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 G-quadruplexes are four-stranded structures of DNA composed of G-quartets that have 

been proposed to play an extremely important role in replication, transcription, and translation. It 

has, however, been extremely difficult to unequivocally demonstrate that G-quadruplexes form in 

living cells due to the lack of probes that would allow for their unambiguous detection and location 

without disrupting the DNA or the cellular environment. To circumvent these problems, it was 

proposed that DNA itself could be used as an intrinsic photoprobe for certain classes of G-

quadruplex structures and other non-B DNA conformations in vivo. Recently, we discovered that 

UVB irradiation of human telomeric DNA and various other G-quadruplex forming sequences 

found in human promoters, as well as reverse Hoogsteen hairpins, results in a unique class of non-

adjacent anti cyclobutane pyrimidine dimers (CPDs).  In this thesis, we explore the proposal that 

anti CPD formation could be used as an intrinsic photoprobe for certain classes of G-quadruplex 

structures and other non-B DNA conformations in vivo.  The idea would be to use a pulse of UVB 

light to irreversibly trap the non-B DNA structures via anti CPD formation without perturbing the 
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dynamics of the DNA or the cell in the process, after which the anti CPDs could be mapped to 

provide unambiguous evidence for the formation and location of these structures in vivo 

As a first step towards this goal, we report the development of radioactive post- and pre-

labeling assays for the detection of nonadjacent photoproducts and show its ability to detect the 

trans,anti T=T CPD that forms in human telomeric DNA. We do so by making use of the enzyme 

snake venom phosphodiesterase (SVP) to degrade the trans,anti-CPD to a tetramer 

(pT)pT=(pT)pT, that after dephosphorylation with calf intestinal phosphodiesterase and 

rephosphorylation with kinase and [32P]-ATP produces a fragment of DNA that can be analyzed 

by high resolution gel electrophoresis with a fmol lower limit of detection. In the pre-labeling 

assay, radiolabeled phosphates are introduced into anti T=T CPD forming sites by ligation of 5’-

end-labeled oligodeoxynucleotides and only require treatment with SVP.  We also demonstrate 

that the assays can detect the stereoisomeric cis,anti T=T CPD. 

To determine the scope and limitations of the post-labeling assay method to detect non-

adjacent CPDs, we use it to investigate the photochemistry of a number of biologically relevant 

non-B secondary structures. We report the detection of non-adjacent CPDs under conditions that 

were previously determined by the NP1-MS assay to produce these photoproducts in insignificant 

amounts, as well as in structures not expected to form anti CPDs. We show that photoreversal of 

the CPDs with 254 nm light can be used distinguish DNA photocrosslinked by non-adjacent CPDs 

from non-photoreversible DNA photoproducts and from partially degraded DNA. We show that 

the post-labeling assay can be used to corroborate and complement enzyme-coupled mass 

spectrometry assays resulting in a more complete understanding of the photoreactivity of non-B 

secondary structures. 
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Chapter 1: Introduction 
1.1 DNA G-Quadruplex Structures 
Guanine-rich sequences of DNA and RNA are known to fold into a right-handed four-stranded 

non-canonical conformation known as G-quadruplexes (G4s). G-quadruplex structures form 

through the p-p stacking of two or more G-tetrads. G-tetrads have a square planar arrangement 

that forms from the Hoogsteen H-bonding between four guanine (G) bases (Figure 1a) (1,2). The 

stacked G-tetrads are stabilized by the presence of cations that are coordinated to the free lone pair 

electrons on the carbonyl groups of the H-bonded G bases, that would otherwise create unstable 

electrostatic repulsion forces at the center of the structure (3,4).  

The stabilizing role that cations play on G-tetrads depend on the identity and size of the ions, where 

a preference has been observed for monovalent alkali metal cations in aqueous solutions in the 

order of K+ > Na+ >> Li+ (4–6). Depending on the size of the cations, they can be located either in 

the plane of the G-tetrads where they form coordination bonds with the four guanine bases (Fig. 

1a), or in between G-tetrads where the ions interact with bases from the planes above and below 

creating a coordination number of 8 (Fig. 1b). Na+ ions have been observed to be located in the 

plane of the G-tetrad as they have the proper size to fit the central cavity, while K+ ions are too 

large in size and can only fit in the inter-plane space between the tetrads (3,7). Ions like K+ that 

octa-coordinate with the G-tetrads are observed to better stabilize G-quadruplexes in aqueous 

solutions compared to Na+, due to the lower energy required to dissociate the outer shell of 

hydration (8,9). Li+ is smaller in size compared to Na+ and is more strongly hydrated, resulting in 

an even greater energy penalty for binding to G-quadruplexes. Similarly, Li+ is too small in size 
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to properly fit in the central cavity of the G-tetrads making it incapable of creating coordination 

bonds with all the G bases (10).  

