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Abstract 

The goal of this thesis work was to explore the interactions between a series of 
ruthenium complexes and the human telomeric DNA sequence. Specifically, this 
work investigated the ability of [Ru(bpY)zL]z+ and [Ru(phen)zL]z+ complexes to act as 
G-quadruplex (GQ) stabilizing ligands (bpy = bipyridine, phen = phenanthroline, L = a 
polypyridyl derivative of dipyridophenazine (dppz». [Ru(bpYMdppz)]z+ and 
[Ru(phenMdppz)]z+ are known to bind to GQ DNA, though not selectively and also to 
display molecular light switch activity upon interaction with DNA. The ruthenium 
complexes were studied in this work with several UV-visible and fluorescent 
techniques to determine the ability of each to stabilize GQs, selectively bind to GQ 
DNA over duplex DNA, and act as a molecular light switch. The binding affinity of the 
complexes to GQ DNA was determined by absorbance titration and the binding 
stoichiometry has been determined by Job plot. Several complexes have been 
identified as strongly stabilizing and reasonably selective for G-quadruplexes, 
including [Ru(bpyMmezaliox)]z+. This work suggests that particular substitution 
patterns, such as modification of the C2 and C4 positions of the 
pteridinophenanthroline scaffold, are favorable for ruthenium complex-GQ 
interactions and that use ofphenanthroline instead of the bipyridine ligands does 
not significantly impact the stabilization ability of the complex, suggesting that the 
interaction between Tel2 2 and the ruthenium complexes does not involve the 
phenanthroline or bipyridine ligands. Additionally, the fluorescent behavior of these 
complexes in the presence of GQ DNA was explored; none were found to be as 
strongly affected by the presence of GQ DNA as [Ru(bpYMdppz)]z+, which shows a 
marked increase in fluorescent signal upon addition of DNA. 
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Introduction 

DNA replication, the end-replication problem, and telomeres 

The elucidation of mechanisms of genetic mortality was greatly influenced by 

the work of Leonard Hayflick, who in 1961 formulated what would become the 

Hayflick limit (1). Hayflick discovered that there is a limit to the number of divisions 

that somatic cells will undergo in cell culture; after 40-60 divisions, the cells cease 

proliferation. This limit of cell life is related to DNA replication process during which 

linear chromosomes are shortened, leading to the end replication problem(2). 

The semiconservative model of DNA replication is shown in Figure 1. The 

synthesis of new DNA strands occurs in two directions: the leading and lagging 

strands. The template is read 3' to 5', which results in the synthesis of a new strand 

in the 5' to 3' direction (3). Due to the antiparallel polarity of the DNA helix, 

synthesis on one strand (the leading strand) follows the replication fork and can be 

formed continuously, but the extension of the other strand moves in the opposite 

direction as the replication fork. DNA primase makes a short RNA primer that is 

extended in the 5' -> 3' direction. The primer is created near the replication fork and 

extension proceeds in the usual 5'->3' direction until the polymerase reaches the 

primer of the previously synthesized piece (known as a Okazaki fragment). The 

polymerase dissociates and the primer is removed. Another DNA polymerase fills 

the remaining gap, and the two separate segments are connected by a DNA ligase. 
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Figure 1. Illustration of the end replication problem. DNA polymerase requires a primer 
to initiate replication. The antiparallel polarity of the DNA duplex entails that the 
polymerase cannot replicate the entire chromosome; each round of replication will result 
in the shortening of the telomere. (4) 

The synthesis of the leading strand requires one primer and continues until 

termination of the replication process or until the end of the chromosome is 

reached. However, the lagging strand synthesis, which is dependent on the 

continued synthesis of RNA primers at the downstream end of the template, cannot 

completely replicate the whole chromosome. When the end of the chromosome is 

reached, DNA primase synthesizes a primer, and DNA polymerase performs the 

usual extension of the 3' end. When the primer dissociates, there is no room for a 

new extension, so the synthesized strand is shorter than the template. Each 

subsequent replication of a linear chromosome results in the loss of a DNA fragment 
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from the terminal ends of the chromosome. This became known as the end 

replication problem (5). 

The discovery oftelomeres by Elizabeth Blackburn in the mid 1970s 

introduced a possible solution to the end replication problem (6,7). Telomeres are 

long regions of nucleotide repeats found at the end of the linear chromosomes of 

most eukaryotes. They comprise double-stranded tandem repeats (TTAGGG in 

human and other vertebrates) followed by a short single-stranded 3' overhang, 

which can can be eroded through the course of DNA replication without the loss of 

encoding genetic material (8). Prokaryotic chromosomes, which usually circular 

rather than linear, do not have telomeres, since the loss of genetic information 

through premature replication termination is not an issue. Telomeres, together with 

a set of proteins, serve as "caps" to protect the ends of chromosomes from 

degradation, fraying or being recognized as double-stranded breaks (DBS). In the 

absence of telomeric protection, the chromosome could be mistaken for damaged 

DNA and be targeted by cellular protection mechanisms such as homologous 

recombination, exonuclease degradation, or non-homologous end joining, and may 

trigger apoptotic defense mechanisms (3,5). 

The discovery of the telomere is consistent with the earlier findings of 

Hayflick. The telomere length is correlated to the number of divisions the cell may 

undergo. When the telomeres reach a critical length (after many replication events), 

the cell may undergo programmed cell death (apoptosis) or enter a quiescent state 

known as replicative senescence (9). Senescent cells are not considered dead, but do 
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not undergo cell division. This is viewed as a prevention mechanism against 

genomic instability, which may lead to cancer. 

Telomerase and G-quadruplexes 

Telomerase 

One of the hallmarks of cancer cells is the acquisition of replicative 

immortality (10). The concept of immortality appears to run counter to the findings 

that the shortening of the telomere upon successive divisions should result in the 

senescence of the cell. It appears that there must be a means of extending shortened 

chromosomes or preventing the initial erosion. Telomere length can be maintained 

by the enzyme telomerase (11). 

Extension of chromosomes by telomerase confers replicative immortality, 

preventing the degradation of chromosomal information (12). Telomerase is a 

ribonucleoprotein containing a nucleic acid component in addition to its catalytic 

protein component (Figure 2). The catalytic protein has reverse transcriptase 

function and extends the 3' single-stranded overhang of the telomere, which means 

that the reverse complement strand can subsequently be synthesized by the normal 

extension of DNA polymerase, as previously described. An RNA component is the 

template for the telomeric repeat extension; only a short RNA sequence is needed, 

since the telomeric region consists of tandem repeats. Telomerase functions to add 

to the telomeric repeats that were lost during replication and utilizes the single

stranded telomere overhang as substrate. The protein component of telomerase is 

known as hTERT (human telomeric reverse transcriptase) while the RNA 

4 



component is known as hTR (human telomeric RNA). It has been shown that hTERT 

is upregulated in cells such as embryonic and adult stem cells germline cells (2). In 

these cells, it functions specifically to increase the cellular lifespan by allowing for 

division without shortening of chromosomes. 
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Figure 2. Structure of the enzyme telomerase with its substrate. the telomere Telomerase 
has an RNA template that acts to extend the single-stranded end of the DNA (13) 

Normal somatic cells do not express telomerase; however, 85·90% of tumors 

have activated telomerase (14). In 5·10 % of cancers that do not upregulate 

telomerase the alternative lengthening of telomeres (AL 11 pathway is often 

u pregulated instead (8); this pathway is beyond the scope ofthis thesis. Inhibition 

of telomerase has been shown to stop cell proliferation, making it an attractive 

target for anti· cancer treatments (15). Telomerase can be inhibited by blocking its 

substrate, the single·stranded telomeric region. This region can form a secondary 

structure known as a G·quadruplex (GQ), due to the abundance of guanine residues 

(16). The formation ofGQ structures at the telomere may prevent telomerase from 

binding to its substrate, thus inhibiting telomerase or prev enling nonn al lelom ere 
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function in cancer cells (17,18). Telomerase inhibition would lead to telomere 

shortening, the loss of replicative immortality, and eventual tumor growth suppression. 

To this end, stabilization of GQ structures is a current topic of interest in oncological 

research (19, 20). 

G-quadruplexes 

G-quadruplexes (GQs) are a non-canonical DNA secondary structure formed 

by guanine-rich sequences. Four guanine bases can form a G-quartet, which is held 

together by Hoogsteen hydrogen bonds and is stabilized by a monovalent cation 

such as Na+ or K+ (Figure 3). Then-n stacking of these planar Q-quartets can lead to 

the G-quadruplex structure. 

A) B) 

Loop 3 

r r 

/ 1 ,/ 

/ / 
/ / 

Loop 2 

Figure 3. (A) Representation of a G-quartet, which is composed of four guanine residues 
that bonded through Hoogsteen hydrogen bonding. The central metal cation may be Na+ 
or K+. (B) Schematic of a G-quadruplex, which is stabilized by the rr-:rtstacking of the G
quartets. (21) 
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There is a great deal of variation possible between G-quadruplexes. GQs can 

form from DNA or RNA and have varying strand stoichiometries, numbers of G

quartets, and strand orientations. An intramolecular GQ composed of a single strand 

of nucleic acid is referred to as a unimolecular, while intermolecular GQs formed 

from two or four strands are bimolecular or tetramolecular, respectively. Though 

trimolecular GQs are possible, the formation of homogeneous trimolecular GQs is 

difficult (22) . As most biologically significant GQs have 2-4 stacking G-quartets, DNA 

that can form GQs must have runs of containing at least 2-4 guanines. Loop regions 

of varying length separate the guanine runs. The typical sequence for a unimolecular 

GQ is (G2-4Xn)4, where X can be any other nucleotide and n is variable between 1 and 

X. Bimolecular GQs are formed from hairpin dimers, where each strand has the 

formula G2-4XnG2·4. Tetramolecular GQs have less stringent sequence constraints, as 

they need only contain one G-run. These are less biologically relevant but find 

applications in nanotechnology (23). Regardless of strand stoichiometry, strand 

polarity (direction of the backbone strand from 5' to 3') is another source of 

variation. If all strands are oriented in the same direction, the GQ is parallel; if two 

strands are orientated in one direction and two strands in the reverse and the 

strands alternate polarity around the edge of the quadruplex, the GQ is antiparallel. 

