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Abstract 

 This work focuses on the structure and interactions with ligands of noncanonical 
DNA structures. These noncanonical structures include guanine quadruplexes (GQs), as 
well as a novel type of quadruple helix. Sequences capable of forming these structures 
are overrepresented at telomeres and replication perturbed loci, respectively. Better 
understanding of these structures and ligand interactions will provide an improved 
platform upon which mechanistic understanding and therapeutic treatments can be 
designed.  
 
 Our discussion begins with the development and biophysical characterization of a 
model for the smallest stable structure formed by the repeat sequence d(CAGAGG)n. 
This sequence was one of many short purine rich tandem repeats recently identified by 
the Brown lab to be associated with intrinsic replication stress and increased likelihood of 
replication fork stalling. The resulting model is a monomolecular tetraplex containing 
two stacked GCGC tetrads and three 4-nucleotide loops that connect the tetrads in an 
antiparallel manner. This work describes the extension of the repeat to 3-nucleotide 
overhangs on the 5’ and 3’ ends to improve the structure’s stability, as well as the results 
of systematic mutations in the core tetrad and loop regions which further support the 
model. Additional work to extend the model to longer, more biologically relevant repeat 
lengths is discussed. 
 
 We sought further validation of the biophysical model, as well as elucidation of 
its atomic details, through x-ray crystallography. A variety of constructs were screened 
for crystal results, with varying degrees of success. The best crystals contain short 
mutations to the 5’ and 3’ ends, and diffracted to 1.92 Å. However, due to a lack of a 
suitable model for molecular replacement, poor anomalous redundancy, and striking 
nonisomorphism, solution of the phase problem has been a major impediment. Results for 
all phasing approaches are discussed below.  
 
 The final chapter addresses the potential for small molecule ligands, in particular 
the highly cationic porphyrin TMPyP4, to stabilize the human telomere GQ structure 
(Tel22) selectively as an anti-cancer therapeutic precursor. Five TMPyP4 derivatives 
with varying cationic charge were assayed for binding strength and stoichiometry, 
stabilization of Tel22, and selectivity for Tel22 over duplex DNA. A small decrease in 
cationic charge, exemplified in porphyrin 4P3, resulted in both improved stabilization 
and selectivity for Tel22 over TMPyP4.  
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Chapter 1: Introduction to 
noncanonical DNA structures 

G-quadruplex DNA 
Biological background: DNA replication, telomeres, and the end-replication 
problem 
 Cells possess the remarkable ability to replicate their entire genomes rapidly and 

with high fidelity. However, as Hayflick observed in 1961, eukaryotic cells can only 

replicate a limited number of times before dying. This barrier to immortality is now 

known as the Hayflick limit.1 A decade after Hayflick’s observations, Alexei Olovnikov 

proposed that the Hayflick limit arose due to an inherent deficiency in the mechanism of 

eukaryotic genome replication: during each replication cycle of linear eukaryotic 

chromosomes, the ends of each chromosome cannot be fully replicated.2  

 The general mechanism of DNA replication is shown in Figure 1.1.3 Initial 

separation of the complementary parent strands by DNA helicase generates the 

replication bubble, each end of which is a replication fork. DNA polymerase, which 

synthesizes the new daughter strands, requires short RNA primers to begin replication. 

As DNA is antiparallel and polymerase proceeds only in the 5’ à 3’ direction, the two 

parent strands are replicated in slightly different ways. The leading strand is synthesized 

in the direction of the continuously opening replication fork and so only requires one 

RNA primer. The lagging strand, by contrast, is replicated in the direction away from the 

replication fork. This necessitates a new RNA primer on the lagging strand each time 
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helicase advances some ways along the chromosome, generating short stretches of 

daughter DNA called Okazaki fragments.  All RNA primers are eventually replaced with 

DNA by a separate DNA polymerase which uses the upstream DNA fragment’s 3’ OH as 

a nucleophile for attack on the incoming dNTP. Finally, DNA ligase covalently bonds the 

sugar-phosphate backbone of the Okazaki fragments together. However, this mechanism 

encounters an obstacle at the ends of chromosomes: after the terminal 5’ RNA primer is 

removed, there is no upstream DNA to provide the necessary 3’ OH. This results in each 

chromosome being shortened by the length of the terminal 5’ RNA primer on each round 

of replication.  

 

Figure 1.1 General mechanism of DNA replication. RNA primers (shown as consecutive 
red blocks) are essential to initiate a strand of complementary DNA replication. Primers 
are eventually removed and replaced by DNA. This eventually leads to a 5’ terminal 
region of the new strand that cannot be syntehsized.3 
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Clearly such a mechanism would rapidly prove fatal to the cell. However, studies 

on both Zea mays and Drosophila melanogaster had shown that chromosomal ends 

behaved differently from the central region of the chromosome after breakage.4,5 When 

present, these regions provided stability to the each chromosome and prevented inter-

chromosomal fusion. Thus, chromosomal ends were named telomeres, from the Greek 

“telos” (end) and “mero” (part). In the decades since, sequencing has shown that 

telomeres consist of many short DNA repeats.6,7 As the repeats are noncoding, they allow 

telomeres to act as buffer regions that can be shortened while preventing damage to the 

cell’s genes. In vertebrates, telomeres contain repeats of (T2AG3); similar guanine-rich 

telomeres are observed, for example, in Tetrahymena thermophila (T2G4), Euplotes 

crassus (T4G4), and Sacchromyces cerevisiae (TG1-3).  

The human telomeres range in length from 5-20 kilobases7,8; this length is directly 

related to the Hayflick limit. When telomeres become significantly shortened, they are 

recognized by the cell as double stranded breaks. This prompts the cell to overexpress 

p53 and initiate cell death.9 However, the enzyme telomerase extends shortened 

telomeres by carrying its own RNA strand complementary to d(TTAGGG) and operating 

as a reverse transcriptase.10 Telomerase is expressed somatically only in germ line cells; 

it is, by contrast, expressed in 80 to 90% of tumor cells.11,12 This is thought to be a 

mechanism by which cancer cells achieve immortality via uninhibited division. Thus, 

mechanisms to target and inhibit telomerase are selective for tumors and are currently 

attractive areas of active research. In addition, telomeric DNA is believed to fold into 

unusual, non-B DNA structures called guanine quadruplexes (GQs) due to its high 
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guanine content. Drug targeting of telomeric GQs is therefore another anti-cancer 

treatment strategy under study.13 

� o� xrxq� No� - AoDlqbqB�
GQ Structure 

 The form of DNA first proposed by Watson and Crick in 1953 has come to be 

known as B-DNA, and represents the general structure of double stranded DNA in 

cells.14 However, a wide array of alternative biologically relevant DNA structures of 

varying stability have been shown in the intervening years, including A- and Z- double 

stranded DNA, the triple and quadruple helix, i-motif DNA, and others.15 The quadruple 

guanine helix (GQ) was first observed for individual guanine monophosphate bases.16 

GQ structure consists of four guanines arranged in a tetrad through Hoogsteen hydrogen 

bonding, with typically 2-4 stacks of tetrads per GQ (Figure 1.2).17 Stability is derived 

from intra-tetrad hydrogen bonds18, inter-tetrad π-π aromatic base stacking18,19, and the 

coordination of a monovalent cation (usually K+ or Na+) intercalating between adjacent 

tetrads.20 GQs can be formed from one strand of DNA (intramolecular) or from multiple 

interacting strands (bimolecular or tetramolecular). Further variation in topology arises 

from the backbone polarity: all parallel, all antiparallel (2+2), or a mixed hybrid (3+1).21  

 

Figure 1.2. (A) Four guanines are arranged in a planar tetrad linked by Hoogsteen 
hydrogen bonds. (B) Here, two guanine tetrads are stacked to form a GQ. Four different 
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GQ tetrad backbone topologies are shown: from left to right, all parallel, mixed hybrid, 
and two possible conformations of antiparallel. 

The final source of variation in canonical GQs derives from the type of loop 

connecting one guanine stack to another within the GQ (Figure 1.3). Parallel GQ 

structures tend to have propeller loops, which extend from the top of one guanine stack to 

the bottom of an adjacent one, while antiparallel GQs can have lateral loops, resembling 

hairpins, connect adjacent or diagonally opposite stacks. Intriguing new types of GQ 

structures have been recently discovered, including a left handed quadruplex22, more 

complex loops of varying size between and within a guanine stack23, and incomplete 

guanine tetrads within a GQ.24 Thus, the general sequence format to predict potential GQ 

formation (G2-4Xn)4 only covers a portion of all possible sequences and prediction of the 

corresponding 3D structures can be extremely challenging.25–29 

 

Figure 1.3. Varying GQ loop topologies. (A) Propeller loops derived from a parallel GQ. 
In an antiparallel GQ, (B) two lateral loops connect adjacent guanine stacks while a third 
loop connects diagonally opposite stacks, and C) three lateral loops connect adjacent 
guanine stacks.   
 Circular dichroism (CD) spectroscopy is a tool that can be readily applied to 

predict general features of DNA secondary structure. CD operates by measuring the 

difference in absorption of right- and left- handed circularly polarized light after passing 

through a chiral sample. All folded DNA structures are chiral; GQs are generally right 
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handed with regard to the 5’ à 3’ backbone orientation around the central tetrads. This 

stacking can be homopolar, meaning that consecutive guanine absorption dipoles are 

aligned syn or anti as defined by the glycosidic bond. Heteropolar stacking is also 

possible when consecutive guanine dipoles are aligned facing each other, generally for 

alternating syn/anti glycosidic bonds30 (Figure 1.4). Empirical correlations between 

structural techniques and CD spectroscopy have allowed assignment of CD spectral 

features to GQ topology. Parallel GQs (homopolar stacking) exhibit a peak at ~260 nm 

and a trough at ~240 nm, while antiparallel GQs (heteropolar stacking) exhibit a peak at 

~295 nm and a trough at ~260 nm.31–35 Mixed hybrid GQs show intermediate spectra. 

 The human telomeric repeat GQ, Tel22, has been studied extensively by a 

combination of CD, NMR, x-ray crystallography, and other techniques. Generally, in 

sodium buffers, the sequence forms an antiparallel structure with diagonal loops.36,37 

Under combined potassium buffer and crowding conditions (simulated with polyethylene 

glycol), the sequence instead folds into a parallel GQ with propeller loops.38,39 Numerous 

intermediate forms are possible in dilute (uncrowded) potassium buffer solutions.40,41 

Under the conditions used in this thesis, containing low potassium concentrations, Tel22 

is believed to exist as a mixture of two different mixed hybrid structures.42 
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Figure 1.4. Different types of adjacent guanine tetrad stacking giving rise to unique CD 
spectra. Arrows indicate dipole moments from absorption. (A) Homopolar stacking, 
derived from adjacent bases being aligned. (B) Heteropolar stacking, derived from 
adjacent bases being in a syn/anti relationship. Figure taken from Masiero et al, Org. 
Biomol. Chem., 2010.30 

Evidence for in vivo GQ formation 

 The decades following the discovery of quadruplexes in 1961 led to their 

thorough characterization, but primarily only in vitro. The quest for in vivo direct 

evidence of GQ formation has recently born fruit, through the Balasubramanian group’s 

use of immunofluorescence via an antibody-based probe.43 Additional evidence was 

provided by the overlap of putative GQ forming sites with an immunoprecipitation 

directed against histone gamma marker HA2X, which is indicative of DNA damage.44 

Furthermore, a wide array of enzymes have been implicated in GQ regulation, which 

implies an in vivo function for quadruplexes.45 While the argument can be made that each 

of these detection techniques induced the formation of GQs in the act of measurement, 

given the breadth of approaches and proteins implicated, this seems unlikely. Finally, we 

can consider a thought experiment: if GQs did not have any biological roles, why are 

there so many thousands of sequences across mammalian genomes capable of forming 

GQs, as predicted by multiple bioinformatics analyses?26 Given that GQs readily form in 



 8 

vitro under a range of conditions, it seems very likely that they form to some extent in 

cells. If such in vivo quadruplex assembly does not benefit the cell, it arguably should be 

evolutionarily pressured out of the genome – yet bioinformatics analyses observe the 

opposite.26 As Sir Aaron Klug remarked three decades ago, “if G-quadruplexes form so 

readily in vitro, Nature will have found a way of using them in vivo.”45 

Porphyrins as GQ-stabilizing ligands 
 Given the recent accumulation of evidence that GQs form in vivo, interest in 

developing drugs to target their structure as anti-cancer therapy has only increased 

further7,13,43. To return to the therapeutic implications discussed earlier, it is hypothesized 

that induction and stabilization of GQs at telomeres by small molecule ligands will 

inhibit telomerase activity, thereby preventing cancer cells’ genetic immortality. What 

might such an ideal ligand look like? Beyond the ability to induce, bind tightly, and 

stabilize quadruplexes, it must also have superb selectivity for GQ DNA over the much 

more common B-DNA (and other potential DNA structures in the cell), as well as general 

drug criteria including lack of cytotoxicity at effective concentrations, solubility, 

resistance to metabolic activity, to name a few.  

 Research in developing ligands so far has focused on the binding and stabilization 

criteria. This is typically achieved by a combination of an extended aromatic surface to π-

stack with the guanine tetrad, and generally cationic nature to electrostatically attract 

nucleic acids due to their polyanionic phosphate backbones. It is important to note that 

these binding properties are generalizable to all nucleic acid structures, both DNA and 

RNA, and so specificity to GQs is achieved by generally larger surface areas than duplex 

base pairs, as well as individual ligand steric and electronic properties. A database for 
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such compounds is publically available.46 Particularly effective ligands include the 

acridine, Braco-1947, and the macrocycle, telomestatin48 (Figure 1.5). Others, particularly 

quarfloxin, have reached phases one and two of clinical trials49. However, these 

compounds have been limited by their low cellular uptake and metabolic stability, as well 

as their complication of synthesis de novo, particularly for telomestatin.50,51 

 

Figure 1.5. Structures of successful GQ ligands (A) Braco-19, (B) natural product 
telomestatin, and (C) TMPyP4. 
 Another promising class of compounds are water soluble porphyrins. Porphyrins 

benefit from the entirety of their macrocycle being aromatic and of comparable size 

(~10Å) to a G-tetrad (11Å), as well as favorable cellular uptake characteristics via 

pinocytosis.52 They also possess peripheral side groups which can easily be modified to 

optimize binding to a particular GQ, through ionic or hydrogen bonding interactions. 

Porphyrins can be readily studied by UV-vis spectroscopy and fluorescence due to their π 

à π* transition at the easily observable Soret peak, which is exquisitely sensitive to the 

porphyrin’s local environment. Such spectroscopic techniques can be used to monitor 

binding strength and stoichiometry, stabilization, and selectivity, as well as provide a 
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model for binding mode (intercalation, base or end stacking, or loop/groove binding).53–55 

A particularly well studied porphyrin is 5,10,15,20-tetrakis(N-methyl-4-pyridyl) 

porphyrin (TMPyP4), Figure 1.5.56,57 Previous work has shown that TMPyP4 binds 

tightly to GQ DNA and is a highly effective stabilizer, though it is relatively 

indiscriminate among DNA topologies. As cells represent an enormous excess of duplex 

DNA to quadruplex structures, this lack of specificity is the major drawback to TMPyP4. 

Improving TMPyP4’s specificity for GQ DNA is the focus of Chapter 5 of this thesis, 

and the results of that work have been published (manuscript attached in the Appendix).58  

Intrinsically Difficult-to-replicate Sequences 
Biological background: replication stress 
 We have already discussed the general mechanism of eukaryotic DNA 

replication, and its fundamental obstacle in replicating the 5’ terminal end. However, 

there are other challenges to DNA replication which are collectively called replication 

stress. Replication stress includes impediments such as damaged nucleotides or a stalled 

polymerase. An intricate network of replication stress detection and repair pathways must 

exist for the cell to efficiently and reliably synthesize a copy of its entire genome. One 

element of these pathways involves the single stranded DNA binding protein replication 

protein A (RPA).  

In the event polymerase progression is impeded, an elongated region of single 

stranded DNA (ssDNA) will be exposed. This ssDNA, if left unchecked, can aberrantly 

bind other oligonucleotides and form stable structures, or be recognized by the cell as an 

error and induce genomic degradation. It is hypothesized that such mechanisms can lead 

to a wide array of cancers.59 RPA counteracts these potential outcomes by binding 
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ssDNA and shielding it from interacting with other proteins or nucleic acids.60 In 

addition, RPA provides a recruitment platform for cell signaling enzymes which mediate 

replication and advance through the cell cycle.61 Ataxia telangiectasia and Rad3-related 

(ATR) checkpoint kinase is one such recruited signaling protein. ATR further stabilizes 

the replication fork and inhibits advancement into M phase61–63 (Figure 1.6). 

 

Figure 1.6. Schematic of RPA and ATR stabilization of a stalled replication fork. RPA is 
represented by pale green circles, ATR by larger cyan ovals, DNA helicase in dark blue, 
the DNA polymerase holoenzyme in grey and dark green. Here an ATR inhibitor (red 
star) is used to inhibit ATR’s function of stalled fork stabilization, thereby inducing fork 
collapse and possible double stranded breaks. Figure adapted from Shastri et al, Mol. 
Cell, 201859 

It has previously been shown that deletion of the gene encoding ATR is 

associated with increased double stranded breaks.64,65 While ATR’s signaling cascade is 

fairly well understood, the endogenous causes of replication stress and fork stalling that 

necessitate its presence are less well known. Casper et al hypothesized that chromosome 

breakage at common fragile sites (CFS) was regulated and suppressed by ATR.66 While 

ATR inhibition does lead to increased chromosome breakage at CFS, later work showed 

that the breakage was better explained by incomplete replication of CFS before entering 

the second half of the cell cyle - G2/M phases -  due to unusually large distances between 

the adjacent origins of replication, than by properties of the specific DNA sequence.67 
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However, at other regions of the genome, the exact sequence appears to play a 

role in ATR mediated stabilization of fork stalling. Interestingly, most of the implicated 

sequences consist of short tandem repeats. Lahiri et al found an increased reliance on 

ATR’s orthologue MEC1 in yeast following insertion of CAG/CTG repeats68, and the 3-

mer repeats GAA and CGG associated with Freidrich’s ataxia and Fragile X syndrome, 

respectively, exhibit similar trends.69–73 Telomeric repeats are also implicated, but to a 

lesser extent, as longer repeat lengths are needed to achieve similar levels of ATR 

dependency.74–76   

Detecting intrinsically difficult-to-replicate sites 
 The previously mentioned ATR-associated repeats have been directly shown to be 

dependent upon ATR regulation for replication. However, they were identified based on 

either low resolution sequence identification or on external assumptions and hypotheses. 

Shastri et al, whose work provided the basis for a collaboration which gave rise to much 

of this thesis, have recently developed a high-resolution method to detect ATR-dependent 

sites without the bias of external hypotheses.59 This approach utilizes a combination of 

ATR inhibition and immunoprecipitation against RPA (RPA Chip-Seq) to identify 

replication perturbed loci (RPLs). A total of 173 RPLs were identified, sharing the short 

tandem repeat characteristic with previously identified ATR-dependent sequences. 

Furthermore, many of these newly identified repeats had not previously been 

characterized. As ATR inhibitors are now promising therapeutics as anti-cancer agents, 

better understanding of new interactors provides new ground for useful therapeutic 

development.77,78 
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 Replication fork stalling of the polymerase complex can be caused by a number of 

different factors.79 However, given the enrichment of these simple tandem repeats, we 

first questioned whether these sequences were forming stable structures that would 

sterically inhibit polymerase, as has been previously proposed.80 Mechanistically, such 

structures would fold intramolecularly (likely on the lagging strand) following separation 

of the complementary strand by helicase, but quickly enough that they would be stable 

and resistant to unfolding before the arrival of polymerase. Noting that the RPLs 

identified by Shastri et al generally contained purine-rich and pyrimidine-rich 

complementary strands, our lab biophysically studied model oligomers of both strands for 

particularly enriched repeats.59 These repeats included d(CAGAGG)n, d(CAGAGT)n, and 

d(CAGAGAGG)n, and separately, their complements, among others. Most purine-rich 

sequences studied appeared to form stable structures, as indicated by increased mobility 

on nondenaturing gels, defined CD signatures, and cooperative melting transitions. 

Interestingly, their CD spectra and other biophysical properties did not align well with 

any of the currently known B- or non B-DNA characteristics. Understanding of RPL 

structure and mechanism of formation would be instrumental to informing design of 

therapeutics to minimize the effects of replication fork stalling that these repeats cause. 

Therefore, to better understand these short tandem repeats, our lab has used a variety of 

biophysical, spectroscopic, and structural techniques to develop and thoroughly test a 

model for their secondary structure, using CAGAGG repeats as a model system. The 

results of that work are summarized in Chapters 3 and 4 of this thesis, as well as in an 

upcoming publication.81  
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Chapter 2: Materials and Methods 

Materials 
DNA 
 All oligonucleotides used in this work are shown in Table 2.1. Lyophilized 

oligonucleotides were purchased from Integrated DNA Technologies, IDT (Coralville, 

IA) as reverse phase (RP) or HPLC purified. Brominated oligonucleotides were 

purchased as cartridge purified from the Keck Oligo Synthesis Lab (New Haven, CT). 

Extinction coefficients used were provided by IDT. Brominated DNA sequences were 

assumed to have identical extinction coefficients to their non-brominated counterparts. 

DNA sequences were hydrated in water to a concentration of 0.5-2 mM, aliquoted, and 

stored at -80 °C until use.  

 Secondary structure formation was induced via either of two annealing processes: 

slow or fast annealing. In slow annealing, oligonucleotides were diluted in the 

appropriate buffer (see Table 2.2), annealed by heating at 95 °C for 5 mins, and allowed 

to cool over 4 hours. In fast annealing, the diluted DNA was heated at 95 °C for 5 mins 

and immediately placed in an ice bath for 20 mins. For UV-vis and CD studies, DNA was 

annealed in the appropriate buffer at 0.5-3 µM (the targeted UV-vis absorption for 

optimal CD signal was 0.8) with 0, 2, 4, and 6 equivalents of specified ligand. All 

annealed samples were then equilibrated overnight at 4 °C before use. 

Table 2.1. Oligonucleotide names, sequences, and extinction coefficients.  
Name Sequences De, M-1 cm-1 
Tel22 AGGGTTAGGGTTAGGGTTAGGG 228,500 
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F21D 6-FAM-GGGTTAGGGTTAGGGTTAGGG -Dabcyl 247,600 
1Core  G(CAGAGG)3C 206,300 
1Core+1 GG(CAGAGG)3CA 230,200 
1Core+2 AGG(CAGAGG)3CAG 253,300 
1Core+3 GAGG(CAGAGG)3CAGA 276,800 
1Core+4 AGAGG(CAGAGG)3CAGAG 299,900 
1Core+5 (=CA5) (CAGAGG)5 315,800 
1CoreG3I AGICAGAGGCAGAGGCAGAGGCAG 254,450 
1CoreG9I AGGCAGAGICAGAGGCAGAGGCAG 254,450 
1CoreG15I AGGCAGAGGCAGAGICAGAGGCAG 254,450 
1CoreG21I AGGCAGAGGCAGAGGCAGAGICAG 254,450 
1Core4GI AGICAGAGICAGAGICAGAGICAG 257,900 
1CoreL1T AGGCTTTTGCAGAGGCAGAGGCAG 238,900 
1CoreL2T AGGCAGAGGCTTTTGCAGAGGCAG 238,900 
1CoreL3T AGGCAGAGGCAGAGGCTTTTGCAG 238,900 
1CoreL123T AGGCTTTTGCTTTTGCTTTTGCAG 210,100 
1CoreL0 AGGCGCGCGCAG 114,700 
1CoreL1 AGGCGGCAGCAGCAG 150,400 
CA10 (CAGAGG)10 630,300 
CA15 (CAGAGG)15 944,800 
2Core G(CAGAGG)7C 457,900 
2Core+1 GG(CAGAGG)7CA 481,800 
2Core+2 AGG(CAGAGG)7CAG 504,900 
2Core AG2 G(CAGGCAGAGG)3CAGGC 364,700 
3Core G(CAGAGG)11C 709,500 
4Core G(CAGAGG)15C 961,100 
1Core 3GCa G CGAGAGCG CAGAGG CGAGAGCG C 240,500 
1Core 3GCb CG CAGAGG CGAGAGCG CAGAGG CG 240,500 
1Core+1 3GCa GG CGAGAGCG CAGAGG CGAGAGCG CA 264,400 
1Core+1 3GCb GCG CAGAGG CGAGAGCG CAGAGG CGA 264,400 
1Core+2 3GCa AGG CGAGAGCG CAGAGG CGAGAGCG CAG 287,500 
1Core+2 3GCb AGCG CAGAGG CGAGAGCG CAGAGG CGAG 287,500 
1Core+3 3GCa GAGG CGAGAGCG CAGAGG CGAGAGCG CAGA 311,000 
1Core+3 3GCb GAGCG CAGAGG CGAGAGCG CAGAGG CGAGA 311,000 
RS1 AGG CAGAGG CAGAGG CAGAGG CTC 245,200 
RS1-S TCG CAGAGG CAGAGG CAGAGG CAG 245,000 
RS2 GAGG CAGAGG CAGAGG CAGAGG CCTC 262,200 
RS2-S CTCG CAGAGG CAGAGG CAGAGG CGAG 262,000 
RS3 AG CAGAGG CAGAGG CAGAGG CT 227,600 
RS3-S TG CAGAGG CAGAGG CAGAGG CA 227,600 
RS4 AAG CAGAGG CAGAGG CAGAGG CTT 247,700 
RS4-S TTG CAGAGG CAGAGG CAGAGG CAA 247,700 
RS5 ATG CAGAGG CAGAGG CAGAGG CTA 250,400 
RS5-S TAG CAGAGG CAGAGG CAGAGG CAT 249,000 
1Core 3-Br G C/8-Br dA/GAGG CAGAGG CAGAGG C 206,300 
1Core 9-Br G CAGAGG C/8-Br dA/GAGG CAGAGG C 206,300 
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1Core 15-Br G CAGAGG CAGAGG C/8-Br dA/GAGG C 206,300 
RS5-S 1 TAG CAGAGG /5-Br dC/AGAGG CAGAGG CAT 249,000 
RS5-S 1+2 TAG CAGAGG /5-Br dC/AGAGG CAGA/8-Br dG/G CAT 249,000 
RS5-S 2+3 TAG CAGAGG CAGAGG CAGA/8-Br dG/G CA/5-Br dU/ 249,000 
RS5-S 1+3 TAG CAGAGG /5-Br dC/AGAGG CAGAGG CA/5-Br dU/ 249,000 
RS5-S 1-I TAG CAGAGG /5-I dC/AGAGG CAGAGG CAT 249,000 
RS5-S 4-I TAG /5-I dC/AGAGG CAGAGG CAGAGG CAT 249,000 
RS5-S 5-I TAG CAGAGG CAGAGG /5-I dC/AGAGG CAT 249,000 
RS5-S 6-I TAG CAGAGG CAGAGG CAGAGG /5-I dC/AT 249,000 

 

Buffers 
 Cacodylic acid was used as the buffering agent for all biophysical experiments, 

maintained at physiological pH. Buffers also contained specific cations, as described in 

the introduction, including K+ to induce guanine quadruplex (GQ) formation and Mg2+ to 

induce d(CAGAGG)n-type structure formation. For GQ experiments, Li+ was used to 

provide the remaining physiological ionic strength; for experiments concerning 

d(CAGAGG)n, K+ was used for this purpose. At the high DNA concentrations used in 

crystallization, the concentration of the key stabilizing cation (Mg2+) was increased 10-

fold to ensure all DNA molecules had all cation binding sites fully occupied. All buffers 

used are listed in Table 2.2. 