G-quadruplex structures are characterized by having a high degree of structural polymorphism that 

depends on an array of factors such as: nucleotide composition and length of the DNA sequence 

that forms this structure, the orientation of the strands, the glycosidic bond conformation of the 

guanine bases, the loop connections, and the environmental factors such as the type of cations 

present, molecular crowding, and hydration state (7,11–14).  The basic sequence motif for forming 

G-quadruplexes is G³2NXG³2NXG³2NXG³2NX, here N is any nucleotide that resides in the loops 

that connects the G-tracks, while the G-tracks (a minimum of 2 Gs) form the G-tetrads through 

Hoogsteen bonding of the guanine bases (Fig.1)(15).   

If the four strands that form the G-quadruplex structure have the same orientation, they create a 

parallel type of structure that is connected through propeller loops (Fig. 1a)(16,17). If the strands 

have opposing orientations, an anti-parallel type of structure forms where a higher diversity of 

loop combinations are observed. Antiparallel strands can be connected by two types of loops, 

lateral (edgewise) and diagonal (central), that are found in the chair and basket types of structures 

(Fig, 1c) (7,18). Another antiparallel type of G-quadruplex structure that is observed is known as 

the hybrid type. This structure has a mix of parallel/antiparallel strands that are connected by lateral 

and propeller loops, where two interchangeable conformations form what is known as the hybrid-

1 and hybrid-2 G-quadruplexes (Fig. 1c). These two structures differ from one another by the way 

the loops are ordered, where hybrid-1 structure has the propeller loop closest to the 5’-end, while 
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the hybrid-2 structure has the lateral loop by the 5’-end and the propeller loop by the 3’-end of the 

structure (19–21).  

The glycosidic bond angle of the guanine bases in the G-tetrads adopt either the anti or syn glycosyl 

conformation depending on the relative orientation of the strands that make up the G-quadruplex. 

For the antiparallel and hybrid type of structures, the G bases are observed to alternate between 

the syn and anti-glycosidic bond angles (7,18,22), while the guanine bases in the parallel type of 

structure exclusively adopt the anti-glycosyl conformation (17,23). As the anti-glycosyl 

orientation of DNA bases are more stable than the syn conformation which causes steric clashes 

between the base and the deoxyribose sugar, the parallel conformation of G-quadruplex structures 

are more energetically favorable and stable compared to the antiparallel conformations (13).  

Depending on the DNA sequence and the folding environment, multiple folded G-quadruplex 

conformations of similar energies are found to be in equilibrium with one another resulting in a 

highly dynamic folded structural aggregate (24). G-quadruplex structures have been observed to 

fold by diverse mechanisms, where some G-quadruplexes fold by a two-state pathway (25), while 

others proceed through many well-populated folding intermediates (26).  Which folding pathway 

is followed depends on different factors such as: the identity of the cation present, the sequence 

and length of the loops, the number of guanines present in the G-tracts, and the 5’- and/ or 3’-

flanking sequences that can interact and have a stabilizing stacking effect on the G-quadruplex. 

All these factors have an impact as to which fold a sequence will adopt, making this particular 

non-B form of DNA extremely polymorphic in nature (25,27,28).  
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In addition to folding intramolecularly, G-quadruplexes have been observed to also form 

intermolecularly (Figure 1d). Intramolecular G-Quadruplexes form when a strand contains all the 

necessary sequence motifs for the formation of the non-canonical structures. Depending on the 

concentration of the strands, as well as the environment and the sequence of the strands, two to 

four strands have been observed to associate with one another forming intermolecular G-

quadruplexes (29,30). The highly diverse polymorphic nature of G-quadruplexes is believed to be 

used by cells for an array of cellular processes, leading to many different hypotheses for the roles 

that these structures could be playing in vivo. The problem is that to this day there is very limited 

data for the existence of these structures in vivo. 

1.2 Biological Relevance of G-Quadruplex Structures 

The regulatory roles that G-quadruplex structures are proposed to play in vivo involve critical 

cellular processes where the DNA transiently adopts a single stranded conformation such as in 

transcription and replication where the helical DNA becomes partially unwound. G-quadruplexes 

are also proposed to arise in telomeres and messenger RNAs where the DNA and RNA are single-

stranded (Fig. 2).  G-quadruplexes are therefore suspected to be involved in many critical cellular 

roles where its exact role is still very much questioned due to the very limited set of probes that 

are currently available for their study (31,32). 

