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Abstract 
G-quadruplex (GQ) DNA is a non-canonical DNA structure thought to fonn 

throughout the human genome. Because the stabilization of quadruplexes fonned in the 
telomeres and in the promoters of oncogenes may prevent the spread of cancer cells, 
there is great interest in developing and studying molecules that may bind to and stabilize 
these unique DNA structures. This thesis investigates the interactions between 
porphyrins and GQ DNA with the goal of detennining how strongly and selectively 
porphyrins can stabilize the quadruplex structure. There is also great interest in 
developing luminescent probes for GQ structures to allow for their detection in vivo. 
Because porphyrins are also known to fluoresce intensely in the presence of quadruplex 
DNA, this thesis also investigates the extent to which porphyrins may be used as 
fluorescent probes for quadruplexes in the cell. 

The first chapter focuses on N-methylmesoporphyrin IX (NMM), a porphyrin that 
has been shown to bind selectively to quadruple x DNA over other DNA structures. 
NMM is especially unique because it binds selectively to parallel quadruplexes over other 
quadruple x topologies. Given that NMM has also been shown to display a selective 
increase in fluorescence in the presence of quadruplexes over duplex structures, we 
wished to systematically investigate the effect of secondary DNA structure on NMM 
fluorescence. Results indicate that NMM displays a selective fluorescence increase in the 
presence of parallel GQs over single-stranded DNA, double-stranded DNA, i-motif 
structures, anti-parallel GQs, and mixed hybrid GQs. NMM is also found to probe 
parallel quadruplexes even in the presence of excess duplex DNA, and thus has promise a 
selective fluorescent probe for parallel GQs. Fluorescence lifetime studies indicate 
solvent exclusion as the mechanism for NMM's fluorescence enhancement. 

The second chapter investigates the interactions between the Pt(II) and Pd(II) 
derivatives of 5, 10, 15,20-tetrakis(N-methyl-4-pyridyl)porphyrin (TMPyP4), a well
examined GQ ligand. These porphyrins are of interest because of their square planar 
geometry; the lack of axial-ligands on the metal center could potentially facilitate 
stronger binding and intercalation between the quartets. Moreover, Pt(II) complexes are 
known to have powerful luminescent properties, so Pt(II)-TMPyP4, like NMM, may have 
promise a fluorescent probe. Results indicate that the two porphyrins bind tightly to the 
human telomeric GQ in a high ratio and stabilize the GQ extremely well at low ligand 
concentrations. Pt(II)-TMPyP4 is found to display selective fluorescence enhancement in 
the presence of GQs over duplex structures, but is not as selective as NMM. 

Finally, the third chapter presents preliminary work examining the interactions 
between 5,10, 15,20-tetrakis((N -spennido )benzamide )porphyrin (TCPPSpm4), a tentacle 
porphyrin with long side chains, and the human telomeric GQ. The results of this project, 
which is currently ongoing, suggest that the porphyrin stabilizes the GQ well and with 
good affinity. The results also seem to suggest a high ligand:GQ binding ratio and 
potentially cooperative binding to the GQ, although further work is needed to confinn 
these hypotheses. 
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"A scientist is not a person who gives the right answers, he's one who asks the right 
questions. " 

- Claude Levi-Strauss 
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Chapter I: Introduction to G-quadruplexes 

Structure and function of guanine quadrup/ex DNA 

Deoxyribonucleic acid (DNA) is the biomolecule that encodes the genetic 

information necessary for the functioning and development of organisms. James Watson 

and Francis Crick revolutionized the world of molecular biology in 1953 when they 

demonstrated that DNA consists of two helical chains, each of which contains 

nucleotides composed of a nucleobase (either guanine, cytosine, adenine, or thymine) 

attached to a phosphate-sugar backbone with each helical turn consisting of 

approximately 10 base pairs.! The double helix is held together by hydrogen bonds 

between complementary guanine-cytosine and adenine-thymine base pairs. 

Although this Watson-Crick duplex, also known as B-DNA, is the primary form 

of DNA found in the cell, other secondary DNA structures may also exist. A-DNA, for 

instance, has a shorter and more compact double helix than B-DNA and is formed in 

alcohol-water solutions 2 Z-DNA contains a left-handed double helical structure that zig

zags to the left. 2 Structures with 9.3 base pairs per turn (C-DNA) and 8.5 base pairs per 

turn (D-DNA) are also known to form 2 Secondary DNA structures containing more than 

two strands are also possible. Triplex DNA, for example, consists of three nucleic acid 

polymers wound around each other, with one oligonucleotide binding to a double-helix 

through Hoogsteen hydrogen bonds 3 Guanine quadruplex (GQ), the focus of this thesis, 

is a non-canonical secondary DNA structure found in guanine rich DNA and RNA 

sequences 4 Four guanine residues (Figure 1.1A) associate together through Hoogsteen 

hydrogen bonding between the N!-06 and N2-N7 positions to form G-quartets (Figure 
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l.IB). These quartets have large ][ surfaces due to the presence of four nucleotide bases 

and thus stack on top of one another through ][-][ stacking. A phosphate-sugar backbone 

links the quartets together to fonn the final right-handed helical quadruple x structure 

(Figure l.1C). GQ's are stabilized by a variety of monovalent cations, including K+, Na+, 

and NH4 +, which coordinate to the lone pair electrons on the 0 6 and therefore stabilize the 

GQ arrangement4 

GQ's exhibit structural diversity and adopt various topologies depending on the 

number of strands that comprise the quadruple x and the orientation and type of loop that 

connects these strands in the GQ structure (Figure l.2A)5 Quadruplexes may consist of 

one, two, or four strands, fonning structures referred to as uni, bi, and tetramolecular, 

respectively. Moreover, the 5' to 3' directionality of DNA strands leads to three possible 

orientations of the strands relative to one another in the quadruplex structure. In a 

simplified view, parallel GQs have four strands in the same direction; mixed hybrid GQs 

have three strands in one direction and the fourth in the opposite direction; anti-parallel 

GQs have two strands in one direction and the other two in the opposite direction. 5 These 

strand orientations are defined by the conformation of the glycosidic bond between the 

guanine and the ribose sugar, which may be either anti or syn as depicted in Figure l.3. 

Specifically, parallel GQs contain tetrads with guanines whose glycosidic confonnations 

are all anti; mixed hybrid structures contain three anti and one syn or one anti and three 

syn guanines; and anti-parallel GQs contain two syn and two anti guanines5 
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Figure 1.1. (A) Guanine molecule with atoms numbered. 6 (B) Four guanines come 
together through Hoogsteen H-bonding to form a G-quartet. M+ is the stabilizing metal 
cation, such as K+, Na+, or NH/. (C) Schematic representations of quadruplex 
structures. From left to right: tetramolecular parallel quadruplex, mixed hybrid 
monomolecular quadruplex, and antiparallel biomolecular quadruplex. (A) was taken 
from Bera et al. 2005; (B) and (C) were prepared by John M. Nicoludis '12. 
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Figure 1.2. (A) Schematic of potential GQ strand orientations. From left to right: 
parallel, mixed hybrid, and anti-parallel. (B) Schematic ofloops that connect GQ 
strands. From left to right: diagonal, edgewise, or double-chain reversal. Arrows point 
from the 5' to 3' direction.s Figure taken from Phan 2010. 

Figure 1.3. (A) Anti and (B) syn glycosidic conformations of guanine. s Figure taken 
from Phan 2010. 
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Three loop types connect the strands together (Figure 1.2B). Diagonal loops 

connect two anti-parallel strands diagonally across the tetrad; edgewise loops attach 

adjacent anti-parallel stands; and double-chain reversal loops, also known as propeller 

loops, connect adjoining parallel strands5 

I-Moti/DNA 

It has also been proposed that the C-rich strand complementary to quadruple x

forming G-rich one forms a secondary structure called an i-motif (Figure 1.4). This four

stranded structure, which is sometimes referred to as a cytosine quadruple x, is composed 

of two interweaving ladders held together with C=C+ bonds. Because i-motifs require 

the protonation of the cytosine's N3 (pKa ~ 4.2), they are stable in slightly acidic 

conditions (pH S 6)4. 7This acidic criterion for stability has created controversy as to 

whether i-motifs can form under physiological conditions. Studies have revealed, 

however, that the presence of the crowding agent polyethylene glycol (PEG) raises the 

pKa of the hemi-protonated C=C+ pairs, leading to the formation of stable i-motif 

structures at neutral pH. 8 It is thus possible that i-motifs may form in vivo due to 

molecular crowding. I-motifs have also been shown to form under physiological 

conditions under negative supercoiling,9 and interactions between cytosine residues in the 

loop of the i-motif formed in the oncogene Bcl-2 are thought to stabilize the structure. 10 
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Figure 1.4. (A) Cytosine base pair involved in i-motif formation. 11 (B) Diagram of the 
intermolecular i-motif formed in the sequence d[ (CCCTAA)3CCCT] .11 Figure taken from 
Phan et al. 2002. 

BioJogiaJ significance of quadrupJex DNA 

The presence of GQs in the telomeres 

A telomere is a repeating nucleotide sequence that protects the end of 

chromosomes of most eukaryotic organisms from degradation by exonucleases and 

fusion with other chromosomes (Figure 1.5).12 In all vertebrates, the telomeric sequence 

is (TTAGGG)n. This essential function of telomeres was first elucidated by cytogenic 

studies performed by Muller13
,14 and McClintock1s

,16 in the 1930s and 40s, who noted the 

unusual stability of breaks at the ends of chromosomes of maize and drosophila and 

proposed a capping mechanism for telomeres that protects the chromosomal ends. 
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Figure 1.5. Iuuuuuofluorescence showing telomeres (white) capping chromosomes 
(grey). Image obtained from US. Department of Energy Human Genome Program. 

Telomeres also serve as buffers at the ends of chromosomes, which are shortened 

during cell division; this phenomenon may be uuderstood by considering the mechanism 

of DNA replication. DNA polymerase, the enzyme responsible for the DNA replication 

that occurs during cell division, needs RNA primers to begin replication. Because DNA 

is composed of antiparallel strands and the enzyme only synthesizes DNA in the 5' to 3' 

direction, one daughter strand (the leading strand) is synthesized continuously whereas 

the second (the lagging strand) is produced in small pieces called Okazaki fragments, 

which are stitched together by DNA ligase. The RNA primer is eventually degraded but 

the lagging strand cannot be filled by DNA repair because of the lack of a 3' OH 

available onto which a nucleotide may be added, leading to the presence of gap and a 3' 

single-stranded overhang. Without the last end of the lagging strand replicated, the new 

DNA molecule will become shorter each time it is replicated, a phenomenon known as 

the end-replication problem (Figure \.6). After reaching a critical loss of DNA, 

telomeres are identified as double-break strands, resulting in the overexpression of the 

7 



tumor suppressor protein p53 that initiates cell death. 17 Thus, without a means to replicate 

the ends of the chromosomes, a cell will eventually its telomeric DNA and undergo 

apoptosis or senescence, leading to a limit on the number of times it may divide known as 

the Hayflick limit. 18 

Leading 
strand 

5' ---"" 
3'---..... 

Origin 
Lagging 
strand 

....... --- 3' 
~--- 5' 

5' ------------------------------ 3' 3' 5' 

Figure 1.6. Diagram illustrating the 
end replication problem. DNA 
replication begins at the origin and 
requires an RNA primer (shown in 
red). The RNA primer is ultimately 
degraded and not replaced, leading to 
the presence of a gap and a shortening 
of the telomere. The 3' overhang is 
circled in red. 

5' - ===== _________________ 3' Image obtained from Pearson 
3' 

5' 
3' 

3' 

------------------------------ 5' Education Inc. 

! 
Gap 

? ========----------------- 3' 

------------------------------ 5' 

The enzyme telomerase allows certain cells to solve this end-replication problem 

and become immortal. Human telomerase consists of human telomerase reverse 

transcriptase (TERT), an RNA subunit (TERC), and the protein dyskerin (DSKCI).19 The 

enzyme binds to the 3' overhang strand of the telomere complementary to the telomerase 

RNA and uses the TERC subunit to add TTAGGG repeats to the 3' ends of chromosome 

through reverse transcriptase activity, thereby elongating the telomere and making the 

cell immortal.2o Embryonic stem cells, which by function need to replicate numerous 
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times, activate telomerase to avoid cell death. 21 Because 80 to 90% of cancer cells are 

also thought to express telomerase to avoid limits on cell division and thus proliferate 

indefinitely22,23 efforts are being made to find ways to inhibit telomerase activity and thus 

prevent the spread of cancer. 4 

Given that the human telomeric repeat sequence d[(TTAGGG)n] is rich in 

guanines and single-stranded in the 3' overhang, it is unsurprising that it has been shown 

to fold into a quadruplex in vitro (Figure 1.7). The 22 nucleotide sequence 

d[AG3(T2AG3)3], henceforth abbreviated as Te122, has been particularly well studied and 

forms various GQ topologies depending on the conditions used. Early NMR studies 

revealed that Tel22 forms an antiparallel basket structure Na+ solution. 24 In molecular 

crowding and crystalline conditions with K+, however, a parallel lateral-loop propeller 

structure was found using X-ray crystallography?S Recent studies indicate Tel22 forms 

various mixed hybrid structures which exist in equilibrium with each other in pseudo-

h . I . I d' . . h K+ 26 27 P ySlO ogica con ItlOns WIt .' 

B c 

Figure 1.7. Schematic representations of the various GQ topologies the human telomeric 
repeat sequence can form. (A) Unimolecular anti-parallel basket formed in Na + 
conditions. (B) Bimolecular parallel form observed in high K+ conditions. (C) Mixed 
hybrid form seen in pseudo-physiological K+ conditions. s Figure taken from Ph an 2010. 
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The potential presence of GQs in the telomeres may have important implications 

for preventing the growth and spread of cancer cells. It has been proposed that formation 

ofligand-induced stabilization of GQ structures in the 3' overhang of the telomere may 

inhibit the activity oftelomerase by blocking the single-stranded substrate the enzyme 

must bind to, leading to shortening of the telomeres and eventual apoptosis and 

senescence28 

Quadruplex formation in oncogene promoters 

An oncogene is a gene that can cause cancer when mutated or expressed at 

abnormally high levels. Oncogenes can cause cancer in a variety of ways, including the 

induction of uncontrolled mitosis and the inhibition of apoptosis, the process of 

programmed cell death.29.30 Cells require growth factors to initiate division. These 

growth factors bind to receptors on the cell, resulting in a signal transduction pathway 

inside the cell. Kinases, enzymes that add phosphate groups to a protein, are integral to 

the pathway. Ultimately, phosphorylation by kinases activates transcription factors that 

bind to the promoters of genes and induces their transcription. Mutations in genes 

involved in these processes can results in their overexpression, causing them to create an 

overabundance of their product and ultimately uncontrolled cell division and cancer31 

The oncogene c-Myc, for instance, codes for a crucial transcription factor that regulates 

genes involved in cell proliferation, and thus its overexpression is involved in a variety of 

cancers32 Oncogenes may also create cancerous cells by inhibiting apoptosis. Apoptosis 

destroys damaged cells that could potentially cause cancer, so mechanisms that keep 

these cells alive and dividing are implicated in the development of the disease. Bcl-2 (B-

cell lymphoma 2), for example, encodes for an important regulator protein involved in 
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this process, and its overexpression is associated with melanoma, breast, lung, and 

prostate cancers33 

Because oncogene overexpression helps create cancerous cells as described 

above, modulating their transcription is being explored as form of anti-cancer therapy. 4 It 

has been suggested that the G-rich kilobase upstream of the transcription start site in the 

promoters of various oncogenes, including c-Myc, VEF, Bcl-2, c-kit, andHIF-la, form 

G_Quadruplexes. 34
•
35 Moreover, experiments have demonstrated that the porphyrin and 

GQ ligand 5,10, 15,20-tetrakis(N-methyl-4-pyridyl)porphyrin (TMPyP4) binds to the GQ 

formed in the promoter of certain oncogenes including c_Myc36 and KRAS37 and leads to 

their downregulation. Based on this evidence, a simple model has been proposed and 

observed in which an equilibrium exists between the double helix and quadruplex forms 

of DNA in the oncogene promoter (Figure l.8)38 On the double helix side, transcription 

occurs normally resulting the production of the protein product. The formation of the 

quadruple x, however, serves as a steric block to transcription by preventing the binding 

of RNA polymerase. Although the duplex form is more thermodynamically stable than 

the quadruplex form, adding a small molecule such as a GQ-binding ligand or a protein 

may favor the GQ energetically and therefore shift the equilibrium from the duplex to the 

quadruple x, thereby reducing the transcription of the oncogene 4 
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Fil:llre 1.8. Schematic 0 f the equilibnum mo del for GQ tnnscnptional regulation 
Addition of a GQ-binding lig<nd or protem can shift the equilibrium to the GQ Side. thus 
inhibiting tr2<lscnption <nd mitigating C2<lcer cell growth' Figure ta/-;en from Huppert 
2008 

Detecting quadrnplexes in the ceil 

While extenSive ~ ectroscop'C and ay>tallogr~hic expenments mdic <te the 

structure <nd fonnation 0 f qualruplexes jn vitro. acqumng jn vim eVIdence 0 f 

qualtuplexes has proven to be amore challengmg but essential task m the field." There 

1S great 1nterest m developmg and 1dentifying fluorescent prob es that are capable 0 f 

directly detecting the fonn>tion 2<ld loc otion of GQs m th e cell;" this would allow for 

more definitive correl oti on of quadruplex es with biOla g1cal processes discussed e<rlier 
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quadruple x over other DNA structures. It is also desirable that a fluorescent GQ probe be 

specific for and able to detect one quadruplex topology over the others, given that the 

specific GQ topology may dictate its biological function41
•
42 and is thus crucial to know 

in the cell. 

A variety of small molecule fluorescent probes have been reported in the 

literature,39.40 but most display low selectivity for either GQ structures over duplex DNA 

or for one specific GQ topology. The Balasubraniam group, for instance, employed an 

antibody-based probe to successfully visualize GQs in the cell using 

immunofluorescence, but this probe is unable to discriminate between GQ topologies 43 It 

is also uncertain if the probe induces GQ formation, putting into question whether GQs 

were actually present in the cell before the probe addition. An acetylene-bridged purine 

dimer (APD) fluorescent probe selective for quadruplex over duplex DNA and sensitive 

to quadruple x topology was recently reported, but this molecule requires a lengthy 

synthesis. 44 Consequently, there is a still a need for a readily available and simple probe 

that discriminates against DNA structures and is also selective for one specific GQ 

topology. 

Small molecules as G-Quadruplex binding ligands 

Because of the potentially therapeutic effects ofGQ stabilization, there is great 

interest in developing ligands that bind to and stabilize these structures. In addition to 

having a high affinity for quadruple x structures, desirable ligands should be selective for 

GQ DNA over other forms of DNA in the cell, particularly the predominant duplex form. 