Table 2.2. Buffers used in all biophysical and crystallography experiments 
Name Buffer Salt 1 Salt 2 
5K 10 mM lithium cacodylate pH 7.2 5 mM KCl 95 mM LiCl 
100K2Mg 10 mM lithium cacodylate pH 7.2 100 mM KCl 2 mM MgCl2 
20K20Mg 10 mM lithium cacodylate pH 7.2 20 mM KCl 20 mM MgCl2 

 

Small Molecule Ligands 
 All small molecule ligands (including many porphyrins) used in this work are 

listed in Table 2.3. Of the porphyrins, PN3M, PC3M, P2C2M, and PL3M were 

synthesized by Supriya Davis ’15 and Thomas Ruan ’16 according to a previously 



 17 

published procedure.82 4P3 was a generous gift from Alessandro D’Urso (University of 

Catania, Italy). TMPyP4, -3, and -2 were purchased from Frontier Scientific (Logan, UT). 

RHPS4 was a kind gift from Brad Johnson (University of Pennsylvania, PA). Braco-19 

and methylene blue were purchased from Sigma-Aldrich (St. Louis, MO). All compounds 

except RHPS4 and Braco-19 were diluted to 5-20 mM in water; for TMPyP4 derivatives 

10% DMSO was added to assist with solubility. Braco-19 and RHPS4 were dissolved in 

DMSO to 163 mM and 10 mM, respectively. Concentrations were determined for all 

experiments via UV-vis spectroscopy using the extinction coefficients listed in Table 2.3. 

All compounds were shielded from light to the greatest extent possible outside the 

spectrophotometer.  

Table 2.3. Small molecule ligands used 
Shorthand Full Name l, nm De, M-1 cm-1  
PN3M 5-(4-aminephenyl)-10,15,20-tri(N-methyl-4-

pyridyl)porphyrin triiodide  
442 96,700 

PC3M 5-(4-carboxyphenyl)-10,15,20-tri(N-methyl-4-
pyridyl)porphyrin triiodide  

422 186,000 

P2C2M 15-di(4-carboxyphenyl)-10,20-di(N-methyl-4-
pyridyl)porphyrin diiodide  

419 60,200 

PL3M 5-(4-phenylamidoproline ethyl carbobenzoate)-10,15,20-
tri(N-methyl-4-pyridyl)porphyrin triiodide  

422 97,300 

4P3 5-phenyl-10,15,20-tri(N-methyl-4-pyridyl)porphyrin 
triiodide  

422 150,000 

TMPyP4 5,10,15,20-tetra(N-methyl-4-pyridyl)porphyrin tetraiodide 422 226,000 
TMPyP3 5,10,15,20-tetra(N-methyl-3-pyridyl)porphyrin tetraiodide 417 250,000 
TMPyP2 5,10,15,20-tetra(N-methyl-2-pyridyl)porphyrin tetraiodide 414 182,000 
RHPS4 3,11-difluoro-6,8,13-trimethyl-8H-quino[4,3,2-

kl]acridinium methosulfate 
511 10,320 

Braco-19 N,N′-(9-(4-(Dimethylamino)phenylamino)acridine-3,6-
diyl)bis(3-(pyrrolidin-1-yl)propanamide) hydrochloride 

264 58,900 

Methylene 
Blue 

3,7-bis(Dimethylamino)phenazathionium chloride 664 95,000 
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UV-vis Spectroscopy 
 Data were collected on a Cary300 UV-vis spectrophotometer (Varian) equipped 

with a Peltier thermocontroller (accurate to within ± 0.3 K). Spectra were collected at 

ambient temperature, 4 °C, or 95 °C. All spectra were baseline corrected for buffer 

absorbance. Data were collected at 1 nm intervals, 0.1 s averaging time, from 220-350 

nm for DNA samples and 352-700 nm for small molecule samples (except for methylene 

blue, which was collected from 400-775 nm). All concentrations were determined using 

extinction coefficients listed in Table 2.1 and Table 2.3. 

UV-Vis titrations 
 The binding constant and binding stoichiometry between DNA and a small 

molecule ligand were determined by measuring the stepwise changes in their UV-vis 

absorption spectra as DNA was titrated into the ligand. DNA was slow annealed in the 

appropriate buffer to 50-200 µM. This solution was then added to a 0.5-5 µM ligand 

solution in small aliquots (1-10 µL). The titration was continued until there was no 

visible change in the UV-vis spectrum from one addition to the next for at least three 

additions; this generally corresponded to a [DNA]:[ligand] ratio of 3-6. The change in 

cuvette volume during titration was kept to below 10%. Raw spectral data were dilution 

corrected assuming a linear relation between concentration and absorbance (Beer’s Law). 

In some alternative cases, the DNA solution used for the titration contained ligand at a 

concentration matching that of the titrating cuvette to avoid ligand dilution, negating the 

need for calculated dilution correction. Titrations were analyzed as described in 

Quantitative binding analysis, below. 
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Continuous Variation Analysis 
 Job’s method of continuous variation analysis was used to accurately ascertain the 

binding stoichiometry in a model independent way.83 This technique consists of two 

consecutive titrations using the same DNA and ligand samples of matching 

concentration. It is essential that the concentrations of DNA and ligand match in both 

titrations. In the first titration, DNA is titrated into a cuvette containing ligand, compared 

against a reference cell of buffer titrated into the same concentration of ligand. In the 

second, a titration of ligand into DNA is referenced against a titration of ligand into 

buffer. UV-vis spectra were collected after each addition. Because the ligand absorbance 

range was monitored and ligand was present in both the sample and reference, the 

absorbance values reported the relative absorbance of a ligand-DNA complex versus 

ligand alone.  

 Job plots data are analyzed to yield the relative absorbance at specified 

wavelength as a function of mole fraction of one binding partner. Completing the two 

titrations probes the full range of mole fraction from 0 to 1. A Job plot can be generated 

for any peak in the relative absorption spectra. The resulting plot will be either concave 

or convex; the minimum or maximum in the generated plots corresponds to the mole 

fraction of the measured binding partner in the DNA-ligand complex. Binding ratios of 

1:1, 2:1, 3:1, etc. correspond to ligand mole fractions of 0.5, 0.66, 0.75 etc., respectively. 

Multiple shoulders in the plot correspond to multiple binding events with differing 

stoichiometry. The Job plot method provides a clear measure for binding ratios up to 3:1, 

after which it becomes challenging to distinguish closely spaced mole fractions (e.g. 0.75 

vs 0.80 for 4:1 and 5:1 binding ratios, respectively). 
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Thermal difference spectra 
 Thermal difference spectra (TDS) provide a rapid, simple method to identify 

various DNA structural motifs that may be present in a structure.84 To record a TDS, the 

UV-vis absorption spectrum of the DNA sample was collected from 220-350 nm at 4 °C, 

and then DNA was heated over 20 mins to 95 °C (or more generally, at a temperature 

sufficiently high that the DNA unfolded to a single strand) at which point another 

spectrum was taken. To obtain the TDS signature, the 4 °C spectrum, representing the 

folded DNA, was subtracted from the 95 °C spectrum, which represents unfolded DNA. 

The resulting difference spectrum was normalized to facilitate comparison with a library 

of TDS signatures for various types of structures.84 For example, GQ DNA TDS consist 

of a trough at 295 nm, and peaks at 243 and 273 nm.  

UV-Vis melting 
 The stability of DNA secondary structures was characterized through the melting 

temperature (Tm). The Tm can be extracted from melting curves monitoring a sample at 

a specific wavelength as a function of temperature. 

 The annealed samples were monitored in quartz cuvettes at 260 nm, 295 nm, and 

335 nm, for the presence of duplex, quadruplex, and instrument background, respectively. 

Data were collected with 1 s averaging time while the samples were heated from 4 °C to 

95 °C at 1.5 °C/min. Cooling curves were also collected with the same parameters.  

Melting curves were analyzed via one of two methods using Origin 9.1. The first 

method was used if the heating and cooling curves had superimposable termini and 

minimal hysteresis. Such characteristics implied reversible melting, permitting treatment 

of the data as a two-state system consisting of folded and unfolded DNA with constant 

∆H of unfolding.85 Thus, the data were fit to the van’t Hoff equation assuming linear 
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initial and final baselines and a constant Cp, adjusting Tm and ∆H to minimize root mean 

square deviation. Furthermore, some melting transitions were accompanied by small 

hysteresis suggesting that the system was not under complete thermodynamic 

equilibrium. For those cases ∆H values were still reported but should be treated with 

caution. 

The second method of analysis consisted of plotting the first derivative of the 

melting curve as a function of temperature. This method was used when melting 

transitions were poorly defined. Prior to taking derivatives the melting curve was 

smoothed using a 13-point Savitzky-Golay quadratic function. A local maximum or 

minimum was taken as a melting transition, and Tm was identified as the midpoint of 

such peaks. In this method, Tm was estimated by visual inspection of the curve, with 

associated error of ± 0.5 °C. This method worked for all curves, but when linear baselines 

were present at the beginning and end of the melting transition, the fitting equation was 

preferred, as it typically had lower Tm errors and also yielded ∆H values. 

Circular dichroism spectroscopy 
Instrument 
 All circular dichroism (CD) experiments were run on an Aviv-410 (Aviv 

Biomedical, Lakewood, NJ), which was later upgraded to Aviv-435 spectrophotometer 

equipped with a Peltier thermocontroller (accuracy ± 0.3 K). Spectra were collected in 1 

cm quartz cuvettes. 

Annealing experiments 
 Observing the general shape and location of peaks in a CD spectrum permits 

structural classification of DNA. Spectra were collected from 220-330 nm with 2 nm 
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bandwidth and 1 s averaging time; 5 scans were collected and averaged. In some cases, 

spectra were also collected from 360-500 nm with the same parameters to observe the 

induced CD signal (iCD). This signal arises due to the interaction of an achiral 

chromophoric porphyrin with chiral achromophoric DNA; the peak is typically observed 

at the porphyrin’s Soret maximum (or generally at a ligand’s main absorption band). CD 

spectra were zeroed by averaging the baseline region from 320-330 nm and subtracting 

that number from the whole spectrum. Spectra were then converted to molar ellipticity 

by:  

 ∆𝜖 = 	
𝜃

𝐶	×	𝑙	×	0.03298 (2.1) 

 

where 𝜃 is the optical rotation in millidegrees, 𝐶 is the DNA concentration in µM, and 𝑙 

is the cuvette path length in cm. Noisy data collected at exceptionally low concentrations 

were then smoothed by a 13 point Savitzky-Golay quadratic function to more enhance 

visibility of spectral features.  

CD melting 
 CD melting provides DNA stability data and is complimentary to the data from 

UV-vis melting, described above. However, it is arguably more accurate than UV-vis 

melting, as CD directly measures the degree of folding of DNA secondary structure, 

while UV-vis measures absorbance wavelengths known to be sensitive to particular 

secondary structures (260 nm for duplex, and 295 for GQ). In addition, the CD signal of 

unfolded DNA is close to zero, which is not the case for UV-vis signal. The disadvantage 

of CD is that it requires somewhat more sample, takes significantly more time, and often 

produces more noisy melting curves. 
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 Melting curves were collected in 1 cm path length quartz cuvettes with 2 nm 

bandwidth monitoring the optimum wavelength for each system, described below. 

Samples were heated from 4 °C to between 80 and 95 °C at 1 °C intervals with 15 s data 

averaging time and 5 s equilibration time per data point; cooling curves were 

subsequently recorded with the same parameters. Data were treated as described above 

for UV-vis melting to extract Tm and ∆H. 

Quantitative analysis of binding curves 
Direct fitting 

For most cases under study, the binding reaction between DNA and ligand could 

be treated using a simple two-state (bound and unbound) model (i.e. 𝐴 + 𝐵 → 𝐴𝐵). If 

titrations met the two-state approximation (see SVD below), they were modeled as 

 𝐾4 = 	
𝑥

𝐶6 − 𝑥 	×	[𝐶9 − 𝑥]
 (2.2) 

where 𝑥 is the complex concentration, 𝐶6 is the porphyrin concentration, and 𝐶9 is the 

DNA concentration. Direct fitting was performed in GraphPad Prism 8.0 (GraphPad 

Software). Absorbance data at the measured peaks were plotted as a function of DNA 

concentration and fit to  

 𝑌 = 	𝑌< −	
𝑥
𝐶6
(𝑌< −	𝑌>) (2.3) 

where 𝑌< is the initial absorbance and 𝑌> is the final absorbance. In most cases, 𝐶6 was set 

at the determined ligand concentration; however, in some instances this value was 

allowed to float. This model is based on the simplest 1:1 binding stoichiometry between 

the ligand and DNA. Higher binding stoichiometries were modeled by assuming all 

binding sites were equivalent and independent of each other. The data were then refit 
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after scaling the DNA concentration by an integer to model an increase in the “number of 

binding sites” (ex. scale by 3 to test 3:1 binding stoichiometry).  

Singular value decomposition (SVD) 
 SVD is a matrix-based method of data analysis whose use in the context of GQ 

dynamics was introduced by Dr. Brad Chaires.86 This method reduces a two-dimensional 

array of data to a significance-weighted one dimensional array, while losing almost no 

information. While titration data are collected in a wide spectral window, only one or two 

peak amplitude wavelengths were used to determine the binding constant, while the 

information contained in all other wavelengths was not used. SVD uses all collected 

wavelengths to yield a more accurate, globally sourced binding constant and to indicate 

the number of species present throughout the titration. This latter point can be used to 

justify treatment of titration data as a two-state model (e.g. free and bound ligand; folded 

and unfolded DNA; no intermediates), greatly simplifying the data analysis. As Chaires 

demonstrated, SVD can be similarly used to identify the number of species present during 

melting transitions given that a full spectrum is collected during the melting instead of the 

usual select single wavelength; however, full-wavelength melts were not performed here 

as other techniques demonstrated full-wavelength collection was not necessary to 

characterize the melting transition. 

Using SVD to obtain improved binding constants 

SVD can be performed using several common software packages, including 

MATLAB (Natick, MA). The absorbance data from a titration were arranged in an m by 

n matrix 𝑀 such that each row corresponded to a wavelength, while each column 
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corresponded to successive additions of DNA to the ligand solution. SVD analysis was 

then performed, decomposing the absorbance matrix into three child matrices such that 

 𝑀 = 𝑈𝑆𝑉D (2.4) 

where 𝑈 contains the basis spectra, 𝑆 contains the singular values (weighting factors), and 

𝑉D is the transpose of the amplitude matrix	𝑉. The basis spectra, when scaled by the 

singular values, can be linearly combined to reproduce the original spectrum.  

 The 𝑉 matrix can be plotted as a function of increasing DNA concentration in a 

UV-vis titration (or any other type of titration) to generate a binding curve representative 

of all wavelengths monitored. While each column of the 𝑉 matrix represents the binding 

curve of the DNA with the ligand, the second column of the 𝑉 matrix produces the 

binding curve with the largest S/N ratio for UV-vis titration data, while the first column 

of 𝑉 produces the best binding curve for fluorescent titration data. This binding curve can 

then be fit as described in Direct fit to yield Ka. By using SVD, binding information 

across the full spectral range is used, providing a more complete picture of binding than a 

single wavelength Direct Fit.  

Using SVD to determine number of significant species 

Analysis of the number of significant species present in a titration is based on statistical 

analysis of all three child matrices. The importance of each singular value element of the 

𝑆 matrix is calculated as its relative variance: 

 
𝑅𝑉 = 	

𝑆FG

𝑆FGF
 (2.5) 

Plotting the relative variance of each singular value yields a Scree Plot; this plot indicates 

the contribution of each singular value to the total variance as a percentage. The number 

of species in solution is taken as the number of significant components needed to be 
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added together to yield at least 99% total variance. This calculation is supported by a 

second statistical analysis – autocorrelation – performed on the 𝑈 and 𝑉 matrices. The 

S/N ratio of these matrices is calculated via an autocorrelation function that measures the 

degree of continuity from one point to another: 

 𝐶(𝑋F) = 	 𝑋I,F𝑋I,FKL (2.6) 

where 𝑋I is a specific column 𝑗 of either 𝑈 or 𝑉. Autocorrelation values greater than 0.8 

are considered significant. Thus, comparison of the magnitudes of the singular values, 

their relative variance, and the autocorrelation of U and V permits comprehensive 

determination of the number of significant species in solution. 

Scatchard analysis 
 Scatchard analysis was used only for the published work in Chapter 5, but 

provides an additional way to determine the binding stoichiometry and binding constant 

between DNA and a ligand.87 However, as the technique was initially developed for the 

duplex DNA, modelled as an infinite stack of base pairs, its application to finite-length 

GQ structures should be interpreted with caution. Indeed, this analysis is no longer in the 

lab after Chapter 5’s work was published. 

 The fraction of bound porphyrin, 𝛼, was determined as: 

 𝛼 = 	
𝐴>OPP − 𝐴

𝐴>OPP −	𝐴Q<RST
 (2.7) 

using the absorption at the free and bound Soret maximum for each porphyrin. The 

concentration of bound porphyrin 𝐶Q was calculated as 𝛼 multiplied by the total 

porphyrin concentration, while the concentration of free porphyrin 𝐶> was equal to the 
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total porphyrin concentration minus the bound porphyrin concentration. Defining 𝑟 as 

𝐶Q
[𝐷𝑁𝐴], a plot of 𝑟 𝐶> versus 𝑟 can be fit to 

 𝑟
𝐶>
= 	𝐾4(𝑛 − 𝑟) (2.8) 

yielding Ka and the binding ratio, n. Nonlinearity in a Scatchard plot suggests nonspecific 

or low affinity binding.  

Gel electrophoresis 
Native gel experiments 
 Native gels were run to determine the homogeneity of DNA samples. Samples 

containing 3 µg of DNA were annealed in 10 µL of the appropriate buffer. Immediately 

prior to loading, 3 µL of 30% w/v sucrose solution was added to weigh the sample down 

in the well. Gels were prepared to 40 mL as 12% polyacrylamide, 1× Tris-Borate-EDTA 

buffer, and 3 mM MgCl2. Polymerization was initiated by 400 µL of 10% APS and 40 µL 

TEMED. Polythymine sequences, dTn (n = 15, 24, 30, 60, and 90) were used as internal 

mobility standards. Each gel was run for 150 mins at 150 V after a 30 min 150 V 

premigration using 2 µL of Promega’s Blue/Orange 6X Loading Dye as a tracker lane. 

The running buffer consisted of 1× Tris-Borate-EDTA buffer and 3 mM MgCl2. Gels 

were stained using Stains-All (Sigma-Aldrich, St. Louis, MO) for 15 mins in the dark, 

then destained by exposure to direct sunlight for 1-5 mins while bathed in water. This 

resulted in blue DNA bands against a clear gel background. Gels were visualized inside a 

transparent sheet of thin plastic on a copier. 
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Denaturing gel experiments 
Denaturing gels were run to assess the purity and integrity of DNA samples. Ten 

µL samples of 3 µg of DNA in water were denatured by adding 3 µL formamide and 

heating to 95 °C for 5 mins. Polythymine standards were used as internal mobility 

standards and, due to denaturing nature of the gels, as length standards. Denaturing gels 

were composed of 16.8 g urea, 20 mL acrylamide, and 8 mL 5 × TBE to which 40 µL of 

TMED and 400 µL of 10% APS were added to induce polymerization. Each gel was run 

at 300 V for 135 mins after a 30 min 300 V premigration, using the same blue/orange 

loading dye as above. Gels were stained and visualized as described above.  

Analytical ultracentrifugation 
Instrumentation and data collection 

Analytical ultracentrifugation was run in the laboratory of Dr. Brad Chaires at the 

James Graham Brown Cancer Center at the University of Louisville. While we prepared 

samples, the majority of data collection and analysis was done by Dr. Bill Dean. Samples 

were annealed in 100K2Mg buffer at concentrations targeted to 1.5 absorbance units, the 

upper limit of linearity for the detector used. Each sample and reference cell pair required 

435 µL of annealed sample and 450 µL of buffer, respectively. After sealing each cell, 

absorbances for each sample were checked during depressurization of the chamber at 

3,000 rpm. Measurements were taken at 100 radial increments at 260 nm 100 times for 

each sample while spinning at 50,000 rpm at precisely 20 ºC.  

Data analysis 
Data analysis was performed using the NIST coded free program SedFit. The 

density of 100K2Mg was determied to be 1.0037 g/mL using a Mettler/Paar DAM 55M 
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Density Meter, while viscosity was determined to be 0.01016 Poise using an Anton Paar 

Automated Micro Viscometer. Specific volume was set at 0.550 mL/g – the standard for 

GQ’s. Data were spatially and temporally corrected and fit, residuals were checked for 

randomness, and the program output molecular weight, sedimentation factor (𝑆GY,Z), and 

frictional ratios (𝑓 𝑓Y). The sedimentation factor defines how quickly a molecule in 

solution is pulled to the bottom (sediments) of the rotating cell by the centrifugal force, as 

a function of the rotor’s speed. The frictional ratio is defined as the ratio of the frictional 

force experienced by the molecule in solution compared to that which a perfect sphere of 

the same molecular mass would feel. A sphere has minimum surface area contact with 

the fluid for its volume, and so has the smallest possible frictional force (meaning that 

𝑓 𝑓Y 	≥ 1).  As such, the frictional ratio can give indications to the molecule’s shape in 

terms of deviations from a perfect sphere. 

DNA crystallization 
Sample preparation 
 A variety of DNA sequences from Table 2.1 were screened for crystallization. 

This included all sequences whose names contained CA5-*, *3GC*, or RS* (where * 

denotes any other characters), and 2Core. First, DNA was hydrated at 2 mM in either 

ddH2O or in the appropriate buffer. Hydrating in buffer was done for 1Core and 1Core+2 

when hanging drop DNA concentrations approaching 2 mM were desired. Generally, the 

buffers used for crystallization contained an increased concentration of the key stabilizing 

ion (Mg2+ for d(CAGAGG)n) to enable full occupancy of all cation binding sites at the 

higher DNA concentrations used. All DNA samples for crystallization were annealed in 

20K20Mg buffer at 0.5-1.5 mM; in some cases, various ligands were annealed with the 
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DNA at their stoichiometric ratio as determined by UV-vis titrations. Hanging drop trays 

were set and stored at 20 °C, 4 °C, or ambient temperature. 

Crystallization conditions 
Oligos were tested using commercial screens HELIX (Molecular Dimensions, 

Suffolk, UK) and Natrix/Natrix2 (Hampton Research, Aliso Viejo, CA) in 96-well 

format, or in 24 well trays for the 48 condition screen produced by Sigma88. The 96 well 

plates were prepared at the University of Pennsylvania with the assistance of Dr. John 

Domsic, using an automated dispensing robot (TTP LabTech mosquito Crystal with 

VEXTA pk243-01A motor). The trays were set by placing 100 µL of screen condition 

into the wells, and setting 0.2+0.2 µL each of screen condition and variable concentration 

DNA in the hanging drops, and were stored in a 20 °C incubator. The 24 well hanging 

drop plates were prepared at Swarthmore College. In this case, each well was filled with 

0.4 mL of screen buffer, and the hanging drops were composed of 1 or 2 µL well buffer 

and 1 µL of variable concentration DNA. Well solution and DNA samples were 

thoroughly mixed via pipetting before sealing the well and storing at room temperature.  