1.2.1 G-Quadruplexes in Telomeres 
Telomeres are specialized DNA-protein complexes that are found at the natural ends of 

chromosomes. In vertebrates, telomeric DNA consists of tandem repeats of the 5’-(TTAGGG)n-3’ 

sequence that ends in a 20-600 base long single-stranded 3’-overhang. Telomeres evolved as a 
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solution to the “end replication problem” that is caused by the 5’ ® 3’ directionality of DNA 

polymerase synthesis and the inability of DNA polymerases to initiate DNA synthesis at the 3’-

end of DNA without a primer.  In DNA replication, an RNA primase produces an RNA primer 

that is eventually degraded, thereby leading to the consecutive shortening of the DNA with each 

round of DNA replication. To solve this problem the reverse transcriptase enzyme telomerase uses 

an RNA template to direct the elongation of the 3’-end of the DNA with a repeating sequence 

(telomeric DNA), that prevents loss of the complementary sequence (22,33). 

The first biologically relevant sequences to be detected to form G-quadruplexes in vitro were the 

highly conserved G-rich sequences of telomeric DNA (34), suggesting that these structures might 

play an important role in telomere biology (Fig. 2a). In vitro telomerase has been shown to 

recognize and unwind the parallel G-quadruplex structures, and then proceed to extend the 

telomere end (35).  On the other hand, when telomerase encounters an anti-parallel G-

quadruplexes, however, they do not seem to be good binding substrates for telomerase as it is not 

as efficient at extending them as parallel quadruplexes (36,37). The extension of telomeres in the 

presence of anti-parallel G-quadruplex structures seems to depend on proteins like POT1, which 

are single-stranded DNA binding proteins that help unwind intramolecular G-quadruplexes and 

trap the linear form of DNA making it accessible for its extension (Fig. 3a) (38). The effects that 

parallel and antiparallel G-quadruplex structures have on telomerase in vitro seems to suggest that 

different conformations of G-quadruplexes may play different biological roles in the cell (39).  

The formation of G-quadruplex structures in telomeric regions is also suspected to play a capping 

role where they might protect the end of chromosomes ensuring its stability and maintenance (Fig. 
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3b) (40). The formation of these complex structures in the single-stranded portions of telomeres 

are believed to prevent the degradation of these DNA regions by nucleases making sure their 

integrity are conserved (41). Similarly, G-quadruplexes are also believed to protect telomeres by 

preventing the access of incorrectly activated DNA repair machinery that may proceed to process 

the end of chromosomes as damaged DNA double strand breaks (DSB) (39,40,42). However, 

whether G-quadruplexes play these roles in telomeres, or even if they form in these regions, still 

remains to be established.  

Various studies have shown that G-quadruplex conformations depend on the length and number 

of G-runs in the sequence, the counterions present, and the flanking sequences. In solutions of K+ 

which is the major intracellular cation, telomeric sequences have been detected to adopt parallel, 

basket, and the two different types of hybrid G-quadruplex structures (Fig. 1b) (20,21,43,44).  In 

the presence of Na+, however, basket (23) and the two hybrid (45,46) antiparallel structures have 

been observed to form.   The sequences immediately adjacent to the 5’ and 3’-ends of human 

telomeric sequences greatly influence the relative stability of antiparallel hybrid type-1 and type-

2 which are in equilibrium with each other in K+ solution by specific capping interactions. For the 

hybrid type-2 structure, the 3’-flanking sequence is known to create base pairing interactions 

between a T base found in the 3’-end and TA bases found in the lateral loop 1, while for the hybrid 

type-1 structure capping interactions are known to form between bases found in both 5’- and 3’-

end sequences and bases found in all three loops. The energy barrier between these two hybrid 

forms of G-quadruplexes seem to be low allowing them to readily shift by minor changes in their 

conformation (19,44,47). In a recent study, single-molecule fluorescence-force microscopy 

experiments have detected up to six different DNA structures made up of very stable G-quadruplex 
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conformations and some folding intermediates in the presence of K+, showing the dynamic nature 

of human telomeric sequences (48). It has been determined that G-quadruplexes fold through the 

formation of folding intermediates such as G-triplex structures that form through the stacking of 

three G-tracks and make up a significant amount of the subpopulation of DNA structures that can 

form in telomeric sequences (26). Therefore, the structural biology of G-quadruplexes in telomeric 

DNA in vivo may be very complicated and difficult to elucidate. 