An anti-tumor drug that binds readily to duplex DNA may cause cytotoxicity and will 
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require a greater concentration to achieve its therapeutic effect. Because quadruplex 

formation in certain regions may have negative physiological effects, ideal ligands should 

also be selective for one GQ topology over another. Studies demonstrate that GQ 

presence at the RNA sections of human tel om erase enhances telomere maintenance in 

vivo,45 so ligands not specific for a particular GQ topology intended to halt telomerase 

can actually increase telomerase activity and lead to undesired tumor growth.46 

Molecules with large Jr surfaces are promising candidates for such anti-cancer 

drugs as they may interact with the guanine quartets through Jr-Jr stacking.4 Moreover, 

positively charged molecules can interact electrostatically with the negative phosphate 

groups of the GQ backbone. To date, a variety ofligands have been discovered or 

synthesized that bind tightly to GQs. A series of acridine compounds, such as BRA CO-

19 (Figure 1.9A),47 have been shown to stabilize GQ DNA well. The tightest known GQ 

binder is telomestatin (Figure 1.9B),48 a large macrocycle synthesized by the bacterium 

Streptomyces analutus. 

Figure 1.9. Structure of (A) BRACO-19 and (B) telomestatin, two well known GQ 
binders. 
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Porphyrins, organic compounds that contain a heterocylic macro cycle with four 

pyrrole subunits connected together with methane bridges, are particularly important GQ 

binders. The length of their macrocycle (~lOA) is close to that of a G-quartet (11 A), and 

studies have shown that they are readily uptaken by the cell through pinocytosis. 49 

Moreover, additional functional groups can be easily added to the porphyrin core, 

allowing for modification to optimize stability and selectivity for GQ structures. 

Numerous porphyrins have been synthesized and reported as GQ binders in literature. 

5,10, 15,20-tetrakis(N-methyl-4-pyridyl) porphyrin (TMPyP4, Figure l.1O), for instance, 

has been thoroughly examined as a GQ stabilizer; studies in literature suggest that 

TmPyP4 binds tightly to GQ DNA and is a potent inhibitor oftelomerase, although it is 

not selective for quadruplex DNA5o
.
s1 Porphyrins can bind to quadruplexes through a 

variety of ways. Spectroscopic studies have suggested the intercalation of the porphyrin 

between the guanine quartets, although no crystal structures showing this have been 

reported52 Stacking of the porphyrin onto the ends of the quadruplex through ][- ][ 

stacking has also been observed53 Finally, the porphyrin may also interact with the loops 

or grooves of the GQ structure. 
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Figure 1.10. Structure ofTMPyP4, a strong but non-selective stabilizer ofGQ DNA. 

Porphyrins are also being investigated as fluorescent probes for the detection of 

GQ structures in vivo. The fluorescence of certain porphyrins increases dramatically 

when bound to DNA most likely because of the exclusion of solvent molecules that 

quench the fluorescence. Ifthese fluorescent porphyrins bind tightly and selective to 

quadruplex DNA, then inserting them into the cell and measuring the fluorescence would 

provide a means of demonstrating the existence and location of GQ structures in the cell. 

N-methyl mesoporphyrin IX (NMM, Figure 1.11), for instance, is considered a promising 

candidate for such a probe. First identified as a potent inhibitor of heme synthesis by 

preventing Fe2
+ insertion into protoporphyrin IX,54 NMM has been thoroughly 

investigated as a GQ ligand. Competitive dialysis experiments reveal NMM's selectivity 

for GQ over single-stranded (ss), duplex, triplex, and i-motif DNA and single-stranded 

RNA and DNA-RNA hybrid 55 Moreover, studies have shown that NMM interacts 

selectively with parallel GQ structures 56 IfNMM binds to and fluoresces selectively in 

the presence of parallel GQs, it might be used a strand selective probe of GQ DNA. 
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Biophysical tools for studying qutIdruplexes 
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no methods available to calculate the CD spectrum from a quadruplex,59 the type of 

stacking (homopolar or heteropolar) has been found to be empirically correlated lNith 

quadruplex topology, allowing one to determine the GQ topology from the spectrum. For 

instance, homopolar stacking, which leads to a peak at ~260 run and trough at ~250 run in 

the CD spectrum, is correlated lNith parallel quadruplexes, and heteropolar stacking, 

which pnxluces a peak at ~295 run and trough at ~260 run, is associated lNith antiparallel 

quadruplexes (Figure 1.13). The mixed hybrid form, which can be considered to have 

both parallel and anti-parallel components, exhibits an intermediate CD spectrum, lNith a 

small peak at 260 run and a larger peak at 295 run. It is important to note, however, that 

CD camlOt be used to unambiguously assign a CD spectrum to a GQ structure,59 as there 

are some cases where the CD data are inconsistent lNith the structure determined by other 

methcxls. Despite this limitation, CD spectroscopy is extremely useful in qualitatively 

assessing the effect of cation or ligand on quadruplex structure. 59 

Homopolar stacking Heteropolar stacking 

Figure 1.12. Schematric illustrating homopolar and heteropolar stacking of guanine 
quartets. White arrows indicate transition moments from the absorption band. 6o Figure 
taken from Masiero et al20l0. 
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Figure 1.13. Representative CD spectra of a parallel quadruplex exhibiting homopolar 
stacking (solid line) and antiparallel quadruplex with heteropolar stacking (dotted line).60 
Figure obtained from Masiero et al201O. 

Fluorescence resonance energy transfer (FRET) assays 

Fluorescent energy resonance transfer (FRET) refers to the nomadiative transfer 

of energy between a donor and acceptor chromophore and may be used to study 

quadruplex folding and stability.61,62 In these experiments, a fluorescent dye (donor 

chromophore) and quencher molecule (acceptor chromophore) are placed on the 5' and 3' 

ends of a GQ-forrning sequence. When the quadruplex is fully folded, the dye and 

quencher are in close proximity, leading to the quenching of the fluorescent signal by the 

quencher and a low measured fluorescence. If the temperature is increased, however, the 

quadruplex will begin to llllfold, leading to increased distance between the dye and 

quencher. As the dye and quencher move further apart, the quencher will not be able to 

quench the fluorescence as effectively, leading to an increased measured fluorescence 

signal (Figure 1.14A). A graph of the fluorescence as a fllllction of temperature may then 

be constructed (Figure 1.14B), and the maximum of the first derivative of this curve 

(Figure 1.14C) yields the melting temperature and thus stability of the quadmplex.63 The 
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stabilizing effects of ligands may be readily assessed using FRET by measuring the 

melting temperature of the quadruplex in the presence of varying concentrations and 

comparing these values with the melting temperature of the quadruplex alone. 

Because the efficiency of the energy transfer between chromophores is inversely 

proportional to the sixth power of the distance between the quencher and dye. 64
,65 FRET 

is an extremely sensitive technique and hence requires small amounts DNA. Moreover, 

because the fluorescence can be monitored using a real time peR machine with up to 96 

samples at a time, large libraries of potential-GQ binding ligands may be easily screened 

for their stabilizing capabilities using this technique. 63 

A 

Melting 

Quenching Fluorescence 

0.05 

1.0 

B /J Q) 
<.> 0.04 

Q) 0.8 c 
<.> Q) 
c 

!~ 
<.> 

Q) (/J 

<.> ~ 0.03 (/J 
Q) 0 
(; 0 .6 ::J 

c;:::: 
::J '0 u::: Ii 

~ 
Ii Q) 

\J Ii > 0.02 
Q) 0.4 Ii ~ .t:! 
ro Ii > 

E Ii .~ 

Ii \J (; • 0.01 
0 .2 • "§ z 

/' u:: 

0.0 0.00 

______ Melting temperature 

C !IfI'tI (Tml . , 
~ ~ 
J ~ 
I ~ • • I \ 

i '\ • • I \ . ... 
I II! ,. \ 

!II • ,. .. . ' I .... 
!II.", ........,. 

~i 1ISUi-

~ 

15 30 45 60 75 90 15 30 45 60 75 90 

Temperature CC) Temperature CC) 

Figure 1.14. Illustration of the principle behind FRET. Part (A) of the figure was 
prepared by John M. Nicoludis '12. 
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Chapter II: Materials and Methods 

Materials and Reagents 

Porphyrins 

Pd(II)- 5,10, 15,20-tetrakis(N-methyl-4-pyridyl)porphyrin (PdTMPyP4) and N-

methyl mesoporphyrin IX (NMM) were purchased from Frontier Scientific (Logan, UT, 

USA). Pt(II)- 5, 10, 15,20-tetrakis(N-methyl-4-pyridyl)porphyrin (PtTMPyP4) was a 

generous gift from Dr. Robert F. Pasternack, Swarthmore College. 5,10,15,20-

tetrakis((N-spermido )benzamide )porphyrin (TCPPSpm4) was provided by Dr. 

Alessandro d'Urso, University of Catania (Sicily, Italy). Porphyrins were diluted in 

double-distilled (dd) H20 to 0.3 to l.3 mM concentrations and stored at 4°C in the dark. 

Porphyrin concentrations were determined via UV-vis spectroscopy using extinction 

coefficients found in Table l. 

Table 1. Names and extinction coefficients of porphyrins used in this work. 

Abbreviated Full compound name Extinction Coefficient l,max 

name (s) at Amax (M-Icm-I) (ref) (um) 

NMM N-methylmesoporphyrin IX 1.45 X 10' (00) 379 

PtTMPyP4 Pt(II)- 5,10,15,20-tetrakis(N- l.72 X 10' \0') 401 
methyl-4-pyridyl)porphyrin 

PdTMPyP4 Pd(II)- 5, 10, 15,20-tetrakis(N- l.68 X 10' (M) 418 
methyl-4-pyridyl)porphyrin 

TCPPSpm4 5,1O,15,20-tetrakis((N- 2.24 X 10' * 415 
spermido )benzamide )porphyrin 

*determmed expenmentally m this work; see Porphyrm aggregatIOn and extmctIOn 
coefficient determination section for details. 
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Oligonucleotides 

Oligonucleotides were purchased from either Midland Certified Reagent 

Company (Midland, TX, USA) or Eurogentech (Liege, Belgium). Fluorescently-Iabeled 

oligonucleotide 5'-6-FAM-G3(TTAG3)3-Dabcyl-3' (F21D) and unlabeled calf thymus 

(CT) DNA were purchased from IDT (Coralville, lA, USA). F21D was diluted to ~100 

11M and stored at -80°C. CT DNA was dissolved in 10 mM lithium cacodylate, 1 mM 

Na2EDTA, and placed on a nutator for 1 week at 4 °C before use. All other DNA stocks 

were dissolved in dd H20 to ~ 1 mM and kept at 4 °C for no longer than one month. To 

induce the formation of the most thermodynamically stable species, oligonucleotides 

were melted at 90°C for ten minutes in the appropriate buffer, cooled to room 

temperature over 3 to 4 hours, and incubated for at least 12 hours at 4°C. I-motif 

structures were prepared by dissolving C-rich sequences in acidic conditions (pH ~ 5.8) 

and annealing as described above. All oligonucleotide concentrations were determined 

via UV-vis spectroscopy using the extinction coefficients found in Table 2 and calculated 

using the nearest neighbor approximation method. 

Table 2. Extinction coefficients of oligonucleotides used in this work. All values 
reported per GQ strand unless otherwise stated. 

Abbrev. Sequence (5' -- 3') 1 1 
£260 (M cm ) 

G4 TTTTGGGGTTTT l.064 x 10' 

G8 TTTTGGGGGGGGTTTT l.468 x 10' 

l.22 X 104 

CT Genomic calf thymus DNA 
(per base pair) 

ds12-A GGCTTGAGTGCG l.127 x 10' 

ds12-B CCGAACTCACGC l.083 x 10' 

ds26 CAATCGGATCGAATTCGATCCGATTG 2.532 x 10' 

Tel22 AGGGTTAGGGTTAGGGTTAGGG 2.285 x 10' 
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VEGF GGGAGGGTTGGGGTGGG l.7l4 x 10' 

cMyc TGAGGGTGGGTAGGGTGGGTAA 2.287 x 10' 

C8 AAAACCCCCCCCAAAA l.574 x 10' 

i-cMyc TTACCCACCCTACCCACCCTCA 2.287 x 10' 

TC4T TCCCCT 4.56 x 10' 

C4T4C4 CCCCTTTTCCCC 9.02 x 10' 

26TelG4 AGGGGTTAGGGGTTAGGGGTTAGGGG 2.689 x 10' 

Bcl-2 GGGCGCGGGAGGGAATTGGGCGGG 2.374 x 10' 

cKitl GGGAGGGCGCTGGGAGGAGGG 2.132 x 10' 

cKit2 GGGCGGGCGCGAGGGAGGGG l.99l x 10' 

G4TERT AGGGGAGGGGCTGGGAGGGC 2.029 x 10' 

TBA GGTTGGTGTGGTTGG l.433 x 10' 

G4T4G4 GGGGTTTTGGGG l.l52 x 10' 

Buffers 

Cacodylate buffers containing K+ or Na+ were used for most studies presented in 

this thesis. These buffers were preferred over Tris or phosphate buffers because they do 

not absorb light in the far UV region and their pKa is temperature independent. 63 The 

ionic strength of most buffers used was kept at 11 0 mM salt so as to best match the ionic 

strength present in the cell. All buffers used in this study are summarized in Table 3: 

Table 3. Names and compositions of buffers used in this work. 

Buffer name Composition 

5K 10 mM lithium cacodylate, pH ~ 7.2,5 mM KCl, 95 mM LiCl 

5K 5.8 10 mM lithium cacodylate, pH ~ 5.8, 5 mM KCl, 95 mM LiCl 

l50K 10 mM lithium cacodylate, pH ~ 7.2, 150 mM KCl 

KPi 10 mM potassium phosphate, pH ~ 7.0,50 mM KCl 

50Na 10 mM lithium cacodylate, pH ~ 7.2,50 mM NaCl, 50 mM LiCl 

100Li 10 mM lithium cacodylate, pH ~ 7.2, 100 mM LiCl 
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Uv- Vis Spectroscopy 

Instrument and data collection 

UV studies were perfonned on Cary 300 Varian or Bioserv Uvikon XLIXS 

spectrometers with Peltier temperature control units (error of ± 0.3 DC). Scans were 

collected from 350 to 650 run for porphyrin samples and 220 to 330 run for DNA 

samples. All spectra were baselined with a cuvette containing a solution of buffer. All 

experiments were perfonned at least three times unless stated otherwise. 

Porphyrin aggregation studies and extinction coefficient determination 

The conjugated system in the porphyrin tetrapyrrole core leads to strong 

absorption bands in its UV-Vis spectrum corresponding to ][ --> ][* transitions. 69 Beer's 

law states the this absorbance (A) is related to its extinction coefficient (1:), concentration 

(C) of porphyrin, and the pathlength of the cuvette used (I) as follows: 

A = Exlxc eq.l 

Adherence to the Beer-Lambert law for a certain concentration range indicates a lack of 

porphyrin aggregation. In order to test for porphyrin aggregation, UV -Vis spectra were 

taken on PtTMPyP4, PdTMPyP4, TCPPSpm4, and ZnTCPPSpm4 samples with 

concentrations ranging from 0.5 to 50 11M diluted in either dd H20 or 5K prepared in 1 

cm methyl acrylate cuvet1es and 1 mm quartz cuvettes. The value of the extinction 

coefficient of TCPPSpm4 were detennined from the slope ofa best-fit line of absorbance 

vs. porphyrin concentration. Solutions of varying porphyrin concentrations were 

prepared from a solution with a known concentration of 361.4 11M. 
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Porphyrin UV-Vis titrations 

The electronic structure of a porphyrin is altered when it is bound to DNA, 

resulting in a change in the intensity and location of the Soret peak. In UV-Vis titration 

experiments, these changes in the spectrum upon the addition of increasing amounts of 

DNA are used to determine the binding constant, binding mode, and binding 

stoichiometry of the GQ-porphyrin interaction. 

Titrations were performed by stepwise addition of a small volume of Tel22 

annealed in buffer to a solution of 1 mL ~ 1-9 11M porphyrin in buffer. In some titrations, 

Tel22 samples contained the same amount of porphyrin used to eliminate dilution effects 

upon Tel22 addition; in others, Tel22 did not contain porphyrin and the effect of dilution 

was factored out mathematically before data analysis. 1 cm path length methacrylate 

cuvetles were used to avoid porphyrin adsorption to the walls of quartz cuvetles. Spectra 

were collected after adding Tel22 to ligand, mixing thoroughly, and waiting up to two 

minutes for equilibration. Tel22 was added until no significant change in the UV-Vis 

spectrum was observed. The red shift, AI., was obtained from titration data by 

determining the difference in the position of the Soret band maximum between free and 

bound porphyrin, and the % hypochromicity, %H, was calculated as follows: 

E[ - Eb 
%H = xl00% eq.2 

E[ 

Here, s[and Sb are the extinction coefficients of free and bound porphyrin, respectively, at 

Soret maxima. 
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Fluorescence Spectroscopy 

Instrument and data collection 

Fluorescence experiments were performed at 25°C on a Photon Technology 

International QuantaMaster 40 or a Horiba Fluoramax-4 spectrofluorimeters equipped 

with temperature control units. For experiments with NMM, samples were excited at 399 

nm and the emission was measured from 550 to 750 nm; the excitation wavelength and 

emission range were selected based on previous NMM fluorescence studies reported by 

the Bolton laboratory70)1 For PtTMPyP4 samples, the excitation wavelength was 412 nm 

and the emission was measured from 600 to 800 nm. The optimal excitation wavelength 

was taken as the value that produced the maximum fluorescence intensity value of 3D 

plot of excitation wavelength vs. emission wavelength vs. fluorescence intensity 

(Supplementary Figure S 1) constructed by taking fluorescence spectra on a sample of 

PtTMPyP4 in dd H20 for a variety of excitation wavelengths. The precise scan 

parameters used varied depending on the experiment and porphyrin and are thus 

discussed at the end of each experiment described below. 

Porphyrin fluorescence titrations 

Porphyrins exhibit strong fluorescence emission most likely due to a n* --> n 

transition72 Some porphyrins exhibit an increase in fluorescence emission in the presence 

of GQs, allowing for the determination of the binding constant from fluorescence 

titrations. For all experiments, the solutions were inverted at least ten times after addition 

of DNA and left to equilibrate for at least thirty seconds before scans were taken. 
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1. PtTMPyP4 + Tel22 titrations 

A 2mL solution of 1-2 /lM PtTMPyP4 in 5K buffer was titrated with either 0.1 

mM Tel22 or 0.1 mM CT DNA in a 3mL methacrylate fluorescence cuvette with a I cm 

path length. DNA was added until there was no observed increase in fluorescence. Scan 

parameters were as follows: increment ~ I nm; integration time ~ 0.5 sec; slit length ~ 5 

nm for excitation and emission. 

2. NMM + GQ titrations 

0.1 - I/lM solutions ofNMM were titrated with VEGF in 5K buffer, G4T4G4 in 

5K and SaNa buffer, or 26TelG4 in SaNa buffer in 2 mL quartz cuvettes until the 

fluorescence signal was saturated, or the final concentration of DNA was at least ten 

times greater than the concentration of porphyrin. Competition titration experiments 

were performed to assess NMM's selectivity for GQ structures in the presence of excess 

duplex DNA. In the first experiment of experiments, I/lM NMM with 10 /lM VEGF in 

5K was titrated with increasing amounts ofCT DNA. In the second set of experiments, 

I/lM NMM containing either 10 or lOa /lM CT DNA in 5K was titrated with increasing 

amounts ofVEGF. Scan parameters were as follows: increment ~ I nm; integration time 

~ 0.5 sec; slit length ~ 2 nm for excitation and emission. 