Samples were checked each day for one week, and then less frequently thereafter, 

to determine the crystallization progress. A Stemi 2000 stereomicroscope (Zeiss, 

Oberkochen, Germany) equipped with a polarizer and external NCL 150 light source 

(Hitech Instruments, Broomall, PA) was used at Swarthmore, while a SteREO Discovery 

V.12 equipped with a digital camera (Zeiss, Oberkochen, Germany) was used at the 

University of Pennsylvania. Conditions that produced a hit from the commercial screens 

were reset with homemade condition to confirm reproducibility, and were simultaneously 

optimized. Hampton Research’s 96-component Additive Screen was also set with hit 
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conditions for further optimization. Specifically, 0.02 µL of additive screen was mixed 

with 0.18 µL DNA and 0.2 µL well buffer and drops were equilibrated against 100 µL of 

well buffer in a 96-well tray. Optimization proceeded by exploring narrow ranges of 

concentrations around each component of well solution and additives as well as DNA 

concentrations, hanging drop size, ratio of DNA:well buffer, well buffer pH, and 

temperature.  

Diffraction and Derivatization 
 Crystals of sufficient visible quality were cryo protected in either the base 

condition plus 15-20% PEG8000, or in the base condition plus 12.5% ethylene glycol and 

12.5% glycerol. These crystals were flash frozen in liquid nitrogen and tested using the x-

ray home source (at the University of Pennsylvania with the assistance of Dr. Adam Olia 

and Dr. Steve Stayrook). Some native crystals, and all derivative crystals, were taken to 

synchrotrons: Argonne National Lab (APS), or Cornell High Energy Synchrotron Source 

(CHESS). The final best growth condition was 50 mM MES buffer pH 6.5, 10 mM 

MgCl2, 22% PEG 8000, and 80 mM (NH4)2SO4, set against hanging drops containing 0.2 

µL well buffer and 0.2 µL of 0.6 mM RS5-S annealed in 20K20Mg buffer. Crystals grow 

best using HPLC purified DNA and storing trays at 20°C.  

Various heavy metals (Table 2.4) were soaked into promising native DNA 

crystals. All soaks except NaBr were done at 1, 3, and 5 mM for 0.5, 1, 10, and 60 min. 

Soaks with NaBr were done at 0.1 and 0.4 M for 30 s. Additionally, brominated 

derivatives of the parent sequence using 5-bromo dU, 5-bromo dC, 8-bromo dG, and 8-

bromo dA were designed so as to introduce one or two heavy atoms in selected locations 

with restricted mobility in the sequences (for DNA sequences see Table 2.1).  
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Table 2.4. Heavy atoms, complexes, and anomalous signal strength used for 
experimental phasing 
Complex Heavy Atom Anomalous Signal Edge (Å) f’ (e-) f’’ (e-) 
Cisplatin Pt 1.0716 -19.22 10.23 
PIP89 Pt 1.0716 -19.22 10.23 
[Co(NH3)6]3+ 

Co 1.607 -8.206 3.887 CoCl2 
NaBr Br 0.9193 -8.323 3.809 
BaCl2 Ba 2.061 -10.07 13.34 
Selenourea Se 0.9791 -8.36 3.81 

 

Data scaling, model building, and refinement 
 Raw data files were indexed, integrated, and scaled in either HKL2000 or XDS 

software suites. The best datasets are summarized in Table 2.5 (all datasets summarized 

in Table SI.1). Native, brominated DNA, and bromine, barium, selenourea, and PIP 

soaked crystals all scaled to P212121; cisplatin soaked crystals scaled to P21 as indicated 

by significant I/s for systematic absences along two axes. Data were cut at the resolution 

shell where the shell’s linear R-factor exceeded 0.5 and the CC1/2 decreased below 0.5. 

These statistics represent approximately the error and correlation, respectively, when 

averaging symmetry-related reflections. With this approach, the outermost shell typically 

had low completeness and redundancy, but did contain some amount of partial data 

useful for high resolution refinement. 

 To determine the potential isomorphism of each native/derivative dataset pair, 

each combination of datasets was scaled together using the CCP4 software suite. First, 

the .sca reflection files output by XDS and HKL2000 were converted to .mtz format 

using Scalepack2mtz. The amplitude and error of each structure factor were isolated and 

concatenated in adjacent columns for each dataset pair using Cad. Finally, each 
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native/derivative pair was scaled together using Scaleit and combining Friedel pairs. 

TOTAL R-FAC values below 0.25 were considered plausible for isomorphous phasing.  

Table 2.5. Integration and scaling statistics for representative datasets of several crystal 
types (native, barium co-crysatllization, RS5-S1, RS5-S1+3, and cisplatin soak). 
Dataset name pNat14 pBa1 pBr5 pBr21 pPt4 pSe4 
Collection type Native SAD peak SAD peak SAD peak SAD peak SAD peak 
Collection date 4/12/18 8/2/17 6/29/17 11/25/17 6/29/17 2/25/18 
Space group P 21 21 21 P 21 21 21 P 2 21 21 P 21 21 21 P 21 21 21 P 21 21 21 
Unit cell (Å)            
 a 25.776 27.246 27.596 26.949 28.250 25.210 
 b 39.514 39.078 39.714 39.766 40.468 39.699 
 c 137.355 135.898 136.729 137.692 139.259 138.596 
Wavelength (Å) 0.98 1.5418 0.91499 0.9195 1.0716 0.98 
Rmerge Overall 0.03 0.174 0.212 0.178 0.094 0.132 
Resolution (Å) 1.92 3.5 3.35 3.2 2.85 2.25 
Redundancy 6.0 (5.8) 4.4 (3.6)  5.8 (5.0) 8.4 (3.7) 5.6 (3.6) 32.3 (12.6) 
Completeness 99.7 (99.3)  95.6 (97.1) 97.8 (82.7) 89.6 (54.7) 84.1 (66.5) 96.7 (80.4) 
I/σ  10.5 (0.8) 11 (5.4) 6.6 (0.4) 9.2 (0.9 30.2 (1.5) 64.5 (2.1) 
Anom. range (Å) - NM 3.6 3.2 3 2.8 

 

 Phasing was performed in the Phenix software suite. As no single dataset 

exhibited strong anomalous signal to high resolution with high completeness and 

redundancy, a combination of several approaches was taken using Autosol. Every 

derivative dataset was scaled against each native dataset to identify potential SIRAS pairs 

for isomorphous phasing. Additionally, each derivative dataset was independently used 

for SAD phasing while searching for either 3 or 6 heavy atom sites at 3, 4, and 5 Å 

resolution, leading to a total of 6 SAD jobs per dataset. In special cases where multiple 

derivative datasets shared a low TOTAL R-FAC from scaling with a single native 

dataset, a MIRAS was performed on the three datasets together, similarly trying several 

combinations of search resolution and heavy atom sites.  
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 Model building and refinement were performed in an iterative loop between 

Phenix and Coot software. A model was manually built in Coot or automatically built 

using Phenix’s program Autobuild. This was then refined using Phenix’s Refine program. 

Refinement parameters typically included XYZ coordinates, real-space, and group B-

factors, converging over three cycles with NCS enabled. Following map refinement, the 

model was manually extended and adjusted in Coot and the cycle repeated. 
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Chapter 3: Biophysical 
characterization of d(CAGAGG)n 
repeats 

 Our lab has developed a collaboration with the Brown lab at the University of 

Pennsylvania focused on understanding the structure of select repeating DNA sequences 

that are exceptionally difficult to replicate in vivo. This work began by using biophysical 

and spectroscopic approaches to determine the secondary structure of the smallest stable 

unit of these repeat sequences. The sequence d(CAGAGG)n caused significant fold over 

increase in the number of reads in ATR-inhibited RPA ChIP-Seq, suggesting that  it plays 

a crucial role in DNA replication stress.59 Our laboratory has confirm that d(CAGAGG)n 

has clear secondary structure (for more details on biophysical studies see a summary in 

Appendix). The monomolecular model developed through the earlier work from our 

laboratory is shown in Figure 3.1 and consists of two stacks of GCGC tetrads, with an 

antiparallel backbone connected by purine rich loops (AGAG). All work following initial 

development of the model was done as a joint effort between Deondre Jordan ’19 and 

myself.  

The nature of the GCGC tetrads 
The core of our structure consists of two stacked GCGC tetrads. Such nucleotide 

arrangement is known in the literature and can be classified into minor90–96 or major90,97–

104 groove association of glycosidic anti Watson-Crick GC base pairs, Figure 3.2. Both 

groups are further classified as having either direct or slipped topology. The majority of 
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published structures are dimers forming their Watson-Crick base pairs 

intermolecularly.90–98,101–104 At the same time a number of reported structures display 

intramolecular Watson-Crick GC base pairing.99,100  

 

Figure 3.1. The biophysical model proposed for CAGAGG repeats. Colors indicate 
different bases. The core GCGC tetrad two-stack is emphasized, while the AGAG loops 
are illustrated as spheres to illustrate the lower confidence in their orientation and 
possible base pair interactions. 

In the case of direct minor groove GCGC tetrads, two G-C base pairs associate 

via hydrogen bonds between cytosine’s carbonyl and guanine’s amine. In the slipped 

minor groove interaction, the G-C base pairs interact via two pseudo-C2 symmetric 

hydrogen bonds between one guanine’s amine hydrogens and another guanine’s N3, 

Figure 3.2. In the core of each structure, two GCGC tetrads stack on top of each other 

such that pyrimidine bases overlap almost perfectly. The overall geometry of the GCGC 

tetrad, however, is not planar; rather the two G-C base pairs have mutual inclination of 

30-40° angle. The GCGC two-tetrad core is further stabilized by capping interactions 

including an intermolecular A-A base pair91 or by hydrophobically interacting 

thymines.94 Non-canonical DNA structures with minor grove associated ATAT and 

GCAT tetrads93 are known to adopt a similar global 3D fold. 
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Figure 3.2. The four arrangements GCGC tetrads generally take. (A) major groove 
direct; (B) major groove slipped; (C) minor groove direct; (D) minor groove slipped.  

In the major groove tetrad family GC base pairs associate via their major grooves. 

The direct major groove alignment arises from bifurcated hydrogen bonds formed 

between cytosine’s amine and guanine’s carbonyl and N7, leading to almost planar 

GCGC tetrads. The major grove GCGC arrangement was first identified by O’Brien in 

196798 and is present in a quadruplex structure of sequence related to Fragile X 

Syndrome triplet repeat99,100 among others.90,102–104 Formation of GCGC tetrads is 

facilitated by the presence of all-guanine or AGAG tetrads p-stacked with the GCGC 

tetrads generally leading to two equivalent wide grooves and two non-equivalent 

extremely narrow grooves. The major groove GCGC tetrad can also be slipped, in which 

case the two GC base pairs may inter-coordinate via a central cation.100 This ion is 

typically coordinated out of plane between two adjacent tetrads.  

� �

� �
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 Finally, there is a third case, where the GC base pairs are adjacent but are not 

connected to each other, similar to the major groove slipped conformation. The two base 

pairs occupy the sides of the structure and form a cavity in the center. The representative 

examples of such arrangements come from Plavec’s laboratory.90,97 Plavec’s VK1 

dimeric structure consists of intermolecular Watson-Crick GC base pairs that form a 

twisted (nonplanar) tetrad. These base pairs are tilted in a way reminiscent of the GCGC 

direct minor groove association, but VK1 is aligned such that a tetrad would be formed 

via major groove association. The VK34_I11 dimer, also reported by Plavec, is an 

inosine-containing sequence similar to that of VK1. VK34_I11 consists of four major 

groove aligned – but dramatically slipped – GC Watson-Crick base pairs. The slipped 

bases are too slipped and too near the opposite dimer strand to allow a cation to centrally 

stabilize the junction, as observed in the major groove direct GCGC tetrad. This structure 

has much more planar GC base pairs that stack with improved efficiency compared to the 

VK1 structure. 

 Certain comparisons can be drawn between our CAGAGG repeat structure and 

those previously reported. First, the CD spectrum of Plavec’s VK1 (major groove 

aligned) structure presents distinct similarities to our spectra, sharing a common peak at 

266 nm, trough at 244 nm and two shoulders at 271 and 291 nm, while minor groove 

structures’ CD spectra do not resemble ours.105 Second, the relative insensitivity of CA10 

stability on K+ and Na+ concentrations may indicate against the presence of a slipped 

major groove GCGC tetrad, which has been reported only in the context of stabilizing K+ 

and Na+ ions.101 Additionally, work by Deondre Jordan ’19 has shown that mutation of 

tetrad cytosines to thymine results in dramatic destabilization of the structure, supporting 
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a major groove direct alignment.81 In this configuration, both cytosine amine hydrogens 

(which thymine lacks) form hydrogen bonds, whereas only one of these hydrogens forms 

bonds in minor groove aligned structures. Finally, the loop nucleotides of published 

structures containing GCGC tetrads tend to be rich in thymine, with the exception of 

Plavec’s sequences.90,97 This might suggest that our sequences, which resemble Plavec’s 

to some extent, might share further elements of their structures such as AG base pairs. 

Mutations to validate the structural model 
 We constructed a wide range of sequence mutations in a systematic way to probe 

various features of the structure. These sequences included variations on the 5’ and 3’ 

ends, mutations of guanine to inosine in the GCGC tetrads, loop mutations to thymine, 

and loop shortening from four nucleotides to two. Each variation was designed to perturb 

some aspect of the structure based on the predicted model to verify if the predicted effect 

would be observed. Numerous additional constructs were designed, tested, and analyzed 

solely by Deondre Jordan ’19; these will be discussed in a forthcoming publication.81 All 

other constructs are presented below. 

Effects of 5’ and 3’ overhangs on fold and stability 
This series of biophysical experiments aimed to determine the structural effect of 

variable numbers of nucleotides on the 5’ and 3’ ends of the existing (CAGAGG)n model. 

Six total sequences were studied (Table 2.1). Starting with the shortest sequence, 20-mer 

1Core with no overhanging nucleotides, one additional nucleotide was added to both ends 

to create each new sequence. The longest sequence, 1Core+5, is identical to CA5 (i.e. 

d(CAGAGG)5). 
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The TDS of all six sequences were very similar (Fig. 3.3a). All exhibit peaks at 

about 260 nm, and two troughs at 225 and 235 nm. The similarity among all the TDS 

indicates that additional nucleotides on the 5’ and 3’ overhangs do not impact the overall 

fold. Interestingly, there are small and consistent differences in TDS intensity at about 

280 nm. Normalized TDS intensity decreases as the lengths of the overhangs is increased. 

The CD spectra of the six sequences provided additional insight into the structural 

features (Fig. 3.3b). As with the TDS, the spectra are overall very similar among the 

sequences, supporting the hypothesis that adding nucleotides to the 5’ and 3’ ends does 

not lead to a structural rearrangement. However, there are two key changes in the spectra 

of the longer sequences. First, the overall intensity of all peaks increases with increasing 

length of overhangs. This suggests that the overall structure is more stably formed with 

better stacking interactions as additional nucleotides are added. Second, these increases in 

amplitude do not occur equally at all wavelengths: 242 nm and 260 nm increase the most, 

followed by 275 nm, and finally 290 nm. This suggests that only certain structural 

features are being reinforced by additional length in the overhangs. Since only the 

overhangs are being extended, not the entire model, this selective amplitude increase 

makes sense.  

 

Figure 3.3. (A) Thermal difference spectra, (B) CD spectra, and (C) melting 
temperatures of 1Core overhang constructs.  

� � �
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The variants were also characterized for their thermal stability using CD and UV-

vis spectroscopy (Figure 3.3c). For short overhangs, elongation provides significant 

stabilization. This is most pronounced when adding a 1 nucleotide overhang to 1Core 

(stabilization of 7.6 °C), implying that 1Core is missing a key structural element that 

longer sequences possess. This may take the form of additional base pairing between the 

overhangs and/or stacking of the overhang nucleotides with the GCGC tetrad core. Given 

the increase in CD amplitude observed in Figure 3.3b, further stacking seems especially 

likely. However, for longer overhangs, further elongation leads to mild destabilization. 

This progressive destabilization is observed equally for 1Core+4 and 1Core+5. 

Destabilization associated with longer overhangs may suggest that the nucleotides in the 

two overhangs are not base pairing with each other optimally, and their flexibility 

contributes to the weakening of the structure. It is interesting that these same sequences 

that experience a decrease in stability at longer lengths also exhibit a strong increase in 

CD signal amplitude at 242 and 260 nm (Fig. 3.3b). This may be due to formation of a 

poorly-defined duplex-like region for 1Core+4 and 1Core+5 in the overhang regions.  

In sum, 1Core+2 appears to be the most stable, with the optimal balance between 

additional base pairing and stacking stabilizations against general length-induced 

destabilization. However, 1Core+1 has nearly equal stability despite being two 

nucleotides shorter. Thus, 1Core+1 should be considered the smallest structure that 

represents all the CAGAGG-family structural features.  

Effects of core mutations on fold and stability 
 To further probe the nature of the GCGC core, we designed four single-point 

inosine mutants of 1Core+2, sequentially replacing each guanine in the GCGC tetrads 
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with an inosine (Table 2.1, named 1CoreG#I, where # corresponds to the position of the 

guanine in the sequence). A fifth construct was designed to include all four core guanines 

mutated to inosine (mutant named 1Core4GI). Inosine resembles guanine but lacks the 

amine group on C2, weakening its capacity to form a stable Watson-Crick base pair. A 

G-to-I mutation will remove two hydrogen bonds in the minor groove aligned GCGC 

tetrads but will remove only one hydrogen bond in the major groove aligned GCGC 

tetrad, Figure 3.2. Thus we anticipated dramatic destabilization of 1Core+2 structure if 

GCGC tetrads are aligned using their minor grooves. 

CD and TDS spectra for all mutants are shown in Figure 3.4. The TDS and CD 

signatures of single-point mutants are nearly superimposable with the signature of 

1Core+2, indicating minimal effects of the mutations on the DNA fold. By contrast, the 

1Core4GI mutant where every guanine in two GCGC cores is replaced with inosine has 

blue shifted TDS; its CD signature is dramatically weakened in its intensity which 

suggests an unfolded structure.  

 

Figure 3.4. (A) Thermal difference spectra, (B) CD spectra, and (C) melting 
temperatures of 1Core inosine subtitution constructs. All experiments conducted in 
100K2Mg buffer. 

 The stability of each of these constructs was assessed via CD and UV-vis melting. 

Both techniques were in excellent agreement. Melting temperatures are shown in Figure 

� � �
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3.4c. In general, 1Core+2 is about 8.5 °C more stable than the single point inosine 

mutants, which are themselves about 15 °C more stable than 1Core4GI. 1Core4GI’s low 

stability correlates well with its poor CD signature. Interestingly, there appear to be two 

distinct classes of single point mutants: 1CoreG3I and 1CoreG15I are destabilized by 

about 2 °C less than 1CoreG9I and 1CoreG21I, relative to 1Core+2. These data agree 

with previous single point thymine mutations done by Deondre Jordan ’19, which 

indicated that positions 3 and 15 are less stabilizing to the overall structure. Thus the 

bottom GCGC tetrad might be intrinsically more disordered and less well stacked or 

hydrogen bonded compared to the top GCGC tetrad.   

Effects of loop variations on fold and stability 
 Having thoroughly studied the effects of GCGC tetrad variations and gained 

insight into probable tetrad arrangements, we next turned to probing the interactions 

within the loops of 1Core+2 to identify structurally important elements and possible 

bonding arrangements. The structure of 1Core+2 is proposed to have three loops, labeled 

from 5’ to 3’ as loop 1, 2 and 3. Two construct families were designed. In the first set we 

mutated the four nucleotides of each loop separately to thymines (1CoreL1T, 1CoreL2T, 

and 1CoreL3T); this set also includes a mutant where all three loops are mutated to 

TTTT, 1CoreL123T. In the second set of constructs, we shortened each loop at the same 

time to either  0 (1CoreL0) or 1 nt (1CoreL1). 1CoreL1 was designed such that loops 1 

and 3 preserved adjacent (potentially hydrogen bonding) base pairs; thus G8 and A17 

were kept in the truncated construct. All DNA mutants are listed in Table 2.1.  



 44 

 

Figure 3.5. (A) Thermal difference spectra, (B) CD spectra, (C) native 12% acrylamide 
PAGE gel, and (D) melting temperatures of 1Core loop thymine substitution constructs. 
 TDS and CD spectra for 1CoreL#T, Figure 3.5A-B, clearly show that 1CoreL2T 

is structurally similar to 1Core+2, while 1CoreL1T and 1CoreL3T are similar to each 

other but distinct from 1Core+2. Specifically, the TDS signature is red shifted with the 

maximum at 270 nm. Analogously, the CD pattern of 1Core+2 is lost for 1CoreL1T and 

1CoreL2T, instead exhibiting a peak at ~280 nm and a trough at ~250 nm implying a 

rather different fold. Similarly, 1CoreL123T is the most distinct from the native 

sequence, with a peak in TDS at 276 nm and CD spectrum with a peak at ~290 nm and a 

trough at ~255 nm which nearly resembles the CD signature of duplex DNA.30 The 

similarity between 1CoreL1T and 1CoreL3T implies an intrinsic symmetry to the 

structure that is reflected in the current model (Figure 3.1). Consistent with our inosine 

� �
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mutant study, loop mutations above the GCGC core (loops 1 and 3) lead to greater 

change in CD signature than mutations to the loop below the core (loop 2). These data are 

also in agreement with a single-point N®T study completed by Deondre Jordan which 

demonstrated that only loops 1 and 3 play an important role in structure folding and 

stability, while any mutation to loop 2 did not affect the secondary structure or stability of 

1Core+2. Intriguingly, all sequences had identical mobilities on a nondenaturing gel 

(Figure 3.5C), implying that all structures have a compact fold and similar size. 

Similarly, all structures were stable with the melting temperatures somewhat higher than 

that of 1Core+2, Figure 3.5D. All sequences melt within ~5 °C of 1Core+2, with 

1CoreL2T being slightly more stable than 1CoreL1T or 1CoreL3T (which again behave 

similarly, reinforcing their apparent symmetry).  

 Assuming the predicted loop orientations and tetrad structure as represented by 

our current model, are accurate, shortening the loops connecting adjacent GC stacks 

should eventually result in loops that are too short. Such modification will put large stress 

on the current structure which could lead to unfolding or to a new topology. We 

biophysically characterized sequences with loops either 0 or 1 nucleotide long (Figure 

3.6). By TDS, 1CoreL1 appears to be similar to 1Core+2 with a signal red shifted only by 

X nm, while 1CoreL0 has a starkly different, red-shifted spectrum with maximum at XX 

nm. In CD both loop mutants loose the characteristic peak and two shoulder signature of 

1Core+2 and display broad low intensity signals signifying significant unfolding of both 

structures as was originally predicted.  The CD signatures are somewhat reminiscent of 

possible duplex formation for both species. Referring to the native gel in Figure 3.6c, we 

observe that 1CoreL1 has dramatically increased mobility compared to 1Core+2, which is 
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consistent with its shorter length of 15 nt. At the same time, 1CoreL0 which consists of 

only 12 nt moves at the same position as 1Core+2 suggesting that it forms a bimolecular 

structure (a self complementary duplex). These molecularity conjectures were later 

confirmed by molecular weight analysis of AUC data (Table 3.1). Thus, we hypothesize 

that 1CoreL1 contains the smallest possible loops to maintain a 1Core+2 like structure 

(albeit with dramatically decreased signal amplitude indicating less efficient stacking), 

while 1CoreL0 forms a GC-rich duplex. In accordance with this model and our earlier 

data, the majority of the signal amplitude in CD spectra for these sequences appears to 

arise from loop stacking interactions. Finally, by thermal denaturation, both sequences 

show significantly higher stability than 1Core+2. While this stability correlates with 

1CoreL0 forming a stable GC-rich duplex, the stability of 1CoreL1 (assuming it 

approximately retains the 1Core+2 fold) is somewhat surprising and warrants further 

investigation. 

Table 3.1. AUC parameters from sedimentation equilibrium experiments for 1Core+2 
and mutants. 
Sequence Pred. Mol. Wt. (Da) AUC fit Mol. Wt. (Da) f/fo s20,w (S) 
1Core+2 7550.9 8562 1.43 1.93 
1CoreL0 3696.4 7303 1.36 1.83 
1CoreL1 4652.1 5121 1.38 1.42 
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Figure 3.6. (A) Thermal difference spectra, (B) CD spectra, (C) native 12% acrylamide 
PAGE gel, and (D) melting temperatures of 1Core loop length constructs. 
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 Having developed and thoroughly probed a model for the smallest stable unit of 

d(CAGAGG)n repeats, corresponding to 24 nucleotides, we next turned to probing what 

structure the longer repeats might fold into. As mentioned earlier, in vivo the CAGAGG 

sequence repeats 80-100 times; thus, the structure of longer repeats is more biologically 

relevant than the shorter, simple model we had developed thus far. We initially 

hypothesized that longer repeats form a simple “beads on a string” type of structure, with 

multiple 1Core units linked by AGAG loops (Figure 3.7). To test this hypothesis, we 
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developed and biophysically probed sequences corresponding to 2, 3, and 4 core units 

named 2Core, 3Core, and 4Core, respectively, (Table 2.1). The general format of these 

sequences is G(CAGAGG)4n-1C, where n is the number of 1Core units in the sequence. 