1.2.2 G-Quadruplexes in Gene Promoters 

Computational searches of the human genome for the putative G-quadruplex forming sequence 

(PQS) motif G≥3N1–7G≥3N1–7G≥3N1–7G≥3 have discovered that over 375,000 potential sites for G-

quadruplex formation are distributed in a non-random way throughout the genome (12,47).  They 

found that PQS’s are highly predominant in human gene promoters, especially near transcription 

start sites (TSS). They found that 42.7% of all the known human genes contain at least one PQS 

within the one kb region upstream the transcription start site (TSS), providing evidence that these 

structures could potentially play a critical role during gene expression (49).  The PQS’s were 

observed to be particularly predominant in genes that are connected to cancer, as well as to genes 

involved in gene regulation (i.e., transcription factors). Similarly, almost 66% of the nuclease 

hypersensitive sites, which are regions of the genome associated with open forms of chromatin, 

were found to have high frequency of PQS’s. Contrastingly, genes that are connected to tumor 

suppression and to protein biosynthesis were found to have lower frequencies of PQS’s. In the 

regions of the genome that are particularly enriched with PQS’s and are strongly associated with 

gene expression, G-quadruplex structures are believed to have the ability to act as a topological 

switch to control transcription (Fig. 4) (49,50).  
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The potential role that G-quadruplexes may have on transcription has been thoroughly studied in 

vitro with genes that have been linked to cancer, as well as to other diseases, that have PQS’s in 

their promoter regions. A correlation has been found between PQS’s, transcription initiation, and 

the development of certain diseases by studying genes such as c-MYC, BCL-2, KRAS, c-KIT, and 

VEGF. Depending on which DNA strand (template or non-template) the PQS is in, as well as its 

location with respect to the TSS, G-quadruplexes have been linked to have either a positive or 

negative effect in the transcription process (Fig. 4) (31,51).  

In the c-MYC oncogene, which was the first gene that was described to have a PQS in its promoter 

region, G-quadruplexes have been linked to suppressing its expression. Because the 

overexpression of this gene has been determined to be the dominant carcinogenic driver for up to 

70% of cancers, G-quadruplexes have become an attractive target for cancer drug development 

(41). c-MYC has a nuclease hypersensitive element III (NHE III) that is downstream from its 

promoter region that controls >80% of the transcription and contains a 46 bp PQS (PU46) that is 

located in the template strand (52,53).  This sequence contains six G-runs that can form a basket 

type with three G-tetrads, a chair comprised of two G-tetrads, and parallel type with three G-tetrads 

in K+ depending on which G-tracts are involved (53–55). The effect that the different G-quadruplex 

topologies have on the transcription rate of c-MYC has been studied in vitro, where it is believed 

that the parallel conformation has the highest inhibitory effect (55). The interaction of transcription 

factors (TF) with the PU46 G-quadruplex is believed to be one of the many factors that contributes 

to the negative effect that G-quadruplexes have on the transcription efficiency of the c-MYC gene 

(41). For example, when TF nucleoside diphosphate kinase (NM23-H2) binds to the PU46 region 

it stabilizes the single-stranded form of DNA, causing the unfolding of any G-quadruplex 
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structures that are present in this region leading to transcription activation. On the other hand, 

when the transcription factor known as nucleolin binds the G-quadruplex structures it prevents 

transcription initiation (Fig. 4a). Nucleolin is also known to prevent the binding of another TF 

protein known as SP1 which promotes transcription initiation by binding either duplex DNA or 

other G-quadruplex conformations, where SP1 binding is known to activate the recruitment of 

transcription initiation factors (41,56,57).  

Other modes of action that have been attributed to G-quadruplex structures during transcription, 

involves the presence of PQS’s downstream the transcription start site. During transcription the 

formation of a G-quadruplex in the template strand can prevent the progression of RNA 

polymerase resulting in its obstruction and causing transcription termination (Fig. 4d) (58). If the 

PQS is in the non-template strand, however, G-quadruplex formation can have a positive effect in 

transcription as it can stabilize the R-loop (RNA/DNA hybrid bubble) allowing for better access 

of RNA polymerase to the template strand facilitating initiation and progression of transcription 

(Fig. 4c)(59,60). 

