET pair is 73 Å, 

correlating well to the lifetime-derived experimental distance [262]. Little discrepancy is 

observed in the EFRET values between the photoluminescent study (PL EFRET=0.43) and the 

lifetime analysis (τ’ EFRET=0.36). As lifetime measurements are concentration-independent, the 

simpler measurement in this NSET-FRET beacon study is undoubtedly lifetime analysis. In both 

energy transfer mechanisms taking place in this NSET-FRET beacon, the extraction of 

 τ0 (ns) τ’ (ns) τ’theo (ns) E’ Etheo R0 (Å) R0-Clegg (Å) 

ROX (free) 4.4 ± 0.1 ---- ---- ---- ---- ---- ----- 

ROX-DL680 FRET ---- 2.8 ± 0.1 2.8  0.36 0.36 73 ± 7 73 

ROX-NSET ---- 2.1 ± 0.1 2.5 0.51 0.44 136 ± 7 (d0) 146 

NSET-FRET ---- 1.9 ± 0.1 1.8 0.56 0.58 75 ± 7,139 ± 7 73,147 

 

 

       

Table 7.2: Table of the extracted NSET, FRET, and FRET-NSET values using 
experimental ROX lifetimes (τ’) and eqn. 7.6 and 7.7. 
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separation distances from eqn. 7.6 and 7.7 (FRET distances and NSET distances) is possible 

from experimentally measured lifetimes. 

 

7.4 Conclusion 
 

 Manipulation of common energy transfer components within the NSET and FRET 

models led to the experimental capability, and mathematical correlation, to track variable 

distance ranges in an example biomolecule, duplex DNA. Whereas previous groups have utilized 

large metal nanoparticles to enhance the FRET R0 value to attain longer-range FRET 

measurements, a obvious lack of control over the extendable R0 value is observed [196-198]. In 

this chapter, an additional, non-enhancing NSET component was added to the FRET-style 

complex in an effort to locate multiple contact points over variable distance ranges.  

As biomolecular structures are comprised of individual units (molecules, basepairs, 

amino acids, etc.) as well as global structures built from the building-block units (nucleic acid 

secondary structures, peptides, proteins, etc.), a tool combining two separate, yet relevant 

distance skills is valuable to the biophysical community. In this chapter, demonstration of the 

NSET-FRET beacon’s mathematical predictability provides immediate applicability. 
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