Many conformations containing a mixture of strands also exist, and several 

important GQs assume a mixed conformation. GQs are polymorphic secondary 

structures that may have very different buffer-dependent conformations. For 

example, the human telomeric sequence (TTAGGG)n, a GQ-forming sequence of 
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particular interest as a selective target for cancer treatment, can form an 

antiparallel, parallel, or mixed hybrid GQ in different conditions (Figure 4). 

Antiparallel 
Basket 

Mixed 
Hybrid 

Parallel 
Propeller loop 

Figure 4. Several conformations of the Te122, GGG(TTAGGG)3' a 22mer repeat of the 
human telomeric repeat sequence. The antiparallel basket forms in the presence of 
sodium ions (left), the mixed hybrid conformation forms in low concentrations of 
potassium ions, and the parallel propeller loop forms in high K+ or crowding conditions. 
(24) 

The conformation of the GQ can be measured by circular dichroism (CD), 

which is a chiral spectroscopic technique based on differential absorbance of left 

and right circularly polarized light. The helical stacking of G-quartets in a 

quadruplex results in chirality (25). Previous studies have elucidated the correlation 

between CD spectra and strand polarity, which allows for the determination of the 

structure of the quadruplex from its CD spectrum (26). The CD spectrum of a parallel 

GQ has a positive peak at around 260 nm and a negative peak at 240 nm, while an 

antiparallel GQ shows a positive signal at around 290 mn and a negative signal at 260 

mn (27,28). Mixed hybrid structures show characteristics of both spectra, with a strong 

positive peak at 290 mn, a shoulder at 265 nm and a smaller negative peak at 240 mn 
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(26). These possible structures for the same DNA sequence under different conditions 

indicate the conformational heterogeneity of quadruplexes. 

One present field of cancer therapeutics aims to stabilize quadruplexes in the 

human telomeric DNA sequence with the intent of preventing the extension of the 

human telomeric sequence (15,17,26,29-33). GQs have other potential applications 

in biotechnology. The human genome contains over 360,000 sequences with GQ

forming potential (QFP). The DNA sequences of interest to our lab are human 

telomeric repeats and oncogene promoters. The telomeric sequences have been 

mentioned already; oncogene promotors such as c-myc, c-kit, and bcl-2 have been 

shown to be very G-rich (21,34). Studies correlating GQ-forming potential and gene 

function have found high QFP in proto-oncogenes and low QFP in genes classified as 

tumor suppressors (21), all of which are potential targets for GQ ligands. 

Stabilization by G-quadruplex ligands 

Many small-molecule GQ ligands have been identified and successfully tested 

in cancer cell lines, including macrocycles such as telomestatin and cationic 

porphyrins (30,35,36). The stabilization of GQs is the subject of much study, 

especially as a potential cancer treatment. Ligands for GQs tend to share two 

common chemical motifs, positive charge and planarity. Cationic molecules easily 

bind to the negative charged phosphate backbone of DNA, while molecules with 

planar aromatic surfaces can interact with the aromatic DNA bases through 

intercalation or end-stacking. In order to be therapeutically useful, GQ ligands must 

also be selective for the quadruplex structure over double-stranded (ds) DNA. 
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Other than the positive charge and the ability to engage in 11-11 stacking, the 

characteristics of selective GQ stabilizers have not yet been fully elucidated, though 

recent studies have shown that GQ ligands with aromatic regions connected by a 

long tether have strong GQ binding properties (37). 

To be a good GQ ligand, compounds must first stabilize the G-quadruplex. 

This stabilization is measured by the change in the melting temperature of the GQ 

upon addition of the molecule. Stabilization temperature greater than 10°C is 

considered promising for further investigation of the ligand. This exploration can be 

performed using UV-Vis, circular dichroism, or fluorescence-based spectroscopy 

techniques. GQ ligands must also be selective for the quadruplex structure over the 

native duplex. Selectivity is evaluated by measuring the change in melting 

temperature upon addition of competitor duplex to the quadruplex and ligand. If the 

ligand is not selective, the melting temperature will decrease upon addition of the 

competitor. Compounds that are both selective and stabilizing can be further 

characterized by experiments to determine binding stoichiometry and optimal 

binding conditions. 

Ruthenium complexes as GQ ligands 

While planar macrocylic compounds such porphyrins are well-studied GQ 

ligands, metal complexes with planar aromatic ligands also have been shown to 

successfully bind GQ DNA (38). Dinuclear and monometallic ruthenium complexes 

that bind GQs are among the molecules that have been identified (39). Many recent 

studies have detailed the binding of octahedral ruthenium complexes to GQs, 
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particularly the human telomeric DNA sequence (40-44). Two of the best studied 

compounds are [Ru(bpYMdppz)]2+ and [Ru(phenMdppz)]2+ (bpy =2,2'-bipyridine, 

phen = 1,10-phenanthroline, dppz = dipyrido[3,2-a:2',3'-c]phenazine). These 

complexes have been shown to bind to GQs, particularly the human telomeric 

sequence, but do not bind selectively to quadruplexes over duplex DNA, though they 

do show selectivity for GQs over another non-canonical secondary structure of DNA 

known as the i-motif (45,46). These compounds will be the basis for this study and 

will be discussed in greater detail. A related complex, [Ru(bpY)2dppz-idzo F+ (dppz-

idzo = dipyrido-[3,2-a:2',3'-c] phenazine-imidazolone), was shown to demonstrate 

strong fluorescence in the presence of GQ DNA, stabilize the GQ conformation, and 

induce the formation of an anti parallel G-quadruplex structure in the absence of the 

metal cations usually required (47). Recently, the complexes [Ru(bpY)2(ptpn)F+ and 

[Ru(phen )2(ptpn )F+ (ptpn = 3- (1,10-phenanthroline- 2-yl)-as-triazino [5 ,6-f] 1,10-

phenanthroline)) were shown to promote the formation and stabilization of a 

quadruplex in a human telomeric repeat sequence and exhibited high G-quadruplex 

DNA selectivity over duplex DNA (44). These compounds were also tested in 

biological studies and were shown to inhibit telomerase. The discovery of new 

ruthenium complexes as effective stabilizing ligands for GQs is the focus of this 

study. 

Ruthenium polypyridyl complexes: [Ru(bpylz(dppz)f+ and 
[Ru(phenlz(dppz)f+ 

Two such complexes of particular interest are [Ru(bpyMdppz)f+ and 

[Ru(phenMdppz)]2+. These complexes are known for their strong interactions with 
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nucleic acids, including their roles as molecular light switches (48-50). The 

molecular light switch effect was identified in 1990, when the Barton lab 

demonstrated that the complex [Ru(bpYMdppz)]2+ shows no luminescence in 

aqueous solutions but has a marked increase in the fluorescence signal upon the 

addition of dsDNA (48); this behavior became known as the molecular light switch 

effect (48). The molecular light switch effect is the increase in fluorescence emission of a 

sample in the presence of nucleic acids due to intercalation between the aromatic bases, 

which protects against the quenching usually observed as a result of interactions with the 

solvent (50). In aqueous solutions, the emission of the complexes are quenched by 

the solvent; however, in the presence of DNA, the dppz ligand intercalates between 

the bases and displays an intense luminescence (51). The observed emission is a 

metal-to-ligand charge transfer (MLCT) thought to involve the excitation of a 4d 

electron on the ruthenium (II) to a low lying n* molecular orbital localized on the 

dppz ligand (52), which is supported by recent computational studies (53). The 

[Ru(bpYMdppz)]2+ complex is an effective light switch due in part to its intercalating 

ability (54); the strength of the effect in the presence of the nucleic acid a result of 

competing energetic and entropic factors favoring the dark and bright states, 

respectively (49). 

The molecular light switch phenomenon was originally demonstrated in 

dsDNA, but has also been identified in GQs (51, 55). Several recent studies have used 

modified dppz ligands to produce a colorimetric light switch effect that is visible 

without the requirement of a fluorimeter (47,56). These ruthenium complexes use 

ligands that have similar structural characteristics to dppz, indicating that variations 
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on the dppz scaffold may be useful in modulating binding to G-quadruplexes. The 

light switch effect has been shown to be a useful probe for cellular DNA (57). 

However, the canonical [Ru(bpYMdppz)]2+ light switch is not selective for GQ DNA; a 

GQ-selective light switch could be used in an assay to visualize quadruplexes. 

The compounds under study in these experiments are of the form 

[Ru(L'ML)]2+ where L' = bipyridine or phenanthroline, and L = a fused heterocycle (in 

this work, L' is called the ancillary ligand; L is the experimental ligand). These 

compounds are derivatives of the well-studied molecular light switches 

[Ru(bpYMdppz)]2+ and [Ru(phenMdppz)]2+. 

The terminal ring in the conjugated dipyridophenazine ligand has been 

modified in several ways. The terminal ring of the dppz ligand has two carbon atoms 

that have been substituted with nitrogen atoms. Though the experimental ligands 

will be called dppz derivatives, it is more precise to say that the scaffold is based on 

pteridinophenanthroline than on dipyridophenazine (Figure 5). The substitutions 

made to the experimental ligands are primarily concerned with C2 and C4 of the 

terminal ring, which is either oxidized to a carbonyl or aminated. These ruthenium 

complexes were synthesized by the Burgmayer group at Bryn Mawr and are meant 

to add a pterin group, which is structurally similar to a guanine residue (Figure 6), at 

the end of the ligand in order to promote hydrogen bonding and other stabilizing 

interactions. 
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Figure 5. Comparison of the structures of dipyridophenazine (left) and 
pteridinophenanthroline (right). The complexes in this study are substituted 
pteridinophenanthroline derivatives. The atom numbers for the terminal ring are indicated 
on the structure and match the descriptions in the text. 
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Figure 6. Comparison of the structures of pterin (left) and guanine (right). 