We also compared these multicore structures to those formed by the CA5, CA10, and 

CA15 probed earlier.81 Assuming the proposed beads-on-a-string model is correct, CA5, 

CA10, and CA15 should form 1, 2, and 3 cores, respectively, with 5-nt long overhangs at 

the 5’ ends and 5, 11, and 17 nt at the 3’ ends extending past the core. It is important to 

note that CA15 is only 2-nt (a 5’ G and a 3’ C) short of being the sequence for 4Core. All 

seven sequences described above are listed in Table 2.1. 

 

Figure 3.7. The beads-on-a-string and accordion models for 2Core, G(CAGAGG)7C. In 
this model, a series of cores – considered beads – are connected in a sideway fashion via 
AGAG linkers – considered a string. The accordion model may have transiently formed 
AGAG tetrads. Loops are labelled for the beads model and transferred to the same 
nucleotides in the accordion model. 

The stability of CA #Core (# = 1, 2, 3, and 4), as well as CA5, CA10, and CA15, 

was investigated using CD and UV-Vis melting studies. Melts were universally 

reversible, indicating that the structures formed are monomolecular in nature, confirming 
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our previous conclusion for CA5, CA10 and CA15 drawn based on the lack of 

dependence of melting transition on DNA concentration. There is a clear increase in 

stability from 41.5 to 53.1, 55.3, and finally to 56.6 °C as the sequence is lengthened up 

to four cores in total. This increase in stabilization could come from two sources – 

interactions between individual cores or interactions between additional loops, which are 

not present in 1Core structure (e.g. loop 4, Fig. 3.7).  

To separate the two contributions, and to assess the effect of 5’ and 3’ overhangs 

on the multicore structure stability, we compared the previous six 1Core overhang 

sequences (1Core+n) to three analogous 2Core overhang sequences (2Core, 2Core+1, 

and 2Core+2, Table 2.1). These 2Core variants display only modest increase in their 

stability from 53.1 to 53.8 and 54.5 °C, respectively in contrast with 9 °C stabilization 

provided by the addition of the first overhang nucleotide to 1Core (to create 1Core+1). 

While it is possible that the overhangs are implicated in stabilizing interactions with loop 

2, single point mutant studies done by Deondre Jordan ’19 on 1Core+2105 demonstrate 

that mutations in loop 2 do not change the topology or stability of 1Core+2. Therefore, 

we hypothesize that overhang nucleotides base pair with each other and/or p-stack with 

GCGC core, explaining why 1Core (lacking these overhangs) is less stable than 1Core+2. 

By contrast, 2Core has loop 4 to provide additional stacking interactions below each 

GCGC tetrad without the 5’ and 3’ overhangs. 
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Figure 3.8. (A) Melting temperatures, (B) CD spectra, and (C) CD spectra normalized 
per core of multicore sequences, with CA5, CA10, and CA15 data superimposed. 

The second possible contribution to the increased stability of multiple core 

structure as compared to 1Core is from core-core interactions. Factoring out the 

stabilizing contribution from the overhangs, we compared Tm of ~52 °C for 1Core with 

Tm of 53.1, 55.3, and 56.6 °C for 2Core, 3Core and 4Core, respectively. This data 

suggests that addition of successive cores results in only 1-2 °C stabilization. A similar 

conclusion can be also reached examining the stability of CA5, CA10 and CA15 whose 

Tm are 47.1, 54.2, and 55.6 °C, respectively. Upon going from CA5 to CA10, we observe 

7.1 °C increase in stabilization while both increased 5’and 3’ overhangs and new core-

core interactions can contribute to the observed increased stability. Elongating from 

CA10 to CA15 only adds further core-core interactions (1.4 °C), analogous to the 2Core-

3Core and 3Core-4Core stabilizations of 1-2 °C. When we compare CA10 to 2Core and 

CA15 to 3Core, the only difference between these structures is the length of overhang. 

Again, we observe a negligible thermodynamic effect of 1.1 and 0.3 °C, respectively. The 

low stabilization due to core-core interactions supports the beads-on-a-string model, 

where each bead acts mostly independently from its neighbor due to the floppy 4 

nucleotide “string” linker. 

� �

1Core

2Core
3Core

4Core

� � �� � �� � �
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All d(CAGAGG)n sequences share a common general topology 
The type of secondary structure adopted by all the sequences was determined by 

CD spectroscopy. As seen in Figure 3.8b, the CD spectra for 1-4Core structures are 

generally consistent in shape and have major peak at 262 nm with two shoulders at 277 

and 290 nm and a trough at 242 nm. Thus, we suggest that the same general structure is 

present for each oligonucleotide. This becomes clearer when the CD spectra are 

normalized per repeat, Figure 3.8c. Consistent with its lower stability, 1Core structure 

shows a less intense CD signal, especially at 242 and 261 nm peaks. The CD spectra of 

CA5, CA10, and CA15 are superimposable onto each other and are very similar but 

consistently more intense as compared to the 1-4Core spectra, Figure 3.8c.  

On a 12% native PAGE gel all sequences form a single well-defined band, 

indicating a presence of a unique folded structure; a faint secondary band is observed for 

CA10, likely corresponding to a weak dimer (Figure 3.9). The bands for all sequences 

moved significantly farther as compared to the denaturing gels, suggesting well-folded 

compact structure. When 1-4Core lanes are compared to CA5, CA10 and CA15 lanes, the 

latter structures displayed lower mobility due to the presence of rather long overhangs at 

their 5’ and 3’ ends, Figure S3.9. CA15 with proposed three cores moved about the same 

distance as 4Core that had an additional G at the 5’ end and a C at the 3’end. 
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Figure 3.9. 12% native PAGE of multicore sequences and CA5, CA10, and CA15. A 
poly-thymine ladder (T15, T24, T30, T60, and T90) is included for size reference. 

�  lqGol� A� Bd� Dq� gr� � � x� lkirG� l� � liA� GqxiAruoa� ir x� � � � � � �
AUC was performed on each Core sequence with the assistance of or by Dr. Bill 

Dean at the University of Louisville. Each sequence was tested a minimum of three times 

at various concentrations and with at least one trial coming from a HPLC or PAGE 

purified stock; fitting parameters such as the frictional ratio or sedimentation coefficient 

showed no concentration dependence among the samples. Fitting also showed the 

presence of only one major species (>95%) for all sequences. Overall, the data were 

highly reproducible. Comparison of the frictional ratios reveals a linear dependence on 

the number of cores present (Figure 3.10a). Thus, a structural extension proceeds in a 

consistent fashion regardless of how many cores are added – there is no apparent 

crossover point where a different secondary structure becomes more stable for longer 

sequences.  
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The frictional ratio values obtained via AUC can be used to derive the axial ratios 

of the long-to-short axis through the software SEDFIT when modeling the DNA as a 

solid with symmetry of revolution about the long axis (C¥v point group, e.g. football 

shaped). Such axial ratios should be taken as only rough estimates, as a minor difference 

in the frictional ratio can lead to a large change in axial ratio. However, with the 

exception of 4Core, the axial ratio values fall on a straight line, further supporting the 

idea of a consistent structural elongation (Figure 3.10b).  

 

Figure 3.10. Averages (n=3 per sample) of (A) frictional ratios and (B) axial ratios 
derived from AUC sedimentation equilibrium experiments for multicore structures. A 
linear regression of each relationship is superimposed in red. Frictional ratios are 1.43, 
1.57, 1.68, and 1.85, respectively. 

Informed by the AUC data, we proposed a second model for longer repeat 

sequences, called the accordion model (Figure 3.7). This model contains a series of 

vertically stacked two-GCGC tetrad cores connected by four AGAG linkers, which could 

either remain flexible or form noncanonical base pairs or tetrads. The possibility of 

AGAG tetrad formation has been theorized but not experimentally demonstrated.106 Now, 

matching the AUC data with our models, we expect that the beads-on-a-string model 

would display a change in the axial ratio going from one to two cores, as the long axis 

starts perpendicular to the GCGC tetrads in 1Core but becomes parallel to the tetrads in 

� �� �
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2Core, 3Core, and 4Core. In other words, the axial ratio first decreases and then increases 

with the number of cores. By contrast, the accordion model permits the retention of one 

common long axis leading to a linear dependence between the length of this axis and 

number of cores as observed in our AUC data. 
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Chapter 4: Efforts towards 
d(CAGAGG)n X-ray structure 

 The previous chapter has described extensive biophysical modeling to elucidate 

the secondary structure of d(CAGAGG)n. However, as our modeling work continued, we 

came to recognize both its strengths and weaknesses, and decided to confirm our 

hypothesis via high-resolution structural determination using x-ray crystallography. Over 

the course of this work, we pursued four separate approaches towards determining the 

crystal structure: crystallization of native sequences or variants, structure stabilization by 

ligands, and engineering the 5’ and 3’ overhangs to induce 3D intermolecular contacts. 

While all approaches yielded crystals, only the latter produced crystals of diffraction 

quality and is discussed here; the other three approaches are detailed in the Supplemental 

Information. 

Design and Crystallization of 5’ and 3’ Modified d(CAGAGG)n 
 At the suggestion of Dr. Ronen Marmorstein (University of Pennsylvania), we 

engineered intermolecular A•T Watson-Crick base pairs into the overhangs of 1Core+2 to 

facilitate 3D packing of the molecules. We designed five sequences by independently 

modifying the 5’ and 3’ ends (named RS1-5); this set of constructs was doubled by 

creating a “swapped” derivative for each sequence which transposed the 5’ and 3’ 

modifications (denoted “-S”, hence RS1-S to RS5-S). The ten final sequences (Table 2.1) 

were examined via CD spectroscopy, thermal stability via CD melting, TDS, and gel 
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electrophoresis to confirm that the mutations did not cause significant structural 

deviations from the native sequence (Fig. 4.1). 

 Each of these sequences was then studied via CD spectroscopy, thermal stability 

via CD melting, TDS, and gel electrophoresis to confirm that the mutations did not cause 

significant structural deviations from the native sequence (Fig. 4.1).  

 

Figure 4.1. Biophysical characterization of RS sequences. (A) TDS, (B) Representative 
CD spectra, (C) Tm determined via CD melting, and (D) 12% native gel. Adjacent is a 
gel containing the parent oligo 1Core+2, aligned via the dT ladder. 
 Comparing TDS and CD signatures, thermal stability and DNA fold all sequences 

except RS1 display strong similarity to the native 1Core+2. On the gel RS2-S exhibits a 

weak secondary band near ~dT40 marker - most likely a dimer as its location corresponds 

to the length of a folded 48-mer. However, the relatively low intensity of this band 

� �

� �
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suggests that this alternative fold is minimally populated. Thus, all RS sequences except 

for RS1 were considered as candidates for crystallization. 

 Initial crystallization screening of the nine remaining sequences produced a hit. 

After one month, RS5-S produced a single large triangular prismatic crystal in Natrix 

condition 1-6: 100 mM (NH4)2SO4, 10 mM MgCl2, 50 mM MES pH 6.0, 20% PEG 8000. 

After flash freezing in liquid nitrogen, the crystal diffracted in-house using a Cu K-a 

source to 3 Å in the P212121 space group with a 30 ´ 40 ´  130 Å unit cell (Fig. 4.2.).  

 A variety of optimization screens were subsequently done, varying the RS5-S 

concentration, drop ratio, drop size, concentration of PEG 8000, MgCl2, and (NH4)2SO4, 

inclusion of various alternative cations (Li+, Na+, K+), and Hampton’s Additive Screen. 

This led to the optimized conditions: 0.65 mM RS5-S (HPLC purified) annealed in 

20K20Mg buffer, set in a 1:1 ratio at a total volume of 0.4 µL with well buffer containing 

50 mM MES pH 6.0, 20 mM MgCl2, and a range of PEG 8000 (15% - 25%) and 

ammonium sulfate concentrations (50 – 150 mM). The latter two were correlated roughly 

according to the following formula: 𝐴𝑚𝑚. 𝑆𝑢𝑙𝑓. 𝑚𝑀 = 10×𝑃𝐸𝐺	8000	 % − 	100. 

These conditions produced a large number of crystals. Data were collected at the APS 24-

ID-C beam line, producing diffraction up to 1.9 Å but with severe anisotropy and less 

well defined spots, causing the data to be cut at 2.5 Å. 

Hampton’s additive screen identified 10 mM BaCl2 and 15 nM CYMAL-7 

detergent as suitable additives to improve diffraction. Resetting these conditions and 

growing crystals at lower PEG concentrations (18-22% PEG 8000) for 2-3 months 

produced high quality crystals, with native datasets cut at 2.05 Å. After 4 months of 

growth, the additive screen tray also identified a variety of volatile solvent additives: 3% 
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isopropanol, 4% 1-propanol, 4% t-butanol, and 4% acetone included in the hanging drop 

led to crystals with sharp edges and flat faces. These generally diffracted to slightly 

higher resolution and with cleaner spots than crystals grown without volatile additives.  

 The current best native diffraction was obtained from crystals grown from HPLC 

purified DNA for one week. The DNA stock for this crystal had also been centrifuged in 

a minifuge at 13,000 rpm for 10 minutes immediately prior, with some white pellet 

appearing and only the supernatant being aliquoted for annealing in freshly prepared 

20K20Mg buffer. This crystal diffracted to 1.95 Å at APS 24-ID-C, though weak spots 

extended to 1.8 Å.  

 

Figure 4.2. (A) Single large triangular prismatic RS5-S crystal, grown in 100 mM 
(NH4)2SO4, 10 mM MgCl2, 50 mM MES pH 6.0, and 20% PEG8000 for 5 weeks. (B) 
Sample diffraction pattern of RS5-S collected in-house by Cu K-α radiation to 3 Å 
resolution. 

� d� Brxa� � x- � � qurxqe qxi�
�  lqGol� A� � qDl� Gqe qxi �

The most straightforward approach to phasing diffraction data is molecular 

replacement (MR) which requires a known structure with high similarity to the unknown 
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structure in question. Plavec’s group have obtained NMR solution structures of several 

DNA sequences which share similar CD signatures with our d(CAGAGG)n (PDB: 2MJJ, 

5M1L, 5M2L, 5M4W).97,90 Other groups have solved DNA crystal structures (PDB: 

184D, 284D, 1MF5)91,92  and NMR structures (PDB: 1A6H, 1A8N, 1A8W, 1EU2, 1JVC, 

1NYD, 1XCE, 2HK4, 2K97, 2K90, 2K8Z)90,94–97,99–105 containing GCGC tetrads, which 

we hypothesize are also present in our sequences. These structures were used as the basis 

for designing several models for molecular replacement in Pymol. Each structure was 

edited by removing specific bases, generating (at minimum) GCGC-core-only models 

and core-plus-loop models for each published structure. For each PDB file, the full 

structure (without ligands and waters) was used as one model, the core tetrad stack was 

used as a second model, and a single representative tetrad was used as a third (Figure 

4.3). These models did not produce successful MR solutions. Searches on the PDB and 

NDB for structures with similar unit cell dimensions (± 2 Å) and restricted to DNA and 

RNA produced no results for alternative molecular replacement. As a result, we turned to 

experimental phasing. We utilized three approaches for experimental phasing: heavy 

atom soaks, co-crystallization, and DNA derivatization.  
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Figure 4.3.  Example generation of MR search models using 1MF5. (A) Full structure 
without ligands or waters. (B) Tetrad core of structure. (C) Single tetrad from structure’s 
core. 

� q� gk� � i e � �  � pB�
Heavy atom soaks were done with cisplatin, cobalt (III) hexamine, cobalt (II) 

chloride, sodium bromide, PIP ligand, and selenourea. Native RS5-S crystals were grown 

as described above, then transferred to a cryo solution containing the mother liquor + 

12.5% ethylene glycol + 12.5% glycerol, plus a heavy atom. All soaks except NaBr were 

done at 1, 3, and 5 mM for 0.5, 1, 5, and 10 min. Soaks with NaBr were done at 0.1 and 

0.4 M for 30 s. While the CoCl2 and [Co(NH3)6]3+ soaks produced either weak spots at 20 

Å resolution or no diffraction, respectively, the NaBr and cisplatin soaks both gave 

slightly streaky diffraction to about 3 Å while collecting at their respective anomalous 

peaks (Table 2.4). Processing produced ten 2.9 - 3.2 Å cisplatin datasets, as well as five 

3.5 – 4 Å NaBr datasets. Interestingly, the cisplatin soaks (and some NaBr soaks) broke 

symmetry within the unit cell, lowering the spacegroup from the native crystal’s P212121 

to P21. Despite the lowering of symmetry and corresponding lower redundancy, the 

relatively strong anomalous signal and higher resolution of the cisplatin soaks proved 

most promising for single anomalous diffraction (SAD) phasing of the soaks.  

� �

�
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New native crystals are currently being grown in preparation for more cisplatin 

soaks, after which data collection will be done at lower intensity but for a greater total 

rotation to achieve higher anomalous completeness and redundancy. More recently, 

selenourea soaks gave crystals with low intrinsic anomalous signal but extremely high 

redundancy even in outer shells at 2.25 Å. By contrast, PIP soaks generally significantly 

disrupted crystal order, resulting in even 0.1 mM soaks for 30 seconds leading to no 

diffraction. 

Co-crystallization 
Co-crystallization was based on the best native RS5-S growth condition identified 

above, using between 0-10 mM CoCl2 and [Co(NH3)6]3+ and 0-100 mM NaBr, NaI, KBr, 

and KI. After one week of growth at 20 °C, sharp-edged prismatic crystals grew between 

5-8 mM CoCl2. Unfortunately, these crystals were sensitive to small temperature 

fluctuations, and degraded significantly in the time between observation and flash 

freezing. The degraded crystals diffracted to 3 Å but gave smeary spots. A more rapid 

harvesting should improve their diffraction quality, perhaps sufficiently to surpass the 

cisplatin soak crystals. Hampton’s additive screen yielded diffraction quality crystals in 

the presence of 10 mM BaCl2. These crystals were shot at the home source to 3.5 Å, 

where the Cu Ka is sufficient in principle for SIRAS phasing. Subsequent optimization of 

this condition led to slower growth of crystals. When sufficiently large crystals are 

obtained, their improved spot quality should enable their data quality to be competitive 

with the cisplatin soaks. 
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Figure 4.4. (A) Native RS5-S, (B) native RS5-S co-crystallized with 15 nM CYMAL-7, 
(C) native RS5-S co-crystallized with 10 mM BaCl2 (D) native RS5-S crystal later 
soaked in cisplatin. Images are not to scale. 

� � � � � qArg� irn� ir x�
We designed four derivatives of RS5-S where the natural bases are replaced with 

brominated analogues (Table 2.1.). The design was performed in consultation with Dr. 

Marmorstein and was based on Jordan’s detailed mutagenesis study. The mutations 

included a cytosine mutated to 5-bromo C, a guanine mutated to 8-bromo G, and a 

thymine mutated isosterically to 5-bromo U (Figure 4.5a). Three of the four sequences 

were doubly brominated, such that if two sequences gave datasets, they would share one 

brominated site in common to aid in structure solution. The remaining sequence was 

singly brominated to decrease the potential deviation from stability and fold of the native 

structure. All four sequences were tested as above to confirm that they shared the same 

folding and stability as RS5-S and 1Core+2 (Figure 4.5.).  
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All derivative sequences gave crystals in conditions similar to those of RS5-S; 

however, initially only RS5-S1 diffracted beyond 20 Å at APS synchrotron source. 

Furthermore, all brominated crystals proved extraordinarily sensitive once their growth 

environment changed (change in temperature or exposure to a new local atmosphere upon 

opening the well). This resulted in rapid and significant visible degradation of the 

crystals. After six months at 20 °C, three crystals of RS5-S1+3 grew, were quickly 

looped before degrading, and produced diffraction to 3.3 Å with double the strength of 

anomalous signal as RS5-S1. For this reason, several additional trays of RS5-S1+3 have 

been set to reproduce these crystals. A total of ten datasets have been collected of RS5-S1 

at the bromine anomalous edge for SAD phasing (Table 2.4, found in Chapter 2).  
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Figure 4.5. Biophysical characterization of brominated derivatives of RS5-S (A) 
Schematic of RS5-S model with brominated bases marked with stars. (B) Brominated 
DNA sequences: C1 replaced C with 5-bromo C, G2 replaced G with 8-bromo G, and T3 
replaced T with 5-bromo U. (C) TDS, (D) CD spectra, (E) melting temperatures 
determined by CD melting, and (F) 12% native gel.  

� bDqAre qxi� l� Dd� Brxa�
We have pursued a number of approaches to experimentally calculate the phases 

of our datasets. These have included single wavelength anomalous dispersion (SAD), 

multiple wavelength anomalous dispersion (MAD), and single isomorphous replacement 

with anomalous scattering (SIRAS). SAD compares the differences in Friedel pairs’ 

amplitudes from a single derivatized crystal. MAD functions similarly but collects 

another two datasets on the same derivatized crystal at additional wavelengths to increase 

� �

� �

� �

RS5-S1:   TAG CAGAGG C1AGAGG CAGAGG CAT
RS5-S1+2: TAG CAGAGG C1AGAGG CAGAG2G CAT
RS5-S2+3: TAG CAGAGG CAGAGG CAGAG2G CAT3
RS5-S1+3: TAG CAGAGG C1AGAGG CAGAGG CAT3
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the amount of data useful for phasing. SIRAS requires a dataset from two crystals, one 

native and one derivative, which are isomorphous to each other. Overall, calculation of 

experimental phases has been hampered by low resolution and low anomalous signal but 

so far SAD phasing of RS5-S1+3 brominated DNA and of cisplatin-soaked RS5-S 

crystals exhibit the most promising statistics. Additional details for other phasing 

methods and derivative crystals can be found in the Supplemental Information. 

SAD phasing is the least demanding approach on the crystal as radiation damage 

accumulates. However, as the uncertainties in measured Friedel pair differences can be 3-

5%, SAD works best with either many weak anomalous scatterers (f’’ up to 5 e-) or a few 

strong scatters (f’’ of 10 e-). This implies that several ordered bromine or barium atoms, 

or a few platinum atoms, are ideal for this solution method. For this reason, SADs were 

calculated first for cisplatin soak and doubly brominated, RS5-S1+3, datasets. This 

approach led to several promising solutions (Table 4.1).  

By these statistics, the solutions obtained for the cisplatin soaks and RS5-S1+3 

are potentially correct. However, the maps generated do not contain strong connected 

density that consecutive nucleotides could be manually built into. Numerous Autobuild 

runs with a wide radius of structure convergence failed to produce models with Rfree 

below 0.5 after further refinement and manual rebuilding.  
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Table 4.1. Key statistics obtained from Phenix’s Phaser software from SAD phasing to 
judge the quality of a heavy atom substructure and resulting experimental map. 
Solution Statistic Ideal Value *solution 1* *solution 2* *solution 3* 
Dataset  pPt3 pBr8 pBr22 
Figure of merit (FOM) > 0.4 0.446 0.352 0.356 
Bayes-CC > 50 

Std.Dev. < 15 
53.15 ± 8.18 50.32 ± 8.74 54.49 ± 9.47 

Skew > 0.1 0.21 0.19 0.24 
R-factor < 0.3 0.4125 0.3830 0.3916 
Local RMS density > 0.8 0.86 0.83 0.81 

 

Re-examing the original heavy atom searches yields two potential explanations 

for the high Rfree. First, the resolution of these datasets is about 3 Å or slightly worse, and 

phasing is also made more challenging by the low redundancy (3-4 fold) of each 

derivative dataset, giving less confidence to the accuracy of the original heavy atom 

searches. Incorrect initial phases would be doomed to fail in an Autobuild run. Second, 

during the initial search all atoms should generally be found off unit cell axes. Due to 

atoms’ finite radii, this means that the search should not yield atomic coordinates within 

2-4 Å of an axis. The occupancies (the fraction of unit cells in which a given atom is 

observed) of these heavy atoms should be equal to one for brominated DNA and 

anywhere below one for soaked or co-grown derivatized crystals. Many of the solutions 

for the current datasets produce atomic coordinates near axes, and with occupancies well 

above one. To indirectly address this problem, each SAD was rerun with manual setting 

of the number of heavy atoms (3 or 6 per asymmetric unit), and several different 

maximum resolutions for the heavy atom substructure search (3, 4, and 5 Å). In some 

cases, these modifications led to new heavy atom coordinates with more reasonable 

locations and occupancies. Phasing of these more likely maps, as well as others from 

more promising SIRAS and MR solutions is ongoing (Figure 4.6). Density appears 
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connected and helical through independent phasing methods, but model building is 

ambiguous and does not refine well. Therefore, we are endeavoring to obtain the best 

initial experimental phases possible to facilitate later model building. 

The next step is to continue running SAD with these heavy atom site and 

resolution permutations on all datasets. At that stage, the coordinates of all heavy atoms 

across the top solutions from all datasets will be compiled; several independent datasets 

producing the same solution increase confidence in that solution being accurate. 