Fluorescence enhancement studies 

A I /lM solution ofNMM or PtTMPyP4 was prepared in buffer in either a 400 IlL or 2 

mL quartz fluorescent cuvette and its spectrum was taken. To ensure that all the porpyrin 

was bound, a 10 fold excess of DNA (NMM) or 5 fold excess of DNA (PtTMPyP4) was 

added and the fluorescence spectrum was retaken after up to I hour of equilibration. The 

increase in fluorescence was quantified by calculating the fluorescence enhancement 

(F.E.), which is defined as follows: 
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FL(P + DNA) - FL(P) 
F. E. = FL(P) xl00% eq.3 

where FL(P) is the maximum value of fluorescence of porphyrin alone in buffer and FL(P 

+ DNA) is the maximum fluorescence of porphyrin with DNA. 

Scan parameters for fluorescence enhancement studies with NMM were as follows: 

increment ~ 1 nm; integration time ~ 0.5 sec; slit length ~ 2 nm for excitation and 

emission. Scan parameters for fluorescence enhancement studies with PtTMPyP4 were 

as follows: increment ~ 1 nm; integration time ~ 0.5 sec; slit length ~ 5 nm for excitation 

and emission. 

Measuring the effect of pH on NMM fluorescence 

These pH studies were performed to determine ifNMM's fluorescence signal 

change is affected by pH. 1 -211M NMM was titrated with 0.1 M NaOH, LiOH, or Hel 

to achieve the desired pH, and fluorescent scans were taken. Experiments were 

performed using both the titration method and batch method. Reversibility experiments 

were also performed to see if the change in NMM's fluorescent signal at various pH 

values was reversible. The pH was reduced to ~3 with 0.1 Hel and the fluorescent 

spectrum was recorded. The pH was then brought back up to ~7 with 0.1 NaOH or 

LiOH and the spectrum was remeasured. The pH of a second sample ofNMM was 

brought up to ~ 11 with NaOH or LiOH, and a fluorescent scan was taken. The pH was 

then reduced to ~ 7 with Hel and fluorescence was re-measured. 

Scan parameters for NMM pH studies were as follows: increment ~ 1 nm; integration 

time ~ 0.5 sec; slit length ~ 3.5 - 5 nm for excitation and emission. 
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Fluorescence lifetime measurements 
Experiments were performed with NMM in various buffers on a multi-frequency 

cross-correlation phase and modulation fluorimeter at room temperature. Samples were 

prepared such that the NMM:GQ ratio ranged from 1:4 to 1:30 and the concentration of 

NMM ranged from 0.7 to 2.3 11M, depending on the sample. After the sample was 

excited at 399 nm, its emission was filtered and referenced to a scatterer which produced 

counts to match the sample. Data was collected in the frequency range of 1 - 250 MHz. 

10-50 frequencies were collected depending on the sample. The value of the 

fluorescence lifetimes were calculated as described in Jameson et al. 198473 

Circular Dichroism 
All experiments were performed on an AVIV 410 spectropolarimeter containing a 

Peltier heating unit (error of ± 0.3 0c) or a Jasco J-18 spectropolarimeter using a 1 cm 

quartz cuvette. Scans of 1 to 5 11M DNA were collected three to five times from 330 to 

220 nm with a 1 nm bandwidth and an average time of 1 sec at 20°C and averaged. Data 

were baseline-corrected by subtracting the CD spectra of buffer alone in the cuvettes used 

for sample scans and zeroed by subtracting the average absorbance for the last 15-20 nm. 

These values were converted into molar ellipticity using the equation: 

e 
Ll E = -=---;--=-=:---c:-::-::

Cxlx3.3xl04 
eq.4 

where I'ls is molar ellipticity, e represents CD signal in mdeg, C is the concentration of 

DNA in mol L·1
, and I is the path length of the cuvette in cm. Data were then smoothed 

with a Savitzky-Golay smoothing filter using a 13-point quadratic function. In certain 

experiments, CD spectra of DNA sequences were taken in the presence of up to 2 fold 
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excess ligand so as to detennine the effect of ligand on the DNA structure. In these 

experiments, samples were annealed with or without ligand at 90°C for ten minutes, 

cooled slowly to room temperature, and incubated from 0 to 12 hours at 30 °C depending 

on the ligand before scans were taken. All CD experiments were repeated three times 

unless stated otherwise. 

Binding Constant Determination 

Direct fitting 

Direct fitting was perfonned to detennine the value for the association constant Ka 

from UV-Vis and fluorescence titrations of porphyrin with DNA. Signal (either 

absorbance or fluorescence) at the wavelength maxima of the titration were 

simultaneously fit to the equation: 

x 
Y = Yo - - (Yo -If) eq.5 

Ct 

where Yo and Yjare the initial and final signal at each peak, Ct is the total porphyrin 

concentration, and x is concentration of ligand-GQ complex. The value for x is derived 

from the simple equilibrium equation for the reaction Porphyin + GQ --> Porphyrin-GQ 

complex: 

x 
Ka = eq.6 

(Cs - x)x(Ct - x) 

Here, Cis the concentration of DNA. It is important to note that the direct fitting method 

assumes a 1: 1 binding stoichiometry between ligand and GQ. In order to fit data with a 

different binding stoichiometry, the concentration of DNA used in the equation must be 
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multiplied by the ligand:GQ ratio to obtain the concentration of ligand binding sites 

Fitting was done with GraphPad Prism Software 4.0. 

Scatchard analysis 

A scatchard plot is a method used to determine the affinity constant and binding 

stoichiometry for a ligandlreceptor binding interaction 74 and can confirm value of these 

parameters obtained from other methods. Scatchard plots were used to ascertain binding 

information from UV -Vis and fluorescence titration data by plotting the binding ratio r vs 

rlCj, where r is the ratio Cbl [DNA]. The concentration of bound porphyrin, Cb, and the 

concentration of free porphyrin, Cj, are determined from the total porphyrin 

concentration, Ct, as follows: Cb ~ Ct X a and Cj~ Ct - Cb. The fraction of bound 

porphyrin, a ,is determined from the equation: 

Ifree - I 
a = eq.7 

I tree - I bound 

where Ifree and hound are the values of absorbance or fluorescence offree and bound 

porphyri, respectively, at the Soret maximum for free porphyrin.75 Data points are then fit 

using a best fit line with linear equation 

r 
C = KaCn - r) eq.8 

f 

where Ka is the binding constant at equilibrium and n is the number of ligand molecules 

bound to each GQ.75 
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FRET melting studies 

In this work, fluorescently-labeled human telomeric DNA (F2ID) was used to 

ascertain the stability of quadruplexes in the presence of various ligands using FRET. 

F2lD forms a hybrid intramolecular GQ in 5K and anti-parallel GQ in 50Na like it's 

unlabeled counterpart, Te122, as confirmed by CD and thermal denaturation studies 

(TDS) reported in literature; TDS produces quadruplex-specific signatures and CD 

spectra of F2lD are similar to those ofTel2256 Stability is indicated by ATm, the 

difference between the melting temperature of the GQ in the presence of porphyrin and 

the melting temperature of the GQ alone. 

FRET experiments can be used to determine ligand's selectivity for GQ DNA vs 

any unlabeled competitor. Because duplex DNA is present in excess in the cell, CT 

DNA, which represents a generic duplex DNA, was selected as the primary competitor. 

Selectivity of a ligand for GQ DNA is determined by finding the melting temperature of 

F2lD in the presence of increasing concentrations of CT DNA at a fixed concentration of 

ligand. Ligands selective for GQ DNA should bind to the GQ in the presence of the 

competitor as strongly as they bind to GQ alone, so unchanging melting temperatures 

observed with increasing CT DNA concentration are consistent with excellent selectivity. 

The selectivity was then quantified by calculating the selectivity ratio, the concentration 

of competitor (in 11M) necessary to reduce AT m in half. 

Experiments were performed on a MJ Research DNA Engine (RT-PCR machine). 

For both stability and competition studies, a solution of 0.25 11M F2lD was prepared in 

5K buffer. 40 ilL of this solution was placed in white BioRad RT-PCR tube strips and 

diluted with porphyrin and/or buffer to obtain a final concentration of 0.2 11M DNA and 
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with a total well volume of 50 ilL; see FRET sample setup for stabilization and 

competition studies section of the Appendix for precise information on how each FRET 

sample was prepared. Samples were then incubated for one hour at 4°C and melted on 

the RT-PCR machine. The 6-FAM dye was excited at 496 nm and measured at 519 nm. 

The following melting protocol was implemented for both stability and competition 

studies: First, the sample was incubated at 15°C for 5 minutes. Second, the sample was 

melted from 15.0° to 95.0° C at a rate ofl °c min·! and fluorescence was read every l.0 

°C. Finally, the sample was cooled from 95.0° to 15.0° C at a rate of 1 °c min·! and the 

fluorescence was read every l. 0 °c 

Each experiment contained duplicate samples. Data from duplicate experiments 

were averaged and normalized from 0 to 1 using the formula: 

Y - Ymin 
Y' = eq.9 

Ymax - Ymin 

where Y represents the fluorescent signal. Normalized data were smoothed with a 

Savitzky-Golay smoothing filter using a 5-point quadratic function, and the visually-

determined maximum of the first derivative of fluorescence vs. temperature (error of ± 

0.5 °C) yielded the melting temperature. Each experiment was repeated three times and 

the mean and standard deviation were obtained. Origin Software was used for data 

analysis. 
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Chapter III: N -methylmesoporphyrin IX 
fluorescence as a reporter of quadruplex 
strand orientation 

This chapter represents a summary of the important findings of my work 

investigating NMM's potential role as a selective GQ reporter, which lead to a 

publication entitled "N-methylmesoporphyrin IX fluorescence as a reporter of strand 

orientation in guanine quadruplexes" in the FEES Journal earlier this year; 76 a copy of 

the paper can be found in Appendix. As detailed in the introduction, NMM is known be 

high selectivity for quadruplex DNA over a variety of other DNA structuresSS
•
66 and 

binds selectively to parallel quadruplexes over anti-parallel or mixed hybrid ones56 

Moreover, studies by the Bolton group have shown that NMM fluorescence increases in 

the presence of quadruplex but not double-stranded (ds) DNA/OJ! leading us to 

hypothesize that NMM may be an attractive candidate for fluorescent GQ probe. In this 

work, we systematically investigate NMM's ability to discriminate between quadruplex 

DNA and other secondary DNA structures through fluorescence. We also test NMM's 

ability to probe GQ DNA in an excess of duplex DNA and elucidate the mechanism of 

NMM fluorescence enhancement. 
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Selection of examined sequences. 

The goal of this work was to evaluate NMM's candidacy as a highly selective 

fluorescent reporter of quadruplexes. To this end, we examined the fluorescence of 

NMM in the presence of variety of DNA sequences including parallel, anti-parallel, and 

mixed hybrid GQs, i-motifs, single-stranded DNA, and duplex DNA. GQ-forming 

sequences assessed were chosen based the diversity of GQ topologies expected to form 

and their presence in the promoters of several important oncogenes. As discussed 

previously, it has been postulated that the strand complementary G-rich strands in human 

genome is C-rich and can form four-stranded i-motif structures consisting of two 

interleaved ladders with pairs of strands associated together through diagonal C=C+ bond 

at acidic pH (Figure l.4)4 In an effort to examine the interaction between these 

potentially biologically significant molecules and NMM, we also analyzed i-cMyc, the 

complement of the promoter of the oncogene cMyc, and C8, TC4T, and C4T4C4, C-rich 

sequences thought to form an i-motif structurell Information on all sequences used may 

be found in Table 2. 

NMM displays selective fluorescence enhancement in the presence of 
DNA 

The key experiment in this work was to test fluorescence of NMM in the presence of 

the variety of DNA secondary structures. Specifically, the fluorescence ofNMM was 

measured before and immediately after the addition of DNA. DNA was present in a ten-

fold excess to ensure complete binding ofNMM. Alone, NMM fluoresces weakly 

because the interactions with solvent relax absorbed energy non-radiatively.70 When 

NMM is bound to DNA, however, water is excluded from the porphyrin environment, 
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increasing its measurable fluorescence. The data collected are represented as the 

enhancement of the NMM fluorescent signal in Figure 3.1. The fluorescent intensity of 

NMM increases dramatically in the presence of parallel-stranded GQ-forming sequences, 

with the fluorescence enhancement ratio of 40 to 70. The fluorescence ofNMM in the 

presence of anti parallel GQs and mixed hybrid GQs also increases, though less so, in the 

range of2 to 18 and 35 to 60, respectively. The negligible increase in fluorescence of 

NMM in the presence of single-stranded and duplex DNA and i-motifs structures 

suggests little interaction between NMM and these sequences. The data were analyzed 

for statistical significance using an unpaired two-tailed t-test, and the difference in 

fluorescence enhancement for parallel vs other DNA structures was found to be 

significant at the 95% confidence interval. Overall, data suggest that NMM is capable of 

discriminating between GQ topology and may thus have potential as a quadruplex probe. 

C1 A 55 ITSI 
Tel22 (1aoU 

o 

single-stranded DNA 

double-stranded DNA 

i-motif 

::::----< parallel GO 

_______ I-lmixed-hybrid GO 

antiparallel GO 

20 40 60 80 

Flu orescence enh ancement 

Figure 3.1. Values of the fluorescence enhancement ofNMM in the presence ofa 10-
fold excess of DNA. Error bars indicate one standard deviation. 
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CD spectroscopy demonstrates the effect of NMM on GQ structure 

Figure 3.1 shows one curious detail: the addition of anti-parallel or mixed hybrid 

GQ-forming sequences leads to a smaller fluorescence enhancement relative to parallel 

sequences, with the exception ofG4T4G4 in SK buffer, addition of which lead to 

fluorescence enhancement of 60 ± 5. Indeed, both solution NMR and crystallographic 

studies indicate that G4 T 4G4 has an anti-parallel structure, yet the sequence behaves like a 

parallel GQ. In order to determine the cause of this anomaly, CD scans of G4 T4G4 in SK 

and SONa were taken both with and without a 2-fold excess ofNMM (Figure 3.2). An 

increased signal of the peak at 264 nm and a decrease in signal for the peak at 295 nm for 

G4T4G4 in SK and SONa is consistent with the induction of more parallel character and 

may help explain the unusually high fluorescence enhancement value obtained in the 

fluorescence studies. To determine ifNMM affects the topology of other mixed hybrid 

and anti-parallel GQs, we performed similar CD studies with DNA alone and DNA in the 

presence of2-fold excess ofNMM for TBA in SONa and 26TelG4 in SONa both with and 

(Figure 3.2). Spectra of TBA in SONa and 26TelG4 in SONa are identical with or without 

NMM, indicating that the presence of the porphyrin does not significantly alter their 

structure. 
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Figure 3.2. CD spectra ofG4T4G4 in 5K and 50Naand TBA and 26TelG4 in SONa 
buffers alone (solid line) or in the presence of a 2-fold excess ofNMM (dashed line). 
Samples were annealed at 90 °C, cooled to 30°C slowly, and incubated at 30 °C for> 12 
hours to ensure equilibration with NMM. NMM induces a more parallel character in the 
structure in G4T4G4 in both SK and SONa buffer, demonstrated by the increase of the 
peak at 264 lUll. The inset depicts the difference spectra between G4 T4G4 alone and in 
the presence ofNMM. In both cases the difference spectra indicate fonnation of parallel 
structure upon NMM addition. 
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NMM fluorescence probes parallel GQs even in the presence of excess 
duplex DNA 

Duplex DNA is the primary form found in the cell and is thus likely present in 

higher concentrations than quadruple x DNA, so a successful GQ probe must be capable 

of binding to a quadruplex even in the presence of excess duplex structures. In order to 

test NMM's ability to bind selectively to parallel GQs in the presence of excess duplex 

DNA as well as quantify this binding interaction, competition fluorescent titrations were 

designed. In these experiments, increasing amounts of a representative parallel-GQ 

(VEGF) were added to a solution of 1 11M NMM alone or NMM containing lOO-fold 

excess of CT DN A relative to the final concentration of VEGF. Both these titrations 

were run in SK and in parallel to ensure that lamp fluctuation or other experimental error 

were factored out. Results of these studies yielded a nearly identical binding curves 

(Figure 3.3) indicating that binding ofNMM to VEGF and NMM fluorescent 

enhancement is unaffected by the excess of dsDNA. In order to obtain a value for the 

binding constant, the data were fit to two different models; one first assumes the 

formation of l: 1 DNA:NMM complex and the second a 2: 1 complex. The latter model 

produced the best fitting results judging by the value ofR2 (0.9728 for 1: land 0.9900 for 

1 :2); obtained Ka are (6.9± 0.5) x 106 L morl and (7.0 ± 0.8) x 106 L morl for NMM 

binding to VEGF alone or in the presence of duplex DNA, respectively, values which are 

within error of each other. Job plot experiments were carried out to confirm the binding 

stoichiometry; the results (Figure 3.4) indicate that the VEGF GQ binds to NMM in a 1: 1 

ratio when the concentrations of DNA and porphyrin are approximately the same but 

binds in a 2: 1 ratio when VEGF is present in excess (as in our fluorescence studies). 
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In order to further confinn the results of the competition fluorescence titration, 

reverse competition experiments were also perfonned. Here, increasing amounts of either 

CT DNA in 5K buffer or ClA:ClB duplex in TB buffer were added to a solution of 

NMM containing a la-fold excess ofVEGF (Figure 3.5). Results show no change in 

fluorescence upon the addition of either duplex sequence, further demonstrating NMM's 

exceptional selectivity for quadruplexes vs. duplex DNA and how NMM is able to detect 

quadruplexes in the background of high concentrations of ds DNA. 
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Fi~re 3.5. Representative titration of (A) CIA:ClB duplex and (B) CT DNA in 5K 
buffer and (B) into a solution of 1 11M NMM containing 10.0 11M VEGF. 