The structure of the experimental ligands L are shown in Table 1 (for 

structures of the ruthenium complexes} see Table 4 and Table 5). Five of the ligands 

have a carbonyl at the C4 position} while the C2 position can be unsubstituted 

(keto)} bear a primary amine (pterin) or have a second carbonyl (allox). The 

me2allox experimental ligand} like the allox ligand} is an imide} but the endocyclic 

nitrogen atoms at the 1 and 3 positions are both methylated. The aap ligand is the 

ring cleavage product of the pterin ligand} and is an amino} amido-substituted 

pyrazinophenanthroline (58). The oxidation of the endocyclic carbon results in the 

loss of aromaticity in the distal ring of the ligand. Additionally} the carbonyl group is 

an electron withdrawing group; the combined effects of the electron withdrawing 
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substituents and coordination to the metal will reduce the electron density of the 

aromatic system (39). Electron-poor systems may have stronger 11 interactions with 

the electron rich aromatic system of the G-quartet due to decreased electronic 

repulsions (59). The other two experimental ligands studied have electron-donating 

amine groups in the C4 (amino) or C2 and C4 (diamino) positions, These 

substitutions are varied enough to demonstrate the effects of electron withdrawing 

and donating groups as well as steric bulk on the ability of the ruthenium complexes 

to bind to G-quadruplex DNA. The systematic nature of these ligand substitutions 

will allow for elucidation of the nature of the relationship between the quadruplex

binding ligand and the Tel2 2 GQ, In this study, the name of the ligand will be used to 

refer to the [Ru(bpY)zL]z+ complex, while the ligand designation with the letter p 

appended to the beginning is used to indicate that phenanthroline is the ancillary ligand 

and the complex is a [Ru(phen)zL]z+ complex, Therefore, amino refers to 

[Ru(bpy}z(amino)]z+, while pamino refers to [Ru(phen}z(amino)]z+, 
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Table 1. The identity of the experimental ligands L of the compounds under study. The 
amino and diamino ligands have been modified with primary amine groups on the ring 
system. The allox, me2allox, keto, pterin, and aap ligands have been modified to have an 
amide with a carbonyl at the C4 position. 

I~ 
N 

dppz allox mezallox keto 

pterin ammo diamino aap 

The goal of this work is to explore the effect of substitution of the dppz ligand 

on the GQ binding ability of fRu(bpy )2L 12+ and fRu(phen)2L 12+ complexes by utilizing 

UV -visble and fluorescent methods for measurement. The stabilization, selectivity and 

binding affinity will be explored, as will the ability to act as a molecular light switch. 
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Investigation of the interactions between GQs 
and ruthenium complexes 

Materials 

Oligonucleotides. 

The fluorescently-labeled oligonucleotide 5' -Fam6-

GGGTTAGGGTTAGGGTTAGGG-Dabcyl-3' (F21D) was purchased from IDT (Texas, 

USA), diluted to 100-120 f.LM in Millipore water, and stored at - 80°C. Genomic calf 

thymus (CT) DNA was purchased from Sigma Aldrich (Missouri, USA), dissolved in 10 

mM LiCac pH 7.2 and 1 mM sodium EDTA and stored at 4 °C with gentle inversion. 

After four days, the sample was centrifuged to remove undissolved DNA and the 

supernatant was transferred to a clean eppendorf and stored at 4 °C for not more than four 

months. The oligonucleotide AGGGTTAGGGTTAGGGTTAGGG (TeI22) was 

purchased from Midland Certified Reagent Company (Midland, TX), dissolved in 

Millipore water to ~1 mM, and stored at 4 0C. The concentration of DNA stock solutions 

was determined via UV -vis using extinction coefficients listed in Table 2. 

GQ-forming sequences were annealed before study to denature any non-specific 

secondary structure formed and to allow the formation of the thermodynamic quadruplex. 

To anneal the DNA, the sample was heated for 10 minutes at 90°C, slowly cooled to 

ambient temperature over 3-4 hours, and stored at 4 °C overnight. The conformation of 

all DNA was verified using circular dichroism spectroscopy. 
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Table 2. DNA sequences under study. 

Name Sequence Description £260 

(mM-1 

em-I) 

F21D 5' -Fam6-GGGTTAGGGTTAGGGTTAGGG-Dabcyl-3' Fluorescent 247.6 
analogue of 
the human 
telomeric 
sequence 

Tel22 AGGGTTAGGGTTAGGGTTAGGG Human 228.5 
telomeric 
DNA 

CT Variable Genomic calf 12.2 
DNA thymus DNA (per 

base 
pair) 

Buffers. 

A cacodylic acid/cacodylate buffer was prepared from cacodylic acid (pKa = 6.3) brought 

to pH 7.2 with LiOH. All buffers were supplemented with K+ and Na+ to promote 

quadruplex formation and with Lt to maintain ionic strength at 110 mM. It is known 

that Li+ does not support quadruplex formation (60). The list of buffers is shown in 

Table 3. 

Table 3. Buffers used in the experiments 

Buffer name Total ionic Lithium cacodylate Salts 
strength concentration 

LiCac IOmM IOmM None 
LiCac + EDTA 12mM IOmM 1 mMNazEDTA 
5K 1l0mM IOmM 5mMKCl 

95 mMLiCI 
lOOK 1l0mM IOmM 100 mM KCl 
50Na 1l0mM IOmM 50 mMNaCI 

50 mMLiCI 
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[Ru(bpY)2Lf+ and [Ru(phen)zLf+ Complexes. 

Six-coordinate ruthenium complexes were obtained in powder form from the 

Burgmayer laboratory (Bryn Mawr. FA) and stored at -20°C. Each complex was 

dissolved in 5K or 50Na buffer to a concentration of 0.5 -1.5 mM and stored at - 20°C. 

Solvation of the complex was performed in an eppendorf tube with a sonication bath. as 

the complexes have low solubility in the buffers used in this study. Concentrations were 

determined using extinction coefficients previously determined in pH 7 phosphate buffer 

(58.6\) under the assumption that the extinction coefficients are similar in phosphate and 

cacodylate buffers. 
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Table 4. [Ru(bpY)2L]2+ complexes studied. The extinction coefficients of the complexes 
were determined by the Burgmayer group at Bryn Mawr (58,61). 

Structure Ligand Abbreviation A (nm) £ (M-1cm-1) 

cc9 1 "" N "" 356 17973 
", I /'gr'X) dipyridophenazine dppz 369 17879 Ru 1 
CXO~N ~ fip I N I N 440 16200 
~ ~ p 

1# 

cf? 1 "" N I "" 0 2,4- 382 15200 

OiW:~!' Diketopteridino[ 6,7 allox 425 17500 
I N I H -f]phenanthroline 450 18000 

~ ~ p 

1# 

cf? 1 "" N "" 0 1 ,3-Dimethyl-2 ,4- 373 17432 

ot~~~ diketopteridino[ 6,7 - me2allox 386 17600 
I N I I f]phenanthroline 445 14700 

~ ~ p 

1# 

0:9 1 "" N "" 0 4-keto-

otgx'~J pteridino[6,7 - keto 
372 12015 
438 12722 I NN N j]phenanthroline ~ N I 

~ p 

1# 

cf? 380 16800 "" '" 2-Diamino-4(3H)-1 N "" 0 

OiW'~! oxopteridino [6,7- pterin 
420 24317 
440 23074 

I N I NN NH, f]phenanthroline 
455 21900 ~ ~ p 

1# 

cf? "" '" 4-1 N I "" NH, 

ot~'r; Aminopteridino[6,7 
410 17100 

ammo 
445 14800 

I I NN -f]phenanthroline ~ N-..::::; # 

1# 

cf? 1 "" N I "" H,N 2,4-OiW:X>,", Diaminopteridino[ 6 diamino 
427 22251 
463 17556 

,7 -f]phenanthroline ~ N--<:: # 

1# 

~ 

I'" gx "' 2,-amino-3-
"" N ... J / N , N~O amidopyrazino[ 5,6-

451 16489 
/R"~ 1 aap 

416 15799 CXO ~ N"" NH, f]phenanthroline "'" I N", I # 
1# 
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Table 5. [Ru(phen)2Lf+ complexes investigated in this study. The extinction coefficients 
of the complexes were determined by the Burgmayer group at Bryn Mawr (58,61). 

Structure Ligand 
Abbreviation A (nm) I:: (M-1cm-1) 

used 

:;xr I ~ " gx 0 
2,4-

?ft::::+<: : I ::(10 
Diketopteridino[ 6,7 pallox 

435 14415 
385 15808 

I N IH -fJphenanthroline 
""- '" # 
~ 

~ '" I 

I :',J'gx"l '/ 1,3-Dimethyl-2,4-
/ RU I )" diketopteridino[ 6,7- pme2allox 405 11794 

L N I "N ""- N'" N 0 fJphenanthroline 
D) I # I 

""- I # 

~ "" '" 4-
I /"l/Sc"t:, Aminopteridino [6,7 pammo 390 14471 
? N/ I " ""- ~) I N N N -fJphenanthroline ""- N ~ I # 

~ 

Methods: 

Methods for studying GQ DNA alone 

Circular Dichroism Spectroscopy 

Circular dichroism (CD) spectra were collected using an AVIV 410 spectrometer. 