Additionally, wedge collection of anomalous diffraction data will likely prove helpful for 

future crystals. This approach sequentially collects approximately 10° wedges of Friedel 

pairs so as to minimize cumulative radiation damage and improve accuracy in scaling 

reflections. Under this protocol, a typical collection would run from 0° - 10°, then 180° - 

190°, followed by 10° - 20° and 190° - 200°, and so on. All derivatized crystals except 

selenourea soaks showed a loss of about 0.5-1.5 Å resolution after 1000 frames (0.5 

second exposure at 10-15% beam power); therefore it is highly likely that the anomalous 

differences are even more severely masked as the resolution changes throughout a 

collection. Once an initial substructure is found for multiple derivatives, the 

nonisomorphism of these crystals may be put to use through multicrystal averaging to 

further strengthen experimental phases in a model bias independent fashion.  
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Figure 4.6. Promising electron density from (A) SIRAS of pNat7 with pPt1, and (B) 
molecular replacement with a single GCGC tetrad into pNat12. Density visualized using 
Coot.  

� �
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Chapter 5: Derivatives of TMPyP4 
as selective ligands for human 
telomeric GQ DNA  

We have highlighted above the importance of developing highly selective ligands 

capable of inducing and stabilizing the formation of guanine quadruplexes (GQs) in vivo. 

GQ formation at telomeres in particular is hypothesized to inhibit successful telomere 

elongation, disproportionately affecting tumor cells. TMPyP4 is commonly used 

porphyrin for this purpose. However, TMPyP4 is limited by its relatively indiscriminate 

binding between GQ DNA and common dsDNA. We hypothesized that reduction of 

TMPyP4’s tetracationic charge and substitution of different functionalities to its side 

groups (Figure 5.1) would improve TMPyP4’s selectivity for GQs while retaining its 

significant stabilization potential.  

The work described in this chapter was published in Biochemie in November 

2016 (Ruan, T. L.; Davis, S. J.; Powell, B. M.; Harbeck, C. P.; Habdas, J.; Habdas, P.; 

Yatsunyk, L. A. Lowering the Overall Charge on TMPyP4 Improves Its Selectivity for 

G-Quadruplex DNA. Biochimie 2017, 132, 121–130). Five derivatives of TMPyP4 with 

charges ranging from 0 to +3 were studied in complex with a model oligonucleotide of 

the human telomeric repeat. I describe my work on the project; for additional FRET 

competition and induced CD results, along with general discussion, the full paper is 

attached in the Appendix.  
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� � � k� 	 � - qArg� irgqB�  rx- � � x- � Bi�  rlrnq� � ql� � �
 The five ligands synthesized for this study are shown in Figure 5.1, along with 

the parent compound TMPyP4. TMPyP4 has four singly cationic N-methylpyridyl 

groups. 4P3, PN3M, and PL3M each replace one N-methylpyridyl group with a phenyl, 

4-aminophenyl, or 4-phenylamidoproline group (respectively), leading to overall 3+ 

charge. PC3M and P2C2M replace one and two N-methylpyridyl groups (respectively) 

with a 4-carboxyphenyl functionality, leading to overall 2+ and neutral charges.  

 
Figure 5.1. Structures of TMPyP4 and its derivatives under study.  

 We began characterization of these ligands with an oligomer representative of the 

human telomeric repeat, Tel22, to determine their binding strength and stoichiometry. 

UV-vis titrations were ideal for this purpose due to the porphyrin ring’s strong π à π* 

transition. Titration curves were analyzed by direct fit108 and by Scatchard87 analyses (see 

Methods). The two state system required by these analyses, corresponding to a porphyrin 

unbound to porphyrin bound transition,  was validated by SVD.86 Binding parameters 

obtained are summarized in Table 5.1. All titrations except P2C2M exhibited significant 
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hypochromicity (38%– 46.1%) and red shift of the porphyrin Soret peak (15.3 – 19.5 

nm), Fig. 5.2a. Such modulation of hypochromicity and peak location are indicative of 

strong nucleotide – porphyrin stacking interactions, likely mediated by association with a 

G-tetrad. The binding association constants range from 9 – 1.0 µM-1 for direct fit, and are 

generally in close agreement with the Scatchard analysis results (5 – 0.7 µM-1). There is a 

clear correlation between binding strength and magnitude of cationic character, with 

overall 4+ TMPyP4 being among the tightest binders and overall neutral P2C2M having 

no measurable binding.  

Table 5.1. Binding parameters between Tel22 and TMPyP4 (and derivatives) obtained 
from UV-vis titrations. *Note that for P2C2M, weak binding necessitated a specific 
molar ratio of DNA to ligand. The numbers reported here correspond to a molar ratio of 
5.2. 

Porphyrin %H Δ λ (nm) Isosbestic 
point (nm) 

Ka (µM-1) 
(binding model, 
P:Tel22) 

Scatchard Ka (µM-1) 
(binding model, 
P:Tel22) 

Job Plot, mole 
fraction (binding 
model, P:Tel22) 

4P3 44 ± 2 19.5 ± 0.4 434 ± 1 9 ± 2 (3:1) 5 ± 3 (4.0 ± 0.4) 0.69 (2:1) 

PN3M 38 ± 1 15.3 ± 0.4 436.9 ± 0.6 4.5 ± 1.1 (5:1) 1.5 ± 0.2  
(6.8 ± 0.9) 

0.75 (3:1) 

PC3M 46.1 ± 0.5 18.0 ± 0.2 435.2 ± 0.4 1.0 ± 0.1 (2:1) 0.7 ± 0.2 (2.6 ± 0.4) 0.64 (2:1) 

PL3M 52 ± 1 17.3 ± 0.6 436.1 ± 0.2 7 ± 4 (4:1) 1.6 ± 0.4 (5.8 ± 0.6) 0.74 (3:1) 

P2C2M* 18.0 5.4 None No fit Non-linear 0.70 (2:1) 

TMPyP4 41 ± 1 16.8 ± 0.3 434.0 ± 0.2 7.6 ± 0.9 (2:1) 2.5 ± 0.6 (2.8 ± 0.3) 0.66 (2:1) 

 

 Calculated binding stoichiometries range from 2 porphyrins:1 oligonucleotide up 

to 5:1 via direct fit analysis, with similar stoichiometries obtained from Scatchard 

analysis. These unusually high binding ratios were retested by Job plots, Figure 5.2b.83 

As Job plots are a model-independent analysis method, these lower binding 

stoichiometries likely reflect the most reliably populated, high affinity sites. By contrast, 

as UV-vis titrations are conducted in molar excess of DNA, it is possible that we observe 

additional non-specific binding sites through our fitting analyses.  
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Figure 5.2. Representative UV-vis titration and analysis, of Tel22 with 4P3 to a final 
[Tel22]:[4P3] of 4.0. (A) Titration progression with increasing Tel22 concentration. 
(Inset) Scatchard analysis. (B) Job plot indicating 2:1 porphyrin:DNA binding. (C) Direct 
fit analysis using a global fit to the initial and final wavelength absorbance values 
throughout the titration. 

 Equally important as a ligand’s binding strength is its stabilization potential when 

bound to a GQ. Thomas Ruan ’16 and Supriya Davis ’15 had measured thermal 

denaturation curves of a 5’ and 3’ doubly fluorophore labelled Tel22 analog, F21D, via 

FRET signal enhancement. This technique is a standard in the field for rapid screening of 

many potential GQ binders owing to its high sensitivity and minimal material 

requirements109. The previous student work established that Tel22 was stabilized by 1.0 

µM 4P3, PN3M, PC3M, and PL3M by 20.9 ± 0.6, 22.9 ± 0.5, 21.0 ± 0.9, and 22.4 ± 

1.0 °C, respectively, and that at 1.0 µM P2C2M stabilized Tel22 by merely 3.3 ± 1.0 °C. 

It had separately been reported that TMPyP4 stabilized Tel22 by 33.1 ± 0.2 °C at 1 

µM.110,108 These stabilization potentials demonstrate a clear trend that increasing cationic 

character in a porphyrin increases its stabilization of Tel22. However, as FRET monitors 

thermal denaturation via the separation of a fluorophore from a nearby tethered quencher, 

such ∆Tm values are indirect. The fluorescent labels are also of significant size relative to 

the quadruplex and may interfere with quadruplex stability or porphyrin binding. 

 To confirm the accuracy of the stabilization potentials measured by FRET, we 

measured melting curves while monitoring the UV absorption at 295 nm or the CD 

A B C
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absorption at 294 nm. In fitting these curves to determine a melting temperature, we 

assumed a two-state system (folded quadruplex and unfolded quadruplex). Chaires’ lab 

has shown via SVD that apo-Tel22 unfolds through a series of intermediates.111–113 

Initially, melts were recorded across a full 220-330 nm spectrum for all Tel22:porphyrin 

complexes. However, linearity of the two-wavelength test coupled with SVD of the 

resulting matrices shows that all complexes can be approximated as two state. The 

stabilization and thermodynamic parameters obtained from the fitting analysis are 

summarized for all porphyrins in Table 5.2. While the general trend of greater cationic 

character being correlated with higher stabilization is reproduced from FRET, the 

absolute values of stabilization differ. As these CD and UV-vis measurements directly 

observe the structure, while FRET monitors separation of a 5’ fluorophore and 3’ 

quencher, the CD and UV-vis values are considered more reliable. Notably, TMPyP4 is 

also significantly less stabilizing than 4P3 by these melts – a surprising and cautionary 

anecdote for the need to validate hit compounds from high throughput but indirect FRET 

screens.  

Table 5.2. Stabilization and thermodynamic parameters obtained from fitting CD and 
UV-vis melting data of Tel22 with 4 eq. of TMPyP4 and other porphyrin derivatives.  

Sample  Tm (°C) ΔTm (°C) ΔH (kJ/mol) TΔS298 (kJ/mol) ΔG298 (kJ/mol) 

Tel22 48.3 ± 0.9 - 198 ± 14 183 14.4 

+4P3 65.1 ± 0.8 16.8 159 ± 9 140 18.9 

+PN3M 57.4 ± 0.6 9.1 153 ± 5 138 15.0 

+PL3M 52.2 ± 0.3 3.9 144 ± 5 132 12.1 

+P2C2M 48.2 ± 3.6 -0.1 195 ± 4 181 14.2 

+TMPyP4* 56.2 ± 1.1 8.2 * * * 



 74 

*The melting transition was poorly defined so no reliable fits for thermodynamic 
parameters could be obtained. 
 

Induction of structural rearrangement by TMPyP4 derivative, 
4P3 
 In addition to characterizing binding constants, thermodynamics and 

stabilizations, we also sought to make predictions of porphyrin binding modes and 

induced structural change. CD spectroscopy functioned well in this capacity, as a full 

spectrum from 220 – 330 nm is characteristic for parallel, antiparallel, and mixed hybrid 

GQs.114 Tel22 is known to fold into a hybrid structure with 3 sections of the backbone 

parallel and the last quarter of the tetrad stack antiparallel under 5 mM K+ 

conditions.31,115–118  

 The CD spectra for Tel22 with 4 eq of all porphyrins under study is shown in 

Figure 5.3a. All DNA:porphyrin complexes show lower molar ellipticity throughout the 

spectra, indicative of less efficient tetrad stacking interactions. These may arise through 

partial unfolding of the quadruplex upon ligand binding, through a quenching effect by 

the ligands, or through ligand intercalation between tetrads. As hypochromicity and red 

shift values from UV-vis titrations above suggest base stacking, the intercalation 

explanation is disfavored; the others are both possible. However, most porphyrins induce 

only slight decreases in CD spectral amplitude with no major shifts in spectral features.  

 By contrast, 4P3 nearly inverts the Tel22 CD spectrum, Figure 5.3b. Despite the 

significant change in CD signature, the structure retains a GQ fold as confirmed by TDS, 

Figure 5.3c.84 This unusual CD signature could be explained by a negative induced CD 

created by 4P3 binding to Tel22 in the UV region. However, 4P3 alone absorbs only 

weakly in the UV region, making this explanation unlikely. Most intriguingly, it is 
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possible that this inverted CD signature corresponds to a left-handed GQ, as was recently 

discovered.22 It is known that NMM binding to Tel22 can induce a rearrangement from 

an antiparallel to a parallel topology110; perhaps 4P3 induces a similar rearrangement 

from right to left handed mixed hybrid structures. Further studies of the kinetics of this 

possibly isomerization, as well as crystallographic studies of the Tel22:4P3 complex 

would shed valuable insight onto this unusual CD signature. 

 
Figure 5.3. CD spectra of Tel22 with 4 eq. of all porphyrins under study. (A) CD spectra 
of Tel22 with all ligands except 4P3. (B) CD spectra of Tel22 with 4P3, with 
characteristic peaks annotated. (C) TDS of Tel22 both with and without 4P3 bound. 
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Chapter 6: Conclusions 

 In this work, we have investigated the structure of a variety of noncanonical DNA 

structures. These structures, which defy the B-DNA paradigm of in vivo nucleic acids, 

intuitively should have some biological function given the stability of their formation. 

Furthermore, a lack of biological function would constitute an evolutionary pressure for 

cells to lose the associated sequences. Recent immunofluoresence43 and 

immunoprecipitation44 studies in cells, coupled with a growing body of known protein-

GQ interactions45, collectively provide strong evidence for the in vivo formation and 

regulation of GQs. Such results strengthen the case for GQs and other noncanonical DNA 

structures as platforms for therapeutic development against diseases like cancer and 

DNA-repeat associated states. 

 Chapter 3 proposed and biophysically tested an approximate secondary structure 

model (1Core) for a purine rich tandem DNA repeat associated with intrinsic replication 

instability and ATR dependency. The key elements of this model include a two-stack of 

GCGC tetrads and non-Watson Crick hydrogen bonding between A and G in antiparallel 

lateral loops. This work suggests that 1Core can be minimally formed by 

G(CAGAGG)3C, but becomes significantly more stable if the repeat is expanded by four 

nucleotides: AGG(CAGAGG)3CAG. Interestingly, the bottom tetrad and bottom loop 

(Figure 3.1) are less important for structural stability and defined fold than the top tetrad 

and loops. We propose that the GCGC tetrads are aligned in a major groove fashion. 

Longer repeats that more closely mimic the biologically relevant sequence length fold 

into a structure that is locally similar to 1Core, but two competing models, beads on a 
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string and accordion, remain valid contenders for the global fold of these longer repeats. 

Despite the work described here, additional work must be done to resolve this ambiguity, 

perhaps designing further sequence constructs or making use of noncanonical bases such 

as 2-aminopurine, which has useful fluorescent properties sensitive to its local 

environment.  

 In Chapter 4, the crystal structure of 1Core was pursued both directly and through 

closely related mutant sequences. While native data has been obtained to near-atomic 

resolution (1.92 Å), solving the phase problem has been a major hindrance to building the 

structure. Phase solution has been chiefly limited by low completeness and redundancy of 

anomalous data for SAD phasing, dramatic nonisomorphism for SIR phasing, and a lack 

of successful models for molecular replacement. Due to the sheer volume of derivative 

data collected at this stage, not all possible combinations of SIR, SIRAS, and SAD, as 

well as MIR and MIRAS have been studied yet. Completing these efforts, as well as 

pursuing local scaling of multiple derivative datasets together to improve anomalous 

redundancy119 is ongoing. Eventual solution of the structure will provide invaluable 

validation of the model developed in Chapter 3, and shed light on mechanisms of 

structure formation and replication fork stalling for therapeutic development. 

 Finally, in Chapter 5, the relationship between cationic charge and GQ 

stabilization and selectivity was investigated for the widely used porphyrin TMPyP458. A 

series of TMPyP4 derivatives with varying charge were synthesized and characterized for 

binding strength and ratio, stabilization, and selectivity for GQ DNA. 4P3, an overall 3+ 

porphyrin, demonstrated the best combination of these properties. Interestingly, TMPyP4 

proved less stabilizing in CD melting assays than the high throughput FRET melting 
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assays where it was first developed, providing a cautionary anecdote for the necessity of 

validation of high throughput screen results. Structural studies of 4P3 in complex with 

Tel22 will help shed light on its remarkable stabilization and selectivity, paving the way 

for further optimization of porphyrins as anti-cancer GQ stabilization platforms.  
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Appendix 

Development of the 1Core CAGAGG Model 
Disproving a quadruplex structure 
 Given that d(CAGAGG)n repeats contain 3 guanines for every 6 nucleotides, our 

initial structural hypothesis was that the sequence formed a guanine quadruplex (GQ). As 

mentioned in the Introduction, GQs have several unique properties that we exploited to 

test this hypothesis. First, GQs are known to be strongly stabilized by monovalent cations 

in the order K+ > Na+ >> Li+. Therefore, we melted (CAGAGG)10, called CA10, in a 

range of K+, Na+, and Li+ concentrations (Figure S1.1a). We also probed divalent cations 

Mg2+ in the same way, as this ion is known to stabilize duplex structures120. Surprisingly, 

dramatically different stabilizations were observed: to obtain approximately similar 

stabilizations of 20°C, either 100 mM of monovalent cations or 1 mM of Mg2+ suffice. 

Furthermore, Li+ is the most stabilizing monovalent cation at all concentrations tested, 

followed by K+ and then Na+. Additive mixtures of K+ and Mg2+, as well as mixtures 

representative of cellular concentrations, showed similar stabilizations as 1-5 mM Mg2+ 

alone. This study informed our buffer selection for all future work to be both stabilizing 

and mimicking cellular conditions: 100 mM KCl, 2 mM MgCl2, and 10 mM 

LiCacodylate pH 7.2. 

 Another unique property of GQs is their unique and highly reproducible thermal 

difference spectra (TDS)84. These are characterized by a trough at 295 nm, along with 

peaks at 243 and 273 nm. TDS of CA10 show none of these features; instead, we observe 

a single peak at about 260 nm, as well as a trough near 227 nm (Figure S1.1b). It is 
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possible that CA10 could form a GQ, but it is too stable to unfold even at 95°C (implying 

that the melting transitions near 50-55°C observed for the ion study were monitoring a 

less stable, separate motif of the structure).  To destabilize this potential GQ and 

remeasure the TDS, CA10 was treated with LiOH to deprotonate the N1 position of each 

guanine, which is critical for GQ formation. Stability and spectra following LiOH 

treatment was identical to before, implying that N1 deprotonation does not affect the 

structure. 

 

Figure S1.1. (A) Melting temperatures, Tm, of CA10 under varying supplemented ionic 
conditions. All samples contain a baseline of 10 mM Li+ as the counterion to the 
cacodylic acid buffer, indicated by the horizontal dashed line. (B) TDS of CA10 and 
CA15. (C) Melting of CA10 with 8 equivalents of NMM. Data collected by Liliya 
Yatsunyk and Jessica Chen. 
 

 Finally, we probed the interaction of CA10 with well-known GQ-specific ligands. 

Our lab and others have previously shown that the porphyrin NMM binds parallel GQs 

with high specificity and induces significant stabilization of the structure110; similar 

stabilization is obtained for binding to additional GQ ligands Braco-19, pyridostatin, and 

RHPS4. Melting studies of CA10 and the shorter CA5 both showed no stabilization when 

up to 4 eq of ligands were annealed with the DNA (Figure S1.1c). Collectively, the ion 

A B� � �
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dependency, TDS signature, LiOH insensitivity, and lack of stabilization by GQ-specific 

ligands strongly suggests that d(CAGAGG)n does not form a GQ.  

Establishment of a model for the smallest stable structure 
 We decided to step backwards and approach this structural mystery more 

rationally. As the sequence consists of a simple hexanucleotide repeat, and in vivo the 

repeat extends 80-100 times on average, it seemed plausible that the structure being 

formed was likely repetitive in nature and significantly shorter than 80-100 repeats. Thus, 

we began by recording CD spectra and melting temperatures for variety of (CAGAGG)n 

lengths: n=4, 5, 6, 10, and 15 (Figure S1.2a). The stability of CA4 is markedly lower 

than all longer sequences (22.6 °C versus 48.7 – 56.0 °C). This is mirrored in the CD 

spectra when normalized to number of repeats: all sequences have the same spectral 

features, but CA4’s spectrum is lower in amplitude than all others (Figure 3.8b). 

However, there is little further stabilization or CD spectra amplitude increase between 

CA5 and CA15. This implies that the complete unknown structure is formed by 5 repeats 

of CAGAGG. Furthermore, it is likely that the structure formed by CA5 is simply 

repeated in CA10 and CA15 as distinct units that interact minimally to provide weak 

further stabilization. Additionally, measuring the melting temperature and CD spectra of 

CA10 across a 20-fold concentration range gave highly consistent values, suggesting that 

the structure is monomeric in nature (Figure S1.2b). 
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Figure S1.2. (A) Melting temperatures of CAGAGG tandem repeats of varying lengths. 
(B) Melting transition recorded by UV-vis absorbance at 260 for CA10 over a 20-fold 
concentration range. 

 We next turned to probe why CA5 and longer sequences were so much more 

stable than CA4 – what structural elements are gained by addition of another six 

nucleotides? We conjectured that the key structural feature might be not just the presence 

of a certain number of nucleotides in the sequence, but their positioning. In addressing 

this question, we designed a series of five frame shift mutants based on CA4 that remove 

one nucleotide from the 3’ end and add one to the 5’ end, CA4-1 through CA4-5 (Table 

2.1). In this way, we examine all possible reading frames of d(CAGAGG)n. By TDS, all 

frame shift constructs are essentially superimposable with each other, and slightly distinct 

from CA4 (Figure S1.3a). Similar trends are observed in the CD spectra, where all frame 

shift constructs have decreased 260 nm amplitude but relatively increased 275 and 290 

nm amplitude (Figure S1.3b). Finally, a native gel of CA4 and its frame shift constructs 

showed a sharp increase in mobility and band compactness for all frame shift constructs 

over CA4, indicating a more compact and folded structure (Figure S1.3d). Increased 

folded character is reflected in the significantly higher Tms for all frame shift constructs 

� �
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(~51 °C versus 22.6 °C, Figure S1.3c). All frame shift constructs generally resemble 

CA5 by these four characterization approaches. 

 

Figure S1.3. (A) TDS, (B) CD spectra, (C) melting temperatures, (D) mobility on a 12% 
nondenaturing polyacrylamide gel, and (E) structural models of the CA4-n frame shift 
constructs. 
 The dramatic increase in stability and compact folded, along with the significant 

changes in CD and TDS spectra, imply that not only do the frame shift constructs 

position nucleotides where they need to be in the sequence to form a stable structure, but 

that this shift is also extremely stabilizing and critical to the structure as a whole. Thus, it 

seems unlikely that the frame shifts are simply forming an additional base pair 

somewhere in the sequence – formation of a more significant structural element seems 

necessary to explain these changes. In interpreting these data, we were inspired by the 

similarity between our CD signatures and those of a noncanonical DNA structure solved 

via NMR by Plavec’s lab97. Both spectra have similar peak amplitudes and wavelengths. 
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Plavec’s dimeric structure, VK1, is characterized by two stacked, slightly skewed GCGC 

tetrads, sandwiched between loops containing noncanonical GA base pairs. The 

similarities in sequences and CD signatures inspired us to propose a similar model for 

CA4 and its frame shift constructs (Figure S1.3e).  

 Our monomolecular model contains a two-stack of GCGC tetrads, similar to 

Plavec’s structure. These tetrads are connected by three lateral loops composed of the 

sequence AGAG; these purines are likely engaged in noncanonical base pairs similar to 

those Plavec observed. The hydrogen bonding network within and stacking interactions 

between these two GCGC tetrads is predicted to account for a significant amount of the 

stability of the overall structure. Thus, we can return to rationalize our CA4 frame shift 

data. Threading each sequence onto the model, CA4 lacks a 5’ cytosine that would 

complete the second tetrad. All of the frame shift constructs, by contrast, contain the 

required nucleotides to complete both tetrads. Looking more closely at the stability and 

mobility data, we observed that CA4-3, containing symmetric 2 nucleotide extensions 

past the GCGC core on both 5’ and 3’ ends, is the most stable of the frame shift 

constructs and had the highest mobility on the native gel. Other constructs with 

asymmetric length extensions have slightly decreased mobility and stability. Thus, CA4-3 

represents one of the smallest sequences capable of stably folding into the d(CAGAGG)n 

secondary structure. For this reason, CA4-3 was renamed 1Core+2, reflecting a definition 

of 1Core that minimally encapsulates the two GCGC tetrads and indicating that CA4-3 

has 2 nucleotide extensions on both 5’ and 3’ ends. 

  



 93 

Supplementary Crystallography Data 
Table S2.1. Integration and scaling statistics for all datasets. Rmerge is a measure of the 
error (noise) calculated when merging crystallographically related reflections together 
(e.g. Friedel pairs, rotation axes, screw axes, etc.). Ideal measures of Rmerge are low, 
below 0.15 if possible. Redundancy counts the number of repeated observations of the 
same reflections, and should be at least 5. Completeness measures the number of 
observed reflections versus all that should have been observed for that space group at the 
final resolution. Completeness for native datasets can range down to 85% but should be 
90% or higher for datasets used for experimental phasing. I/ σ determines the signal 
strength as a ratio of signal to noise, and should be well above 5 (values of 1-2 in the 
outer shell are acceptable). Anomalous range is calculated by the software phenix.xtriage 
as the percent of all reflections whose F+ and F- observations differ by more that 5%, as a 
function of resolution. 