Fluorescent lifetime studies indicate solvent exclusion as the 
mechanism offluorescent enhancement 

100 

We next set out to elucidate the mechanism of NMM fluorescent enhancement in 

the presence of quadruplexes. We hypothesized that exclusion of water molecules from 

the porphyrin environment causes NMM's fluorescence to increase in the presence of 

quadruplexes. In order to test this hypothesis, NMM's fluorescent lifetime was measured 
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in the presence of the the GQs G4 (SK, TB), G8 (SK, TB), VEGF (SK), cMyc (SK), 

cKit2 (SK), Tel22 (SK, SONa), G4T4G4 (SK, SONa), and TBA (SK). The fluorescent 

lifetime of a molecule is a measure of the average time that the molecule spends in the 

excited state before emitting a photon and returning to the ground state. Because 

fluorescence is governed by first-order kinetics, the following expression is obtained for 

the fluorescent lifetime: 

eq.l0 

Here, n*(t) is the number of molecules in the excited state at some time t; n*(O) is the 

original number of molecules in the excited state immediately following excitation; and T 

is the fluorescence lifetime. From this equation, it can be seen that the fluorescence 

lifetime may also be thought of as the time it takes to for the number of excited molecules 

decay to lie (36.8%) of their original population. Non-radiative processes, such as the 

collisions between solvent and NMM molecules, are expected to shorten the fluorescence 

lifetime by increasing the rate of decay of excited molecules. Consequently, if the 

solvent exclusion model were true, we would expect to see a correlation between the 

fluorescence lifetime and fluorescence enhancement ofNMM bound to various GQs 

The results (Figure 3.6A) indicate a relatively strong correlation (adj. R2 ~ 8S.4) 

between the fluorescence enhancement and lifetime, suggesting that the GQs are 

protecting the porphyrin's fluorescence from quenching by water. Fluorescent 

experiments with NMM in deuterium oxide (D20) and H20 were conducted to confirm 

the results of the fluorescent lifetime study. The vibrational energy of a two atoms in a 

bond can be approximated with the following equation, 
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En = h (n + 2:.) ~ G 
Z ZIT ~~ 

eq.ll 

where n is the quantum number, k is the force constant, and f1 is the reduced mass. D20 

has a greater mass than H20, meaning that D20 should quench the excited state less 

efficiently than water and that NMM's fluorescence intensity should be higher in a 

solution of D20 compared to a solution of H20. It was found that the steady-state 

fluorescence intensity of a 2.42 11M solution ofNMM in D20 is indeed higher than that in 

H20 (Figure 3.6B), which is further consistent with solvent exclusion as the mechanism 

of fluorescent enhancement 

8.5 1 .O.~ 105 

A • B -NMM in 11,0 

8.' 0 

" 
- - - NMM in 1):0 

~ 
1.6x 1O~ 

/ 1 
, 

7.5 
, , 

t · , , , , 
;;; .~ l .h IO' 

, , 
.s 7.' 0 0 , • • ., , 
~ • . 5 ~ 

, 
0 

, 
~ • 8.0xI0' , 
:: ••• • , 

0 , • 
5.5 ~ 4.0xI0· 

5.' 
0 

0.0 

• 1. 2. 3. 40 5. 60 7. SSO 600 650 700 750 
Fluorescence enhancement WIWtlenl!lh (nnl) 

Figure 3.6. (A) Correlation graph between NMM fluorescent enhancement and 
fluorescent lifetime in the presence of various quadruplex structures. Adjusted R2 is 85.4 

signifying good correlation. (B) Fluorescence of a 2.42 11M sample of NMM is higher in 

D20 than in H20. 
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Conclusion and Future Directions 
In this work, we systematically showed that NMM fluorescencence increases 

selectively in the presence of parallel quadruplexes; the molecule displays a fluorescence 

enhancement in the rage of ~40 to 70, a value statistically significantly greater than those 

for anti-parallel and mixed hybrid GQs, which have fluorescence enhancement values in 

the ranges of ~2 to 18 and 35 to 60, respectively, and single-stranded, duplex, and i-motif 

DNA, which lead to essentially no increase in NMM fluorescence. Additionally, 

competition titration experiments illustrate that the porphyrin is able to probe parallel 

GQs even in the presence of excess duplex competitor, a key result given duplex DNA is 

the predominant form of DNA found in the cell. Combined, these results indicate that 

NMM meets the stringent criteria for an ideal fluorescent GQ probe. Finally, we were 

also able to demonstrate that solvent exclusion is the most likely mechanism of 

fluorescence enhancement. 

Future experiments include examining a wider range of DNA sequences and 

topologies, including triplex DNA and RNA quadruplexes, in order to further probe 

NMM selectivity. Additionally, experiments may be devised to corroborate fluorescence 

lifetime and D20 substitution studies performed to understand the mechanism ofNMM 

fluorescence enhancement. Indeed, the studies presented here have not disproved the 

possibility that other factors, such as the alteration of the porphyrins electronic structure 

upon DNA binding, are also responsible for fluorescence enhancement in addition to the 

solvent exclusion that we were able to show. Comparing NMM fluorescence 

enhancement upon the addition of GQ DNA in both H20 and D20 buffers could 

investigate this possibility; if solvent exclusion were the primary mechanism of 
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fluorescence enhancement, one would expect a larger increase in fluorescence in the H20 

buffer compared to the D20 one. If the fluorescence enhancement values are similar, 

however, it is possible that solvent exclusion only plays a minor role and that another 

factor is responsible for the dramatic increase in fluorescence emission observed. NMM 

fluorescence could also be measured in a greater number of solvents with varying 

vibrational energies; a strong, negative correlation between solvent vibrational energy 

and NMM fluorescence would verify the D20 studies and point to solvent exclusion as a 

significant factor contributing to fluorescence enhancement. Finally, cells should be 

stained with NMM and its fluorescence should be measured using a technique such as 

confocal microscopy to determine the location of topologies ofGQs in the cell. 
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Chapter IV: TMPyP4 metalloporphyrins as GQ 
ligands 

This chapter investigates how Pt(H) and Pd(H) derivatives of the well-studied 

TMPyP4 (PtTMPyP4 and PdTMPy4, respectively) interact with Tel22. Metallation of 

the TMPy4 core with a variety of metals, including Zn(H), Co (II), Fe (III), Pt(H), Pd(H), 

and Mg(H) is a simple modification that has been described thoroughly in the literature 77 

and may alter the porphyrin's electronic and geometric structure, affecting GQ affinity, 

specificity, and telomerase inhibition. 78 For instance, it has been demonstrated that the 

Zn(H) derivative ofTMPyP4 can stabilize, induce, and speed the folding of the parallel 

GQ d[TAGGGh. 79 Pt(H) and Pd(H) porphyrins are of particular interest because the 

metals are expected to have a square planar coordination geometry (the two metals have 

d8 electronic configuration), and studies have revealed that square planar 

metalloporphyrins have an unhindered face for stacking and thus tend to display a greater 

degree oftelomerase inhibition78 We are especially interested in Pt(H) complexes 

because they are known to have powerful photoluminescent properties80 and, like NMM, 

may have potential as luminescent probes for the detection of GQ structures. We 

characterized the porphyrin-Tel22 interaction by UV -Vis, fluorescence, and circular 

dichroism spectroscopies, and FRET assays. 
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PtTmPyP4 and PdTmPyP4 do not aggregate onto themselves 
Porphyrins can aggregate due to 1t-1t stacking,81 complicating the binding studies. 

UV -Vis dilution studies can test Beer's Law and identify this phenomenon. Aggregation 

is assumed to be insignificant if the absorbance at the Soret maximum increases linearly 

with the concentration of porphyrin. The linear dependence of absorbance in the 

concentration range from 0.5 to 20 11M and 0.5 to 50 11M for PtTMPyP4 and PdTMPyP4, 

respectively, indicates that the porphyrins do not aggregate under these conditions 

(Figure 2.1). 
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Figure 4.1. Results of the aggregation study for (A) PtTMPyP4 in H 20 and (B) 
PdTMPyP4 in 5K buffer. Using the measured absorbance values at the Soret band, 
known concentration values, and Beer's law, the extinction coefficient ofPtTMPyP4 was 
determined to be 1.73 x 105 M-1cm-1 at 401 nm, compared to £401 = 1.72 X 105 M-1cm-1 

determined by Pasternack et aI.,67 and the extinction coefficient of PdTMPyp4 was 
determined to be 1.67 x 105 M-1cm-1 at 418 nm, compared to the £418 = 1.68 x10s M-1cm-1 

d · l' 68 reporte III 1terature. 
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Porphyrin-Tel22 binding explored by UV-Vis titrations 

UV -Vis titrations provide a convenient means to quantitatively characterize GQ

porphyrin binding interactions. Three titrations were performed for each porphyrin. 

Because the two porphyrins were found to behave similarly, only the data for PtTMPyP4 

is reported here in the main text (Figure 4.2); the data for PdTMPyP4 can be found in the 

Supplementary Information section (Figure S2). 

Data analysis yielded percent hypochromicities of 46.2 ± 0.2 and 5l.0 ± l.6 and 

red shifts of 13.0 ± 0.1 nm and 14.7 ± l.2 nm for PtTMPyP4 and PdTMPyP4, 

respectively (Figures 4.2A, S2A). Studies on duplex and poly dA DNA suggest that 

hyperchromicities greater than 35% and red shifts larger than 13 nm are indicative of 

intercalation between DNA bases67 Thus, these high hypochromicity and red shift values 

may be consistent with an intercalative binding mode between guanine quartets as the 

binding mode. Further support for the this model comes from the fact that PdTMPyP4 

and PtTMPyP4 are both expected to have square planar geometry, so their lack of axial 

ligands would allow for intercalation. 67 Moreover, there is precedence for an intercalative 

mode of binding in the literature for the non-metallated TMPyP4 to various GQ-forming 

sequences including Bcl_252.82and c_Myc;83 this mode of binding was established using 

spectroscopic methods. It is worth noting, however, that while spectroscopic methods 

suggest intercalation as a porphyrin binding mode in the literature, there is no published 

X-ray crystallography structure to date that demonstrates intercalation between porphyrin 

andGQ. 
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of DNA used to calculate the binding constant from direct fitting. (C) Scatchard plot of r 
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Direct fitting of our titration data using equations 5 and 6 yields a binding affinity 

of(2.8 ± 2.6) x 108 M-1 forPtTMPyP4 (Figure 4.2B) and (1.1 ± 0.3) x 107 M-1 for 

PdTMPyP4 (Figure S2B), high values which are indicative of tight binding between 

ligand and quadruplex. Titration data was also analyzed using linear Scatchard fits 
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(equations 7 and 8) which yielded Ka of (1.4 ± 0.2) x 108 M· l for PtTMPyP4 (Figure 

4.2C) and (0.78 ± 0.03) x 107 M· l for PdTMPyP4 (Figure S2C), in excellent agreement 

with the direct fitting results. The binding stoichiometry was determined to be 6.7:1 and 

6.5:1Iigand:GQ for PtTMPyP4 and PdTMPyP4, respectively. High values of binding 

stoichiometry suggest that if the porphyrin can indeed intercalate, additional binding 

modes such as end-stacking, loop binding, or groove binding, must also occur. 

The method of continuous variation (Job's method)84 was utilized to 

independently verify the binding stoichiometry. In these experiments, the total 

concentration of porphyrin and DNA were kept constant but the mole fractions of the 

porphyrin and DNA were varied. The change in absorbance was plotted against the mole 

fraction, and the peak of this plot was taken to indicate the binding stoichiometry. The 

average binding stoichiometry was found to be 6.6: 1 ligand:GQ (Figure 4.3A), in 

excellent agreement with Scratchard fits. Subsequent titrations performed at a higher 

resolution give two binding ratios of3.6: 1 and 8.4: 1 (Fig 4.3B), values which are also in 

agreement with the results of resonance light scattering (RLS) studies performed (data 

not shown). 

The first ratio of 3.6: 1 porphyrin to GQ could signify the intercalation of two 

porphyrins between the three G-tetrads and the end-stacking of two porphyrins to the two 

ends of the GQ structure. The second value (8.4:1) may result from four additional 

PtTMPyP4 molecules binding to the loops or grooves of the GQ structure or stacking on 

top of end-stacked porphyrin molecules. This hypothesis is supported by the fact that 

TMPyP4 molecules were found to bind to one of the TTA propellor loops in the crystal 
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structure of the TMPyP4-TeI22 complex.85 Nonetheless, precise structural data from X-

ray crystallography is needed to confirm these hypothesized binding modes. 
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Figure 4.3. Job Plot titrations for PtTMPyP4 with Tel22 in KPi buffer. (A) Initial 
titrations show a ligand:GQ ratio of 6.6: 1. (B) High resolution titration reveals two 
porphyrin:GQ binding stoichiometry values of3.6:1 and 8.4:1. 

PtTMPyP4 binding to and selectivity for Tel22 examined by 
fluorescence spectroscopy 

Fluorescence titrations were performed in order to further elucidate the porphyrin-

GQ binding interaction and determine whether PtTMPyP4 is a viable fluorescent probe 

for GQ DNA. As in the case ofNMM, PtTMPyP4 fluoresces weakly alone, but 1t-1t 

stacking between the porphyrin and G-quartet greatly increases this fluorescence 

intensity, most likely as a result of solvent exclusion. 
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Figure 4.4. Representative spectra for fluorescent titrations of 1.69 /lM PtTMPyP4 with 
(A) 0.094 mM Tel22 and (B) 0.097 mM CT DNA in 5K buffer. (C) Plot ofPtTMPyP4 
fluorescence intensity as a function of DNA concentration. 

In order to determine the extent to which porphyrin fluorescence is selective for 

GQ DNA over duplex DNA, three titrations ofPtTMPyP4 were performed with Tel22 

and CT DNA under identical conditions in 5K buffer. Titrations were run in parallel to 

ensure that lamp fluctuation and other experimental errors would not bias the results of 

one titration. The results shown in Figure 4.4 indicate that the porphyrin fluorescence 

increases dramatically in the presence of Tel22 and must less in the presence of CT DNA. 
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This result suggests that PtTMPyP4 is selectively interacting with GQ DNA and that the 

porphyrin's fluorescence is able to discriminate between duplex and quadruple x DNA. 

Thus, the porphyrin may have promise as a fluorescent probe to visualize the location of 

GQs. Like UV -Vis titration data, fluorescence titration data may be analyzed to yield a 

value for Ka. Direct fitting of fluorescence data gives a binding constant of (2.3 ± l.2) x 

106 M· l
, a value somewhat lower than the binding constant value obtained from UV -Vis 

titration data, which is on the order of 108 Nonetheless, this high affinity constant value 

is still indicative of tight binding between porphyrin and quadruplex. 

In order to systematically investigate the ability of PtTMPyP4 to fluoresce 

selectively in the presence of variety of GQ structure over other secondary DNA 

structures, we performed detailed fluorescent enhancement studies designed similarly to 

those discussed in Chapter III. In these experiments, the fluorescence of PtTMPyP4 was 

measured before and after the addition of DNA, and the fluorescence enhancement was 

calculated as described in the Materials and Methods section. Titrations studies indicate 

that the fluorescence signal of the porphyrin is saturated after the addition of ~ 1 

equivalent of quadruplex. Thus, to ensure that all the porphyrin was bound to 

quadruplex, 5 equivalents of DNA were added in these fluorescence enhancement 

studies. The results shown in Figure 4.5 indicate that ss DNA (ds12A and ds12B 

sequences) and duplex DNA (ds12 and ds26 sequences) cause porphyrin fluorescence to 

increase to only a small degree, with the single-stranded sequences displaying an average 

fluorescence enhancement of 17.9 ± 4.0 and the duplex sequences displaying an average 

fluorescent enhancement of 16.0 ± 3.4. In the presence of the mixed hybrid Tel22 GQ 

formed in 5K buffer, however, the fluorescent enhancement is found to be 85.8 ± 5.5, 

53 



suggesting that PtTMPyP4 can discriminate between quadruplex and duplex structure and 

has a promise as a fluorescent probe for GQ structures. Unpaired two-sided t-tests 

confinn this conclusion; the difference in fluorescence enhancement between Te122 and 

ssDNA and Tel22 and dsDNA is found to be statistically significant at the 95% 

confidence interval. with 2-sided p-values < 0.0001 for both tests. 
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Figure 4.5. Results ofthe fluorescent enhancement study for PtTMPyP4. The 
porphyria·s fluorescence increases selectively in the presence ofthe Tel22 mixed-hybrid 
GQ over 
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Stabilizing properties of PtTMPyP4 and PdTMPyP4 and selectivity 
toward Tel22 assessed through FRET 

FRET assays provide a semi-quantitative measurements of quadruple x stabilizing 

ability and selectivity46 Similar to the UV -Vis titration studies, both porphyrins exhibit 

similar behavior, so only the FRET data for PtTMPyP4 is shown here in the main text; 

data for PdTMPyP4 is found in the supplemental information. The addition of 0 - 4 11M 

ofPtTMPyP4 or PdTMPyP4 (the standard concentration range used in FRET studies in 

our laboratory) to 0.2 11M F21D in 5K yielded concentration-dependent melting curves 

whose fluorescence values do not flatten out at the maximum temperature of 95°C 

(Figure S3), suggesting that the ligand-stabilized GQ has a Tm greater than 95°C (hence, 

incomplete GQ melting). Therefore, experiments were repeated with a reduced 

concentration of 0 - 0.6 11M PtTMPyP4 and 0 - 0.4 11M PdTMPyP4. Both porphyrins 

exhibited similar behavior, with I'l Tm of 30.7 ± 0.6 °e for PtTMPyP4 (Figure 4.6A) and 

30.0 ± l.6 for PdTMPyP4 (Figure S4) at 0.4 11M ligand concentration in 5K buffer. In 

general, these porphyrins stabilize GQ' s stronger than other similar porphyrins studied in 

our laboratory, such as TMPyP4, it's eu(H) and Zn(H) derivatives/9 and NMM56 In 

order to ensure that the measured fluorescence is due to the labeled GQ and not the 

natural fluorescence of the metalloporphyrins alone, control FRET experiments with both 

porphyrins were run using unlabeled Tel22 instead ofF21D. No significant fluorescence 

was observed in both cases (Figure S5). 
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Figure 4.6. Summary of FRET experiments with PtTMPyP4 and F21D in 5K buffer. 
(A) Concentration-dependent increase in melting temperature of 0.2 ~M F21D stabilized 
by 0 to 0.6 ~M ligand. The increase in melting temperature at 0.6 11M relative to NMM 
alone (L1Tm) is found to be 30.7 ± 0.6 °C. (B) Results of the competition study indicate a 
decrease in melting temperature with increasing concentrations of duplex DNA, 
suggesting moderate selectivity for the GQ structure. 

Peculiarly, the melting curves for F21D in the presence of 0.1 ~M PtTMPyP4 and 

PdTMPyP4 are biphasic (Figure S6A,B). Biphasic melting curves represent melting of 

two distinct DNA conformations with different thermal stabilities. 86 Indeed, the first 

derivative of the biphasic curve yielded a graph with two distinct peaks (Figure S6C,D), 

one most likely corresponding to the melting temperature ofF21D alone and the second 

to the melting temperature of DNA bound to the porphyrin. These discrete peaks suggest 

a lack of equilibrium between the GQ DNA and porphyrin and confirm the exceptionally 

tight binding interaction implied by fluorescent experiments. 

FRET competition studies with CT DNA were performed to assess the 

porphyrins' selectivity for GQ DNA over duplex DNA. Results indicate that both 

PtTMPyP4 and PdTMPyP4 are modestly selective for GQ. The selectivity ratio, defined 

as the excess of competitor necessary for a 50% decrease in L1 Tm, was 177 and 188, for 
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PtTMPyP4 and PdTMPyP4, respectively, in 5K. This selectivity ratio is similar to that 

measured for TMPyP4 and it's other metallated derivatives79 but much lower than that of 

NMM (Figure 2.10A, B).56 Overall, FRET results suggest that both porphyrins are 

extremely robust stabilizers of human telomeric DNA in the presence of potassium, but 

like TMPyP4 they exhibits only modest selectivity for GQ over duplex DNA. This 

modest selectivity may be due to the fact that the porphyrin is cationic and able to attract 

the negatively-charged phosphate groups of duplex DNA. 

Effect of PtTMPyP4 on GQ structure assessed by CD spectroscopy 
To determine the effect ofPtTMPyP4 on the quadruplex structure, this porphyrin 

titrated into a solution of annealed Tel22 or cMyc in 5K buffer. Tel22 alone in 5K 

produces peaks at 294 nm and 255 nm and a trough at 235 nm, consistent with the mixed 

hybrid structure?6,87 In the presence ofPtTMPyP4, the overall CD signature does not 

change, but signal intensity decreases dramatically suggesting that the porphyrin is 

interrupting quartet stacking and potentially destabilizing the molecule (Figure 2.IIA). 
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Figure 2.11. CD spectra of (A) Tel22 and (B) cMyc with increasing amounts of 
PtTMPyP4 in 5K buffer. 
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The cMyc GQ is parallel in 5K buffer as evidenced by a peak at 265 nm and a 

trough at 245 nm. This signal flattens out upon addition ofPtTMPyP4, similar to Tel22 

case (Fig. 2.IIB). If one assumes that the porphyrin is interrupting G-tetrad stacking and 

thus destabilizing the GQ, such interpretation of the data is inconsistent with FRET 

results, which suggest strong stabilization of interaction between the porphyrin and 

human telomeric DNA. It is possible, however, that the low fluorescence values 

observed in preliminary FRET studies that we interpreted to be incomplete melting 

(Figure S3) may actually be due to destruction of the quadruplex. It is worth noting that 

the decrease in CD signal could be due to precipitation, which was not observed upon 

careful visual examination. Nonetheless, light scattering experiments do suggest the 

formation of small aggregates at I GQ to ~ 8 porphyrins, suggesting that some small 

precipitates may be forming. 