Temperature was monitored with a Peltier heating unit, with accuracy of ± 0.3 K. Spectra 

were collected between 220 and 330 nm using an averaging time of 1 second and 

bandwidth of 1 nm at 25°C in 1 em or 1 mm quartz cuvettes. Three scans were collected 

and averaged, baseline corrected using the CD spectrum of a buffer in the same cuvette, 

and zeroed by subtracting the average signal between 320 and 330 nm. The CD signal 

was converted to molar ellipticity using the following equation: 
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/1.8 ~ S(m deg) 
C(M) X l(em) X 3.298 X 104 

where 8 is the CD signal. C is concentration of DNA. and I is the cuvette pathlength. 

Spectra were smoothed using a Savitzky-Golay smoothing filter with a 13-point quadratic 

function. 

UV-Visible Spectroscopy 

UV-Vis Thermal Difference Spectra (TDS). 

Thermal difference spectra are used for confirming the secondary structure of nucleic 

acid sequences (62) in combination with CD spectroscopy. The absorbance difference 

between the folded and unfolded state in the ultraviolet region can be matched to 

characteristic spectra for a variety of nucleic acid secondary structures. The difference is 

determined by recording the UV -vis spectrum significantly above and below the melting 

temperature of DNA. The characteristic spectrum of GQs involves large positive peaks at 

243 and 273 nm and a negative trough at 295 nm (62). 

Unannealed DNA samples were diluted to 2.5 f.LM in LiCac buffer and heated in 1 

cm quartz cuvettes. At 90°C. 1 M KCl was added to a final concentration of 100 mM. 

After 5 min at 90°C. the UV -Vis spectrum was collected. The samples were cooled to 4 

°C over the course of 3-4 hours and another absorption spectrum was taken after 

equilibration at 4 °C overnight. when the DNA was completely folded. In some 

experiments. DNA samples were annealed in eppendorftubes using a heating block and 

allowed to cool slowly to 4 0c. A UV -Vis spectrum of the annealed sample was collected 

and the samples were heated to 90°C using the thermal controls on the 
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spectrophotometer. After five-minute equilibration, the absorption spectrum was 

collected again. 

In both cases, to obtain the TDS, the spectrum of the cooled sample (4°C) was 

subtracted from the spectrum of the 90 °C sample. The resulting difference spectrum was 

manually zeroed using averaged absorbance in the 3\5-360 nm region and normalized by 

dividing the raw data by the maximum change in absorbance. 

Methods for studying the interaction of GQ DNA with ligands 

UV-Visible Spectroscopy 

Instrument 

All spectra were collected on a Cary300Bio (Varian) UV -Vis spectrophotometer with a 

Peltier-thermostated cuvette holder (temperature accuracy ± 0.3 °C). For DNA, data were 

collected between 220 nm and 330 nm; for ruthenium complexes, the wavelength range 

was 352 nm to 670 nrn. Data pitch of 0.5 nm and averaging time of 1.0 sec were used. 

Spectra were baseline corrected with buffer alone and collected at ambient temperature 

unless otherwise noted. 

Titration. 

Changes in the absorbance spectra of the [Ru(bpY)zL]z+ or [Ru(phen)zL]z+ ligands upon 

interaction with GQ DNA were analyzed to determine binding affinity and stoichiometry. 

A solution of ruthenium complex (10-20 [.1M) was prepared in 5K buffer in a quartz 

cuvette. GQ DNA was annealed at 0.75 -1.0 mM in the same buffer, and ruthenium 
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complex was added to this solution immediately before titration to maintain the same 

concentration in both solutions. For the titration. 0.5-10 f.Ll aliquots of stock DNA 

solution were added to the [Ru(bpY)zL]z+ or [Ru(phen)zL]z+ complex. mixed thoroughly 

and allowed to equilibrate for two minutes. The absorption spectra were collected. The 

titration was considered completed when further addition of DNA resulted in no change 

in absorbance spectrum of ruthenium complex. The value of the binding constant was 

determined by direct fitting (see Determination of Binding Parameters). The 

concentration of binding sites was determined by multiplying the concentration of Tel22 

by the binding stoichiometry. Hypochromicity. which quantifies the decrease in 

absorbance and is a result of electronic 

%hypochromicity = 

Method of Continuous Variation. 

ERu alone - ERu +Tel22 

ERu alone 
x 100% 

This method. also known as Job's method, is used to determine the stoichiometry of a 

binding event (63). In this method, titrations are performed using solutions of ruthenium 

complexes and Tel22 of equal concentration; two titrations are needed to complete the 

Job plot, which requires accessing a range of ruthenium complex mole fractions from 0 to 

1. The mole fraction of the ruthenium complex is defined as the number of moles of the 

ruthenium complex divided by the total number of moles of ruthenium complex and 

Tel22 DNA, and is used to determine binding stoichiometry (64). 

In the first titration, the sample and reference cells each contain the same solution 

of ruthenium complex in 5K buffer. Aliquots of an equimolar solution of annealed Tel22 

DNA in the same buffer are added to the sample cell. An equal volume of buffer is added 
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to the reference cell to account for sample dilution. After a two-minute equilibration. the 

UV -vis spectra were collected in the visible region (352 - 670 nm). Since both the 

reference and sample cuvettes contain the ruthenium complex. the spectrum collected is a 

difference spectrum and represents the change in absorbance only due to GQ-ligand 

binding. In the second titration. the sample cell contains annealed GQ DNA in the desired 

buffer. while the reference cell contains the buffer alone. Aliquots of ruthenium complex 

was added to both cells. and the difference spectrum was collected as above. 

To obtain the Job plot. the data from the two titrations. which cover the full range 

of possible mole fractions from 0 to 1. are combined. The first titration. which begins at 

ruthenium complex mole fraction of 1. gives information about interactions when the 

concentration of the complex is greater than that of the GQ DNA. while the second 

titration begins with complex mole fraction of O. is more informative about the binding 

interaction when the concentration of the DNA exceeds the concentration of the 

ruthenium complex. 

The binding stoichiometry is found by plotting the absorbance difference at a 

given wavelength against the mole fraction of ruthenium complex. Theoretically. any 

wavelength could be used. but the wavelengths analyzed usually correspond to maxima 

or minima on the difference spectra. as the data provide the best signal to noise ratios. A 

mole fraction corresponding to a maximum or minimum on a Job plot yields the 

stoichiometry of the binding interaction. A binding event at mole fraction 0.5 corresponds 

to one-to-one binding. while a binding event at mole fraction 0.67 is indicative of two 

ligands binding to one DNA molecule. In cases where the binding is strong. the plot may 

appear triangular and can be represented as the intersection of two line segments defining 
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a clear maximum, but in cases with weaker binding, the plot may show a curve instead 

(63). In these cases, the binding stoichiometry may be determined by either the most 

extreme point on the plot or by extrapolation of the linear regions early in each titration, 

in what is known as the tangent method. The former treatment yields more accurate 

results (65). Job plots provide information about the stoichiometry as well as the 

qualitative value of the binding constant. 

In order to perform a Job's plot, there are several requirements that the system 

must fulfill. The first is conformance to Beer's law, so that a change in complex 

concentration is accompanied by a linear change in absorbance. The second is constant 

total concentration for both binding partners as well as constant ionic strength and pH. 

Finally, there must be only one dominant equilibrium at any given point of the titration, 

though stepwise complex formation from secondary binding is allowed. 

Fluorescence Spectroscopy: 

Instrument 

For fluorescence experiments, a QuantaMaster 40 (Photon Technology International) 

was used. Spectra were collected at 25°C, in a 1 cm quartz cuvette, using a step 

increment of 1 nm, integration time of 0.5 s, and 10 nm entrance and exit slits. The 

sample was excited at 440 nm and emission was collected from 500 to 800 nm (45). For 

fluorescence resonance energy transfer studies, a MJ Research DNA Engine RT-PCR 

(courtesy of Nick Kaplinsky, Swarthmore). Samples were excited at 496 nm; 

fluorescence was measured at 519 nm. The temperature error of the instrument is ±0.3°c. 
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Fluorescence stwly. 

To measure change in fluorescence, excess Tel22 is added to a solution of 

ruthenium complex. The fluorescence was studied at either 5 or 0.5 [tM of ruthenium 

complex (the latter prepared by a careful ten-fold dilution of 5 f.LM sample). The aap 

complex, which demonstrated particularly high fluorescence upon addition of Te122, was 

studied at 0.125 f.LM in order to ensure that the fluorescence intensity would be within the 

detectable range of the instrument. For all samples, the fluorescence emission was 

measured for the sample alone, then after the addition of 2-10 equivalents of GQ DNA. 

The spectra were corrected for lamp fluctuation and by subtraction of the spectrum of 5K 

buffer. The emission spectrum was collected for the complex alone, and then Tel22 was 

added to a ruthenium complex solution, mixed thoroughly and allowed to equilibrate for 

three minutes. Then the samples were excited and the emission spectrum was collected 

again. The increase was quantified using the hyperchromicity, or increase in fluorescence 

signal. The hyperchromicity was calculated by finding the maximum fluorescence of the 

sample alone and in the presence of Tel22 DNA according to the following formula: 

%hyperchromicity = 
FRu+Tel22 -FR-ualone 

FRualone 

Fluorescence Resonance Energy Transfer (FRET) 

x 100% 

Fluorescence resonance energy transfer is a technique to investigate the structural 

changes of proteins and DNA (30,60,66). FRET allows for quantitative determination of 

the quadruplex by ligands in a medium-throughput format and is highly sensitive to 

distance (67). In this work, it is used to assess the stabilization of quadruplex DNA by the 
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ruthenium complexes. The FRET assay utilizes fluorescently labeled DNA analogues of 

human telomeric DNA. F2ID. with 5' Fam6 and 3' Dabcyllabels. 

The stock solution of fluorescent DNA was diluted to 0.25 f.LM in 5K or 50Na. 