In addition to the high abundance of G-quadruplex forming sequences in promoter regions, it is 

believed that these structures are prone to form during transcription due the dynamic perturbation 

that occurs in the DNA double helix during this stage in gene expression. Specifically, it is believed 

that the negative supercoiling introduced by the RNA polymerase machinery on the duplex DNA, 

even after the action of topoisomerases, can lead to DNA unwinding. Negative supercoiling is 

produced after RNA polymerase passes a region of DNA allowing for sequences upstream, such 

as promoter sequences, to unwind allowing PQS’s to form G-quadruplexes (51,61,62).  
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1.2.3 G-Quadruplexes in Translation 
Computational studies have also shown a prevalence of PQS’s in the 5’- and 3’-untranslated 

regions (UTR) of protein encoding genes where G-quadruplexes are believed to play a regulatory 

role in translation (Fig. 2d). Most of the post-transcriptional controls in cells are known to happen 

in the 5’- and 3’-UTR regions of mRNAs, where computational searches have found that 12.6% 

of genes have at least one PQS at the 5’-UTR, while 15.3% of genes have these PQS’s at the 3’-

UTR. When looking at the distribution of PQS’s in the 5’UTR of mRNAs, a high frequency of 

G4-forming sequences were found towards the beginning of the gene, where a decrease in their 

frequency was observed in the regions further into gene, suggesting that these structures could be 

playing a role in translational regulation, either by directly interacting with the translation 

machinery or by being involved with the proteins in charge of recruiting the ribosome complex 

(63,64). 

Another region of the gene that was found to have high frequencies of PQS’s was the downstream 

sequence of the TSS. It was found that within the first 100 bp of the first introns of genes, 48% of 

RNA transcripts contained a PQS that decreased in frequency within the introns found further into 

the gene, suggesting that these structures may be involved in the splicing of the pre-mRNA 

molecules (65). 

The high frequency of PQS’s found in the 3’-UTR of the mRNA’s were found to be slightly 

concentrated near the transcription end sites (TES) and the 3’-downstream regions of the mRNAs. 

These regions of the gene have been associated with the termination of transcription, especially 

when another gene is located immediately adjacent to it, leading to the proposal that G-

quadruplexes may act as a transcription termination element. It is speculated that when there are 
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back-to-back genes, G-quadruplexes may be playing a special role preventing harmful run-

throughs during transcription of these genes (64). Similarly, the presence of PQS’s at the 3’-UTR 

of mRNAs have suggested that these structures are involved in alternative polyadenylation 

processes, leading to the shortening of some of these mRNA molecules ultimately regulating their 

expression (66,67).  

Up to now all the hypotheses that have been proposed for how G-quadruplex structures could be 

involved in modulating the transcription and translation of genes (Fig. 2), especially 

protooncogenes, have resulted from studies done in silico, in vitro, and only a few that have been 

done in cellulo. These proposals have made G-quadruplexes a very attractive target for drug 

development purposes, especially for cancer (31,41), but without methods for detecting G-

quadruplex formation in vivo, this has become a very speculative endeavor. 

1.2.4 G-Quadruplexes in Replication 
During DNA replication, the antiparallel strands of helical DNA are replicated in different manners 

due to the unique way DNA polymerase functions. DNA polymerases are known to only read a 

DNA strand from the 3’® 5’ direction and to synthesize a new strand from the 5’®3’direction. 

This causes for one strand of DNA to be replicated in a continuous way (leading strand) while the 

other strand is replicated in a discontinuous way (lagging strand). During the discontinuous 

replication of the lagging strand, the DNA template becomes transiently single-stranded providing 

an opportunity for non-B forms of DNA to form, making the replication process another cellular 

event where G-quadruplex formation could be playing an influential role (Fig. 2b)(68).  
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In humans and other eukaryotic organisms, thousands of bidirectional replication origin sites have 

been identified to occur every 100 kb. PQS’s containing loop sequences with up to 7 nucleotides 

were found in approximately 67% of these sites, while 91.4% were found to contain a PQS with 

up to 15 nucleotides in its loops. The formation of G-quadruplexes at these replication origin sites 

have been suggested to help with replication initiation by facilitating duplex DNA unwinding and 

by helping with the origin replication complex (ORC) (69,70). The human ORC has actually been 

shown to have a higher binding affinity for single-stranded DNA that contains PQS’s compared to 

other sequence motifs of single-stranded or helical forms of DNA (71). 

Similarly, other proteins involved in the replication process have also been shown to preferentially 

associate with PQS’s (69). One class of such proteins are DNA helicases, such as the mammalian 

Pif1 and FANCJ, that have been found to contain G-quadruplex unwinding activity which is an 

activity specific to many eukaryotic DNA helicases involved in replication. In humans, the loss of 

the unwinding activity of many of these helicases that targets G-quadruplex structures have been 

linked to diseases that cause genomic instability (72,73). This genomic instability has been 

explained by the possible failure of a DNA polymerase to continue with replication of DNA as it 

stalls once it encounters a G-quadruplex structure forcing replication to be terminated (73,74).   