Conclusion and Future Directions 
Combined, our data suggest that both porphyrins bind tightly to Tel22 with an 

overall binding stoichiometry of ~ 7: I and a binding constant on the order of ~ 106 to 108 

Both porphyrins are found to be excellent stabilizers of human telomeric DNA, 

increasing its melting temperature by ~31 °C at only 2-fold excess of the porphyrin. 

They are also modestly selective for GQ over duplex DNA, with a selectivity ratio of 

180-190. Because the fluorescence ofPtTMPyP4 increases selectively upon addition of 

Tel22 as compared to ds or ssDNA, this porphyrin is a promising candidate for a 

photoluminescent GQ probe. 

Future work should focus on better elucidating the modes of binding between 

porphyrin and GQ, ideally from a high resolution X-ray crystallography or NMR 
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structure of the PtTMPyP4-Tel22 complex. It is also essential to reconcile the 

contradictory results given by FRET and CD experiments and determine whether the GQ 

is being stabilized or destroyed. Tel22 could be titrated into a solution of PtTMPyP4 in a 

buffer with a high concentration of a GQ denaturing agent, such as LiaR, a strong base 

which will deprotonate the guanine molecules and cause repulsion between negatively 

charged guanines and thus destruction of the GQ structure, to help resolve this 

discrepancy. If high fluorescence values are observed and a strong binding constant is 

obtained from this titration in LiaR, it can be inferred that the high fluorescence seen 

during titrations and FRET melts is actually a result ofGQ destruction by the ligand as 

suggested by CD. On the other hand, a flattened fluorescence signal upon addition of 

DNA would corroborate the results of FRET and imply that the GQ structure is indeed 

stabilized by the ligand. Finally, like NMM, PtTMPyP4 may be stained in the cell and its 

fluorescence measured by confocal microscopy to determine the location of cellular 

quadruplexs. 
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PdTMPyP4. This project was also done in collaboration with Dr. Oscar Mendoza of the 

Institut Europeen de Chimie et Biologie, (Bordeaux, France), who performed the CD 

studies on PtTMPyP4 and performed some repeats of the PtTMPyP4 fluorescent 

enhancement studies. 
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Chapter V: A spermine-derivatized porphyrin 
as a GQ ligand 

This chapter details preliminary steps taken toward investigating the interactions 

between the porphyrin TCCPSpm4 and Te122. TCCPSpm4 (Fig S.lA) consists of meso-

tetra( 4-carboxyphenyl) porphyrin (TCPP, Fignre S.lB) substituted with four, spermine 

groups at the carboxylic acid to form ami des. Such porphyins with long side chains, also 

known as tentacle porphyrins, have been synthesized as far back as the 1990s and their 

interactions with duplex DNA have been studied extensively88 Studies with quadruple x 

DNA, however, are needed. The spermine side chains are intended to bind to the grooves 

or loops of the quadruple x structure, thereby increasing the stabilizing interaction 

between ligand and GQ. The goal of this study is to determine if this porphyrin is a 

promising GQ stabilizer and if substituting ligands with long side chains is a valid 

strategy in the design of novel, better-stabilizing GQ ligands. This project, which was 

only recently begnn, is currently being carried out in collaboration with Dr. Alessandro 

D'Urso of the University of Catania in Catania, Italy, who provided the porphyrin and is 

also studying the porphyrin's interactions with TG3AG, a tetramolecular quadruplex 

I b ·· . d . HIV d 8990 current y emg mvestlgate as an antl- rug.· 
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Figure 5.1. Structure of (A) TCCPSpm4, the porphyrin under investigation and (B) 
TCPP, the porphyrin from which TCPPSpm4 is derived. 

TCCPSpm4 does not aggregate 

Before proceeding to examining the interactions between TCCPSpm4 and 

quadruplex DNA, we tested for aggregation of the porphyrin alone using dilution studies 

that test Beer's law as was done for PtTMPyP4 and PdTMPyP4. The absorbance was 

found to increase linearly between concentrations of 0.5 and 50 11M TCCPSpm4, 

indicating that the porphyrin does not aggregate in this concentration range (Figure 5.2). 

A value of 2.24 x 105 M'lcm'l is obtained for the extinction coefficient at 415 nm, the 

Soret peak. 
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Figure 5.2. Results of the aggregation study for TCCPSpm4. A linear relationship 
between absorbance and concentration indicates no aggregation. 

Porphyrin-Tel22 binding assessed by UV-Vis spectroscopy 

UV-Vis titrations were then performed to quantify the porphyrin-GQ interaction .. 

For the titration between TCCPSpm4 and Tel22 in 5K, the average percent 

hypochromicity value is 62.9 ± 4.3 and the red shift is 13.0 ± 1.4 nm (Figure 5.3A). 

These large values seem to suggest that intercalation is the main binding mode 

between the porphyrin and GQ. However, the loops of the mixed hybrid structure of 

Tel22 might block the grooves, making intercalation unlikely. In addition, intercalation 

implies breaking of pi-pi interaction between two G-tetrads, which is energetically very 

costly. Moreover, as discussed in Chapter IV, despite extensive spectroscopic evidence 

pointing toward intercalation as the binding mode for numerous porphyrins, including the 

well-studied TMPyP4, X-ray cry stall 0 graphl 5 and NMR91 structural data have pointed 

to either loop binding or end-stacking53 as the method of binding and not intercalation. 
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Titration data also allows for the calculation of the binding constant using the 

direct fitting method; a value of (6.0 ± 1.5) x 106 M-1 was determined for the association 

constant K a, which is indicative of a somewhat tight binding interaction (Fig 5.3). 
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Figure 5.3 Summary of the results of titration studies with 4.34 ~ TCPPSpm4 and 
0.075 mM Tel22 in 5K buffer. (A) Representative UV-Vis absorption spectra for the 
titration. (B) Plot of the absorbance at the Soret peak (415 nm) as a function of the 
concentration of DNA used to calculate the binding constant from direct fitting. 

It is important to note that a reasonable fit (as judged by the value of R2) was only 

obtained assuming a ligand:DNA concentration of 5: 1, suggesting that this may be the 

binding ratio. Nonetheless, an independent means of assessing binding stoichiometry, 

such as Job plot, is needed to elucidate the binding stoichiometry. Moreover, resonance 

light scattering fluorescent methods may be employed to identify more complex binding 

interactions that are occurring. 
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Stabilizing properties o/H2TCCPSpm4 assessed through FRET 

The FRET melting assay discussed in Chapter IV was employed to investigate the 

extent to which H2 TCCPSpm4 is capable of stabilizing the quadruplex formed by the 

human te10meric DNA sequence. Experiments were subsequently performed with a 

ligand concentration range of 0 - 21-1M TCCPSpm4 added to 0.2 11M F21D to obtain 

quantitative stabilization data (Fig. 5.5). 
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Fig. 5.5. Dependence ofTm versus concentration ligand for TCPPspm4 in 5K buffer. An 
increase in Tm of 38.5 °C is observed for 0.2 11M F21D at 211M ligand concentration. 

An increase in stabilization temperature ofF21D of 38.5 °C is found at a 211M 

concentration of ligand, which is indicative of a strong stabilizing interaction. Peculiarly, 

the graph of i1Tm vs. concentration ofligand appears sigmoidal; the change in melting 

temperature initially increases slowly from 0 to ~ 111M ligand, increases rapidly from ~l 

11M ligand to ~ 1.25 11M ligand, and then increases slowly again. This sigmoidal curve 
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may be indicative of cooperative binding between GQ and ligand. More data points 

should be obtained in the rapidly increasing range, however, before this assertion can be 

made confidently. 

Porphyrin effect on GQ structure investigated by CD spectroscopy 

In order to determine the of TCPPSpm4 on the secondary structure of Tel22, we 

completed annealing studies. Specifically, CD spectra were collected on Tel22 annealed 

alone or with I - 2 equivalents of porphyrin in 5K buffer (Fig 5.6). 
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Figure 5.6. CD spectra of a solution of 2.82 f!M Tel22 alone (black), and with one (red) 
or two (blue) equivalents of TCPPSpm4 in 5K buffer. 
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The slight decrease in molar ellipticity at 265 nm and dramatic decrease in signal 

at 295 nm suggest that the porphyrin may actually be destabilizing the quadruplex 

structure, a result which is in contradiction to the FRET data discussed earlier, which 

suggest a strong stabilizing interaction. As in the case of PtTMPyP4, it is possible that 

the decrease in CD signal is due to the formation of precipitates in the solution. Although 

no precipitates were visually observed in the cuvette, there may be smaller precipitates 

invisible to the unaided eye; resonance light scattering experiments are necessary to 

further investigate this possibility. CD melting studies, in which the CD signal of the 

quadruple x is monitored as the temperature is increased, can also provide a value for the 

melting temperature and should thus be employed to corroborate the values of the 

melting temperature obtained from FRET. 

Conclusion and Future Directions 
This chapter reveals the preliminary work on the investigation of the interactions 

between TCPPSpm4 and Tel22. The ligand appears to bind to the quadruple x with 

somewhat high affinity on the order of ~ 1 06 and appears to be an excellent stabilizer of 

the compound, resulting in a change in melting temperature of F21D at 38.5 °e. 

Interestingly, FRET studies suggest a sigmoidal graph of I'l Tm vs. ligand concentration, 

which may be indicative of cooperative porphyrin binding. A work in progress, future 

studies for this project should focus on obtaining more precise melting data via FRET and 

investigating to see if the binding is indeed cooperative. Given that ideal quadruplex 

binders are selective for GQ DNA, porphyrin selectivity for quadruple x over duplex 

competitors should be examined through FRET competition studies. Moreover, the 

binding ratio should be verified through an independent means, such as Job's method, so 
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as to obtain more accurate values for the binding constant and more fully characterize the 

porphyrin-GQ interaction. As in the case of PtTMPyP4, CD and FRET give contradictory 

results. CD melting studies, which provide an independent and alternate means of 

assessing the change in melting temperature ofGQs in the presence of varying 

concentrations of porphyrin, may verify FRET experiments and thus potentialy shed light 

on this discrepancy. Finally, it would be interesting to quantify the extent to which the 

spermine side chains playa role in this ligand's unique activity. Ifmolecules with 1,2, 

and 3 spermine side chains could be synthesized, their binding affinities and stabilities 

could be measured and compared to evaluate the direct effect of each spermine side 

chain. 
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Figure S1. (A) 3D and (B) contour plot of excitation wavelength vs. emission 
wavelength vs. fluorescence intensity for a sample ofPtTMPyP4 in dd H20. The 
maximum fluorescence intensity was found using a 412 nm excitation wavelength, which 
was the value that was subsequently used for future fluorescence studies with the 
porphyrin. Scan parameters were as follows: increment = 4 nm; integration time = 0.1 
sec; slit length = 2 nm for excitation and 5 nm for emission. 
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Figure S2. Summary of the results of titration studies with 2.87 ~M PdTMPyP4 and 0.03 
mM Tel22 in 5K buffer. (A) Representative UV-Vis absorption spectra for the titration. 
(B) Plot of the absorbance at the Soret peak (401 nm) as a function of the concentration 
of DNA used to calculate the binding constant from direct fitting. (C) Scatchard plot of r 
/ [PtTMPyP4]free vs. r used to determine the binding affinity and binding ratio. 
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Figure S3. FRET melting curves for F21D in the presence of 0 to 4 ~ of (A) 
PtTMPyP4 and (B) PdTMPyP4 in 5K buffer. The low fluorescence values ofF21D in 
the presence of> 0.4 ~M ligand indicate incomplete melting of the qudruplex. 
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Figure S4. Summary of FRET experiments with PdTMPyP4 and F21D in 5K buffer. 
(A) Concentration-dependent increase in melting temperature of 0.2 ~M F21D stabilized 
by 0 to 0.4 ~M ligand. The increase in melting temperature at 0.4 ~ relative to NMM 
alone (i1Tm) is found to be 30.0 ± 1.6 °C. (B) Results of the competition study indicate a 
decrease in melting temperature with increasing concentrations of duplex DNA, 
suggesting moderate selectivity for the GQ structure. 
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Figure S5. Absence of fluorescence emitted by (A) PtTMPyP4 and (B) PdTMPyP4 in 
the presence of Tel22 indicates that the natural porphyrin fluorescence is not responsible 
for the fluorescence observed in FRET experiments. 
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Figure S6. FRET melting curves forF21D in the presence of (A) 0 to 0.6 ~M 
PtTMPyP4 and (B) 0 to 0.4 ~ PdTMPyP4 in 5K buffer are biphasic. Graph of first 
derivative of fluorescence of the melting curves vs. temperature for (A) PtTMPyP4 and 
(B) PdTMPyP4 display contain two distinct peaks. 
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FRET sample setup for stabilization and competition studies 
Table S1. FRET tray setup for stabilization studies with 0 to 20 equivalents (eq.) of 

either PtTMPyP4 of PdTMPyP4. 

Well Sample Volume 0.25 /1M Volume 20 /1M Volume5K 
Description F21D (/1L) porphyrin (/1L) buffer (/1L) 

A Blank 0 0 50 

B F21D alone 40 0 10 

C 2 eq. ligand 40 1 9 

D 5 eq. ligand 40 2.5 7.5 

E 8 eq. ligand 40 4 6 

F 12 eq. ligand 40 6 4 

G 16 eq. ligand 40 8 2 

H 20 eq. ligand 40 10 0 

Table S2. FRET tray setup for stabilization studies with 0 to 3 eq. of PtTMPyP4. 

Well Sample Volume 0.25 /1M Volume 5 /1M Volume5K 
Description F21D (/1L) PtTMPyP4 (/1L) buffer (/1L) 

A Blank 0 0 50 

B F21D alone 40 0 10 

C 0.5 eq. PtTMPyP4 40 1 9 

D 1 eq. PtTMPyP4 40 2 8 

E 1.5 eq. PtTMPyP4 40 3 7 

F 2 eq. PtTMPyP4 40 4 6 

G 2.5 eq. PtTMPyP4 40 5 5 

H 3 eq. PtTMPyP4 40 6 4 
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Table S3. FRET tray setup for stabilization studies with 0 to 2 eq. ofPdTMPyP4. 

Well Sample Volume 0.25 Volume 5 /1M Volume5K 
Description /1M F21D (/1L) PdTMPyP4 (/1L) buffer (/1L) 

A Blank 0 0 50 

B F21D alone 40 0 10 

C 0.5 eq. PdTMPyP4 40 1 9 

D 1 eq. PdTMPyP4 40 2 8 

E l.25 eq. PdTMPyP4 40 2.5 7.5 

F 1.5 eq. PdTMPyP4 40 3 7 

G 1.75 eq. PdTMPyP4 40 3.5 6.5 

H 2 eq. PdTMPyP4 40 4 6 

Table S4. FRET tray setup for stabilization studies with 0 to 10 eq. of TCPPSpm4. 

Well Sample Volume 0.25 Volume 10 /1M Volume5K 
Description /1M F21D (/1L) TCPPSpm4 (/1L) buffer (/1L) 

A Blank 0 0 50 

B F21D alone 40 0 10 

C 1 eq. TCPPSpm4 40 1 9 

D 2.5 eq. TCPPSpm4 40 2.5 7.5 

E 4 eq. TCPPSpm4 40 4 6 

F 6 eq. TCPPSpm4 40 6 4 

G 8 eq. TCPPSpm4 40 8 2 

H 10 eq. TCPPSpm4 40 10 0 
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Table SS. FRET tray setup for competition studies with I eq. PtTMPyP4 or PdTMPyP4 
and 0 to 480 eq. ofCT DNA competitor. 

Well Sample Volume Volume 800 VolumeS VolumeSK 
Description 0.2S /lM /lMCT /lM ligand buffer (/lL) 

F21D (/lL) DNA (/lL) (/lL) 

A Blank 0 0 0 50 

B F21D alone 40 0 0 10 

C 1 eq. ligand, 40 0 2 8 
o eq. CTDNA 

D 1 eq. ligand, 40 3 (of 80 11M 2 5 
24eq. CTDNA CTDNA) 

E 1 eq. ligand, 40 1 2 7 
80 eq. CTDNA 

F 1 eq. ligand, 40 2 2 6 
160 eq. CT DNA 

G 1 eq. ligand, 40 6 2 2 
480 eq. CT DNA 

H o eq. ligand, 40 1 0 9 
80 eq. CTDNA 
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Introduction 

Guanine quadruplexes (GQ) are four-stranded DNA structures formed by 
guanine-rich DNA sequences, The formation of GQs inhibits cancer cell 
growth, although the detection of GQs in vivo has proven difficult, in part 
because of their structural diversity, The development of GQ-selective fluo
rescent reporters would enhance our ability to quantify the number and 
location of GQs, ultimately advancing biological studies of quadruplex rele
vance and function, N-methylmesoporphyrin IX (NMM) interacts selec
tively with parallel-stranded GQs; in addition, its fluorescence is sensitive to 
the presence of DNA, making this ligand a possible candidate for a quadru
plex probe. In the present study, we investigated the effect of DNA second
ary structure on NMM fluorescence. We found that NMM fluorescence 
increases by about 60-fold in the presence of parallel-stranded GQs and by 
about 40-fold in the presence of hybrid GQs. Antiparallel GQs lead to 
lower than lO-fold increases in NMM fluorescence. Single-stranded DNA, 
duplex, or i-motif, induce no change in NMM fluorescence. We conclude 
that NMM shows promise as a 'turn-on' fluorescent probe for detecting 
quadruplex structures, as well as for differentiating them on the basis of 
strand orientation. 

DNA adopts numerous secondary structures in addi
tion to the canonical Watson- Crick duplex. One exam
ple is G-quadruplex (GQ) DNA, a structure formed 
by 11:-11: stacking of G-quartets, composed of four gua-

nines held together by Hoogsteen hydrogen bonds 
[1- 3] (Fig. 1). To form GQs, a DNA sequence must 
contain one or more regions of contiguous guanines, 
typically three or more. Monovalent cations, such as 

Abbreviations 
APD, acetylene-bridged purine dimer; CT, calf thymus DNA; dsDNA, double-stranded DNA; GO, guanine quadruplex DNA; NMM, N
methylmesoporphyrin IX; ssDNA, single-stranded DNA; TBA, thrombin-binding aptamer; Te122, human te lomeric DNA repeat model 

sequence. 
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Fig. 1. Structures of GO and NMM. (A) 

St ructure of a G-tetrad. (8) Schematic 

representat ions of mixed-hybrid 

monomolecular GO (left), antiparallel 

bimolecular GO (middle) and 

tetramolecular parallef-st randed GO (right ). 