This solution was diluted again to a final concentration of 0.20 f.LM and a final volume of 

50 f.Ll in white PCR tube strips with appropriate volumes of [Ru(bpY)zL]z+] or 

[Ru(phen)zL]z+] complex, buffer, and, for competition studies, CT DNA. Samples were 

incubated at room temperature for one hour before melting. 

The experiment was repeated at different ligand concentrations from 0 to 4.0 f.LM 

(0 to 20 molar equivalents of ruthenium complex relative to 0.20 f.LM GQ; for setup, see 

Table SIA). The melting temperature of each sample can be determined by the maximum 

of the first derivative of the melting curve. The melting temperature of F2lD with no 

added complex was used as the reference, and the change in melting temperature with 

each concentration of complex was determined relative to this temperature. The melting 

temperature as a function of ligand concentration can be used to generate a stabilization 

curve. 

After the stabilization of each complex was determined, titrations with a duplex 

competitor, genomic calf thymus (CT) DNA. were performed to determine whether the 

ligands were selective for the quadruplex over the native duplex. To determine the 

selectivity of a ligand for GQs against double stranded DNA. increasing amount of 

competitor DNA (up to 96 f.LM, a 480-fold excess compared to GQ DNA) was added to a 

mixture of 0.20 f.LM fluorescent DNA and 1.6 f.LM complex (for detailed setup, including 

volumes, see Table SIB). The selectivity of each ligand is characterized by a selectivity 

coefficient. The selectivity coefficient for each ligand, which is the proportion of 
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stabilization of the GQ remaining at the highest concentration of CT DNA tested, 96 f.LM, 

IS 

b.TCT DNA 
S = -:-=---

b.TNo CT DNA 

where ~TcTDNA and ~T NoCTDNA are the stabilization temperature of the sample 

with F21D and ruthenium complex but no CT DNA. 

Spectra were collected using the following protocol: 

1. Incubate at 5 °C for 5 minutes 

2. Melt from 5.0 °C to 95.0 °C at 1.0 °C min'\ reading every 1.0 °C 

3. Cool from 95.0 °C to 5.0 °C at 1.0 °C min'\ reading every 1.0 °C 

Each experiment contained duplicate samples; each condition was tested at least 

three times. The resulting melting curves were normalized, duplicate samples were 

averaged, and the resulting curve was smoothed. The first derivative of the smoothed 

melting curve was calculated and the melting temperature determined manually from the 

maximum of the first derivative. The manual determination of the peak has error of ± 0.5 

dc. The overall error was determined using the following formula: 

error om,,11 = (standard deviation 2 + instrument error). 

All data analysis was performed using Origin 8.1 software. 

Determination of Binding Parameters 

Singular Value Decomposition (SVD) 

Singular value decomposition (SVD) is a linear algebra method that extracts 

information from a matrix containing multidimensional data (68-70). SVD is used to 

process spectral data from a UV -V is or CD titration or thermal denaturation in order to 
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determine the number of significant species present through the course of the experiment, 

which can validate the two-state model used in finding binding parameters, which 

assumes that the equilibrium is between the free complex/GQ and a bound complex-GQ 

state, with no intermediates or stepwise binding. 

The spectroscopic data are placed in an m x n matrix, D, where each of the m 

rows contains the data from a single wavelength and the n columns contain the spectrum 

from a single addition. The matrix is imported into MATLAB and the decomposition is 

performed (see Supporting Information for script). The SVD analysis factors the m x n 

matrix into three matrices U, V, and S, according the following formula: 

D=USVT 

VT is the transpose of V and is an n x n unitary matrix. U is an m x m unitary matrix, Sis 

a rectangular diagonal matrix with the singular values on the main diagonal. In the 

analysis performed here, the U matrix contains the basis spectra, which are the 

component spectra or spectral changes that combined to form the data matrix or the final 

spectrum. The singular values contained in the diagonal of the S matrix are the weights of 

the components, which reflect their abundance; these singular values are used to 

determine the number of significant components. The VT matrix contains the amplitude 

vectors, which indicates the amount of the component present, as a function of the 

experimental variable, which in this case is the addition of Te122. 

The SVD analysis script computes other important parameters, such as relative 

variance, autocorrelations, and the cross product UxS, which will allow for the 

determination of the number of significant species. The relative variance (RV) is a 

measure of the contribution of each singular value to the total variance of signal. and is 
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calculated by the following formula: 

RV = 

S,2 is the square of the singular value. The autocorrelation values of U and V (the 

matrices containing the basis spectra and amplitude vectors, respectively), which measure 

the smoothness of the curves, are calculated by the following formula: 

Xi., and Xi.,+! are the jth andj+ lth row elements from column 1. from either matrix. 

Determination of the number of significant species is based on three diagnostics, 

which are available from the output of the MATLAB script: the relative magnitudes of 

the significant values, the autocorrelation value, and the signal-to-noise ratios of the 

calculated component spectra. Each is examined separately, and the final decision made 

based on the combination of overall results. The significant species should account for 

more than 99% of variation: the number of components with RV > 10.3 are considered 

promising. Autocorrelation values above 0.8 are considered significant, though 

significant components can have autocorrelation values slightly lower than 0.8. The 

matrix product UxS contains the calculated component spectra, which are the basis 

spectra weighted by the singular values. Calculated spectra for insignificant components 

have a high signal-to-noise ratio, and the significant components are determined by visual 

examination. The results of these three diagnostics are often in high agreement, 

facilitating a decision on the number of significant components. 
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Direct Fitting 

Direct fitting of UV -vis titration data, which was performed using GraphPad 

Prism software, is used to calculate a binding constant. Data were fit to the following 

equation assuming a 1: 1 binding event: 

x 
y = V --(V - V) 

o C 0 f 
t 

using initial and final absorbance as Yo - Y f at a wavelength corresponding to a peak in 

the spectrum. The value of x was derived from the equilibrium constant for a 1: 1 binding 

reaction of a ligand such as a ruthenium complex (at concentration Ct) to Tel22 (at 

concentration C,) to form a complex (at concentration x): 

K = 
a [Ct-x]-[Cs-x] 

[x] 
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Thermal stabilization of and preferential 
binding to the human telomeric DNA sequence 
by [Ru(bpyhL]2+ and [Ru(phenhL]2+ 

The stabilization of the quadruplexes by the ruthenium complexes was explored 

by a fluorescence resonance energy transfer (FRET) method, which uses a GQ-forming 

sequence containing a dye and a quencher (F21D). When the GQ is folded, the dyes are 

spatially close. The quencher absorbs at the emission wavelength of the dye, which is the 

wavelength monitored during the experiment. As the GQ melts, the fluorescent dye on 

the 5' end is no longer in proximity to the quencher on the 3' end and the fluorescent 

signal increases. 

Thermal Stabilization 

The melting temperature of F21D alone was found to be 44.8 ± 0.8 0c. The 

melting curves of the F21D without added [Ru(bpY)2L]2+ complex are biphasic, 

suggesting that there are initially two populations present in solution (black curve 

in Figure 7). However, samples that demonstrate higher stability no longer show this 

biphasic behavior (other curves in Figure 7). All samples in the presence of 

[Ru(bpY)2L]2+ showed an increased melting temperature with increased 

concentration of ruthenium complex, as expected (Figure 5). The stabilization 

temperatures for all complexes are shown in Figure 8 and Table 6. 
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Figure 7. FRET melting curve for me2allox complex. The melting curve is shifted to 
higher melting temperature with increasing concentration of the complex. Values in the 
legend refer to the concentration of me2allox in the presence of 0.2 f.LM F21D. The 
change in melting temperature is evident even at small concentrations but becomes less 
pronounced at higher concentrations. 

The dppz ligand showed stabilization of 13.8 ± 1.1 DC, consistent with the 

previous findings of interaction between telomeric DNA and this compound (45). 

The [Ru(bpY)2L]2+ complexes with the highest stabilization were those with the 

mezallox (17.3 ± 0.7 DC), diamino (12.8 ± 0.6 DC), and aap (12.4 ± 0.5 DC) ligands. The 

lowest stabilization was observed in the pterin (3.4 ± 0.5 DC) and keto (3.7 ± 0.9 DC) 

adducts. All complexes but the pterin and keto complexes were within error ofthe 

10 DC stabilization goal; these two compounds were excluded from further study 

due to this low stabilization. 
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Figure 8. The stabilization curves for 0.2 /-LM F21D in the presence of [Ru(bpY)2Lf+ 
complexes in 5K buffer. The dotted line indicates the 10 DC stabilization that was used to 
define promising GQ ligands; the keto and pterin complexes fell significantly short of 
this stabilization temperature and were not considered for further study. 

To explore the effect of the ancillary ligand on the stabilization of the 

quadruplex, [Ru(phenhL]2+ analogues of several experimental compounds were 

tested in the FRET assay (Table 5). If changing the bis-bipyridine complex to a bis-

phenanthroline complex changes the melting temperature, this may indicate a role 

of the ancillary ligand in the binding to the quadruplex. 

The stabilization temperatures for these compounds were within error to the 

stabilization determined for the bipyridine complexes: 7.9 DC (phen) vs. 9.1 DC (bpy) 

for the allox ligand, 17.3 DC vs. 17.8 DC for me2allox, and 9.7 DC vs. 10.9 DC for the 

amino ligand. The stabilization curves are also similar (Figure 9), which is consistent 
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with quadruplex binding mediated by the experimental ligand and not the ancillary 

ligands. 
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Figure 9. Comparison of the stabilization curves for the [Ru(bpy )2L f + and 
Ru(phen)2Lf+ complexes with 0.2 f.LM F21D in 5K buffer. The color of the curve 
indicates the identity of the experimental ligand L, while the filled and open symbols 
indicate the identity of the ancillary ligand, representing the [Ru(bpY)2L]2+ and 
Ru(phen)2Lf+ complexes, respectively. 