Dataset 
name 

Space 
group Unit cell (Å) 

Collection 
wavelength 
(Å) Rmerge  

Res.
(Å) 

Redun
d. 

Compl
eteness I/σ 

  a b c       

pNat1 P 21 21 21 
27.6
20 

41.3
58 

138.5
38 1.5418 0.133 3 

9.5 
(4.7) 70 (26) 

16.8 
(3.5) 

pNat2 P 21 21 21 
26.3
11 

39.5
64 

137.5
56 0.97911 0.118 2.23 

5.8 
(2.3) 

93.4 
(50.4) 

13.3 
(1.0) 

pNat3 P 21 21 21 
27.8
69 

40.2
92 

139.1
17 0.97911 - 3.73  

93.4 
(56.7)  

pNat4 P 21 21 21 
26.2
01 

39.7
29 

138.5
90 0.97911 0.181 2.5 

6.2 
(3.9) 

95.3 
(62.9) 

6.9 
(0.6) 

pNat5 P 2 2 2 
26.3
19 

40.4
66 

140.6
84 0.97911 0.071 2.45 

2.9 
(2.6) 

67.7 
(59.6) 

7.2 
(0.8) 

pNat6 P 21 21 21 
27.0
84 

39.7
88 

138.3
73 1.0082 0.138 2.35 

6.4 
(1.4) 

57.4 
(5.7) 

26.4 
(0.1) 

pNat7 P 2 2 2 
27.4
22 

40.6
33 

138.4
48 1.0082 0.143 2.3 

5.2 
(2.0) 

83.2 
(70.2) 

12.9 
(3.4) 

pNat9 P 21 21 21 
27.5
73 

40.5
80 

139.0
72 1.0082 0.124 2.35 

7.7 
(3.7) 

67.3 
(24.9) 

31.2 
(0.4) 

pNat10 P 21 21 21 
25.8
74 

39.6
97 

138.9
83 1.0082 0.085 2.15 

5.8 
(2.0) 

87.2 
(38.4) 

30.6 
(1.5) 

pNat12 P 21 21 21 
27.4
57 

40.2
66 

138.3
68 1.0082 0.102 2.25 

8.1 
(4.6) 

83.6 
(34.5) 

42.7 
(0.7) 

pNat13 P 21 21 21 
26.3
79 

39.6
78 

137.7
77 1.0082 0.119 2.1 

7.3 
(4.0) 

81.9 
(46.0) 

36.0 
(1.8) 

pNat14 P 21 21 21 
25.7
8 

39.5
1 

137.3
5 0.98 0.065 1.92 

6.0 
(5.8) 

99.7 
(99.3) 

10.5 
(0.8) 

pNat15 P 21 21 21 
24.5
1 39.1 

137.6
4 0.98 0.094 2.52 

5.3 
(4.8) 

98.2 
(96.2) 

11.0 
(1.0) 

pBa1 P 21 21 21 
27.2
46 

39.0
78 

135.8
98 1.5418 0.174 3.5 

4.4 
(3.6) 

95.6 
(97.1) 

11.0 
(5.4) 

pBr1 P 21 21 21 
28.4
32 

40.1
42 

138.5
24 0.9193 0.181 3.3 

4.8 
(3.1) 

85.9 
(58.9) 

6.7 
(1.3) 

pBr2 P 2 21 21 
27.8
05 

40.0
36 

137.6
45 0.91991 0.22 3.25 

6.2 
(5.8) 

98.0 
(92.4) 

6.4 
(1.1) 
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pBr3 P 2 21 21 
27.6
24 

39.7
73 

137.1
36 0.91931 0.265 3.5 

5.5 
(5.5) 

99.6 
(99.4) 

5.8 
(0.7) 

pBr4 P 1 
27.4
81 

41.2
02 

141.1
52 0.9193 0.146 3.93 

2.0 
(1.9) 

90.0 
(92.4) 

1.3 
(.2) 

pBr5 P 2 21 21 
27.5
96 

39.7
14 

136.7
29 0.91499 0.212 3.35 

5.8 
(5.0) 

97.8 
(82.7) 

6.6 
(0.4) 

pBr6 P 1 21 1 
40.1
44 

28.3
96 

136.8
18 0.9193 0.219 4.13 

3.2 
(2.3) 

95.7 
(87.7) 

5.2 
(0.5) 

pBr7 P 21 21 21 
28.7
26 

40.6
09 

138.3
31 0.9193 0.385 4.5 

4.5 
(1.6) 

84.4 
(46.7) 

2.0 
(0.5) 

pBr8 P 2 
29.3
04 

41.2
70 

139.5
45 0.9193 0.112 2.7 

10.1 
(6.3) 

78.2 
(46.2) 

26.1 
(0.6) 

pBr9 P 21 21 21 
24.5
24 

37.3
75 

139.0
89 0.9195 0.231 3.3 

3.4 
(3.2) 

43.9 
(33.7) 

10.1 
(5.3) 

pBr10 P 21 21 21 
24.5
32 

38.1
86 

137.6
17 0.9195 0.21 3.3 

4/6 
(5.2) 

63.5 
(33.0) 

9.7 
(2.0) 

pBr11 P 21 21 21 
24.5
11 

37.3
90 

136.0
98 0.9195 0.221 3.3 

6.6 
(6.8) 

66.1 
(38.5) 

11.5 
(3.4) 

pBr12 P 21 21 21 
26.6
11 

39.6
65 

138.0
96 0.9195 0.135 2.9 

3.7 
(1.9) 

80.7 
(47.0) 

15.0 
(0.6) 

pBr13 P 21 21 21 
27.2
94 

40.6
30 

138.3
20 0.9195 0.146 3 

8.2 
(6.6) 

67.5 
(23.1) 

16.9 
(1.4) 

pBr14 P 21 21 21 
27.3
18 

40.7
05 

138.2
15 0.9195 0.213 3 

15.9 
(15.0) 

96.3 
(78.5) 

6.1 
(0.5) 

pBr15 P 21 21 21 
27.8
95 

39.8
35 

137.8
07 0.9195 0.141 3 

3.1 
(2.6) 

57.6 
(19.1) 

8.8 
(2.2) 

pBr16 P 21 21 21 
25.4
06 

39.1
08 

137.6
45 0.9195 0.114 3.2 

6.5 
(2.6) 

52.9 
(14.3) 

15.6 
(1.4) 

pBr17 P 21 21 21 
25.4
64 

39.3
13 

138.1
21 0.9195 0.317 2.78 

13.9 
(13.1) 

98.7 
(94.9) 

5.4 
(0.5) 

pBr18 P 21 21 21 
26.9
52 

39.7
47 

137.6
82 0.9195 0.153 3.25 

3.8 
(2.1) 

86.8 
(53.4) 

6.8 
(0.7) 

pBr19 P 21 21 21 
26.9
96 

39.9
14 

137.8
59 0.9195 0.12 4 

2.3 
(1.0) 

46.3 
(5.4) 

5.0 
(0.3) 

pBr20 P 21 21 21 
26.9
57 

39.8
70 

138.0
67 0.9195 0.148 3.2 

3.7 
(2.5) 

84.9 
(45.8) 

7.1 
(0.6) 

pBr21 P 21 21 21 
26.9
49 

39.7
66 

137.6
92 0.9195 0.178 3.2 

8.4 
(3.7) 

89.6 
(54.7) 

9.2 
(0.9) 

pBr22 P 21 21 21 
26.9
46 

39.6
39 

137.9
00 0.9195 0.584 3.48 

14.2 
(14.3) 

99.3 
(97.4) 

2.6 
(0.8) 

pPt1 P 21 21 21 
28.4
93 

40.4
72 

139.3
28 1.0716 0.105 2.95 

4.0 
(3.3) 

84.0 
(47.2) 

22.4 
(2.0) 

pPt2 P 21 21 21 
28.5
51 

40.5
64 

139.9
10 1.0716 0.217 3.5 

16.1 
(9.2) 

98.5 
(84.1) 

42.2 
(24.8
) 

pPt3 P 21 21 21 
28.2
29 

40.4
68 

139.3
04 1.0716 0.086 3.5 

6.2 
(6.5) 

94.7 
(71.3) 

35.6 
(13.8
) 

pPt4 P 21 21 21 
28.2
50 

40.4
68 

139.2
59 1.0716 0.094 2.85 

5.6 
(3.6) 

84.1 
(66.5) 

30.2 
(1.5) 

pPt8 P 21 
27.9
43 

40.2
04 

138.0
06 1.0716 0.069 2.55 

3.4 
(3.0) 

83.7 
(45.6) 

31.2 
(1.4) 
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pPt9 P 21 21 21 
28.1
02 

40.2
16 

138.3
73 1.0847 0.161 3 

9.0 
(4.9) 

89.2 
(63) 

32.6 
(6.1) 

pPt10 P 21 
28.3
11 

41.1
83 

139.4
67 1.0716 0.171 3.25 

4.6 
(4.6) 

79.0 
(66.2) 

13.1 
(1.1) 

pSe1 P 21 21 21 
25.2
13 

39.7
01 

138.6
03 0.98 0.105 2.10 

15.6 
(5.6) 

92.7 
(67.1) 

39.3 
(1.3) 

pSe2 P 21 
25.2
09 

39.6
99 

138.5
86 0.98 0.115 2.10 

8.9 
(3.3) 

89.9 
(59.4) 

30.2 
(1.1) 

pSe3 P 21 21 21 
25.0
34 

39.6
31 

138.9
62 0.98 0.134 2.40 

17.3 
(7.8) 

97.9 
(88.3) 

36.4 
(1.5) 

pSe4 P 21 21 21 
25.2
10 

39.6
99 

138.5
96 0.98 0.132 2.25 

32.3 
(12.6) 

96.7 
(80.4) 

64.5 
(2.1) 
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Additional Crystallography Approaches 
Efforts to crystallize variants of the native sequence 

Frame Shifts and Length Variants 

Initial efforts to crystallize d(CAGAGG)n repeats focused on identifying a 

suitable oligonucleotide from the native repeat sequence. From biophysical modeling, 

1Core+n (where n = 0, 1, 2, and 3) were deemed suitable for initial screens. Additionally, 

1Core, 2Core, and 2Core+2 were also used. All of these sequences were tested with the 

Helix and Natrix commercial screens. This led to two identified conditions: 2.1 mM 

1Core set at 1 µL DNA + 1 µL well buffer containing 10 mM MgCl2, 8-10 mM 

spermine, 50 mM lithium cacodylate pH 7.2; and 2 mM 1Core set at 1 µL DNA + 1 µL 

well buffer containing 50 mM HEPES pH 6.5, 10% MPD, and 5 mM spermine. These 

conditions were optimized by Jessica Chen ’17. These crystals diffracted to 20 Å at the 

home source and 6 Å at the French synchrotron Soleil on the beamline PXII. However, 

after initial production, these crystals could not be reproduced. Attempts to grow crystals 

from the same condition using brominated DNA (1Core 3-Br, 1Core 9-Br, and 1Core 15-

Br, Table 2.1.) were unsuccessful. Thus, optimization could not be pursued. 

Circularization of CA5-n 

Following our unsuccessful attempts to produce replicable, high quality crystals, 

we considered if the native d(CAGAGG)n of suitable length for crystallization (i.e., 

1Core+n) were too unstable to pack well into uniform unit cells within the crystal lattice. 

To improve the stability and hypothetically aid regular crystal packing, we pursued 

oligonucleotide circularization: ligating the 5’ and 3’ ends of the oligo together. We 

hypothesized that doing so would reduce the mobility of the 5’ and 3’ single stranded 

overhangs (according to the existing model). 1Core+n (where n = 0, 1, 2, and 3) were all 
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assayed for circularization. Our initial hypothesis was that 1Core+2 would prove best for 

circularization, because it’s 5’ and 3’ overhangs were a combined 4 nucleotides – the 

same length as the three other AGAG loops in the model.  

The circularization assay (CircLigaseTM ssDNA Ligase kit from Epicentre ) 

consisted of incubating the DNA with two enzymes. First, DNA was incubated with a 

ligase to bind the 5’ and 3’ ends of the DNA together. Addition of exonuclease I led to 

degradation of linear oligonucleotides left in solution, preserving circular DNA. 

Subsequently, both enzymes were denatured by incubation in a heating block at 90 ºC for 

5 minutes. Aliquots were taken from each sample before ligase incubation, after ligase 

incubation, and after exonuclease incubation. Each of the three final solutions for each 

sequence were then separated on a denaturing gel.  

Following the commercial CircLigase kit protocol, the first trial was run at 2 µM 

oligo with an incubation time with the ligase of 1 hour at 60 ºC. However, no DNA could 

be visualized in any lane. This indicated that higher starting DNA concentrations than 

specified in the manual were needed to assess the outcome of the experiment. The second 

trial of circularization was therefore run at 50 µM 1Core+n. The ligation step in this trial 

was also run at 40 ºC for 4 hours to ensure that the DNA would remain folded into its 

secondary structure during ligation, as this positioned the two free ends adjacent to each 

other. The resultant gel is shown in Figure S3.1a. While the DNA is clearly visible, the 

gel did not indicate any circularized product for the sequences of interest. However, the 

ssDNA control sequence clearly formed a circularized structure that was immune to the 

exonuclease activity, as indicated by the well-defined band in the lane containing 

ssDNA+ligase+exonuclease. 
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After further reflection, a third trial was run with the ligation step occurring at 

60 °C. If the ligating enzyme needed to bind to ssDNA to successfully circularize the 

oligonucleotides, then ligating below the Tm of the oligonucleotides would result in at 

most 3 nucleotides of ssDNA (for 1Core+3). This attempt was successful, as light bands 

for all exonuclease samples suggest the presence of circularized product on the gel in 

Figure S3.1b. However, due to the combination of low circularized yield coupled with 

the requirement of large amounts of DNA for crystallization, circularization efforts with 

the intent of crystallizing the circularized product were abandoned in favor of a more 

straightforward route.  

 

Figure S3.1. Denaturing gel (20%) of products from CircLigase kit. Lanes are labelled 
with their treatment: A indicates annealed, L indicates incubation with ligase, and E 
indicates incubation with exonuclease. Gels were run of (A) 40 °C ligation product and 
(B) 60 °C ligation product. 

�  � GAkBi� llrn� ir x� c rid� � i�  rlrnrxa� � �  x� - rBAoDirgq� � ra� x- B�
 Another approach we took to improve crystal packing and diffraction was to 

perform a screen for stabilizing, non-disruptive ligands that bound tightly to 1Core with 

the hope to crystallize this DNA-ligand complex. This work was a collaboration between 

� �
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myself and Deondre Jordan ’19. Our list of ligands included known GQ, triplex, and 

duplex binders56,121. The effect of each ligand on DNA structure and stability was 

assessed via changes in CD signature and thermal stability via CD melting, while UV-vis 

titrations were carried out to determine the Ka of binding. I have characterized binding of 

TMPyP2, TMPyP3, TMPyP4, Braco19, and RHPS4 to 1CORE. The rest of the 

characterization was done by Deondre Jordan and students in the CHEM 57 course at 

Swarthmore. Based on the results of this screen the ligands were grouped into four 

categories, listed in Table S3.1.  

Table S3.1. Ligands biophysically screened for potential co-crystallization with 1Core.  
Classification Ligand 

Potential co-crystallization ligands RHPS4 
Methylene blue 

Mild change in CD signal but weak 
stabilization 

Pyridostatin (PDS) 
Berenil 

Severe change in CD signal 

TMPyP4 
TMPyP3 
CuTMPyP4 
PM3P 
Phen-DC3 
Crystal violet 
ZnTMPyP4 

Ligands that have no effect on CD signal 

NMM 
Coomassie Blue 
Ethidium Bromide 
Malachite Red 
Berberine Chloride 
Pentamidine isethionate Salt 
Hoechst 33258 

 

From the screen, RHPS4 and methylene blue were identified as suitable ligands 

that provided moderate stabilization at 2 equivalents of 2.9 °C and 5.5 °C, respectively, 

without significantly changing the native CD signature of 1Core. Crystallization of 1Core 

and 1Core+2 was attempted with these ligands, at a stoichiometry of 2 eq of ligand to 1 
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eq DNA, with the commercial Helix and Natrix screens. These screens identified Helix 1-

44 as a potential condition for methylene blue with 1Core, producing tiny (<0.05 mm) 

spindly blue needles (Figure S3.2). However, these crystals could not be reproduced or 

optimized. Crystallization screens with RHPS4 were not successful. 

 

Figure S3.2. Helix 1-44 (0.1 M NaCl, 1.8 M ammonium sulfate, 25% v/v glycerol, and 
0.05M Bis-Tris pH 7.0) set with 1Core + 2 eq methylene blue for 9 days at 20 ºC.  

� xiA - oGrxa� � i�  rlrnrxa� � oi� ir xB� i � � e DA gq� � AkBi� l� � o� lrik�
 The final approach to successful crystallization for this project centered around 

increasing the stability of the oligonucleotide via selective mutations. Taking inspiration 

from the existing biophysical model, where the key stability is hypothesized to derive 

from a pair of stacked GCGC tetrads, a third GCGC tetrad was introduced to the 

sequence both above (3GCa) and below (3GCb) the preexisting GCGC tetrads. Eight 

total sequences were designed based on 1Core+n (n = 0, 1, 2, and 3), combined with the 

third tetrad placement (Table 2.1.).  

 The eight constructs were initially screened with Helix and Natrix. From this 

initial screen, a number of wells gave short rod-like crystals for the sequences 1Core+3 

3GCa and 1Core+3 3GCb (Figure S3.3). These centered around a common condition 
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containing 50 mM BisTris pH 7.0, 15-25% PEG 2000, and 20-200 mM of various salts 

(LiCl, NaCl, KCl, MgCl2, CaCl2).  

 

Figure S3.3. 1Core+3 3GCb grown in (A) Helix 2-37 and (B) Helix 2-41 for 5 days. (C) 
1Core+3 3GCa grown in Helix 2-12 for 9 days. (D) 1Core+3 3GCb grown in an 
optimization of Helix 2-41 for 5 days. 

Optimization, characterized mainly by reducing the PEG 2000 concentration and 

exchanging PEG 2000 for PEG 2000 MME, gave slightly larger crystals (Figure S3.3).  

� �

� �
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Biophysical characterization was done on these two sequences to confirm that 

they were folding in the same manner as the native d(CAGAGG)n. CD spectra and CD 

thermal stability 

 

 

Figure S3.4. Biophysical characterization of three-tetrad constructs. (A) CD spectra of 
1Core+3 3GCa and 1Core+3 3GCb overlaid on 1Core+2 native CD spectrum. (B) CD 
melting curve of 1Core+2, 1Core+3 3GCa, and 1Core+3 3GCb.  

were studied (Figure S3.4). The addition of the third tetrad increased the stability of all 

sequences by about 20°C over the two-tetrad native constructs, but was coupled with 

significant changes to the CD spectra, particularly of 1Core+3 3GCa. Crystals formed 

readily but diffracted to 20 Å as streaks at APS 24-ID-C. Optimization of DNA, salt, and 

PEG2000 concentration increased the number of crystals formed but did not lead to 

improved diffraction.   

� �1Core+2

1Core+3 3GCa

1Core+3 3GCb

1Core+2

1Core+3 3GCa

1Core+3 3GCb
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Additional RS5-S Phasing: MAD and SIRAS 
A combination of approaches to phasing were pursued to solve the RS5-S 

structure, including single anomalous diffraction (SAD), multiple anomalous diffraction 

(MAD), and single isomorphous replacement with anomalous scattering (SIRAS). 

Results for SAD phasing are discussed in the main text; MAD and SIRAS results are 

discussed here. 

MAD Phasing 
MAD phasing requires one to collect two or three datasets on a single crystal 

containing a heavy atom at wavelengths corresponding to the anomalous peak, a remote 

wavelength, and optionally at the f’ inflection point. For example, for crystals soaked in 

cisplatin, the data were collected at 1.0716 Å for the anomalous peak, and at 1.0847 Å for 

the remote wavelength (Table 2.4). Because more data is collected from a single crystal 

for a MAD than a SAD, the resulting heavy atom search and electron density map are of 

higher quality (a typical figure of merit, FOM, for a MAD solution increases to 0.6 over 

the 0.4 expected of a SAD). However, the extended data collection leads to significant 

radiation damage and requires either durable or large crystals so that multiple areas on a 

single crystal can be placed in the beam. Derivatized RS5-S crystals have exhibited both 

low durability in the beam and small size. For this reason, only 4 MAD datasets were 

collected and MAD solutions have not been successful thus far. 

SIRAS Phasing 
SIRAS phasing, inherently a double-edged sword, measures the differences in 

diffraction intensity between two different crystals: one native, and one derivatized with a 

heavy atom. The large x-ray scattering power of few heavy atom sites on the derivatized 
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crystal produces a strong and clearly measurable isomorphous difference between the two 

crystals, giving isomorphous replacement the highest phasing power of all experimental 

approaches to the phase problem. If Friedel pairs are averaged together such that only 

isomorphous differences are used to calculate phases, the approach becomes known as 

single isomorphous replacement (SIR). However, keeping the Friedel pairs separate 

allows for anomalous scattering data to supplement the isomorphous differences, 

improving the calculated phases. All isomorphous replacement datasets were therefore 

phased using this combined SIRAS approach. However, the largest obstacle to successful 

SIR/SIRAS phasing is that the two crystals need to be precisely isomorphous (among 

other requirements, their unit cells need to be identical to ± 0.1 Å). A survey of the unit 

cells determined independently from the 45 collected datasets reveals that unit cell 

dimensions a, b, and c vary across all datasets, with ranges of 4.8 Å, 4.0 Å, and 5.3 Å, 

and standard deviations of 1.2 Å, 0.9 Å, and 1.0 Å, respectively. 

As a shortcut around manually running all possible SIRAS combinations of native 

and derivative datasets (a computationally intensive process), we instead used the CCP4 

software suite to scale each dataset against each other one. The CCP4 program Scaleit 

measures isomorphism as a low TOTAL RFAC statistic for two datasets, with values 

below 0.2 being tolerable and below 0.1 being optimal for a good SIRAS pair. As Scaleit 

requires all datasets scaled together to be in the same space group, two iterations of 

Scaleit were planned: one in P212121, and one in P21. Of these, the P212121 scaling has 

been completed thus far (Table S4.1). The lowest TOTAL RFAC in the table is 0.226 

between pNat3 and pBr12, a dataset on RS5-S1. As partially expected from the relatively 

high TOTAL RFAC, a SIRAS between these two datasets was not successful in 
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producing a buildable map. It is possible that recalculating this SIRAS while cutting the 

phasing at lower resolution will improve the map quality, as nonisomorphism tends to 

increase at higher resolution shells. Other dataset pairs with low TOTAL RFAC below 

0.3 have also been tested with SIRAS with similarly unsuccessful results. However, as 

isomorphous replacement has such strong phasing power and the collected datasets 

appear to each have their own variation of the unit cell dimensions, it is increasingly 

probable with each new crystal that one will finally be highly isomorphous with another 

unit cell. For that reason, every new dataset will continue to be scaled against all others. 
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Table S4.1. Scaleit output (SIRAS phasing precursor) of TOTAL RFAC for all 
native/derivative dataset pairs, shaded such that the lowest value (most useful) is green 
and higher values are shaded increasingly red. Greyed out datasets were collected but 
could not be reliably integrated and scaled for comparison in this table. 
 