(C) Structure of NMM. Note that 

commercially available NMM is a mixture 

of four regioisomers that differ in the 
position of the N-Me group (only one 

isomer is shown); each isomer forms a 

pair of enantiomers w ith the N-Me group 

pointing up or dow n. 

sodium, potassium or ammonium, stabilize GQ struc
tures [1,4]. GQs can be uni-, bi- or tetramolecular and 
adopt parallel, antiparallel, or mixed-hybrid topology 
(Fig. IB), depending on DNA composition, stabilizing 
cation and the presence of exogenous ligands [5-9]. 

G-rich DNA sequences with a propensity to fonn 
GQs have been identified throughout the human 
genome, including in telomeres, oncogenes (c-MYC, 
c-MYB. c-FOS. c-ABL), ribosomal DNA and immu
noglobin switch regions [la-IS]. GQs have been pro
posed to regulate gene expression, chromosomal 
alignment, recombination and DNA replication [16]. 
Conclusive correlation of GQs with cellular processes, 
however, has proved challenging, partly as a result of 
the structural diversity exhibited by GQs, and also 
because the available probes can induce GQ fonnation 
or alter their structures, making it unclear whether the 
GQs observed in vivo are present prior to probe addi
tion. Accordingly, there is a need for new probes to 
clarify the physiological relevance of GQ DNA. 

Selective quadruplex targeting and detection are both 
important and challenging. A variety of small-molecule 
pro bes display fluorescence that is modulated by the 
presence of GQs; such molecules are highlighted in a 
recent review [17]. The majority of these probes suffer 
from low selectivity for GQ versus double-stranded 
DNA (dsDNA) or toward a specific GQ geometry. It is 
important to discriminate GQs based on their geometry 
because it defines the biological roles and functions of 
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GQs, such as interactions with proteins [18] and drugs 
[19,20]. The first example of a 'turn-on' fluorescent small 
molecule dye specific for parallel-stranded (but not anti
parallel or mixed-hybrid GQs) was reported recently 
[21]. This acetylene-bridged purine dimer (APD) inter
acts with a variety of parallel-stranded GQ structures, 
displays strong emission in their presence, and exhibits 
topology-specific staining in agarose gels. Its synthesis, 
however, is not trivial. By contrast to this small molecule 
example, Balasubramanian's group reported immuno
fluorescence detection of GQs [22], thereby improving 
the ability to map GQs in vivo. The need remains for 
additional GQ selective probes that are either commer
cially available or easy to prepare and compatible with 
sensitive in vivo detection, primarily by fluorescence 
microscopy. 

N-methylmesoporphyrin IX (NMM) (Fig. I C) is 
highly selective for GQ over single-stranded DNA 
(ssDNA) and ssRNA, dsDNA, triplex DNA and 
DNA-RNA hybrids [23,24]. Previous studies have 
demonstrated that NMM fluorescence increases in the 
presence of GQ but not dsDNA [25,26]. Recently, 
NMM was shown to bind parallel but not antiparallel 
GQs [23,27]. The potential of NMM to discriminate 
between particular strand orientations of GQs using 
fluorescence, however, has not been systematically 
explored. NMM is water-soluble, chemically stable, 
and commercially available molecule with excellent 
optical and fluorescence properties. These attributes, 
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combined with the ability of NM1Vl to preferentially 
recognize parallel-stranded GQ stnlctures, make it a 
promising candidate for selective GQ detection. In the 
present study, we applied UV -vislhle, fluorescence and 
CD spectroscoples to ev-aluate the potential of NlVfM 
as a selective fluorescence GQ reporter in the presence 
of a \vlde selection of DNA structures. 

Results and Discussion 

In light of the exceptional select.ivity of N1vlM for UQ 
DNA relative to other D?'fA secondary structures 
121-1,25] and the unique ability of this liiZalld io discrimi
nate between parallel versus antiparallel GQ conforma
tion [23], we aimed to determine whether NMlVf could 
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be used as a GQ-specific fluorescence probe. To ach.ieve 
this goal, \ve measured the fluorescence of N:\IITVr in the 
presence of a variety of D:0JA sequences and secondary 
stnlctures, including ssDNA, dsD"NA and i-motif 
DNA, as well as carefully selected GQ DNA \vith rep
reseniative folding topologies Crable 1). GQ secondary 
structures are usually defined as follo\vs. lVflxed-hybrid 
quadruplexes contain one strand running in the oppo
site direction from the other three strands (Fig. IB, 
left). AntillaraIlcl GQs contaln two strands that nll1 in 
opposite direction from the two remaining strands; for 
example, the bimolecular GQ sho",.'ll in Fig. 1 B (mid
dle). A parallel-stranded GQ has all four D?-[A strands 
running in the same direction, as shmvn in Fig. IB 
(right), for a tetramolecular GQ. The secondary struc-

f---ILA)reSCel~ce 

e r::,a'lce :I'er:,b 

0.69 ± 0.,9 (TB) 
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tUre of each DNA in the present study was verified 
using CD spectroscopy (Figs SI and S2). 

Quadruplex sequences chosen in the present study 
include oncogene promoten, telorneric DNA and SOme 
synthetic sequences. Specifically, Tel22 [28] and 
26TelG4 are human telomeric DNA sequences; G4T4G4 
is telcrneric DNA from the ciliate O;;ytricha nova. This 
latter sequence was chosen because it maintains 
antiparallel t~ology both in potassium [29] and 
sodium [30] buffen. G4TERT corresp;:mds to a DNA 
sequence in the promoter of hTERT, a catalyTIc 
dcrnain of telcrnerase [31]. Oncogene prcrnoten tested 
in the present study include VEGF, Bcl-2, cKit and 
cMyc. VEGF is an oncogene prcrnoter for vascular 
endothelial growth foctor that is upregulated in a 
variety of cancen [14]; Bcl-2 inhibits cell apoptosis in 
B-cell lymphoma cancer cell lines [32]; cKit is a tyro
sine kinase receptor that control! cell growth [33]; and 
cMyc is a transcriptional regulator of approximately 
15% of human genes involved in a variety of cancen 
[34]. In addition, we tested nonphysiological DNA 
sequences that are model! for GQs. The thromctn
binding aptamer (TBA) [35] was used in the present 
study because, similar to G4T4G4, it forms an antipar
allel topology regardless of buffer condition; G4 and 
G8 always form simple homogeneous tetramolecular 
parallel quadruplexes; and ILl forms a parallel
stranded quadruplex with single-stranded owrhangs 
that contain nocleotides other than thymine. 

Titration of NMM with parallel and antiparallel 
Gas monitored by fluorescence to determine 
saturation limit and binding constants 

NMM fluoresces weally in aqueous solution, although 
its fluorescence increases dramatically in the presence 
of certain DNA structures [26]. Thus, NMM can serve 
as a 'turn-on' fluorescent probe. To determine the 
amount of DNA required to reach the fluorescence 
signal saturation peint for NMM, we performed fluo
rescence titrations of NMM using a subset of DNA 
sequences. Titration data for the tetramolecular paral
lel quadruplexes, G4 and G8, and for the antiparallelj 
mixed-hybrid quadruplex G4T4G4 are shown in Fig. 2; 
data for the intramolecular parallel quadruplex, 
VEGF, are shown in Fig. S3. These data indicate that 
at least five equivalent! of GQ DNA are required to 
mturate NMM fluorescence. For consistency, 10 
equivalents of DNA structural element were used per 
NMM molecule in all subsequent experiments. 

Our titration data allowed determination of binding 
constants. The maximum fluorescence intensity as a 
function of added GQ DNA was fit to a 1:1 binding 
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v.ith G4 . nd G8 in TB buffer . nd IBI O. 1 ~ ... NMM w it h G. T .G. in 5K 
buffer . t 25 "c. D.tII I t< G4 . nd G8 Me the . ve r. ge 01 three 

irdividu. 1 t itr.tio~ . ScM line o re ,,",e el: glob. 1 lito to . 1 1 b" ding 
model . rd dH hed lin e> repreoent the 95% coolidence inteMI 

Bind" g conotll nt o were determ " ed to t:.l 11.4010 0.21 x 10· . 
11.7010 0.21 x 10" . nd 11.26 010 0.07\ x 10' L·mol ' I t< G4, G8 . nd 
G. T .G., reopectively. Note, the d. tII lor G. T. Go could be o.ot ioh ctory 

lit to • 1 NMM 2 GO bi rd ing model v.ith K. 01 15.4010 0.51 x 
10'L·mol' 

model, yielding K.. of (1.4 ± 0.2) x 10' L·mol-1 for 
G4, (1.7 ± 0.2) x 10' L·mol-1 for G8 and (Ll ± 
0.1) X 10' L·mol-1 for VEGF. Fit! improved (as 
judged by residuals) for VEGF when the NMM to GQ 
binding ratio was changed to 1:2, yielding K.. of 
(7.0 ± 0.9) x 10' L·mol-1

• We utilized lob plot experi
ment! (method of continuous variation) to verify 
independently the stoichicrnetry of the NMM-VEGF 
interaction. Analysis of the lob plot indicates either a 
1:1 or 1:2 binding stoichiometry (Fig. S3B). From these 
data, we conclude that One molecule of NMM binds 
two molecules of VEGF when VEGF is in excess, 
although it binds only One molecule of VEGF when 
concentrations of DNA and NMM are comparable. 

G4T4G4 quadruplex, which adopts an antiparallelj 
mixed-hybrid t0p;:110gy in p;:1tassium buffer, displayed 
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tight binding to NMM with K.. of (1.26 ± 0.07) X 
10' L·mol-1 using a I I binding modeL This affinity 
is two orden of magnitude higher than the previously 
reported hnding affinity of NMM to a different 
mixed-hybrid quadruplex, Tel22, LO x 10' L·mol-1 

[23]. Overall, the affinity of NMM for the GQ struc
tures dec-eases in the order: G4T4G4>- VEGF "" G8 
"" G4 >- Tel22. This ordering correlates qualitatively 
with higher steady-state NMM fluorescence in the 
presence of G4T4G4, G4, G8 and VEGF compared to 
Tel22 in 5K buffer (Fig. 3). The tight binding between 
NMM and G4T4G4 is somewhat unexpected. In potas
sium buffer, G4T4G4 forms an antiparallel dirner [29], 
which would leave nO rocm for NMM binding. Cur
rently, our laboratory is inveJtigating the details of this 
interaction to uncover possible reaSOn! for this appar
ently anomalous behavior. 

When NMM was titrated with predominantly anti
parallel G4T4G4 and 26TelG4, both in 50Na buffer, 
the fluorescence intensity increased in a linear fashion 
not reaching saturation eVen at a >-16-fold excess of 
DNA OVer NMM (Fig. S4). The observed increase in 
fluoreJcence is well below that obtained for G4T4G4 in 
5K buffer. The data suggest weal;: and/or nonspecific 
binding of NMM to these sequences. 

The presence of parallel Gas increases NMM 
steady-state fluorescence intensity and 
fluorescence lifetime 

To establish the utility of NMM as a fluorescent probe 
for quadruplex detection, we determined how the fluo-

SirlQle-stranded DNA 

Double-strarnled DNA 

Fluorescence ~nhancemcnt 
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rescence of NMM changes in the presence of a 10-fold 
excess of a variety of DNA structures. Figure 3 shoW! 
that ssDNA and dsDNA have little effect on NMM 
fluoreJcence in agreement with previous equilibrium 
dialysis experiment! [24]. These same equilibrium dial
ysis experiment! indicated significant binding between 
NMM and the i-motifs TC4T and C,T4C, [24]. By 
contrast, we did not observe fluorescence increases in 
the presence of any of the i-motifs that we tested 
(i-<::Myc, CS, TC4T and C4T4C,). This discrepancy 
could be a result of the difference in experimental COn
dition! and nature of techniqueJ utilized to observe 
interaction between NMM and DNA. Speciflcally, the 
buffer used in the equilibrium dialysis experiments 
contained 6 rnM Na2HP04, 2 rnM NaHJ'04, I rnM 

Na2EDTA, and 185 rnM NaCI (PH 7.0), whereas OUr 
buffer, 5K 5.8, had lower ionic strength, lower pH and 
5 rnM KCI. The insensitivity of NMM to i-motifs (at 
least as reported by fluorescence and lTV-visible spec
troscopy) emphasizes its exceptional selectivity for GQ 
DNA structures. 

The steady-state fluorescence of NMM increases in 
the presence of GQ DNA. We investigated the speci
ficity of this increase by utilizing selected G-rich oli
gonucleotides that adopt well-defined secondary 
structures, including parallel, mixed-hybrid and anti
parallel (Table I). ILl, G4, G8, cMyc, cKit2 and 
VEGF sequences adopt parallel-stranded topology 
alone Or in the presence of NMM On the basis of 
OUr CD spectra ([23] and Fig. SI). The addition of 
a 10-fold excess of these DNA structures to NMM 
leads to a fluorescence enhancement of mOre than 50 

GO 

Antiparallel GO 

Fig. 3. SummMY of ote. dy·otllte 
fluor",cence d. tII for NMM in cctJ. ted 

v.ith . 10·foOl mt>" exc",o of in diCllted 

oeQu""c eo . Fluor",cence enh. ncement io 
repc<ted re~tive to the fluor",cence of 

NMvI .one. Error bMO Me 1 SO 
(confidence inte",,1 of 68.2%1 
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(}'ig. 3 and Table 1) with the only exception being 
cKlt2. for which fluorescence enhancement is 46. 
Sequences exhibiting starting parallel/mixed-hybrid 
conformations, such as cKitl, G4TERT and Rcl-2, 
generally lead to fluorescence enhancement of 42 to 
<0. 

Sequences with predom1nantly mixed-hybrid GQ 
topology, such as Te122 and 26TelG·1 in SK buffer. 
lead to a significantly smaller fluorescence enhance
ment of 25 and 34, respectively. As 1n the titration 
experiments, G.·d'.·lJ!j UQ in SK buffer produces an 
anomalous result. This sequence adopts an antlparal
lel/mixed-hybrid topology (CD data; Fig. S2), yet 
leads to a fluorescence enhancement of 60. which is 
similar to that caused by parallel GQ stnlctures. 
A large increase in the fluorescence of NivlM upon the 
addition of G!jT!jG!j 1n 10 mM HEPES huffer \v1th 
ISO mM .NaCl and S mM KC1 was also reported previ
ously [25"1. A possible explallatioll is that N~livl might 
convert G!jT4G4 to a structure (or a mixture) contain
ing sigrrificant parallel componeni. Indeed, increased 
paranel component is detected by CD for this sequence 
under conditions of two-fold "NMNf excess (Fig. S2). 
It is important to note that the fluorescence samples 
contained lO-fold excess DNA (not excess NlVfM), 
leading us to expect that ollly a small fraction of GQ 
DNA could be stnlctnrally altered by NM\![ if it acts 
in a stoichiometric fashion. 

Incu bating NivlM with predominantly antiparallel 
G-rich sequences resulted in only a small increase 1n 
fluorescence, the lowest of which was observed for 
Te122 and TBA ill 50Na, 1.6 and 5.2, respectively. 
Low fluorescence enhancements suggest a lack of inter
action between ~lVllVI and these antiparallel structures. 
consistent \\,lth our previous study [23]. This interpre
tation is further supported hy CD annealing studies 1n 
which NM1vl failed to induce changes in these DNA 
structures ([23] and Fig. S2). Other sequences in this 
group, G-lT-lG4 and 26TelG4 in 50Na or TBA in SK. 
caused small but slgnificant increases in N\![M fluores
cence. These increases, however, are three- to six-fold 
1m-vel' than those observed for parallel GQ sequences. 
V>le tested vvhethcr NNfM has an cflect on the folds of 
these sequences by CD annealing (123 J and I'ig. S2) 
and observed that the topologies of 26TelG4 ill 50Na 
and TBA in 5K do not change in the presence of 
NMM. By contrast, the addition of NMM to G4'L,G4 

in 50Na leads to an increase in the CD signal at 
2M mn, consistent vvith an increase in parallel compo
nent of GQ structure. Our result differs from a previ
ous study indicating that annealing of G4 T4G4 DNA 
with one equivalellt of NMlVl in a buffer cOlltailling 
140 m!'.1 NaCI does not change its CD signal [36]. This 
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discrepancy is most likely a result of the 100ver amount 
of :N""IV[:\!I and different buffer composition used in the 
latter study. 

The presence of a high concentration of potass1um 
ions shifts folding equillbria toward fully-folded GQ 
structures with a higher parallel component. Potassium 
1S also known to signincantly stablize GQ confonna
tions mirrimizing the ability of ligands to affect quad
ruplex topology. To test this possibility, vve performed 
fluorescence experiments in huffer "\Nith 150 mNf KCl. 
(Hg. S5A). Under this condition, most of the DNA 
sequences (cKitl, cKlt2, G4TERT, Bc1-2, 26TelG4 and 
G4T-lG4) displayed a significallt increase in CD spec
tral intensity at 26·1 IllIl (Fig. SSB). Overall, the data 
conected in 150K buffer resemble those collected in 
5K buffer. Notably. all of the parallel (or predomi
nantly parallel) sequences (G4, G4TERT, Rcl-2, Kit2, 
cMyc, VEGI'") generate a somewhat lower enhance
mellt of N~livl fluorescellce ill IS0K versus SK buffer; 
the only except10n 1S cKitl, which exhibits an 
unchanged fluorescence. The small decrease in fluOl·es
cence enhancement observed in 150K buffer could be 
explained hy weaker hinding of "NMNf to DNA at this 
increased ionic strength. By contrast, N1vlM in the 
presence of mixed-hybrid (Tel22), antiparallel (TBA) 
or predomillantly alltiparalle1 (26TelG4) quadruplexes 
showed an increase 1n fluorescence enhancement 1n 
150K "\rersus 5K butler, as would be expected for 
quadruplexes vvith an increased parallel component. 
G..1T4G4 GQ once again d1splayed anomalous hehavior 
characteristic of parallel GQs and not mixed-hybrid 
GQs. It is important to emphasize that the overall 
trends of fluorescence enhancement were reproducible 
in buffers with 1mv or lrigh potassium ion concentra
tions. 