Effect of different GQ conformation 

GQs show a great deal of morphological variations, which are determined by 

several factors, including buffer conditions. Some GQ ligands are known to bind 

selectively to certain GQ topologies, for example, N-methyl mesoporphyrin IX binds to 

the parallel and mixed hybrid GQ structures but not the anti parallel GQ (24,71). In order 

to determine whether this is the case for the ruthenium complexes, the binding of each 

complex to the anti parallel GQ was studied. The anti parallel quadruplex was accessed by 
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annealing F21D in 50Na buffer. Tel22 was shown to fold into an anti parallel GQ under 

these conditions (62). For the highest concentration of ruthenium complex, 4.0 I-LM, the 

melting temperature was determined and is listed in Table 6. The stabilization 

temperature of all complexes was lower in 50Na than in 5K (Figure 10). 

8 • dppz 

• allox 

• me2allox 
7 ." 

• pterin ." 
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6 • amino --() • diamino 

0 -- 5 • aap ro 
Z • pallox 
0 • pme2allox 
LO 4 
c • pamino 

~ 
3 ~~ 

<:] 

2 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

II T1 /2 in 5K (OC) 
Figure 10. Comparison of stabilization temperatures in 5K and 50Na buffers, which 
contain mixed hybrid and anti parallel GQs , respectively. The stabilization temperature is 
lower in 50Na than in 5K, indicating that the ruthenium complexes stabilize the mixed 
hybrid GQ conformation (5K condition) more strongly than the anti parallel GQ (50Na 
condition). A linear fit to determine the correlation is shown; the equation describing the 
correlation is ~Tm(50Na) = -1.06 + 0.414 x ~Tm(5K) (r2 = 0.740). 
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Table 6. Stabilization temperatures and selectivity values for 4.0 f.LM ruthenium 
complexes tested in this study as determined by the FRET melting method. The 
uncertainty in each value represents the standard deviation of multiple trials (for 
stabilization temperature) and the propagation of error from the calculated uncertainty 
(selectivity). The selectivity value is the proportion of stabilization retained at the highest 
concentration of CT DNA tested. 

Complex Stabilization Stabilization Selectivity 
Temperature in Temperature in 
5K buffer (OC) 50Na buffer (OC) 

dppz 13.8 ± 1.1 5.6 ± 0.9 0.05 ± 0.01 
allox 9.1 ± 1.0 1.1 ± 0.6 0.38 ± 0.11 
mezallox 17.3 ± 0.5 4.4 ± 0.6 0.48 ± 0.06 

... keto 3.7 + 0.9 0.6 + 0.6 -
=- pterin .!:< 3.4 ± 0.5 0.6 ± 0.6 -

ammo 9.7 ± 0.9 3.7 ± 0.7 0.032 ± 0.005 
diamino 12.8 ± 0.6 5.4 ± 0.7 0.19 ± 0.03 
aap 12.4 ± 0.5 3.1 ± 0.7 0.15 ± 0.03 

= pallox 7.9 ± 0.6 1.4 ± 1.0 0.39 ± 0.16 

l! pmezallox 17.8 ± 0.7 7.5 ± 0.6 0.44 ± 0.08 
=- 10.9 ± 0.8 5.1 ± 0.9 0.23 ± 0.06 pammo 

Preferential binding to GQs 

Selectivity is an important characteristic in a GQ ligand. Many complexes that are 

capable of stabilizing quadruplexes do so unselectively (45). In order to determine if the 

complex binds selectively to the quadruplex. a competitor duplex DNA was added to a 

solution containing a constant concentration of F21D and the ruthenium complexes. The 

selectivity of the compound can be determined from the difference in stabilization 

temperatures between the sample without competitor DNA and in the presence of up to 

480 equivalents (96 f.LM) of CT DNA. As previously mentioned. the keto and pterin 

complexes were not analyzed for selectivity. 
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Figure 11. Representative FRET melting curves of the me2allox complex in the presence 
of duplex (CT) DNA. The concentration of me2allox (1.6 /-LM) and GQ DNA (0.2 /-LM) 
were kept constant, while the concentration of CT DNA was increased as indicated in the 
figure legend. 

In all samples, the stabilization temperature of the fluorescent DNA decreased 

with each addition of competitor. The melting curve of the quadruplex in the presence of 

LRu(bPY)2Lf+ is shifted to the right ofthe quadruple x alone, indicating higher 

stabilization duplex (Figure 11). However, incremental addition of CT DNA resulted in a 

leftward shift, consistent with binding of the ruthenium complex to duplex DNA. If the 

complex binds to both secondary structures, the effective concentration bound to the 

quadruplex will be lower than if there were no duplex present and the stabilization 

temperature will decrease. 

At 1.6 /-LM [Ru(bPY)2Lf+ without competitor, the stabilization over F21D alone ranged 

from 4.6 °C for the all ox complex to 12.3 °C for the aap complex (Figure 12). For all 

[Ru(bpY)2L]2+ complexes, a decrease in stabilization temperature was evident even at the 

lowest concentration of competitor DNA, 4.8 /-LM (which is a 24-fold excess). The 

stabilization temperature continues to decrease with increasing duplex DNA, which 
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indicates that the binding of the [Ru(bpY)zL]z+ complexes is not sufficiently selective. The 

most selective GQ ligands. (allox. mezallox. pallox and pmezallox) maintained 50% of the 

stabilization in the presence of 480: 1 duplex:quadruplex DNA. The least selective ligands 

(dppz and amino) showed complete loss of stabilization in the presence of 480 

equivalents of the competitor. The selectivity coefficient ranged between 0.032 for the 

amino complex and 0.48 for the mezallox (Table 6). For the purposes of subsequent 

discussion. selectivity of more than 0.25 (25% stabilization in the presence of CT DNA) 

will be considered reasonable. 

The [Ru(phen)zL]z+ complexes. which displayed similar stabilization properties to 

the [Ru(bpY)zL]z+ complexes. also displayed comparable selectivities (Table 6). For 

reasons that are presently unclear. the selectivity of the amino and pamino complexes 

differs. though the stabilization is similar until the final concentration tested. 96 f.LM CT 

DNA. This result is consistent with the findings from the stabilization study. which 

showed that the ancillary ligand does not appear to playa significant role in the binding 

of the ruthenium complex to the quadruplex. 
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Figure 12. (A) Stabilization temperature for LRu(bpyML)f+ compounds with increasing 
concentration of CT DNA in 5K buffer. In all samples, the concentration of F21D is 0.20 
f-LM and of the ruthenium complex is 1.6 f-LM; the legend indicates the concentration of 
competitor calf thymus DNA in the sample. (B) Comparison of stabilization temperatures 
of the [Ru(bpyML)f+ (dark) and [Ru(phen}z(L)]2+ (pastel) complexes. The compounds 
containing the same dppz-derivative ligand demonstrate similar selectivity values. 
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In sunnnary, the binding of the ruthenium complexes to quadruplex DNA was 

tested for the ability to stabilize the quadruplex and for the ability to bind to the 

quadruplex conformation even in the presence of duplex DNA. The complexes under 

study demonstrated variable stabilization and selectivity in 5K buffer, with stabilization 

ranging from 3.4°C for the pterin complex to 17.8 for the pmezallox complex and 

selectivity ranging from 3% (amino) to 48% (mezallox). Changing the ancillary ligand 

from bipyridine to phenanthroline had little effect on the stabilization or selectivity; the 

two curves for each test ligand are within error of each other, which suggests that the 

stabilization is the same for both the bis-bipyrindine and bis-phenanthroline complexes. 

However, changing the buffer conditions to favor the antiparallel quadruplex resulted in 

uniformly lower stabilization. 

The stabilization of the quadruplexes by the ruthenium complexes was close to 

the 1 DOC goal in all cases except for the keto and pterin complexes. As the goal of this 

project is to identify the factors that contribute to quadruplex stabilization, it is 

worthwhile to consider the shared characteristics of these two dppz-derived ligands. Both 

the keto and pterin ligands have a carbonyl group at the C4 position but not at the C2 

position. The other ligands with a C4 carbonyl either have a carbonyl at the C2 position 

(allox, mezallox) or have had the C2 removed through ring cleavage (aap). The 

complexes that show the same substitution pattern on the C2 and C4 positions (allox, 

mezallox, diamino) showed stronger stabilization than the complexes with different C2 

and C4 substituents; the highest stabilization was observed for the ligand that also had 

symmetric substitutions (methylation) on the Nl and N3 positions of the ring. The 
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highest stabilization and selectivity was observed for mezallox, which has the greatest 

number of substitutions of the ligands tested; this result appears to suggest that more 

substitution on the ring is more favorable for GQ stabilization. 

Interestingly, there appears to be little correlation between the stabilization 

temperature and the selectivity for GQ over duplex DNA (Figure SlA). Excluding the 

keto and pterin complexes, the lowest stabilization was observed in the allox complex; 

however, it shows relatively high selectivity. The highest selectivity was observed in the 

allox and mezallox complexes, which have two ring carbons that have been oxidized to 

carbonyl groups (the selectivity is observed regardless of ancillary ligand). The remainder 

of the ruthenium complexes, other than the unselective amino complex, retained up to 

20% of the stabilization in the presence of 480 equivalents of duplex competitor, which is 

a higher selectivity than the dppz ligand (5% stabilization retained). These observations 

will be explored through UV -visible and fluorescent titrations techniques to elucidate 

factors promoting the interaction between GQs and ruthenium complexes of this type. 
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Quantitative binding analysis of ruthenium 
complexes to Tel22 

In order to further characterize the binding between the ruthenium complexes and 

Te122, UV Vis titrations were performed. In these titrations, the concentration of the 

complex was held constant while the concentration of GQ DNA was increased. The 

absorbance spectrum was monitored over the visible region and was analyzed to 

determine the affinity constant, Ka and stoichiometry. 