1.3 Methods for G-Quadruplex Detection in the Human Genome 

The majority of evidence available for the role that G-quadruplex structures play in the cell, have 

been obtained through in vitro studies that use favorable G-quadruplex forming conditions and 

synthetic DNA sequences. The certainty that G-quadruplexes form in human genomic DNA within 

cells is still very much questioned. To date, a number of enzymatic, antibody, and small molecule 
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probes have been developed for in vivo detection of G-quadruplexes (75). The problem with these 

techniques is that they only provide indirect evidence of the presence of G-quadruplexes in vivo 

as they either rely on enzymatic activity that could also detect other DNA structures, or antibody 

and small molecule binding probes that can drive the formation of the structures that they are 

supposed to detect. Implementation of some of these techniques involve procedures that disrupt 

the cellular environment and could alter the very delicate conformational dynamics that is 

characteristic of G-quadruplex formation. 

1.3.1 Sequencing of G-Quadruplex formation in the Human Genome 

One of the earliest techniques that was developed to detect and locate the formation of G-

quadruplex structures in human genomic DNA is the G4-dependent DNA polymerase stalling and 

next-generation sequencing technique (G4-seq) (Fig 5). This technique makes use of the ability of 

G-quadruplex structures to arrest the progression of DNA polymerase on isolated genomic DNA 

(76).  Purified human genomic DNA is first sequenced under salt and ligand conditions that 

stabilize G-quadruplex structures and compared to sequencing done in the presence of Li+ that 

does not stabilize G-quadruplex structures (Fig. 5a) (77).  Using this G4-seq method, 716,310 sites 

were determined to form G-quadruplex structures in vitro, of which 70% would not have been 

predicted to form based on the standard PQS motif.  This result indicates that G4-seq is also 

detecting non-canonical DNA G-quadruplex structures that were believed to be too unstable to 

form in human genomic DNA. Of these non-canonical structures 21.6% contained extra-long loops 

with more than 7 nucleotides, while 24% contained G-runs that had single-nucleotide disruptions 

that would produce bulges between the stacked G-tetrads (Fig. 5B) (77).  
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The highest frequency of PQS’s found by G4-seq were at the 5’- UTRs and splicing sites of 

mRNAs, supporting the hypothesis that G-quadruplex structures may be playing a role in gene 

expression during post-transcriptional regulation. Many of the non-canonical G-quadruplex 

structures detected by G4-seq were found within genes that contained little to no canonical G-

quadruplex forming sequences, some of which included many important cancer genes. A 

significant enrichment of G-quadruplex structures were also observed in somatic copy number 

alterations, traits that are signatures for cancer development, adding to the interest of targeting 

these structures for new cancer treatments (77,78). 

The frequency and location of the G-quadruplex forming sites detected in the human genome by 

G4-seq were highly dependent on the stabilizing conditions used to promote G-quadruplex 

formation in the polymerase stop assays. These stabilizing conditions consisted of using either K+ 

or G-quadruplex ligands such as pyridostatin (PDS) (Fig. 5a),which is a planar aromatic cationic 

compound that thermodynamically stabilizes G-quadruplex structures by stacking atop the G-

tetrads (79). When PDS stabilizing conditions were used, almost 200,000 more sites were detected 

compared to K+ alone, showing that the sequences detected by G4-seq actually reflect the binding 

and stabilizing properties that these molecules have on G-quadruplex structures, and not that these 

structures form significantly in the genome (77).  From all the sites that were detected by G4-seq, 

about half of the overall sites were found in common between K+ and PDS, suggesting that there 

are sequences in the human genome that are capable of forming G-quadruplex structures, 

independent of the stabilizing conditions, and that they may be playing biologically relevant roles 

in the cell environment (77). 
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Another method that was developed to map the locations in the human genome where G-

quadruplex structures can form in vivo was by combining permanganate footprinting with high-

throughput sequencing. Potassium permanganate (KMnO4) is known for oxidizing unpaired 

nucleotide bases in regions of DNA that become single stranded thereby trapping the DNA in this 

state and making it sensitive to the single-stranded specific S1 nuclease enzyme allowing the 

conformational state of DNA inside a cell to be probed (80,81). Digestion of genomic DNA with 

the S1 enzyme produces double-strand breaks at the site of the chemical modification, that when 

sequenced and compared to PQS sites predicted by computational studies, provides a high-

resolution map of the potential sites in the genome where G-quadruplexes can form (80,81).  This 

genome-wide -dependent nuclease footprinting analysis identified 20,000 sites that contained PQS 

supporting the hypothesis that these structures may play a role during transcription as their 

formation might be dependent on the state of the chromatin that is regulated by the transcription 

state of genes (80). But even though KMnO4 is a molecule that can easily diffuse into the cell 

without the need to chemically fix the cells and by itself does not drive formation of G-

quadruplexes, additional methods are required to demonstrate that G-quadruplexes do form in 

these sites in the genome.  