Statistical analysis of the fluorescence enhancement 
data conilnIls the unique selectivity of N1vlM toward 
GQs versus nonquadrup1ex stnlctures (Table S4). For 
exa.mple, the fluorescellce of NlVIM at 610 llm is IS0-
and 390-fold higher on average 1n the presence of Tel22 
and G8 (in 5K) versus dsDNA, respectlyely. "IV[ore 
importantly, NMlVl can dilTerentiate GQ structures 
hased. on the1r strand. orientation. The fluorescence 
enhancement values increase in the order: antipara1-
leI <. nrixed-hybrid < parallel. The ratio of fluorescence 
enhancements for predom1nantly parallel GQs (inter- or 
intramolecular) versus antiparallel GQ is 5.9 and for 
parallel GQs Yersus mixed-hybrid is 2.0 when the values 
in each category are averaged Crable S3). In previous 
equilibrium dialysis experiments, a discrimination ratio 
of 2 was reported [24]. This ratio appears to depend on 
the identity of the G-ric11 seq uences alld Oll buffer condi
tions. 
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\\/hen diITerent conformations of Tel22 are compared 
(mixed-hybrid GQ in K-'-- -buffer, antiparallel GQ in 
Na -'-- -buffer and predominantly single-stranded in Li -:-
buffer), the preference of NJVf]\1 for m1xed-hyhr1d (or 
possibly parallel GQ fold) is obv10us (Fig. S6). The 
overall discrimillatioll pattern for NMlYl is similar to 
that of another recently reported fluorescent probe, 
APD l21]. Hmvever, the fluorescence of APD did not 
increase in the presence of Tel22, in contrast to our 
ohservation vvith NJVf]\1; the effect of l-motlf" on APD 
fluorescence was not reported. 

vVe hypotheslzed that the observed increase 1 n 
steady-state emissioll of N~livl in the presence of GQs 
is a result of protection of NlYIlYl from dynamic 
quenching by \vater. To test this idea, v'le collected 
fluorescence lifetimes for :0JMivl in the presence of rep
resentative quadnllllex topologies (Tahle 1). The fluo
rescence lifetime of N1vlM is the longest (6-g ns) in 
the presence of predomillalltly parallel-strallded GQs. 
By contrast, NJVI:Nf exhiblts tv,·'o lifetimes (5---7 ns and 
1-2 ns) \vhen it interacts with antiparallel or mixed
hybrid GQ structures. The key result is that the 
steady-state fluorescence enhancement values correlate 
with fluorescence lifetimes (}'ig. S7 A). In another 
experiment, we used isotoplc substitution of deuterium 
oxide (D)O) for water because D 7.o decreases dynamic 
quenchlng of fluorophores [37]. As precilcted, the 
steady-state fluorescence intensity of :N"TVevI in D 20 
increased relative to that in l-bO (Fig. SIB). The 
results of these experiments are conslstent vvith our 
hypothesis that binding of N1vlM to a quadruplex pro
tects it from solvellt, leadilliZ to illcreased fluorescellce. 

NMM fluorescence detects parallel-stranded GQs 
in the presence of duplex DNA 

It is important that quadruplex DNA should be recog
nized by its probe even in the context of a large back
gro ulld of chDNA. To demollstrate that N~livl is 
capable of such selective recognltl0n, we performed two 
sets of competition experiments. A solution of NM:Nf 
containing> 10-fold-excess of the parallel-stranded G4 
or VEGF quadnlplcx vvas t1trated \v1th increasing 
amounts of CIA:CIB dsD.NA or genomic C1' dsDNA, 
respectively. In both cases, the fluorescence of NlYIM 
did not change even \:'lhen a lOa-fold excess of dsDNA 
\vas added (}'ig. 88). Th.is is consistent with previous 
experiments, where \ve obsenTd that the melting tem
perature of NivlM-stabilized Te122 did not decrease 
even in the presence of !JgO-fold excess dsDNA 123J. In a 
re"'\·'Lrse competition experiment, a solution of N:NfM 
with lOa-fold excess duplex 'Nas titrated with increasing 
amounts of either G4 or VEGF quadruplex. In both 
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cases, the titration data were practically indistinguish
able from the titrations of N:\IITVr (alone, in the absence 
of duplex) with GQ (Fig. S3C for the VEGF case). The 
binding constants ohta1ned for NNfM·--VEGF complex 
with or without CT DNA are v'lithin experimental error 
of each other (6.9 ± 1.5) x 106 L·mo1- 1 and (7.0 ± 
0.9) x 106 L<mol-1

, respectively (assumlng 2 : 1 GQ : 
NlVllVI binding stoichiometry). 

Disruption of GQ structure decreases NMM 
fluorescence 

Treatment of GQ structures 'with LiOH dissociates 
DNA strands. This process is driven by deprotonation 
of the N 1 site on guanine at a pH above its pKa of 9.4, 
vvhich leads to electrostatic repulsion of the strands. \Ve 
observed unfoldlng of G4 or 11..1 GQs upon treatment 
with LiOll via CD spectroscopy (for ILl, See hg. ,';1). 
vVhen NlYIM was illcubated with G4 or ILL its flUOl"eS
cence increased as expected but fell to levels t)Tplcal for 
NlVllVI alone when D~A ',vas treated 'with UOH prior 
to addition of N:NfM (Fig. S9). These results further 
highhght the ahl11ty of N]\1JVf to discrlmlnate hetween 
UQ DNA and other DNA structures (single-stranded 
DNA ln thls case). 

NMM fluorescence is predominantly independent 
of pH and buffer composition 

Phys1010gical pH varies from 7 to 9; thus, 1t 1S ldeal 
that the potential fluorescent probe remain insensitive 
to changes ill pFI ill this rallge. To test the sensitivity 
of N:NfJVl to pH, an aqueous solutl0n of N:NfJVl was 
titrated either with aCld (HCn or base (NaOH). The 
N:NfM fluorescence spectnun retained its overall shape 
but slightly 1ncreased in 1ntensity (hy 1.5- to La-fold) 
when the pH was increased from 2.0 to g.6 
(Flg. SlOA). Upon further pH increase, a new slgnal 
emerged at 636 lUll that was at least 25-fold more 
lntense than the slgnal in the original spectrum 
(Fig. SlOB). Observed pH changes were reversible 
because the addition of acid to a basic solution of 
N]\1JVf regenerated the starting "N]\1JVf fluorescence 
spectrum (Fig. SlOt:). Neutralization of the aG1dic 
solutioll of NMlYl lead to a relatively small change ill 
spectral shape and intensity (Fig. S laD), 

Because 'working with biological molecules requires 
buffered solutions. \\'e tested the fluorescence of N:\IITVr 
in five commonly used buffers over a wide pH range: 
g.3 (Tris), 7.2 and 5.13 (lithium cacodylate), and 4.9 
and 4.0 (sodlulIl acetate). Again, N:NfM displayed only 
a small (approximately 1.3-fold) decrease in flUOl"eS
cence intenslty 1,',.'ith decreasing pH (Fig. 811). 
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\Ve proceeded to test the fluorescence of NlYllYI in 
the presence of selected D:N"A sequences in two potas
sium-containing buffers: lithium cacodylate at pH 7.2 
(5K) and Tris at pH R.3 (TR). Direct comparison of 
the increase in N?vfNI fluorescence induced by G4 and 
GS reveals that the values .ill TB are sliiZhtly lower 
than in 5K: 65 ::;:: 11 versus 68 ::J:: 4 for G4 and 58 ::;:: 4 
versus 70 ± ·1 for US. Both measurements shmv, how
ever, that NlYIM fluorescence increases significantly 
and reproducihly in the presence of parallel quadnl
pIex, indicat.ing that the enhancement is observed eas
ily over a range of experimental condltl0ns. 

III short, the fluorescence of N~livl .is only weakly 
sensitive to the nature of the buffer or the pH (.in 
the physiolof:,rlcal pH range), making it highly suit
able for biological delection of quadruplex DNA. It 
is important to note that the amount and type of 
monovalent cation, as well as solution pH, can mod
ulate DNA structure and, therefore, allY DNA inter
actl0ns with NlYfJVI thereby affecting the fluorescence 
ofNMM. 

Conclusions 

For use in fluorescence microscopy, a candidate dye 
should possess a large extinctioll coefilc.ient, be selec
tive toward its target and ha""\re an accepta ble quantum 
yield. N:\IITVr meets the first criterion: its extinction 
coefficient is 1.45 x 10::' rvI- I·cm-1 [3SJ and it shmvs a 
Soret hand red shift of approximately 20 nm upon 
DNA binding [23]. Duplex-binding dyes, such as propi
dium iodide, 'which are used routinely for fluorescence 
mlcroscopy of DNA, exhibit a 20- to 30-fold increase 
in fluorescence when bound to DNA. ~lYllYI displays 
little change in fluorescence intensity in the presence 
of ssDNA (regardless of G-content). dsDNA or 
i-motif DNA, and a modest increase in fluorescence in 
the presence of antlpara]]el quadnIplexes. By marked 
cOlltrast, the fluorescellce of Nivl~l increases more 
than 40-fold upon the addition of parallel-stranded 
GQ DNA, making it an attractive 'light-switch' fluo
rescent probe. The sequence Tel22, vvhich is a frag
ment of the human tel om eric repeat, leads to an 
enhancement of 28 == 2 fold 1Il the fluorescence 
of NlYIM in 5K buffer (where Te122 exist in a 
mlxed-hybrld fonn) but only an enhancement of 
2.6 ± 0.2 fold in SONa buffer (where Tel22 adopts 
antiparallel topology) or an enhancement of 
2.2 ± 0.2 fold in 100Li bulTer (vvhere Tel22 is single
stranded), indicating that discrimination of the type of 
fold adopted by the human telomeric sequence in vivo 
could be achieved by fluorescence microscopy of 
NJVIlYf-stained samples. 
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Materials and methods 

Porphyrins, oligonucleotides and buffers 

NMM was purchased from Frontier Scientific (Logan, tiT, 
USA), dissolved in water (resistivity 1.8 x 10''-' Dm) at 0,3 
1.3 mM, and stored at 4 °C Nz",1z",1 stock solutions were 
freshly diluted v"ith appropriate buffers. XMM concentra

tions were detem1ined spectrophotometrically using Len') lln 

= 1.45 X 105 IV! i,ern 1 [38]. Tris(hydroxymethyl)amino 
mtlhane (Tris), boric aci(L hydrochlol"ic acid, cacodylic 
acid, lilhium hydroxide (LiOH), tttramtthylammonium 
chloride (TtvlACl), polassium chloridt and magnesium 

chloride were standard grade rtagents and were used as 
received, The DNA oligonucleotide sequences used in the 

present study are provided in Table Sl. AU oligonucleotides 
\\'ere purchased from commerciaJ vendors, Selected 

sequences were purified by ethanol precipitation as 
described in the Supporting information, Doc. S 1. The buf

fers used were: 

10 m!<.1lithium cacodylate (pH ;.2), 5 m!<.1 KCL 95 mM LiCl 

(5K); 
10 mM lithium cacodylate (pIT 7.2), [SO mM KCl (l:'i"OK); 
10 m:v1 lithium cacodYLate (pH 5.g), 5 mM KC1, 95 m:v1 
Liel ('K 5.8); 
[0 TUM lithium cacodylate (pH 7.2), 50 TUM NaCL 50 mM 

Liel (50"la); 
10 mI.v1 lithium cacodylate (pH 7.2), 100 mM LiCi (lOOLi); 
50 m:v1 Tils·boratc (pH :5.3), 10 mM KC1, 1 m:v1 ~vlgCb 

(TR); and 
50 TUM Tris-borate (pH 8.3), [0 TUM T?vlAC1, 1 TIl)'.'! MgCl} 
(TB-TMACI). 

The complete list of buffers is provided in Table S2, 

TMACl was used in lieu of KCl because it minimizes GQ 
formation [39], 

To induce the fom1ation of the most thermodynamically 
stable GQ conformations, oligonucleotides \vere diluted in 
the desired buffer (v"ith or -without added salts) and melted 
at > 90°C for 5 min. ""Vhen required, aJiquots of concen
trated stock solutions of KCl and/or MgCl:;. \-vere mixed 
into the heated solution, which was then allowed to heat 
for an additional 5 min, cooled to room temperature over 
3 h, and incubated overnight at 4 0c. The i-motif struc
bIres were formed by prepa ring C-l"ich sequencts in acidic 

pH 5.8 [40]. For experimenls testing NIVltvl inttraclion \-'lith 
rigorously singit-strandtd G-rich stquences, G-os assem
bltd from 11..1 or G4 in TB buffer were treated wilh 50 mM 
LiOH for 30 min, after which the pH "Nas adjusted to neu
traJ by the addition of HCL The disruption of the qn<.tdru

plex into single stmnds "Nas verified using CD spectroscopy. 

The C1A:CIB duplex was formed in solutions containing 
1:20 ~lM of each strand in TB-TtvlACl buffer. 'l11e solution 
was heattd lo 95 COC for 10 min, and cooitd lo room tempera

ture over a period of 3 h. The final duplex was eithtr used as 
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generated or gel-pmified on nondenatming PAGE using 
TM.A .. Cl in the running buffer ,-tS desctibed previously r 411- A 
dry sample of calf-thymus (CT) D~A was dissolved in 10 m:V1 
lithium cacodylate and 1 ml\t Na2EDTA to a concentration 
of approximately 1 m:V1 (in base pairs) and placed on a nuta
tor for 1 week at 4 °C Before use, the sample ,vas centrifuged 
extellsiveLy lo rtmove tusoluble components and tht supenla
tanl wa:>; transftrred t() a deall microcentrifuge tube. Slock 
DNA and ·~}"f~-'I soluuons wtre slortd al ---80 cC; sampits ill 
buffers were stored at eithtr ----20 '''C or 4 cC depending ()Jl 
Ule length ()flime betwetn sample preparatic1n and use. 

Concentrations of ,-tll D~A samples were detennined spec
tropholometrically al ro()m lemperatme Oll two lypes of 
lTV-visible spectnJpllot()meters and are reporttd as the COll
celltration or structural element: GQ, i-motir or duplex. For 
example, tht concentralioll or a ullim()lecular GQ is equal to 
Ule concelltration (Jf oltgotmdeolide stralld, whtreas lbe COll
celltration (Jf a letramoitcular GQ is assumed to be ()Jle quar
ter of Ule oltg()rludeoude strand c()rlcentration. Tht 
concentration of genomic CT D?-iA is reported in base pairs. 
Extinction coefficients for all single-stranded oligonucleotides 
are provided in Table S 1 and \V-ere calculated using the near
est-neighbor approximation [42,431. Secondary structures of 
all DNA sequences were verified using CD wavelength scans. 

CD spectroscopy 

For CD experiments, DNA samples were prepared at 
1 10 ~M concentrations in desired buffers. Spectra ,vere 
collected on two types of CD spectropolatimeters~ one of 
which was equipped with a Peltier temperature control unit 
(error of ±0.3 °C). Samples "vere placed in cylindrical 
quartz cuvettes (pathlengths of 0.1 or 0.5 cm) or a l-ern 
quartz cuvette. 'l111·ee scans were coUecled from 330 to 
220 nm wilb a l-nm bamhvidth and an average timt of 1 s 
at 25 cC and avtragtd. CD data ",,:ere trealed as dtscribtd 
previously [44]. CD spectra of sdected sequences were col
lecled in the presenct of a two-fold exctss of ~MM to 
determine its effect on DNA secondary structure. For these 
experiments, samples ,~:ere ,-mnealed with or without NMM 
at 90°C for 10 min, slowly cooled to room temperature 
and stored at 4 °C overnight before collecting CD scans. 

UV-visible and fluorescence spectroscopy 

UV-visible sptctra for absorption titrations wtrt cotlecttd 
on a spectrophotometer with a Peltier-them1ostatted cuv
ette holder (error of ±0.3 °C) using a l-cm quartz cuvette. 
Spectra were collected in the range of 350--·700 nm at 
25 ·'C AU experiments were perfom1ed at le,-tst three times 
on independently prepared solutions. 

Fluortscence experiments wtrt perfonntd on thrte typtS 
of commercially ,-tvailable spectrofluorometers. An NMM 
solution ,\',-tS prepared in the desired buffer at 1 ~M and its 
steady-state fluorescence spectrum W,-tS me,-tsured. DNA was 
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added to NMM at lO-fold excess, the sample was equili
brated at room temperature for up to 1 h and its fluores
cence spectrum was reme,-tsured. The amount of DNA 
required to satumte the NMM fluorescence signal was 
detem1ined from fluorescence titrations, which also were 
used to obtain binding constants. Titmtions of 1 pM ~MM 
were conducted with GA (in TB), G8 (in TB) and VEGF (in 
5K), all of wbich are parallel-stranded G-Qs; with antiparal
lelimixtd-hybrid G4T4G.j. (5K); and WiUl ant tpa rallel 
G4T.j.G4 (50Na) and 16TelG4 (50Na). Spectra of NMM in 
lbe prtstnce or G4 and G-8 were c()llected ill 100-[.1 L volume 
quarLL. cuvetttS with excitati()Jl wavdengUl of 399 llm, emis
sion wavelength range from 550 to 750 nm, slits of 0.5 nm, 
and an integration time of 1 or 2 s. Spectra of NMM in the 
presence of VEGF, G4T.J.G4 and 2GTelG4 were collected in 
a l-cm quartz cuvette using excitation wavelength of 
399 nm, emission wavelength range from 550 to 700 nm, 
increment of 1 nm, integration time of 0.5 s, slits of 2 nm, 
and temperature of 25°(;' Quadruplex G4T4G.1 In 5K dis
plays tight binding to ~MM ([(a> H(I M :); in thiS case, a 
solution of only 0.1 pi\'f NMM was titrattd with the quad
ruplex; data were c011ecttd at a single wavelength of 
608 nm usi ng tW0 points per stcNld and a 50-s duraLl0n 
(which corresponds to 100 scans "\vifb 0.5-s integration Llme) 
to improve the signal-to-noist ratio. All data were corrected 
for dilution and fit to extract the association constants, K", 
as described previousl)! [231. Reported errors Oliginate from 
the global fit of two to three collected data sets. Both, 
1 XMM:l DNA and 1 NMM:2 DNA binding models were 
considered. Changes in fluorescence intensity at J"IClaX 

(610 nm for NI\,i!I\,i! and 607-609 nm Cor N~f~.'I bound to 
DNA) are reported as fluorescence enbancement and ",·vere 
calculated by taktng the difference betv,;een the tiuorescence 
tntensity in the presence and absence oC DNA divided by 
the fluorescence intenstty recorded for NMM alone. Cncer
UttnLtes in the tiuorescence intensities arise predominantly 
Crom la.mp tntensity vartation at tbe excitation viavelength 
from day to day and errors associated v"ith pipetting smail 
voimnes. Error bars on fluorescence enhancement values 
are 1 SD (confidence interval of 68.2°/;'), derived from repli
cate experiments. Statistical analysis perfonned on the fluo
rescence enhancement data are provided in Tables S3 and 
S4 and in Doc. S2. 

Competition titrations via fluorescence 

To determine the selectivity of N1\1M for GQ structures, 
two sets of competition titrations were performed. In one 
set, a soluLton of 1.0 pM N M M contajutng approxi mately 
10 pM oC G4 or VEGF was titrated with increasing 
a.mounts oC dsDNA. In anotber set oC experiments. a solu
Lton of 1.0 f1i\,f NI\,i!I\,i! containing up to 100 f1i\,f of ds DNA 
was titrated vv·tth an increasing amount of G4 or VEGF 
These titrations were performed at 25°C in TB (for (4) or 
5K (for VEGF) buffers. 
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pH studies 

T(l m.::asure the effect or pi I on N:V!:V! 11110r.::scence, 
1-2 pi\.r NMM in 11:::,0 was Lltrated "\vith 0.1 M or either 
HCl or NaOH to achieve the desired pH. The pH, fluores
cence and UV-vi.sible data were collected after each addi

tion of acid or base. The experiments were nm either as 
titrations or using a batch method. For fluorescence, slits 
were 3.)···) run. Titrations were repeated four times. 

To t.::st the reversihillty of the NM:V! tluoresc.::nce as a 
function of pH UV-visible and fluorescence spectra of two 

NMM samples were recorded at neutral pH. The pH of the 
first sample was brought down to approximately 3.2, then 
back up to neutraL The pH of the second sample was 
brought up to approximatel), 10.\ then back down to neu
traL The solution pH was adjusted using either 0.2) !v1 HCl 
or 0.25 ;<,,1 LiOI·!. These experiments were repeated tWice. 

The effect of pH and buffer type on the fluorescence of 
NMM "\vas tested in five buffers that contained 10 m!v1 of 
Tris (pH 3.3), lithium cacodylate (pH 7.2 and ).3) or 
sodium acetate (pH 4.9 and 4.0). All buffers "\vere supple
mented "",ith ) m:Vl KCl and 9) mJ\.'l LiCl. 