Upon addition of Te122, the absorbance of all ruthenium complexes at the peak 

was decreased (Figure 13). This hypochromicity occurs upon binding and is due to 

stacking between the guanine bases and the GQ-binding ligand. From the change in 

absorbance over the course of the titration, binding parameters can be calculated; Figure 

14A shows the binding curve calculated for mezallox. 
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Figure 13. Representative UV -vis titrations of (A) me2allox (20.1 /-LM) , (B) diamino 
(19.6 /-LM) , (C) aap (19.6 1lM) , (D) pamino (21.3 1lM) in 5K buffer. These data were 
treated as described in the text to determine the affinity constant for Te122. 
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Figure 14. A) The binding curve extracted from the UV-visible titration. B) A direct 
fit of a titration of me2allox (absorbance spectra shown in Figure 13A). The 
equations fit the absorbance as a function of the number of binding sites, which was 
assumed to be two binding sites per GQ. The data from two wavelengths 
corresponding to peaks on the absorbance spectrum were fit to determine a shared 
value of the affinity constant Ka. The absorbance (symbols) and fits to this data 
(lines) are both shown. 

Analysis was based on a two-state hypothesis, which was confirmed using 

SVD. The singular values and relative values indicate that two species are present, as 

these species account for over 99.9 % ofthe total variance (Figure 15A). The U x S 

calculated component spectra indicate that only two components contribute 

significantly to the UV-vis spectrum over the course of the binding process (Figure 

15B). The autocorrelation value for V corroborates the presence oftwo species. It 

appears that the high autocorrelation values for U suggests 4 species; however, the 

autocorrelation values reflect the signal to noise ratio, which is high due to the low 

noise that is the nature ofthe UV-vis instrument. These analyses were performed for 

all samples and all demonstrated a two-state system except for [Ru(bpY)2(dppz)]2+, 

which showed a third component at GQ: ligand ratios above 2:1. For all samples, 
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analysis was only performed on titration points in which the two-state assumption 

was valid. 
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Figure 15. Representative SVD analysis of UV -vis titration data used to verify the two
state model for the titration of me2allox shown in Figure 13A. (A) The values of the 
singular variable S and relative variance RV for each component. The contribution of the 
components past the second component is not significant and accounts for less than 
0.01 % of the total variance of the samples . (B) The US calculated component spectra 
produced by the cross product of the calculated component spectra. (C) The 
autocorrelation values of U and V. All values combined suggest a two-state binding 
model. 

To find the binding constants, direct fitting and Scatchard analysis were 

performed; however, the Scatchard plot was not linear and the calculated binding 

stoichiometry and binding was therefore deemed unreliable (72,73) . A binding 

stoichiometry of 2: I was used based on preliminary Job plot data. The concentration of 

binding sites and the absorbance values at peak wavelengths were used to calculate the 

binding constant; the fit to experimental data is shown in Figure 14B. The calculated 

binding constants and hypochromicities are shown in Table 7 . The binding constants for 

all complexes tested were found to be between (1 - 6) X 105 M- 1 , which reflects a 

relatively weak binding relative to other GQ-binding ligands (35,41,74,75). No 

apparent correlation was detectable with respect to ligand substitution, GQ stabilization 

(Figure SIB), or selectivity for GQ DNA (Figure SIC). 
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Table 7. The calculated binding constants for the complexes in SK as determined by UV
visible titration in SK buffer. A binding stoichiometry of two ruthenium complexes to one 
molecule of Tel22 was assumed. The error bars reflect the standard deviation of three 
trials. 

Complex Binding constant % hypochromicity 
(x 105 Ml) 

dppz S.6 ± 1.8 23 ± 1 

6: 
mezallox 1.5 ± 0.2 19 ± 3 

.!:< diamino 4.9 ± 1.0 18 ± 3 

aap 2.0 ± 0.6 16 ± 4 

= pmezallox 4.2 ± 1.4 19 ± 5 
l! 
=- pammo 6.3 ± 1.9 12 ± 4 

Binding stoichiometry and recalculated binding constants 

During the writing of this thesis, Job's plot, or the method of continuous variation, 

was performed in order to find the binding stoichiometry of compounds considered to be 

promising (Job plot titrations performed by Josh Turek-Herman' 16). The preliminary 

data from those titrations indicated that the binding stoichiometry was not 2: 1 in every 

case, as had been assumed for the initial direct fits. Thes binding stoichiometry of most 

the [Ru(bpY)zL]z+ and [Ru(phen)zL]z+ complexes appears to be 2: lor 3: 1, depending on 

the method that is used to determine the mole fraction corresponding to the binding 

stoichiometry. As previously discussed, in the case of weak binding, the binding 

stoichiometry may be determined using either the most extreme point on the graph of 

Ll.absorbance VS. mole fraction or by extrapolation of the linear regions at either limit; the 

former method is considered more accurate (6S). For the complexes shown in Figure 16, 

the value obtained by two methods is indicated on the plot; the corresponding binding 

stoichiometry is tabulated in Table 8. 
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Figure 16. Job plots for ruthenium complexes A) me2allox, B) diamino, C) aap, D) 
pme2allox, and E) pamino. Two ways of determining binding stoichiometry are indicated 
on each plot. These plots represent one of two completed titrations in all cases. Data 
collected by Josh Turek-Herman '16. 
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Table 8. Binding stoichiometries extracted from the Job plots shown in Figure 16. 
The stoichiometries have been determined using either the mole fraction at the 
minimum value or at the point determined by extrapolation and are expressed in 
molecules of ruthenium complex per GQ. The value of the affinity constant has been 
determined by refitting the data from all titrations with an updated binding 
stoichiometry determined by rounding the value obtained through the minimum 
value method. 

Complex Calculated Minimum Extrapolation Stoichiometry Ka 
Ka Value used for recalculated 

(x 105 Ml) recalculation (x 10" Ml) 

mezallox 1.5 ± 0.2 1.81 2.63 2 1.5 ± 0.2 

diamino 4.9 ± 1.0 2.16 3.13 2 4.9 ± 1.0 

aap 2.0 ± 0.6 1.99 2.09 2 2.0±0.6 

pmezallox 4.2 ± 1.4 3.10 4.25 3 1.s±0.6 

pammo 6.3 ± 1.9 2.23 3.76 2 6.3 ± 1.9 

According to the recalculated values for Ka, the binding affinities of the different 

[Ru(bpY)zL]z+ and [Ru(phen)zL]z+ complexes to GQ DNA have the same order of 

magnitude. This raises interesting questions about the source of the differential 

stabilization demonstrated by these complexes. There are several considerations that 

should be taken into account when analyzing the data contained in Table 8. Firstly, there 

are only a few ligands represented there, and neither the keto nor the pterin complex 

(which were only weakly stabilizing in the FRET melting study) has been studied 

through UV -vis titration or Job plot. It is possible that while there is no significant 

difference between the compounds studied by this method, the complexes not shown 

here, such as the weak stabilizers keto and pterin, may have different values. 

Additionally, the binding stoichiometry of [Ru(bpy}z(dppz)]z+ was not determined by Job 

plot and the recalculated binding constant is not available for that compound. For these 
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reasons, the binding constants in Table 7, which were calculated under an assumption of 

2: 1 binding stoichiometry for all complexes, have been retained in this report. 

The immediate focus of future experimentation will be to conclusively determine 

the binding stoichiometry of the [Ru(phen)zL]z+ and [Ru(bpy)zLf+ complexes with Te122. 

The Job plot experiments will be repeated, but the low extinction coefficient of these 

complexes makes absorbance-based titrations a less precise method. Other methods, 

including an electrospray ionization technique that was attempted once but abandoned, 

should be considered (38). The information about the binding stoichiometry may also 

give insight into the binding mode of the complexes to the GQ. It has been assumed thus 

far that the binding mode of the complexes is the same: however, differing stoichiometry 

may indicate that different modes of binding are occurring. 
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Fluorescence studies of ruthenium complexes 
in the presence of Tel22 

Fluorescence studies were performed to determine the effect of GQ addition on 

the emission spectrum of the ruthenium complexes. Aqueous solutions of 

[Ru(bpYMdppz)]Z+ demonstrate a molecular light switch effect upon addition of either 

duplex or GQ DNA(48). This study was undertaken to determine if the emission of other 

ruthenium(II) polypyridyl complexes under study would be changed in the presence of 

quadruplex DNA. using [Ru(bpYMdppz)]z+ as a positive control. 

Figure 17A shows the fluorescence of all samples before the addition of Tel22. 

There is some variation in the initial fluorescence. The complexes with the highest 

fluorescence in the absence of DNA are the aap and keto complexes. which are 

structurally related; the aap ligand is a ring cleavage product of the unstable keto (58). 

Upon the addition of Tel22 GQ to the ruthenium complexes. increased 

fluorescence was observed in all samples (Figure 17B). The highest fluorescence values 

were observed for dppz. then aap. diamino. keto. and pterin. The hyperchromicity values 

for all samples spanned several orders of magnitude (Table 9). The complex with the 

highest hyperchromicity (5.99 x 104%) was dppz. which has been extensively studied in 

the literature and is known to display a very strong light switch effect (76); at the other 

extreme. the allox. keto. mezallox. amino. and pmezallox all have hyperchromicities 

between IOz and 10' %. 
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Figure 17. (a) Fluorescence of [Ru(bpY)2L]2+ and [Ru(phen)2L]2+ complexes (~0.5 11M for 
all complexes but aap , which is 0.125 11M) in 5K before the addition of 1O-fold excess 
Te122. The scale in the figure is the same as in part (b); the inset shows the same spectra 
rescaled to show detail. (b) Fluorescence of the same samples after addition of 10 
equivalents of Te122. The molecular light switch effect is evident from the increase in 
fluorescence upon addition of the DNA. The concentration of the aap complex in the 
figure is much lower than that of the other complexes, but that the fluorescence is 
significant even at this lower concentration. 
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Figure 18. Representative fluorescence spectra of (A) 0.54 /-LM keto and (B) 0.48 /-LM 
dppz complexes. The solid lines indicate the fluorescence of the complexes in buffer 
alone; the dashed lines indicate the fluorescence spectrum after the addition of 10 
equivalents of Te122. 