 

  

pNat1 pNat2 pNat3 pNat4 pNat5 pNat6 pNat7 pNat8 pNat9 pNat10 pNat11 pNat12 pNat13
pBa1 0.558 0.357 0.324 0.473 0.547 0.42 0.512 0.53 0.507 0.604 0.441
pBr1 0.488 0.466 0.412 0.445 0.498 0.555 0.449 0.488 0.471 0.554 0.491
pBr2 1.768 1.492 0.965 1.031 0.809 1.228 0.872 0.777 1.030 0.606 1.093
pBr3 3.611 2.906 2.333 2.076 1.814 2.688 2.096 1.905 1.996 1.250 2.216
pBr4 4.297 3.314 2.859 2.327 1.955 2.989 2.642 2.444 2.135 1.446 2.394
pBr5 1.710 1.445 0.987 1.032 0.863 1.189 0.865 0.785 1.022 0.638 1.070
pBr6 1.844 1.266 1.280 1.016 0.792 1.317 1.195 1.086 1.001 0.835 1.064
pBr7 2.557 1.569 1.480 1.172 1.051 1.555 1.386 1.382 1.102 0.800 1.173
pBr8 0.424 0.648 0.525 0.602 0.612 0.570 0.546 0.566 0.627 0.635 0.604
pBr9 0.484 0.408 0.344 0.375 0.406 0.422 0.335 0.361 0.401 0.491 0.384
pBr10 0.550 0.464 0.375 0.413 0.400 0.439 0.340 0.365 0.416 0.483 0.411
pBr11 0.464 0.422 0.369 0.414 0.435 0.709 0.356 0.387 0.434 0.531 0.405
pBr12 0.521 0.442 0.226 0.342 0.296 0.372 0.273 0.302 0.341 0.408 0.353
pBr13 0.323 0.533 0.423 0.520 0.522 0.473 0.409 0.453 0.542 0.583 0.521
pBr14 0.78 0.865 0.503 0.649 0.507 0.667 0.400 0.434 0.663 0.503 0.687
pBr15 0.336 0.401 0.354 0.442 0.507 0.375 0.418 0.441 0.489 0.580 0.426
pBr16 0.853 0.603 0.432 0.493 0.383 0.605 0.463 0.464 0.423 0.427 0.467
pBr17 0.737 0.496 0.312 0.329 0.306 0.439 0.360 0.354 0.333 0.383 0.343
pBr18 1.596 1.216 0.925 0.819 0.665 1.133 0.794 0.710 0.738 0.434 0.889
pBr19 0.929 0.695 0.486 0.477 0.399 0.548 0.445 0.428 0.455 0.354 0.495
pBr20 1.638 1.269 0.952 0.878 0.724 1.198 0.833 0.742 0.790 0.474 0.95
pBr21 1.471 1.122 0.830 0.756 0.614 1.032 0.713 0.644 0.684 0.408 0.82
pBr22 1.219 0.978 0.712 0.686 0.560 0.853 0.608 0.541 0.631 0.425 0.714
pPt1 0.281 0.542 0.399 0.519 0.515 0.463 0.424 0.459 0.547 0.575 0.518
pPt2 1.459 1.240 0.864 0.877 0.684 1.042 0.726 0.669 0.866 0.528 0.914
pPt3 1.62 1.326 0.959 0.859 0.634 1.072 0.789 0.702 0.870 0.455 0.928
pPt4 0.395 0.533 0.271 0.433 0.428 0.385 0.302 0.328 0.483 0.460 0.46
pPt5
pPt6
pPt7
pPt8 0.85 0.534 0.511 0.457 0.418 0.689 0.543 0.515 0.402 0.423 0.511
pPt9 0.993 0.8 0.461 0.484 0.282 0.601 0.367 0.289 0.526 0.299 0.523
pPt10 0.298 0.585 0.494 0.603 0.64 0.535 0.545 0.591 0.628 0.679 0.602
pPt11
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a b s t r a c t

Ligands that stabilize non-canonical DNA structures called G-quadruplexes (GQs) might have applica-
tions in medicine as anti-cancer agents, due to the involvement of GQ DNA in a variety of cancer-related
biological processes. Five derivatives of 5,10,15,20etetrakis(N-methyl-4-pyridyl)porphyrin (TMPyP4),
where a N-methylpyridyl group was replaced with phenyl (4P3), 4-aminophenyl (PN3M), 4-
phenylamidoproline (PL3M), or 4-carboxyphenyl (PC3M and P2C2M) were investigated for their in-
teractions with human telomeric DNA (Tel22) using fluorescence resonance energy transfer (FRET) assay,
and UV-visible and circular dichroism spectroscopies in Kþ buffer. The molecules are cationic or zwit-
terionic with an overall charge of 3þ (4P3, PN3M, and PL3M), 2þ (PC3M) or neutral (P2C2M). All por-
phyrins except P2C2M stabilize human telomeric DNA in FRET assays by ~20 �C at 5 eq CD melting
experiments suggest that 4P3 is the most stabilizing ligand with a stabilization temperature of 16.8 �C at
4 eq. Importantly, 4P3, PC3M and PL3M demonstrate excellent selectivity for quadruplexes, far superior
to that of TMPyP4. Binding constants, determined using UV-vis titrations, correlate with charge: triply
cationic 4P3, PN3M and PL3M display Ka of 5e9 mM�1, doubly cationic PC3M displays Ka of 1 mM�1, and
neutral P2C2M displays weak-to-no binding. UV-vis data suggest that binding interactions are driven by
electrostatic attractions and that the binding mode may be base-stacking (or end-stacking) judging by
the high values of red shift (15e20 nm) and hypochromicity (40e50%). We conclude that lowering the
charge on TMPyP4 to 3þ can achieve the desired balance between stabilizing ability, affinity, and high
selectivity required for an excellent quadruplex ligand.

© 2016 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction

G-quadruplexes (GQs) are nucleic acid structures formed by
guanine tetrads that p-stack on top of each other, forming a right-
handed helix; biologically relevant quadruplexes most frequently
contain two to four tetrads. Each tetrad is composed of four guanine
bases held together by Hoogsteen hydrogen-bonding [1]. GQ
structures are further stabilized by monovalent cations, notably Kþ

or Naþ, with Kþ being more biologically relevant. Sequences with
GQ-forming potential were first discovered in the G-rich regions of
telomeres, and their ability to form GQ structures in vitro has since
been demonstrated [2,3]. Telomeres occur at the termini of
eukaryotic chromosomes, protecting them from degradation and
fusion [4]. They comprise 5e20 kb of double-stranded repetitive
DNA sequence (50-(TTAGGG)n-30 in vertebrates) with a short 30-

Abbreviations: GQ DNA, guanine quadruplex DNA; TMPyP4, 5,10,15,20etetra(N-
methyl-4-pyridyl)porphyrin; 4P3, 5ephenyl-10,15,20etri(N-methyl-4-pyridyl)
porphyrin; PN3M, 5e(4-aminophenyl)-10,15,20etri(N-methyl-4-pyridyl)
porphyrin; PL3M, 5e(4-phenylamidoproline)-10,15,20etri(N-methyl-4-pyridyl)
porphyrin; PC3M, 5e(4-carboxyphenyl)-10,15,20etri(N-methyl-4-pyridyl)
porphyrin; P2C2M, 5,15edi(4-carboxyphenyl)-10,20edi(N-methyl-4-pyridyl)
porphyrin; Tel22, human telomeric DNA repeat model sequence; dsDNA, double-
stranded DNA; CT, calf thymus DNA; FRET, fluorescence resonance energy transfer;
CD, circular dichroism; 6-FAM, 6-carboxy-fluorescein; SVD, singular value decom-
position; 5 K, buffer that consists of 10 mM lithium cacodylate 7.2, 5 mM KCl and
95 mM LiCl.
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overhang of the G-rich strand where GQ structures are predicted to
form. Stabilization or alteration of such structures by small mole-
cule ligands could provoke disruption of telomere structure (e.g. by
displacing telomere-binding proteins or causing double-strand
breaks) [5] or inhibit binding of telomerase, an enzyme linked to
immortality of tumor cells [6,7]. Thus, the folding of DNA into GQ
structures, on its own or chaperoned by small molecule ligands, is
linked to cancer inhibition. More recently, sequences with quad-
ruplex forming potential were identified in oncogene promoter
regions and untranslated regions of mRNA [8]. Recent visualization
of quadruplexes in cells using antibodies [9e11] or small molecule
probes [12,13] strongly argues for their biological presence and
relevance, and sheds light on their possible biological functions.
The GQ secondary structure is now an established therapeutic
target, notably for cancer [14]. Thus, ligands that selectively bind to
and stabilize GQs are of interest as potential anti-cancer drugs.

Over the last 25 years, a number of drug-discovery research
programs have produced promising GQ binders [5,15e22]; infor-
mation about these ligands is available from the G4LDB database,
www.g4ldb.org [23]. Most GQ ligands share common properties,
such as positive charge, basic side-chains, and an extended aro-
matic core; they interact with GQs via p-p stacking, electrostatic
forces, and hydrogen bonding [24,25]. Common binding modes
include stacking onto terminal G-tetrads (end-stacking) and bind-
ing to loops or grooves; intercalation between G-tetrads is
considered energetically unfavorable. Our laboratory focuses on
one class of quadruplex ligands, called porphyrins; the attraction of
porphyrins lies in their excellent optical properties and boundless
structural diversity. The most studied and widely used porphyrin is
5,10,15,20-tetrakis(N-methyl-4-pyridyl)porphyrin (TMPyP4),
which displays excellent quadruplex stabilization. TMPyP4 has
been shown to inhibit telomerase [26e28], downregulate the
expression of oncogenes MYC [29] and KRAS [30], and change
expression of guanine-enriched genes in yeast and mammalian
cells [31,32]. TMPyP4 is used in biology for ‘GQ DNA stabilizing’
treatment of cells. However, the therapeutic value of TMPyP4 suf-
fers from its modest selectivity for GQ vs. duplex DNA (dsDNA) [33].
Thus, there is a strong interest in developing porphyrin-based li-
gands that possess TMPyP4's stabilizing ability, but have signifi-
cantly improved selectivity for quadruplexes.

The low selectivity of TMPyP4 is most likely due to its tetraca-
tionic nature. Thus, in this study, the derivatives of TMPyP4 were
prepared where one positively charged 4-N-methylpyridyl group of
TMPyP4 was substituted with a group neutral at physiological pH
(phenyl in 4P3, 4-aminophenyl in PN3M, or 4-phenylamidoproline
in PL3M) or negatively charged (4-carboxyphenyl in PC3M or two
trans 4-carboxyphenyl groups in P2C2M). These five derivatives of
TMPyP4 (Fig. 1) were thoroughly investigated for their binding to
the G-rich sequence AGGG(TTAGGG)3, Tel22. Tel22 and its variants
are widely studied models of human telomeric DNA; their struc-
ture, stability and folding kinetics in the presence of Kþ or Naþ have
been thoroughly investigated. Tel22 forms a unimolecular quad-
ruplex whose topology depends on DNA concentration, buffer
cations or additives [34,35]. In the presence of Naþ Tel22 folds into
an antiparallel basket type quadruplex [2]. In the presence of Kþ

Tel22 folds into at least two different mixed-hybrid structures,
commonly called [3þ1], because three strands have polarity
opposite to that of the fourth strand [36]. The two hybrid structures
are termed hybrid-1 [37,38] and hybrid-2 [39] and differ by strand
orientation (down-down-up-down vs down-up-down-down),
loops (propeller-edge-edge vs edge-edge-propeller) and capping
structures. Hybrid-1 and hybrid-2 usually exist in equilibriumwith
one another. Under dehydrating conditions (e.g. PEG or ethanol)
[40,41] or when crystallized in the presence of Kþ (at high DNA
concentration) [42,43], Tel22 forms a parallel quadruplex structure

with all propeller loops.
The ability of the five TMPyP4 derivatives to stabilize Tel22 was

determined through CD, UV-vis and FRET melting assays; the latter
was also used to evaluate the selectivity of these porphyrins for GQ
vs. dsDNA. Stabilization studies were complemented with deter-
mination of binding constants and stoichiometries via UV-vis ti-
trations and Job plot experiments. Our results suggest that the
cationic porphyrins under study bind to human telomeric GQ via p-
p base stacking with a strong contribution from electrostatic forces,
and that TMPyP4 derivatives with 3þ charge might have a neces-
sary balance of biophysical properties to be excellent GQ ligands,
superior to TMPyP4.

2. Materials and methods

2.1. Porphyrins, oligonucleotides and buffers

The following porphyrins were synthesized following a previ-
ously published procedure [44]: 5-(4-aminophenyl)-10,15,20-tri(N-
methyl-4-pyridyl)porphyrin triiodide (PN3M), 5-(4-
carboxyphenyl)-10,15,20-tri(N-methyl-4-pyridyl)porphyrin triio-
dide (PC3M), 5,15-di(4-carboxyphenyl)-10,20-di(N-methyl-4-
pyridyl)porphyrin diiodide (P2C2M), and 5-(4-
phenylamidoproline ethyl carbobenzoate)-10,15,20-tri(N-methyl-
4-pyridyl)porphyrin triiodide (PL3M) (Fig. 1). 5-phenyl-10,15,20-
tri(N-methyl-4-pyridyl)porphyrin triiodide (4P3) was a kind gift
from Alessandro D'Urso (University of Catania, Italy). TMPyP4 was
purchased from Frontier Scientific (Logan, UT, USA). Porphyrins
were dissolved in Millipore water at 0.2e2.5 mM, and DMSO was
added to PL3M and PC3M (up to 10% of total volume) to assist with
solubility. The extinction coefficient for TMPyP4 is
2.26 � 105 M�1cm�1 at 422 nm [45]. Extinction coefficients for
PL3M and PN3Mweremeasured using Beers law and are presented
in Table 1. Electrospray ionization/mass spectrometry was per-
formed to confirm the identities of selected porphyrins.

The fluorescently labelled oligonucleotide 50-6-FAM-
G3(TTAGGG)3-Dabcyl-30 (F21D) was purchased from IDT (Coralville,
IA), dissolved in water to a concentration of 0.1 mM and stored
at �80 �C. The value of the extinction coefficient for F21D,
3260 ¼ 247.6 mM�1 cm�1, was provided by the manufacturer. The
oligonucleotide dAG3(TTAGGG)3 (Tel22; 3260 ¼ 228.5 mM�1 cm�1)
was purchased from Midland Certified Reagent Company (Texas,
USA) and Eurogentec (Belgium), hydrated at room temperature for
1 h at 1.0 mM concentration and stored at �80 �C. Calf-thymus (CT)
DNA was purchased from Sigma Aldrich, hydrated for one week at
4 �C at 1 mM concentration, filtered, and used within 6 months. Its
concentration was determined using an extinction coefficient of
12.2 mM�1 cm�1 per base-pair. The most common buffer in this
work contained 10 mM lithium cacodylate pH 7.2, 5 mM potassium
chloride, and 95 mM lithium chloride (5 K buffer); select experi-
ments were also performed in 10 mM lithium cacodylate pH 7.2,
50 mM sodium chloride, and 50 mM lithium chloride (50 Na
buffer). Both buffers had biologically relevant ionic strength of
~110 mM.

2.2. FRET melting assays

Fluorescence resonance energy transfer (FRET) melting assays
[46] were performed on a MJ research DNA Engine Real-Time PCR
machine according to a well-established protocol [47]. Doubly
labelled oligonucleotide F21D was annealed at 0.25 mM in 5 K or 50
Na buffers by heating at 95 �C for 10min and cooling slowly to room
temperature over 4 h. In FRET stabilization experiments porphyrins
were added in a concentration range from 0.4 to 4.0 mM such that
the final concentration of F21D was 0.2 mM in 50 ml reactions.
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Control samples included buffer alone and F21D alone at 0.2 mM. In
FRET competition experiments mixtures of 0.2 mM F21D and 1.6 mM
porphyrin in 50 mL reactions were supplemented with up to 96 mM
(480-fold excess) of duplex competitor, CT DNA. In the case of
P2C2M, due to weak stabilization, 4.0 mM porphyrin was present in
all competition samples. Control samples contained 0.2 mM F21D,
16 mMCTDNA and no porphyrin. All samples were incubated at 4 �C
for 1 h before melting. Each set of experiments included duplicate
samples, and each experiment was repeated at least three times.
Melting curves were normalized and duplicates were averaged. The
melting temperatures were determined from the maxima of the
first derivatives (associated error ± 0.5 �C). For PN3M, derivative
curves did not provide accurate Tm. Instead, the value of melting
temperature was determined from the normalized melting curves
at y ¼ 0.5 (associated error ± 0.2 �C). The overall error was calcu-
lated using error propagation. The selectivity of each ligand was
quantified using a selectivity coefficient, S, calculated as the con-
centration of duplex DNA competitor needed to reduce stabiliza-
tion temperature, DTm, by 50%. This was determined by fitting the
competition data to an exponential decay y ¼ Aþ B� e

x
C, where x

and y are input parameters, concentration of duplex competitor
and corresponding melting temperature, respectively. A, B, and C
are constants that were adjusted for the best fit. Once an acceptable
fit is obtained, substituting y with Tm/2 (where Tm is the melting
temperature in the absence of competitor) yields the selectivity
ratio expressed as competitor concentration.

2.3. UV-vis titrations

Tel22 was annealed in 5 K buffer by heating at 95 �C for 10 min,
then cooling to room temperature over a 4 h period. The proper
folding of Tel22 was verified using circular dichroism (CD). UV-Vis
spectra were collected on a Cary300 spectrophotometer (Varian).
Aliquots of 0.05e0.2 mM Tel22 (with the exception of titrations of
P2C2M, in which a higher concentration of Tel22, up to ~0.6 mM,
was used) were added to 1.0mL of 1e5 mMporphyrin sample in a 1-
cm methacrylate cuvette, thoroughly mixed, and incubated for
2 min. To eliminate dilution effects during the titration, the Tel22
sample was diluted to the desired concentration with porphyrin
solution such that the concentration of porphyrin in the DNA

Fig. 1. Structures of the compounds under study. Each TMPyP4 derivative has three N-methylpyridyl groups and one modified phenyl group, with the exception of P2C2M, which
has two N-methylpyridyl groups and two 4-carboxyphenyl groups.

Table 1
Molecular weights and extinction coefficients of porphyrins under study. Extinction coefficients were calculated based on UV-Vis absorbance at the Soret peak.

Porphyrin 4P3 PN3M PC3M P2C2M PL3M

Soret maximum, nm 422 424 422 419 422
Ext. coeff., M�1 cm�1 1.5 � 105 0.967 � 105 1.86 � 105 0.602 � 105 0.973 � 105

MW, g mol�1 (with I�) 1043.53 1058.55 1087.54 988.62 1274.79
Expected molecular ion g mol�1 662.8 677.8 706.8 734.8 894.1
Measured m/z (z) 220.9 (þ3) NM NM 367.1 (þ2) 297.8 (þ3)
Charge at pH 7.2 3þ 3þ 2þ 0 3þ

NM - not measured.
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matched that in the titration cuvette. Overall, the volume of addi-
tions did not exceed 0.1 mL (equal to 10% of the starting volume).
Titrations were deemed complete when three successive UV-vis
spectra were identical. Each experiment was repeated 2e3 three
times.

Titration curves were analysed for hypochromicity and red shift.
Percent hypochromicity, %H, was calculated as
%H ¼ εfree�εbound

εfree
� 100%where εfree and εbound represent the extinc-

tion coefficients of free and bound porphyrin at their respective
Soret maxima. Red shift (Dl) was calculated as the difference be-
tween lmax of the GQ-porphyrin complex and lmax of porphyrin
alone. Binding constants, Ka, and corresponding stoichiometries
were obtained, as described in detail in our earlier work [48], using
both Direct Fit and Scatchard analysis. In the former case, datawere
fit using a variety of binding models such as 1P: 1Tel22, 2P: 1Tel22,
3P: 1Tel22, etc (where P is porphyrin). Number of binding sites was
defined as concentration of Tel22 multiplied by binding stoichi-
ometry. This model implies non-cooperative and independent
binding of multiple porphyrins to identical binding sites on DNA,
which is an oversimplification. As such, results should be inter-
preted with caution. The model that yielded the lowest error for Ka,
the value of R2 closest to 1, and the lowest value of stoichiometry
(the lowest number of parameters) was considered the most
plausible.

2.4. Job plot titrations

Job's method of continuous variation [49] was used to deter-
mine model-independent porphyrin-GQ binding stoichiometry.
This method operates on the principle that UV-Vis absorbance of a
porphyrin-GQ complex is maximised or minimised when the mole
fraction of porphyrin is at the stoichiometric ratio. To create each
Job plot, two titrations were performed: porphyrin into DNA, and
DNA into porphyrin. Concentrations of the porphyrin and GQ DNA
solutions were fixed to within 5% of each other, and the overall
concentrationwas kept constant throughout the procedure, usually
around 3e4 mM. This protocol allows the sum of concentrations of
both binding partners to remain constant throughout the titration,
as required for the validity of the method. For the first titration,
equal volumes of porphyrin solutionwere titrated into both sample
and reference cells, which held 1.0mL of DNA solution and 1.0mL of
5 K buffer, respectively, in 1-cm methacrylate cuvettes. Samples
were thoroughly mixed and allowed to equilibrate for 2 min. For
the second titration, equal volumes of DNA solution and buffer
were titrated into sample and reference cells, respectively, both of
which contained 1.0 mL of porphyrin solution. Spectra were
collected in the 360e500 nm range on a Uvikon XL spectropho-
tometer, with JulaboME temperature control and Julabo F-25 water
bath. Data were zeroed, and the changes in absorbance at various
wavelengths were plotted against porphyrin mole fraction to yield
Job plots e the maxima or minima of these curves indicate the
binding stoichiometry. Each experiment was conducted twice.

2.5. UV-vis melting and temperature difference (TDS) studies

A 2.2 mL Tel22 sample of ~3 mM was annealed alone and in the
presence of 2e4 eq of 4P3, PN3M and PL3M in 5 K buffer. These
samples were placed in Hellma 10 mm quartz cuvettes and moni-
tored at 295 and 325 nm as the temperaturewas changed from 90.0
to 5.0 �C and back, with 0.2�/min temperature change on a Uvikon
XL or CARY300 spectrophotometers. The 295 nm wavelength is
sensitive to the folding state of Tel22 (and GQs in general), while
the 325 nm wavelength was used as a reference to monitor in-
strument performance. The temperature was monitored by the

temperature probe inserted directly into the cuvette with 5 K buffer
placed right next to the samples in a sample holder. UV-vis scans
were collected at the end of each ramp and were used to calculate
temperature difference spectra (TDS). TDS were obtained by sub-
tracting UV-vis spectra at 90 �C from those at 5 �C.

For melting data analysis, the UV-absorbance at 325 nm was
subtracted from that at 295 nm. This data were analysed assuming
a two-state model with constant enthalpy, DH [50]. Starting and
final baselines of the melting curves (assumed linear), melting
temperature, Tm, and DH were adjusted to get the best fits. DG was
calculated according to the following equation: DG ¼ DH � (T/
Tm�1).

2.6. Circular dichroism

CD spectra were collected either on a Jasco J-815 or on an Aviv
435 spectrometer equippedwith Peltier heating units (temperature
accuracy ± 0.3 �C). Samples were prepared in 1-cm quartz cuvettes;
concentration of all DNA samples was verified using their UV-vis
absorbance immediately prior to collecting CD spectra. Three
types of CD experiments were completed.

CD annealing studieswere performed to determine if porphyrins
induce structural rearrangement of Tel22. Tel22 at ~3 mM was
annealed alone or in the presence of 4 eq of each porphyrin in 5 K
buffer by heating at 95 �C for 10 min and cooling to room tem-
perature over 4 h. Samples were incubated overnight at 4 �C to
allow for complete equilibration. CD scans were collected in the
wavelength range of 220e330 nm (UV region) and in 360e500 nm
(visible region) with scan speed of 50 nm min�1, 3e5 accumula-
tions, 0.5 nm data pitch, and 1 s integration time. Data were treated
according to an established procedure [48].

Full wavelength melt experiments were performed to investigate
the effect of porphyrins on the conformation of Tel22 during
melting transitions. The samples were prepared as above. The CD
spectrum in the UV region (220e330 nm) was monitored as a
function of temperature in the range 8e80 �C with the following
parameters: 100 nm min �1 scan speed, 3 accumulations, 0.2 nm
data pitch, and 0.5 s integration. Additionally, two wavelengths
were plotted against each other; the linearity of the plot obtained
suggests a two-state system, consisting of only folded and unfolded
DNA, without intermediates. This method is known as a dual-
wavelength test [51].

Single wavelength melt experiments were performed monitoring
a single wavelength at ~294 nm for PL3M, P2C2M and PN3M and at
247 nm for PC3M using the same parameters as above except for
the integration time which was set at 32 s; both melting and
cooling curves were collected to check the reversibility of the
melting process. The melting data were analysed as described
above. All data analysis was performed using Origin 9.0 software.

3. Results and discussion

In this work we focus on five derivatives of TMPyP4 (Fig. 1),
where one 4-N-methylpyridyl group was replaced with phenyl
(4P3), 4-aminophenyl (PN3M), 4-phenylamidoproline (PL3M), or 4-
carboxyphenyl (PC3M), or two trans 4-methylpyridyl groups were
replaced with 4-carboxyphenyl groups (P2C2M). Assuming that the
pKa of the benzoate and the aniline groups are ~4.2 and ~4.6,
respectively [52], these groups would be deprotonated at the pH of
7.2, leading to an overall charge of 3þ on 4P3, PN3M, and PL3M,
2þ on PC3M and 0 on P2C2M. The porphyrinswere studied for their
ability to interact with human telomeric DNA, Tel22, and the results
are compared to those obtained for TMPyP4, a widely used tetra-
cationic quadruplex binder.
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3.1. Characterization of interactions between porphyrins and Tel22
using UV-vis spectroscopic titrations

Due to the excellent optical properties of porphyrins, their
binding to DNA can be efficiently evaluated using UV-vis titrations.
Stoichiometries for binding events can be determined indepen-
dently via the Job plot method [49]. Representative UV-Vis titra-
tions for each porphyrin are shown in Fig. 2 and Fig. S1. Each
titration displays both a decrease in the Soret peak intensity
(quantified as hypochromicity, %H) and a red shift (Dl). Analysis of
the titration data via Direct Fit [48] yields binding constants and
stoichiometries presented in Table 2. Direct Fit operates under
assumption of a simple two-state system where only free and
bound porphyrin contribute to the observed absorbance spectra.
The validity of this assumption was confirmed by singular value
decomposition (SVD) [53], as well as the presence of clear iso-
sbestic points observed in the titrations of all porphyrins but
P2C2M. The binding models that yielded high quality fits are 3:1,
5:1, 2:1 and 4:1 P:GQ for 4P3, PN3M, PC3M and PL3M, respectively
(assuming equivalent and non-cooperative binding). Using these
models, obtained binding constants are 5e9 mM�1 (Kd of
0.1e0.2 mM) for 4P3, PN3M and PL3M and 1.0 mM�1 for PC3M (Kd

of 1.0 mM). The parent compound, TMPyP4, was found to bind to
Tel22 with Ka of 7.6 mM�1 (Kd of 0.13 mM) using a 2:1 binding
model, Fig. S1A. Finally, the binding of P2C2M to Tel22 was found
to be weak and most likely non-specific, as we could not obtain a
reasonable fit to the titration data. All titrations were also analysed
using Scatchard analysis [54], yielding stoichiometries and binding
constants in line with those obtained via the Direct Fit (Table 2). It
is important to note that while Scatchard analysis is widely used
to analyze binding data for GQ-ligand complexes and our labora-
tory found it to be reliable [48], the analysis was originally
developed for an infinitively long duplex DNA and might not al-
ways be accurate for short quadruplexes. The outcomes from
Scatchard analysis should thus be used only in conjunction with
data from other analyses. In this light, binding constants obtained
via Direct Fit are deemed to be more accurate.