Fluorescence lifetime measurements 

Fluoresc.::nce lifetimes were collected for N:V!M in th.:: pres
ence (If r.::pr.::s.::ntative G(~ structures on a multi-rrequ.::ncy 
cross-correlation phase and modulation 11110rom.::ter at ro(lm 
temperature [4),46]. Samples were prepared at concentrations 

of NMM ranging from 0.7 to 2.3 ~1!v1 with GQ ratios ranging 
from 1 . 4 to 1 : 30, dc.."Pending on the sequence. The excita

tion wavelength "\vas 399 nm; sample emission was filtered 
through a ))O-run longpass filter and referenced to a scatterer 
"",ith counts that were matched to that of the sample. The 

frequency range over "\vhich data were collected "\vas 1··· 
250 MHz. The number of frequencies collected varied from 
10 to 50, depending on the sample. Li Cetimes v,,·ere calculated 

from tits to the phase delay and modulation ratio data as 
described previousl)' using commercially available soCtv,,·are 
[47]. Errors are either associated v,,·ith global fits to multiple 
scans or are 1 SD calmlated from multiple lifetime measure
ments for a given sample. The low fluo[',;scence intensity of 
free NMM in a buffer made it impossible to measure its life
tilne accurately "",ith our instrumentation. 
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Doc. S1. Ethanol precipitation 

Oligonucleotides (ILl, G8, CIA, and ClB) were suspended in 100 ilL of polished H20 

(resistivity of 1,8 x 105 Q-m), Half(50 ilL) of the resuspended DNA was transferred to a 

separate microfuge tube and ethanol precipitated by addition of 50 ilL of 2,5 mol L-1 

tetramethylammonium chloride (TMACl) and 1 mL of ethanol, The mixture was shaken, placed 

at -80°C for 30 min and then pelleted in a microcentrifuge for 20 min at 2,05939 x 105 m S-2 (21 

000 g) in a 4 °C refrigerator. Ethanol supernatant was removed from the resultant pellet. The 

pellet was dried in a DNA concentrator and then resuspended in 40 ilL to 100 ilL of polished 

H20, depending on oligonucleotide sequence, 
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Table SI: Oligonucleotide sequences, extinction coefficients and fluorescence enhancement data 

Name Sequence 5'~ 3' '26. a 
£260 Conformation Fluorescence 

(L mor' mol) (mM-' cm-') w/oNMMb w/NMM enhancement 

ACAGTAGAGATGCTGCTGATTCGTTCA 
CIA 3_732 x 107 373.2 ss ss 0_69 ± 0_19' 

TGTGCTTCAAGC 

GCTTGAAGCACATGAACGAATCAGCA 
ClB 3_769 x 107 376_9 ss ss om 

GCATCTCTACTGT 

CIACIB ds ds 0.44 ± 0.22' 

GCAGCATCTCTACTGTTTTGGGGGGGG 
ILl 4_816 x 107 481.6 P P 55_7 ± 6_8' 

TTTTAGCAGTGCGAGAGTCGTGGC 

65 ± ll' 

G4 TTTTGGGGTTTT 1.064 x 107 106.4 P P 67.8 ± 4.3 d 

60_1 ± 2_9h 

57.5 ± 4.2' 
G8 TTTTGGGGGGGGTTTT 1.468 x 107 146_8 P P 

69_9 ± 3_7d 

1.22 x 10' 0_00 ± 0_05d 

CT Genomic calf thymus DNA 12_2 ds ds 
(PeI bp) 0_03 ± 0_07' 

ds26 CAATCGGATCGAATTCGATCCGATTG 2_532 x 107 253.2 ds ds 0_25 ± 0_06 

25_5 ± 2.4d 

Md pd 

3L3±2_7h 

Te122 AGGGTTAGGGTTAGGGTTAGGG 2_285 x 107 228_5 A' A' 
1.59 ± 0_18' 

ssg ssg 
1.22 ± 0.21

g 
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52.9 ± 2.0d 
VEGF GGGAGGGTTGGGGTGGG 1. 714 x 107 171.4 P P 

50.5 ± 0.9h 

64.8 ± 3.8d 

cMyc TGAGGGTGGGTAGGGTGGGTAA 2.287 x 107 228.7 P P 
62.6 ± 3.5h 

C8 AAAACCCCCCCCAAAA 1.574 x 107 157.4 1 1 1.25 ± 0.65f 

i-cMyc TTACCCACCCTACCCACCCTCA 2.287 x 107 228.7 1 1 1.53 ±0.12f 

TC4T TCCCCT 4.56 x 10' 45.6 1 1 0.44 ± 0.00 

C4T4C4 CCCCTTTTCCCC 9.02 x 10' 90.3 1 1 0.45±0.16 

34.1 ± 4.6d 

26TelG4 AGGGGTTAGGGGTTAGGGGTTAGGGG 2.689 x 107 268.9 
AIM" M" 

42.6 ± 2.7h 

A' A' 
12.1 ± l.3' 

47.9 ± 1.2d 
Bcl-2 GGGCGCGGGAGGGAATTGGGCGGG 2.374 x 107 237.4 P/M P 

44.9 ± 2.7h 

41.9 ± 2.5d 
cKitl GGGAGGGCGCTGGGAGGAGGG 2.132 x 107 213.2 P/M P 

42.4 ± 2.3h 

46.3 ± 1.6d 

cKit2 GGGCGGGCGCGAGGGAGGGG 1.991 x 107 199.1 P P 
43.6 ± l.4h 

50.2± 6.1d 
G4TERT AGGGGAGGGGCTGGGAGGGC 2.029 x 107 202.9 P/M P 

43.2 ± 0.9h 

15.5 ± l.4d 

TBA GGTTGGTGTGGTTGG 1.433 x 107 143.3 Ad,e Ad' 19.6 ± 1.7h 

5.15 ± 0.39' 
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G4T4G4 GGGGTTTTGGGG 1.152 x 107 115.2 

'ExtmctlOn coefficients for smgle-stranded ohgonucleotlde m SI umts (42) 

bSS , single-stranded; P ~ parallel; A ~ antiparallel; ds ~ duplex; M ~ mixed; i ~ i-motif 

c - TB buffer 

d - 5K buffer 

e - 50Na buffer 

f - 5K 5.8 buffer 

g - 100Li buffer 

h - 150K buffer 

mn - not measured 

4 

60.2 ± 4.6d 

AIM" M" 
51.2 ± 1.8h 

A' AJ1v!' 
16.0 ± 1.1' 



Table S2. Composition of bnffers 

Abbreviation Buffer Composition 

5K 10 mmol L-1 lithium cacodylate, pH 7.2, 5 mmol L-1 KCl, 95 mmol L-1 LiCI 

150K 10 mmol L-1 lithium cacodylate, pH 7.2, 150 mmol L-1 KCl 

5K 5.8 10 mmol L-1 lithium cacodylate, pH 5.8, 5 mmol L-1 KCl, 95 mmol L-1 LiCI 

50Na 10 mmol L-1 lithium cacodylate, pH 7.2, 50 mmol L-1 NaCl, 50 mmol L-1 LiCI 

100Li 10 mmol L-1 lithium cacodylate, pH 7.2, 100 mmol L-1 LiCI 

TB 50 mmol L-1 Tris-borate, pH 8.3, 10 mmol L-1 KCl, 1 mmol L-1 MgCh 

TB-TMACI 50 mmol L-1 Tris-borate, pH 8.3, 10 mmol L-1 TMACl, 1 mmol L- 1 MgCh 

Doc S2. Statistical analysis of fluorescence enhancement data 

For statistical analysis we used an unpaired two-tailed t-test. Calculations were done with 

GraphPad Software QuickCalcs t-test calculator available online 

(http ://graphpad.com/guickcalcs/ttestl.cfm). GQ sequences were split into three groups: 

predominantly parallel (ILl, G4, G8, VEGF, cMyc, cKitl, cKit2, G4TERT, and Bcl-2), mixed

hybrid (TeI22, 26Te1G4, and G4 T4G4, all in 5K), and antiparallel (TeI22, 26Te1G4, TBA and 

G4 T4G4, all in 50Na and TBA in 5K). G4 T4G4 in 5K buffer adopts an antiparallel conformation 

according to our CD data (Fig. S2), but behaves similar to the parallel sequences in the current 

work and thus was excluded from statistical analysis. We performed an Analysis of Variance to 

compare the three groups of quadruplex topology and found significant differences between 

them (p < 0.0001). This was followed by pairwise comparisons ofGQ topologies to each other 

and parallel GQ topology to other DNA sturctures (ssDNA, dsDNA, and i-motif). The data used 

for calculations (the mean, standard deviation, and sample size (N) of each group) are shown in 

Table S3. The t-test statistics are reported in Table S4. To account for multiple comparisons, p

values were adjusted using a Bonferroni correction. 
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Table S3. Raw data used for statistical analysis 

Group Mean Stddev. N Discrimination 
ratio' 

Parallel GQ 57.72 10.35 50 --

Anti-parallel GQ 9.83 6.39 14 5.9 

Mixed-hybrid GQ 40.46 16.46 11 1.4 

Mixed-hybrid (excluding G4 T4G4 ) 29.15 5.57 7 2.0 

i-motif 1.00 0.61 13 57.7 

dsDNA 0.20 0.23 13 287 

ssDNA 0.95 0.34 6 50.8 

a ... 
DIscnmmatlOn ratIO was determmed by dlvldmg mean for parallel GQ (57.72) by the mean for 

each DNA topology. 

Table S4. Summary of t-test statistics for pairwise comparison 

Group 1 Group 2 p t DM 
Parallel Antiparalle1 < 0.001 16.4120 47.8918 

Parallel Mixed- < 0.001 4.4648 17.2641 
hybrid 

Parallel Mixed- < 0.001 7.1254 28.5703 
hybrid 
(excluding 
G4T4G4) 

Parallel i-motif < 0.001 19.6417 56.7186 

Parallel dsDNA < 0.001 19.9284 57.5255 

Parallel ssDNA < 0.001 13.3339 56.7715 

Anti Mixed- < 0.001 6.4037 30.6277 
parallel hybrid 
Anti Mixed- < 0.001 6.7956 19.3214 
parallel hybrid 

(excluding 
G4T4G4) 

DM IS the difference 1U means between the two groups 
DF - the degrees of freedom 
SED - the standard error of difference 
95% CI - the 95% confidence interval of the difference 
SSD - statistically significantly different (i.e, is p < 0.05) 
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DF SED 
62 2.918 

59 3.867 

55 4010 

61 2.888 

61 2.887 

54 4.258 

23 4.783 

19 2.843 

95% CI SSD 
420586 to Yes 
53.7250 
9.5268 to Yes 
250014 
20.5349 to Yes 
36.6058 

50.9443 to Yes 
62.4928 
51.7534 to Yes 
63.2976 
48.2354 to Yes 
65.3077 
20.7337 to Yes 
40.5216 
13.3705 to Yes 
25.2723 



Figure SI 

Figure S1. CD spectra of selected DNA sequences. Data for CIA ssDNA, and CIB:CIB 

dsDNA, were collected in TB buffer; C8, TC4 T, C4 T4C4 and i-cMyc were collected in 5K 5.8 

buffer; ILl DNA was collected in TB (GQ fonn), and TB-TMACI (single-stranded fonn) 

buffers, and after LiOH treatment (to induce GQ dissociation, CD scan is labeled Li). The 

similarity of CD data for LiOH-treated ILl and ILl in TB-TMACI buffer indicates that ILl is 

single-stranded in both cases. If not mentioned otherwise, molar ellipticity is reported per strand. 
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Figure S2 

Figure S2. CD annealing studies of DNA in the presence of a 2-fold excess NMM. DNA 

samples were annealed at 90°C for 10 min with (dash lines) or without (solid lines) 2 

equivalents ofNMM, cooled for 3h and stored at 4 °C overnight. The concentrations of 
oligonucleotides were [TBA] ~ 2.5 Ilmol L-1

, [26TeIG4, SONa] ~ 2.5 Ilmol L-1
, [G4T4G4, SK] ~ 

2.6 Ilmol L-1 (per bimolecular GQ), [G4 T4G4, SONa] ~ 4.9 Ilmol L-1 (per bimolecular GQ). CD 

data were collected at 25°C in SK or SONa buffer. For TBA or 26Te1G4, there is little change in 

the CD spectra in the presence of NMM. It is important to note that TBA is rather unstable in 

SONa buffer: it is completely unfolded above 37°C (unpublished data). For G4 T4G4, NMM 

causes an increase in the fraction of parallel component in both SONa and SK buffers. The insets 

in the two figures are difference spectra between the spectrum of G4 T 4G4 quadruple x with NMM 

and that of G4 T4G4 quadruplex alone. Molar ellipticity is reported per GQ. 
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Figure S3 

Figure S3. Fluorescence titration of NMM with VEGF in 5K buffer at 25°C. (A) 

Nonnalized data for three fluorescence titrations. Solid line represents a global fit to a 1 NMM:2 

GQ binding model; the dashed lines represent the 95% confidence interval. The concentration of 

binding sites corresponds to half of the VEGF GQ concentration. Titration experiments indicate 

that NMM fluorescence saturates above 5 eq of VEGF GQ (or 2.5 eq of VEGF binding sites), 

(B) Job plot data obtained from a titration ofVEGF into a solution ofNMM (open squares) and 

from a titration ofNMM into a solution ofVEGF (solid squares) at 401 run (left) and 376 nm 

(right). Analysis of the Job plot indicates either a 1: 1 or 1:2 binding ratio between NMM and 

VEGF. Experimental details and data analysis are described elsewhere (23). (C) Nonnalized data 

for titrations ofNMM with VEGF or NMM in the presence of 100 /lffiol L· j CT DNA with 

VEGF. Almost perfect overlap of both data sets suggests robust selectivity ofNMM toward GQ 

DNA vs. dsDNA. Under our experimental conditions, VEGF adopts parallel quadruple x 

topology. 
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Figure S4 

Figure S4. Fluorescence titration ofNMM with G4T4G4 and with 26TelG4 in 50Na buffer 

at 25 ·C. Data for G4 T 4G4 in SK are shown for comparison. Under the experimental conditions, 

G4 T4G4 in SK is antiparallel/mixed-hybrid, and both 26TelG4 and G4 T4G4 in SONa are 

antiparallel. Concentration ofNMM was l.0 /lffiol L- 1 
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Figure S5 

Figure S5. Fluorescence enhancement and CD study in 150K buffer. (A) Comparison of 

fluorescence data for NMM incubated with 10-fold molar excess of indicated sequences in SK 

vs. ISOK buffers. Fluorescence enhancement is reported relative to the fluorescence ofNMM 

alone. Error bars are one standard deviation (confidence interval 68.2%). (B) Overlay of the CD 

wavelength scans for sequences presented in Fig. SSA in SK, ISOK buffers and after the 

fluorescence measurements in ISOK buffer (usually, I eq. NMM and 10 eq. of DNA 

quadruplex). 
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Figure S6 

Figure S6. Fluorescence spectra ofNMM alone and with Te122 in different buffers. 
Fluorescence intensity for 1.0 Ilmol L-1 NMM alone in SK buffer and NMM in the presence of 

Tel22 in SK, SONa, and 100Li buffers where Tel22 adopts mixed-hybrid quadruple x, antiparallel 
quadruple x and single-stranded structures, respectively. 
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Figure S7 

Figure S7. NMM fluorescence intensity is modulated by dynamic solvent quenching. (A) 
Correlation diagram for fluorescence lifetime vs. fluorescence enhancement; correlation 
coefficient (adjusted R2) is 85.4. (B) Fluorescence spectra ofNMM in H20 and in D20, showing 

an increase in fluorescence intensity in the latter solvent. 
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Figure S8 

Figure S8. Competition titration of (NMM + GQ DNA) with dsDNA. (A) Representative 

titration of sample containing l.0 /lffiol L-1 NMM and 14.2 /lffiol L-1 ofG4 quadruple x with 

increasing concentration ofCIA:CIB duplex at 25°C in TB buffer. (B) Representative titration 

of sample containing l.1 /lffiol L-1 NMM and 10.0 /lffiol L-1 ofVEGF quadruple x with 

increasing amount ofCT DNA at 25°C in 5K buffer. 
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Figure S9 

Figure S9. Effect of LiOH on fluorescence ofNMM in the presence ofG4 in TB buffer. 
Fluorescence intensity for l.0 Ilmol L-1 NMM alone; NMM in the presence of 10 Ilmol L-1 G4 
DNA (per quadruplex); and NMM in the presence ofG4 treated with 50 mmol L-1 LiOH (and 

subsequently neutralized with Hel). LiOH treatment of GQ unfolds the quadruple x, which 

decreases the NMM fluorescence intensity to the level of NMM alone. 
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Figure S10 

Figure S10. Effect of pH on the fluorescence spectra ofNMM. pH titration of 1.0 Ilmol L-1 

NMM with 0.1 mol L-1 HCl (pH range from 7.3 to 2.3) or 0.1 mol L-1 NaOH (PH range from 7.3 

to 1l.6). (A) The fluorescence ofNMM increases gradually upon raising the pH from 2.3 to 7.3. 

The overall spectral shape does not change in this pH range. (B) When the pH is increased above 

10, the spectral shape changes. Most noticeably, the maximum emission shifts from 610 nm to 

636 nm and the intensity increases dramatically. (C) Reversibility study in the basic pH range. 

An NMM sample at neutral pH was brought to pH of 10.3 with NaOH and then back to 6.7 with 

HCI. Fluorescence changes were measured after each change of pH. (D) Reversibility study in 

the acidic pH range. An NMM sample at neutral pH was brought to pH of 3.3 with HCl and then 

back to 6.7 with NaCI. Fluorescence changes were measured after each change of pH. The small 

increase in spectral intensity might be related to partial loss of the N-Me group leading to 

formation of planar mesoporphyrin IX that can self-associate and increase the signal intensity. 

Note that neutralization increases the ionic strength, which could contribute to the observed 

signal change. 

Our preliminary UV-vis data (not shown) indicate that NMM retains its spectral shape and 

displays increased intensity when the pH is increased from 4 to 1l. Below pH 3 NMM's Soret 

maximum shifts from 379 urn to 406 nm and the peak becomes significantly sharper, possibly 

signifying loss of the N-methyl group. Commercially-available NMM is a mixture of 4 

diastereomers with the methyl group positioned at one of the four core nitrogens (see Fig. 1C). 

Due to nonplanarity of the NMM macrocycle (27) each diastereomer exists as a pair of 

enantiomers where the methyl group protrudes from a different face of the macrocycle. Thus the 

UV-vis Soret band ofNMM is rather broad. When the methyl group is lost, a single species is 

expected, consistent with the sharper Soret band. 
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Figure S11 

Figure S11. Effect of pH and buffer type on the fluorescence spectra ofNMM. Fluorescence 

intensity of I /lffiol L-1 NMM solution in five buffers with pH values of 8.3 (Tris), 7.2 and 5.8 

(lithium cacodylate), 4.9 and 4.0 (sodium acetate). Each buffer was present at 10 mmol L-1 and 

was supplemented with 5 mmol L-1 KCI and 95 mmol L- 1 LiC\. A small 1.3-fold decrease in 

fluorescence intensity was observed upon changing the pH from 8.3 to 4.0. 
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