1.3.2 Visualization of G-Quadruplexes with Fluorescence Microscopy 

Under intracellular conditions, a variety of DNA sequences have been shown to adopt 

thermodynamically stable G-quadruplex conformations in vitro that might be expected to form in 

vivo, yet these structures have been very challenging to detect in cells due to their very transient 

nature. To detect G-quadruplexes in vivo, fluorescent antibodies and small molecules have been 
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developed, but due to their high binding affinity, these probes may actually drive the formation of 

G-quadruplexes and actively disrupt the structural dynamics of DNA (82).  

Antibodies have been engineered to have high selectivity and nanomolar affinity to both intra- and 

intermolecular G-quadruplexes, as well as to different G-quadruplex topologies. To image where 

they bind in cells, fluorescently labeled tertiary antibodies have been used (Fig. 6a).  When 

analyzed at the level of individual chromosomes, ~75% of the fluorescent foci were found outside 

of telomeres while the rest were found within telomeric regions (Fig. 6b). The number of G-

quadruplex structures detected was found to depend highly on the cell cycle where the highest 

quantity of G-quadruplexes were observed during the S phase when DNA replication occurs (83).  

Addition of small molecules that bind and stabilize G-quadruplexes like pyridostatin to cells in the 

presence of the fluorescently labeled antibodies, causes an increase in the number of G-quadruplex 

structures observed (Fig. 6c) (83,84). The increase in the number of fluorescent foci clearly 

demonstrates the ability of G-quadruplex binders to drive the formation of G-quadruplex structures 

in live cells, thereby calling into question their usefulness as probes of existing G-quadruplex 

structures in vivo. Furthermore, the antibody method used requires cells to be fixed before the 

antibodies are introduced into the cells. As cell fixation requires the use of chemicals, such as 

ethanol or paraformaldehyde that actively disrupt the cellular environment, this method only shows 

that genomic DNA has the ability to fold into G-quadruplex structures but not that these structures 

are actually present in vivo (82,85). 

Another approach to image G-quadruplex structures in vivo, is to use fluorescently small molecules 

whose fluorescence properties change upon binding G-quadruplexes. These molecules are 
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generally positively charged and have high selectivity for G-quadruplex DNA due to their ability 

to stack on top of the G-tetrads, but are bulky enough to prevent their intercalation into duplex 

DNA (Fig. 6d) (85,86).  Because these molecules are small, they can easily diffuse into cells 

thereby eliminating the need to fix them which enables the dynamics of G-quadruplex structures 

to be monitored in live cells (85). Intrinsically fluorescent small molecules like DAOTA which 

are planar aromatic triarylmethyl carbocations probes (Fig. 6d), have provided additional evidence 

that G-quadruplex formation is occurring when the cell is in the S-phase, confirming what was 

initially observed with fluorescently labelled antibodies (83,86). 

Imaging of live cells with fluorescent small molecule probes usually requires the use of high 

concentrations (µM) that could perturb the cell and alter the dynamics of G-quadruplex formation. 

To minimize this problem, small fluorescent molecules like SiR-PyPDS were developed where the 

G-quadruplex ligand PDS was modified by attaching  the red fluorophore Silicon-Rhodamine 

(SiR) (Fig. 6d), that allows for the detection of G-quadruplex structures in living cells at much 

lower probe concentrations (nM) (87,88).  With these single molecule probes, it was estimated that 

about 3000 G-quadruplex structures form in a single living cell instead of the hundreds of 

thousands that were estimated by the computational and sequencing studies (87). The dynamics of 

G-quadruplex formation was also studied using this approach by chemically trapping the unfolded 

conformations of G-quadruplex DNA by methylating the exposed N7 atoms of the G bases that 

are usually protected by Hoogsteen base pairing in G-quadruplexes with dimethyl-sulfate (DMS). 

By irreversibly trapping these bases preventing G-quadruplexes from re-folding it was observed 

that the conformational structures of DNA in a cell fluctuates between the folded and unfolded 

states. This was in agreement with other studies that related G-quadruplex formation with the cell-
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cycle phase, as well as with biological processes that involve the active transcription and 

replication of DNA (87,88). 