800 

Interestingly, for the all ox and amino ligands, the hyperchromicity increases 

by an order of magnitude when the bipyridine ancillary ligand is changed to 
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phenanthroline (Table 9, Figure 19). The fluorescence increased for these two 

ligands (from 316% to 2346% for the all ox; from 209% to 1546% for the amino), 

but interestingly, not for the mezallox ligand, which had a twofold decrease in 

hyperchromicity (309% for mezallox and 179% for pmezallox). The 

hyperchromicity values for all complexes in this study are shown in Figure 20. This 

suggests that the complexes with phenanthroline ligands are more promising for 

light switch applications. 
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Figure 19. Effect of ancillary ligand on the fluorescence of the ruthenium complexes 
(~0.5 ~) . While samples of me2allox and pme2allox have very similar fluorescence 
spectra in the presence and absence of GQ DNA (A), the allox/pallox (B) and 
amino/pamino (C) complex pairs do not show similar fluorescence emission spectra in 
5K buffer alone or in the presence of Te122. Solid lines indicate the complex in buffer 
alone; dashed lines indicate that 10 equivalents of GQ DNA have been added. 

The complexes in 5K buffer had very little fluorescence, as predicted from 

previous studies of [Ru(bpy)z(dppz)f+ in solution (77). These low fluorescence intensities 

are due to collisional quenching of the excited ruthenium MLCT (78). The aap complex , 

which is the ring-cleavage product of the keto complex, showed appreciable fluorescence 
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before the addition of GQ DNA. This ligand has an exocyclic amide and a smaller ring 

system than the other complexes tested. 

When complexes with differing ancillary ligands are compared, in two of three 

sets of compounds, the fluorescence and hyperchromicity of the [Ru(bpY)iL)]2+ and 

[Ru(phen)iL)]2+ complexes are significantly different from each other (Figure 20). This 

may be an effect of electronic factors or of differential binding (50). These data are 

interesting in light of the FRET melting data, which indicated that changing the ancillary 

ligand had no effect on the stabilization of the GQ DNA; these two observations together 

suggest that the fluorescence differences are likely a result of different electronic 

considerations for the complexes with the phenanthroline and bipyridine ligands. The 

complexes with phenanthroline ligands appear to be more promising as molecular light 

switches, due to higher hyperchromicity. 
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Figure 20. A) Summary of hyperchromicity values of the complexes in 5K with 10 
equivalents of Tel22 for [Ru(bpy)iL)]2+ complexes. B) Comparison of hyperchromicity 
between [Ru(bpY)iL)]2+ and [Ru(phen)iL)]2+for each experimental ligand. Each value is 
the average of at least three trials. Error bars indicate the standard deviation. The 
hyperchromicity of dppz is not shown on this plot, but is much greater than all other 
samples tested (59900 ± 2500%). 
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Through this experiment, the fluorescence response of the ruthenium complexes 

to Tel22 was explored. The data indicate that for the different experimental ligands L, the 

change in fluorescence upon the addition of Tel22 to [Ru(bpy}z(L)]z+ is highly variable, 

ranging from 2.09 x IOZ % (L= amino) to 5.99 x 104 % (L = dppz) hyperchromicity. The 

hyperchromicity does not appear to be correlated to the GQ stabilization ability or the 

stability of the compound as determined by FRET or with the hypochromicity 

demonstrated in UV -vis titrations (see Figure SID, E, F). 

Table 9. Hyperchromicity values for each complex in 5K buffer at 0.5 f.LM (except for 
0.125 f.LM aap) in the presence of 5 f.LM Tel22, as determined by the single-point titration 
method. The uncertainty in each value represents the standard deviation of multiple trials. 

Complex % hyperchromicity 
dppz 59900 ± 2500 
allox 320 ± 120 
mezallox 310± 120 

6: keto 730 ± 30 
.::" pterin 1200 ± 100 

ammo 209±3 
diamino 4400 ± 400 
aap 1900 ± 400 

= pallox 1600 ± 300 

l! pmezallox 180 ± 30 
=- pammo 1100 ± 50 

Fluorescence titrations can also be used to determine the binding constant of the 

ruthenium complexes with Tel22. Independent determinations of the binding coefficient 

will serve as verifications of the value. Detailed fluorescence titrations like the UV-

visible titrations presented have been undertaken by Joshua Turek-Herman' 16. These 

will allow for binding constants to compare to the binding constants obtained by UV-vis 

titration. 
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To further understand the interactions of Tel22 with the ruthenium complexes, 

there are several further experiments to be performed. The complexes should be 

examined to see if any demonstrate a GQ-specific molecular light switch effect. This can 

be determined by a fluorescent titration of the ruthenium complex with a duplex 

competitor, like the CT DNA used in the FRET studies. Following those experiments, 

further study should focus on elucidating the binding mode of these complexes to Tel22 

and the factors that lead to stabilizing interactions. 
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Conclusions 

In this study, a class ofpolypyridyl derivatives of [Ru(bpY)zL]z+ and 

[Ru(phen)zL]z+ were tested as G-quadruplex ligands for the human telomeric DNA 

sequence. These complexes showed thermal stabilization ofa GQ up to 17.8 °C that 

showed promise for further study. Substitution on the experimental ligand L 

showed a systematic effect on the quadruplex stabilizing ability, which is progress 

toward the goal of understanding the factors that contribute to interactions with 

GQs. The selectivity of the complexes for GQ DNA varied greatly, but the compound 

that showed the highest stabilization (me2allox) also demonstrated some ability to 

bind selectively to the quadruplex even in the presence of excess duplex competitor. 

The binding constants of several complexes of interest were determined using UV

visible titrations; all were found to have Ka =1-6 x 1 ri M-1 with stoichiometry of 2: 1 or 

3: 1. Finally, the fluorescent behavior of the complexes was explored in a one-point 

titration format; none of the complexes shows a fluorescence increase comparable to the 

dppz complex, a known molecular light switch. Further extensions of these projects have 

been proposed. 
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Supplemental Information 

Sample preparation for FRET melting and competition assays 

Table SIA. Experimental setup for GQ stabilization studies. The concentration of the 
GQ-forming DNA, F2ID, is 0.20 11M in all experimental samples. This setup was 
repeated in duplicate for each compound during the experiment. The average of the 
normalized duplicate melting curves was used to determine the stabilization temperature, 
which was the difference in melting temperatures of the 0.0 11M (F2ID alone) and 4.0 11M 
samples. 

Sample Vol 0.25 /1M F2lD Vol 20 /1M ruthenium Vol 5K buffer 
concentration (/11) complex (/11) (/11) 
Blank 0 0 50 
0.0 /1M (F2ID) 40 0 10 
0.4 40 1 9 
l.0 40 2.5 7.5 
l.6 40 4 6 
2.4 40 6 4 
3.2 40 8 2 
4.0 40 10 0 

Table SIB. Experimental setup for GQ selectivity studies. The concentration of the GQ
forming DNA is 0.20 11M and the concentration of the ruthenium complex is l.6 11M in 
all experimental samples. The melting temperature of each sample was determined as 
previously described. 

Sample Competitor Vol 0.25 Vol 20 /1M Vol 800 /1M Vol5K 
dsDNA /1M F21D ruthenium ctDNA (/11) buffer 

concentration (/11) complex (/11) 
(/1M) (/11) 

Blank Blank 0 0 0 50 
F21D alone 0.0 40 0 0 10 

Complex, no 0.0 40 4 0 6 
ctDNA 

4.8 40 4 3 (of 80 /1M) 3 
16 40 4 1 5 
32 40 4 2 4 
96 40 4 6 0 

ctDNAalone 16 40 0 1 9 
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Matlab Script for SVD analysis (written by Jack Nicolwlis '12) 

function [SV al,RV ,S, U, V, US,autoU,auto V] = SVDanalysis(D) 
%PERFORMS SVD 
Sval = svd(D); 
[U,S,V] = svd(D); 
US=U*S; 
%CALCULATES RV 
[k I] = size(Svai); 
Rvsum=O; 
for i=Lk 
R vsum=Sval(i)*Sval(i)+ R vsum; 
end 
for i=Lk 
RV (i)=(Sval(i)* Sval(i) )/R vsum; 
end 
%CALCULATES AUTO-COR VALUES OF U 
[m n]=size(U); 
for j=Ln 
for i=Lm-l 
A(i,j)=U(i,j)*U(i+ l,j); 
end 
end 
autoU=sum(A); 
%CALCULATES AUTO-COR VALUES OF V 
[q r]=size(V); 
for j=Lr-l 
for i=Lq-l 
B(i,j)=V (i,j)*V (i+ 1 ,j); 
end 
end 
autoV=sum(B) 
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Supplemental Figures 

Figure 1. Pairwise comparisons of the various quantitative measures were made 
and are presented here without comment. None of these associations were found to 
be significant. 
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C) Comparison of FRET selectivity and hypochromicity in UV -Vis titrations. 
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D) Comparison of FRET stabilization and hyperchromicity in fluorescent titrations. 
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E) Comparison of FRET selectivity and hyperchromicity in fluorescent titrations. 
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F) Comparison ofhypochromicity in UV-Vis titrations and hyperchromicity in 
fluorescent titrations. 
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Figure 2. Fluorescence spectra of all samples ( ~o.5 ~M in SK) in molecular light 
switch study. The fluorescence of the ruthenium complex alone is indicated with a 
solid line; the fluorescence spectrum after the addition of la-fold Tel22 is shown 
with a dashed line. 
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