In order to get accurate values of binding stoichiometry in a
model-independent manner, the method of Continuous Variation
Analysis, also known as Job plot method, was utilized (Fig. 2B and
Fig. S2). Stoichiometries determined via Job plot were found to be
equal or lower than those obtained via Direct Fit or Scatchard
analysis (Table 2). Specifically the stoichiometries of 2:1, 3:1, 2:1,
3:1, and 2:1 were observed for complexes of Tel22 with 4P3, PN3M,
PC3M, PL3M, and TMPyP4, respectively. The Job plot

stoichiometries most likely reflect only high-affinity binding sites,
whereas higher stoichiometries determined from fitting of UV-vis
titration data represent tight, weak and non-specific binding,
with the binding constants representing the average of all the
binding events. Due to its model-independent nature, Job plot
method is deemed more accurate in determining binding stoichi-
ometry as compared to Direct Fit or Scatchard analysis. In order to
obtain binding stoichiometry via Scatchard analysis, the linear data
needs to be extrapolated to zero [54], increasing associated error.
While high values of binding stoichiometry seem unusual, or even
impossible, they are routinely observed for porphyrin ligands by us
[55] and others [56,57]. For example, TMPyP4 was found to bind to
different variants of human telomeric DNA with a stoichiometry of
4:1 [56]. In calorimetric studies TMPyP4, Ni(II)TMPyP4 and
CuTMPyP4 were shown to bind Tel22 with 4:1 stoichiometry via
two higher and two lower affinity binding sites [57]. Job plot
analysis of PtTMPyP4 binding to Tel22 suggested up to 4:1 binding
stoichiometry [55]. High binding stoichiometry can be explained by
the presence of multiple binding sites or by DNA-assisted ligand
self-stacking. The latter possibility can be verified by themagnitude
of induced CD signal in the Soret region (see below).

The curvature (or the ‘sharpness’) of Job plots can be used as a
qualitative measure of the strength of binding; tight binding leads
to Job plot data which can be represented by two intersecting lines,
whereas weak binding introduces significant curvature. Based on
the Job plot data in Fig. 2B and Fig. S2, we ranked the porphyrins in
order of decreasing binding affinity toTel22: 4P3, ~TMPyP4, ~PL3M,
~PN3M > PC3M > P2C2M. This order is in agreement with the
numerical values of Ka found in Table 2.

The parameters from the UV-vis titration data can be used to
evaluate porphyrin's binding modes. Titration of porphyrins with
Tel22 led to large values of hypochromicity (38e52%) and red shift
(15.3e19.5 nm) for all porphyrins except P2C2M. High values of %
H and Dl indicate significant overlap between aromatic systems of
porphyrins and the DNA bases. For P2C2M, both %H and Dl are
significantly lower, 18% and 5.4 nm, respectively, suggesting
weaker interactions. %H and Dl obtained for porphyrins in this
study are similar to those reported earlier from our laboratory:
ZnTMPyP4 (%H ¼ 34% and Dl ¼ 17.2 nm) [48], PtTMPyP4 (%
H ¼ 53% and Dl ¼ 13.5 nm), and PdTMPyP4 (%H ¼ 45% and
Dl ¼ 14.0 nm) [55] and thus might suggest similar binding modes.
Over the years, similar data were interpreted to suggest interca-
lation or stacking of porphyrin onto the terminal G-tetrad, also
known as end-stacking. True intercalation was never observed in
the structural studies. End-stacking, on the other hand, is

Fig. 2. 4P3 binding to Tel22 in 5K buffer at 20 �C. (A) Representative UV-vis absorption spectra of 3.7 mM 4P3 titrated with 113 mM Tel22 reaching the final [GQ]/[4P3] ratio of 4.0.
Insert displays the fit to Scatchard plot, linearity of which confirms 4P3 binding to equivalent and independent sites. (B) A representative Job plot constructed by plotting the
difference in the absorbance values at 421 nm versus mole fraction of 4P3. (C) The best fit of the titration data using Direct Fit [48] is shown by the solid line, while the dashed lines
represent 95% confidence interval. Binding constant was determined to be (9 ± 2) � 106 M�1 based on three independent experiments and 3:1 4P3:Tel22 binding model.
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supported by the NMR structural data for c-myc GQ in complex
with TMPyP4 [58], tetramolecular human telomeric GQ in com-
plex with heme [59], and is observed in X-ray structure of Tel22 in
complex with another porphyrin, N-methylmesoporphyrin IX,
NMM [43]. Note, in the latter structure NMM stacks directly onto
the 30 G-tetrad of Tel22 and interacts with a reverse A-T base pair
on its other face. At the same time, an X-ray study of a 2:1 com-
plex between TMPyP4 and bimolecular human telomeric DNA
from Neidle's lab [60] indicates that TMPyP4 interacts with base-
pairs and loops but does not end-stack. Specifically, one molecule
of TMPyP4 stacks with reverse T-A base-pair (which caps the GQ
core) on both sides while the second TMPyP4 molecule is oriented
perpendicular to the GQ axis and binds to loops via four T bases,
two on each side of the ligand.

The combination of our spectroscopic data and literature
structural studies leads us to suggest end-stacking (or more broadly
base-stacking) as the preferred binding mode of porphyrins in this
work. This binding is further reinforced by the extensive electro-
static interactions which provide a significant (if not major)
contribution to the binding affinity. Lowering the charge from 3þ in
4P3, PL3M and PN3M to 2þ in PC3M lowers the binding constant ~5
times, (from 5-9 mM�1 to 1 mM�1) and further lowering of the
charge to neutral in P2C2M effectively abolishes the binding (also
reflected in low %H and Dl). Interestingly, tetracationic TMPyP4
does not bind to Tel22 more strongly than the tricationic group, as
would be expected based merely on the electrostatic argument.
This finding might suggest a limit to the electrostatic effect, or
compensating contributions from base-stacking and other binding
modes to the overall binding affinity.

3.2. Stabilizing ability and selectivity of porphyrins via fluorescence
resonance energy transfer, FRET

An important characteristic of a GQ ligand is its ability to sta-
bilize GQ-DNA, which can be measured in FRETmelting assay. FRET
is a benchmark technique in the quadruplex field which allows
screening a variety of conditions (e.g. ligand concentration, buffer
composition) in a short amount of time. FRET assay also allows
evaluation of ligands' selectivity when excess of unlabelled
competitor DNA is included in the assay. Researchers in the quad-
ruplex field collect FRET data under identical conditions for a va-
riety of ligands following a well-established protocol [46]. As a
result, stabilizing abilities and selectivities of a broad spectrum of
ligands can be directly compared across laboratories - this consti-
tutes the major strength of the FRET method.

Results of FRET melting assay are presented in Fig. 3. All por-
phyrins in this study but P2C2M are excellent stabilizers of human
telomeric DNA: at 1.0 mM 4P3, PN3M, PC3M, and PL3M increase the
melting temperature of F21D by 20.9 ± 0.6, 22.9 ± 0.5, 21.0 ± 0.9,
and 22.4 ± 1.0 �C, respectively. The behavior of the three porphy-
rins, 4P3, PL3M and PN3M, in FRET assay is similar in the

concentration range tested, 0.4e4 mM. Their stabilizing ability is
superior to that of PC3M at [Porphyrin] > 1 mM. The weaker sta-
bilizing ability of PC3M correlates well with its lower binding af-
finity to Tel22, Table 2. The weakest stabilizer, P2C2M, increases the
melting temperature of F21D by only 3.3 ± 1.0 �C at 1.0 mM, and by
11.9 ± 0.5 �C at 4.0 mM. Tetracationic TMPyP4 stabilizes F21D by
33.1 ± 0.2 �C at 1.0 mM [47,48], significantly better than the trica-
tionic porphyrins of this study. We observe that the stabilization
temperature, DTm, correlates strongly with the charge on the
porphyrin (Fig. 3B): an increase in charge leads to an increase in
DTm, supporting the hypothesis that electrostatics is a main
contributor to binding interactions between porphyrins of this
study and Tel22. Stabilizing abilities of selected porphyrins were
also tested in Naþ buffer (Fig. S3). Our data suggest that these
porphyrins stabilize human telomeric DNA in Naþ buffer to a
significantly lower extent, by 7.7 ± 0.6, 5 ± 2, and 0 ± 0.5 �C at
1.0 mM, for 4P3, PC3M and P2C2M, respectively, as compared to Kþ

buffer.
To test porphyrins' selectivity for GQ versus the most common

cellular competitor, dsDNA, FRET selectivity studies were per-
formedwith CT DNA (Fig. 3C). Excitingly, all porphyrins in our study
are significantly more selective for GQ vs. dsDNA as compared to
TMPyP4. The selectivity ratio (S), defined as the amount of a
competitor needed to decrease DTm by 50% is > 480 for 4P3, PC3M,
P2C2M, PL3M, and is 170 for PN3M, and 130 for TMPyP4 under our
conditions (1.6 mM ligand, 0.2 mMF21D, 5mMKþ). Interestingly and
maybe not surprisingly, the most selective ligand is P2C2M (which
is also the least stabilizing): the stabilization temperature of 0.2 mM
F21D in the presence of 4.0 mMP2C2Mdecreases by less than 2 �C at
a 480-fold excess of CT DNA, Fig. 3C. On the other hand, PN3M and
TMPyP4, which have charges of 3þ and 4þ, respectively, display the
lowest selectivity. Thus, the positive trend between charge and
stabilization is reversed with respect to porphyrin's selectivity. The
selectivity data is promising, as it shows that certain modifications
of TMPyP4 (in this case, a decrease in its overall charge) can lead to
greatly improved selectivity, while maintaining strong stabilizing
ability.

Generally, interactions between ligand and DNA are based on
both electrostatic and p e p stacking components. The former,
attraction between a negatively charged DNA and a positively
charged ligand, contributes to the strength of interactions but leads
to low selectivity as a cationic ligand will be attracted to any DNA
secondary structure assuming the absence of severe steric clashes.
Thus, decreasing the charge on the porphyrin (moving from
TMPyP4with 4þ charge to 4P3, PN3M and PL3Mwith 3þ charge, to
PC3M with 2þ charge and then to the overall neutral P2C2M) will
decrease the strength of its interactionwith DNA (Fig. 3B), but could
improve its selectivity for GQs (Fig. 3C). The resulting effect should
depend strongly on the interplay between the contributions of
electrostatic and p e p stacking to binding. Other binding modes
(specific hydrogen bonds, groove binding, etc) can be engineered

Table 2
Binding parameters for the interactions between porphyrins and Tel22: average %H, Dl, Ka, and binding stoichiometry from Job Plot.

Porphyrin %H D l (nm) Isosbestic point
(nm)

Ext coeff, ε, for complex
(M�1 cm�1) � 105

Direct Fit Ka

(mM�1)
(P:Tel22)

Scatchard Ka (mM�1)
(stoichiometry)

Job Plot, mole fraction
(P:Tel22)

4P3 44 ± 2 19.5 ± 0.4 434 ± 1 0.84 ± 0.02 9 ± 2 (3:1) 5 ± 3 (4.0 ± 0.4) 0.69 (2:1)
PN3M 38 ± 1 15.3 ± 0.4 436.9 ± 0.6 0.61 ± 0.01 4.5 ± 1.1 (5:1) 1.5 ± 0.2 (6.8 ± 0.9) 0.75 (3:1)
PC3M 46.1 ± 0.5 18.0 ± 0.2 435.2 ± 0.4 1.00 ± 0.01 1.0 ± 0.1 (2:1) 0.7 ± 0.2 (2.6 ± 0.4) 0.64 (2:1)
PL3M 52 ± 1 17.3 ± 0.6 436.1 ± 0.2 0.47 ± 0.01 7 ± 4 (4:1) 1.6 ± 0.4 (5.8 ± 0.6) 0.74 (3:1)
P2C2Ma 18.0 5.4 None 0.49 No fit Non-linear 0.70 (2:1)
TMPyP4 41 ± 1 16.8 ± 0.3 434.0 ± 0.2 1.32 ± 0.04 7.6 ± 0.9 (2:1) 2.5 ± 0.6 (2.8 ± 0.3) 0.66 (2:1)

a Note, the numbers for P2C2M depend on a particular [Tel22]/[P2C2M] ratio due to weak interactions between the porphyrin and DNA. Here the ratio used is 5.2.
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and subsequently exploited to enhance the binding affinity and
stabilizing ability lost by decreasing the ligand's charge.

3.3. Stabilizing ability of porphyrins via CD and UV-vis melting
studies

While the FRET method provides important information about
ligand’s stabilizing ability and selectivity, its major drawback is the
presence of labels on DNA. There is always a possibility that labels
might affect DNA stability or its secondary structure, or interfere
with ligand binding. A more direct, but time and material
consuming, method to accurately determine the stability of GQ
DNA is CD melting. The simplest case is a two-state system which
consists only of folded and unfolded DNA in equilibrium at any
given temperature and no intermediates. For such a system, col-
lecting a single wavelength melting profile will suffice. In this case,
~264 nm wavelength is usually monitored for parallel GQs and
~295 nmwavelength is monitored for antiparallel or mixed-hybrid
GQs. Heating and cooling profiles are collected to confirm the
reversibility, and hence the two-state nature, of the system in
question. However, as Chaires elegantly showed, human telomeric
DNA unfolds upon melting via a series of intermediates [61e63]. To
detect the number and nature of these intermediates the full CD
spectrum in the UV region needs to be collected at each tempera-
ture; such experiments are time consuming.

Full wavelength CD scans were collected for each Tel22-
Porphyrin complex and the representative data are shown in
Fig. 4B, S4, and S5. For the Tel22-4P3 complex we observed (mostly)
a decrease in the CD signal intensity but no change in CD signal
shape, suggesting that melting can be approximated by a two-state
process. The dual wavelength test [51] showed linear correlation
betweenmultiple wavelengths, Fig. 4C, further confirming the two-
state process assumption. The data for Tel22-PL3M and for Tel22-
PN3M complexes (Fig. S4 and S5) resemble the two-state process
in general, though the dual wavelength test deviates from linearity.
Whenmonitored at a single wavelength (~294 nm) the melting and
cooling curves are superimposable, however. This example em-
phasizes the importance of monitoring the entire UV region in CD
melting experiments in order to obtain complete and correct in-
formation about the complexity (or simplicity) of melting transi-
tion. Melting data for Tel22-P2C2M closely resemble the data for
Tel22 alone, suggesting that the presence of P2C2M has a minimal
effect on the thermal stability of Tel22.

In addition to CD melting, temperature-induced unfolding of
Tel22 in the presence of porphyrins was also monitored via UV-vis
spectroscopy. The signal at 295 nm decreases with increasing
temperature, a feature characteristic only for quadruplexes and i-
motifs, but not for ssDNA, dsDNA or other DNA structures [64].
Representative melting are shown in Fig. 4A and suggest that 4P3
has excellent stabilizing ability toward Tel22.

Fig. 3. FRET melting assay in 5K buffer. (A) Change in melting temperature, DTm, of 0.2 mM F21D upon the addition of ligand (0e20 equivalents) specified in the figure legend. The
error bars result from the averaging of three experiments, each run in duplicate. (B) Correlation between the stabilization temperature at 5-fold excess porphyrin vs overall charge
on porphyrin. Dashed line represents linear fit. (C) Ligand-induced stabilization of F21D in the presence of duplex DNA competitor, CT DNA, added at 0 eq to 480 eq (per base pair)
relative to F21D (per strand). Each sample contained 0.2 mM F21D and 1.6 mM of each porphyrin except P2C2M, for which the concentration was 4.0 mM.

Fig. 4. CD and UV-vis melting of Tel22-Porphyrin complexes in 5K buffer. (A) Representative normalized melting curves for ~3.0 mM Tel22 in the presence of 4.0 eq of specified
porphyrins. All samples, but Tel22þ4P3, were monitored at 294 nm; the Tel22þ4P3 complex was monitored at its maximum, 247 nm. 4P3 is the most stabilizing of all the por-
phyrins studied. (B) Full wavelength CD melting of 3.0 mM Tel22 in the presence of 4 eq of 4P3. Blue line represents the CD spectrum at 4 �C and red line represents the final
spectrum at 85 �C. (C) Dual wavelength test for the data shown in (B). Linearity of the dual wavelength plot suggests that melting can be described by a two-state process.
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Thermodynamic analysis of the melting data yielded the values
of melting temperature, Tm, and enthalpy, DH. There was an
excellent agreement in the values obtained from CD and UV-vis
melting, and Table S1 contains the averages of the data obtained
using both methods. The melting temperature for Tel22 alone is
48.3 ± 0.9 �C and DH is 198 ± 13 kJ/mol, in agreement with our
earlier results [47]. 4P3 stabilized Tel22 to the greatest extent, by
16.8 �C, followed by PN3M (withDTm of 9.1 �C) and PL3M (withDTm
of 3.9 �C). In agreement with all other data for P2C2M, this
porphyrin was found to have a weak effect on Tel22, destabilizing it
by 0.1 �C at 4 eq. Finally, 4 eq of TMPyP4 stabilize Tel22 by 8.8 �C,
much weaker as compared to 4P3.

It is important to mention that we did not expect the absolute
values of stabilization temperatures to agree between FRETand CD/
UV-vis melting experiments. FRET monitors melting indirectly, as
an increase in the distance between fluorophore and quencher,
while CD/UV-vis is a direct measurement of DNA unfolding. Hence,
the stabilization properties characterized in CD and UV-vis melting
experiments agree only in general with the results from FRET as-
says: namely that all porphyrins but P2C2M stabilize Tel22. More
specifically, however, one can see that FRET study suggests that
TMPyP4 is by far a superior stabilizer of human telomeric DNA, yet
direct melting studies identify 4P3 for this role, followed by PN3M
and TMPyP4, and then by PL3M. Thus, while FRET is a highly effi-
cient method indispensable for ligand screening, when detailed
thermodynamic information is required, CD or UV-vis melting
should be performed.

3.4. Effect of porphyrins on the structure of Tel22 via CD annealing
studies

CD is an excellent technique to study how ligands affect sec-
ondary structure of DNA. Different GQ conformations have specific
and recognizable CD signatures [65]. It is well established in the
literature that in the presence of 5 mM Kþ (5 K buffer here), Tel22
exists mainly as a mixture of hybrid-1 and hybrid-2 quadruplex
conformations [36e39] with awell characterized CD signature [41].
CD spectra of Tel22 annealed alone or in the presence of 4 eq of
each porphyrin are shown in Fig. 5. All porphyrins alter the sec-
ondary structure of Tel22 upon binding, leading to a decrease in the
prominent peak at 293 nm. This decrease could signify unfolding or
partial melting of the quadruplex.

The CD signal of the Tel22-4P3 complex is particularly unusual,
Fig. 5B. With a negative peak at 280 nm and a positive peak at
247.5 nm, it does not seem to correspond to any of the CD signa-
tures typically associated with GQs [65]. There are a few possible
explanations for this unusual signal. The most obvious one is that

Tel22 loses its quadruplex topology when in the complex with 4P3.
To test this hypothesis, we collected UV-vis thermal difference
spectra (TDS). DNA folded into a quadruplex displays a character-
istic TDS signature with positive peaks at 243 ± 2 and 273 ± 1 nm,
and a negative peak at 295 ± 1 nm [66]. The TDS of the Tel22-4P3
complex displays all three of these features, Fig. 5C, confirming the
quadruplex nature of Tel22 DNA.

Second, it is possible that 4P3 produces a negative induced CD
signal (iCD) in the UV region of CD spectrum which, when super-
imposed onto the CD of Tel22, could result in an unusual shape,
Fig. 5B. Typically, an iCD appears in the part of the CD spectrum
with strong ligand absorbance (e.g. Soret region of Tel22-4P3 at
~440 nm). 4P3 absorbs only weakly in the UV region (Fig. S6) and is
unlikely to produce a strong iCD because even the iCD in its Soret
region is quite weak (see below).

Finally, an interesting possibility to consider is that 4P3 induces
a left-handed GQ structure in Tel22. Recently, a left-handed quad-
ruplex has been reported to have CD signal with a negative peak at
~275 nm and a positive peak at ~250 nm [67]. These peaks corre-
spond, within some error, to the CD signal of the Tel22-4P3 com-
plex, Fig. 5B. We are currently pursuing structural studies to test
this hypothesis.

3.5. Porphyrin-induced iCD

When porphyrins, which are colored but achiral, and Tel22,
which is chiral but not colored, are bound together, they are ex-
pected to produce a chiral colored complex with an induced CD
signal (iCD) in the Soret region, ~420e440 nm. The presence of an
iCD is often used as a marker of ligand binding to GQ DNA. For
dsDNA-porphyrin systems, extensive iCD data reported in literature
were used to establish a relation between the mode of binding and
the type and magnitude of the resulting iCD. Specifically, interca-
lation is manifested in a negative iCD and groove binding is asso-
ciated with a positive iCD; external binding (for sterically bulky or
non-flat ligands) results in positive iCD or no iCD [68]. Super-
position of multiple binding modes should lead to a bisignate
signal. In all cases above, molar elipticity of the signal is low. High
intensity bisignate iCD usually signifies DNA-assisted porphyrin
aggregation. Typically, aggregation is enhanced for low charge
molecules (1þ, 2þ) at high drug load and salt conditions [69]. It is
important to note that the number of iCD studies of GQ-porphyrin
systems (as opposed to dsDNA-porphyrin systems) is rather
limited; thus iCD data in this particular context should not be
overinterpreted.

In this work, a positive iCD was observed for Tel22-PL3M com-
plex, a positive/bisignate iCD was observed for Tel22-4P3 complex,

Fig. 5. CD and TDS spectra of Tel22 annealed with porphyrins under study in 5K buffer at 20 �C. (A) CD spectrum of Tel22 in the presence of 4 eq of PL3M, PN3M, P2C2M, and
TMPyP4. (B) The CD spectrum of Tel22-4P3 in the UV region is shown separately to highlight its distinctive shape. (C) UV thermal difference spectrum of Tel22 and Tel22-4P3.
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and a negative iCD was observed for Tel22-PN3M and Tel22-
TMPyP4 complexes, Fig. S7. In all cases the signal intensity is
rather low suggesting that the signal results from porphyrin
binding to DNA, and not aggregation (as the high stoichiometry
observed in our UV-vis titration might suggest). Low signal in-
tensity might also suggest that porphyrins have more freedom in
orientation upon binding which would argue against intercalation,
a relatively rigid binding mode, and for end-stacking. The Tel22-
P2C2M complex did not produce an iCD signal, Fig. S7E, support-
ing our earlier conclusions about weak interaction in this system.
NMM, another porphyrin extensively studied in our laboratory
yields a weak negative iCD signal at ~390 nm when bound to GQs
formed by human telomeric DNA or by the oncogene promoter
sequences [47]. Although negative iCD is typically associated with
intercalation for dsDNA, NMM's binding mode to Tel22 is end-
stacking as was shown via X-ray crystallography [43]. Based on
the similarity of iCD for Tel22-NMM, Tel22-TMPyP4, and Tel22-
PN3M under our condition, we can suggest similar end-stacking
binding mode. Binding of 4P3 and PL3M to Tel22 could be
different, but its exact nature cannot be inferred from iCD alone
because generalized correlations between iCD and structural data
for GQ-porphyrin systems is lacking.

4. Conclusion

In this study, we set out to identify derivatives of TMPyP4 that
share its excellent stabilizing ability, but possess greater selectivity
for GQ over dsDNA. To this end, five derivatives of TMPyP4 with
varying side-chains were synthesized and characterized with
respect to their binding to the human telomeric DNA, Tel22. We
discovered that the porphyrins, most likely, bind to Tel22 via base-
stacking (possibly end-stacking) and that electrostatic interactions
play a major role in these binding events. Decreasing the charge on
the porphyrins from 4þ to 3þ, and then to 2þ leads to a decrease in
stabilization temperatures and binding constants, but to a signifi-
cant increase in selectivity. The most promising ligand in this study is
tricationic 4P3 which is superior to TMPyP4 in both its selectivity for
GQ vs. dsDNA and its stabilizing ability (measured via direct melting
and not FRET). Structural studies are on the way to explore the
atomic details of 4P3 binding to Tel22. The decrease in charge to 2þ
in PC3M leads to decreased binding constant but excellent selec-
tivity, and when the charge is diminished to overall zero in P2C2M,
porphyrin binding to Tel22 is entirely compromised. Interplay be-
tween cationic charge and aromaticity of the ligand can lead to a
favorable balance of ligand's selectivity and stabilizing ability.
Therefore, derivatives of TMPyP4 with three positive charges might
be better quadruplex ligands than TMPyP4, especially when
modified with side-chains that can provide additional binding
modes (e.g. H-bonding, loop binding).
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