As it is still unclear if the use of these small molecules perturbs the cell and/or alters the dynamic 

of G-quadruplex formation, additional probes have been developed to minimize the need to use 

molecules with such high levels of affinity for these structures. Recently a new methodology has 

been established consisting of G-quadruplex binders that irreversibly trap these structures with 

stable covalent linkages (89–91). This technique makes use of small G-quadruplex binders that are 

attached to photoreactive groups that upon activation with light (UVA or visible) chemically react 

with G-quadruplexes. They have shown high selectivity towards G-quadruplex DNA compared to 

duplex DNA where these molecules photo-crosslink to the bases found in the loops, specifically 

with thymine bases, or with the G-quartets depending on the linking agent and on the topology of 

the G-quadruplex structure. So far this method shows the advantage of requiring light to trigger 

the detection of G-quadruplexes which can easily penetrate cells without disrupting the cell 

environment and has been found to be successful and reliable in vitro, but no studies have been 

done so far in vivo (89,90).  

The development of the fluorescent antibodies and small molecules described above have allowed 

for the imaging of G-quadruplex structures in live cells. But due to the methodology utilized in 

these techniques, it still remains unclear if the G-quadruplexes that are being detected were 

originally present or were induced to form by the probes. While these fluorescent probes have 

provided evidence that the formation of G-quadruplex structures is dynamic and sensitive to the 

cell cycle, their biological significance still remains poorly understood. Therefore, it is imperative 
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to develop methods that provides additional proof that these structures form in the cell without 

disrupting or altering the dynamics of DNA structures being probed. 

1.3.3 G-Quadruplex Chromatin Immunoprecipitation Sequencing 

The development of antibodies that are highly specific to G-quadruplex structures have also 

allowed the study of the relationship between G-quadruplexes, chromatin state, and transcription 

in human cells. To map the location of G-quadruplex structures in the human genome within 

chromatin context, a G-quadruplex chromatin immuno-precipitation followed by sequencing (G4 

ChIP-seq) has been developed (Fig. 7a). Using this technique only 1% (~10,000) of the G-

quadruplex structures identified by G4-seq were detected within chromatin, suggesting that the 

formation of these structures may be suppressed by the presence of nucleosomes (92,93), or that 

the G-quadruplex specific antibodies used in this technique are only detecting a subset of the G-

quadruplex structures that are forming in the cell.  

The study of G-quadruplex frequency in the human genome through G4 ChIP-seq experiments 

have shown that the conformation of DNA highly depends on the presence of nucleosomes. The 

highest number of G-quadruplexes were detected in regions of the genome that were depleted in 

nucleosomes, as well as in promoters and 5’-UTR regions of genes that show high levels of 

transcription (92,94). This suggests that there is a positive and dynamic relationship between G-

quadruplexes found in promoter regions of genes that are associated with high transcription 

activity in nucleosome depleted regions of the human genome (Fig. 7b) (92–94). Similarly, the 

folding dynamics of G-quadruplex structures in cells are believed to aid in defining cell-specific 

chromatin organization in different cell lines, as well as to defining chromatin markers that are 
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associated with cellular differentiation (94,95).  The strong relationship between G-quadruplexes 

and the state of chromatin in the human genome observed by G4 ChIP-seq led to the proposal that 

G-quadruplexes could be altering the recruitment of transcription factors and/or chromatin 

remodeling proteins involved in defining chromatin architecture. Also, the formation of G-

quadruplex structures in DNA is believed to act as a mechanism to control transcription state in 

active genes influencing the nucleosome positioning and the state of chromatin (31,94).   

The limitation of the G4 ChIP-seq technique (93) is that it requires cells to be fixed before the 

DNA fragments containing G-quadruplexes are precipitated with antibodies (Fig. 7a).  Therefore, 

it still remains to be determined whether the G-quadruplexes being detected are actually present 

in the live cell or whether their formation is being driven by the high binding affinity of the 

antibodies and/or the chemical alterations produced by the chromatin fixation process. 

Consequently, there is a great need for the development of experimental methods for the detection 

and location of G-quadruplex structures in the cell that do not drive their formation or disrupt the 

cellular environment, and that can instantaneously react with G-quadruplexes when they are 

present.  

1.4 Photoproducts as Intrinsic Probes for Non-B forms of DNA 

It was previously discovered by our group that G-quadruplex forming sequences produce unique, 

non-adjacent dipyrimidine photoproducts when irradiated with UVB light (96–99) (Fig. 8b). These 

non-adjacent photoproducts are different from the adjacent photoproducts formed in B form DNA, 

and only form when distant bases from non-B conformations of DNA are brought into close 

proximity (Fig. 8b)(100–103). The formation of non-adjacent photoproducts in non-B forms of 
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DNA such as G-quadruplexes, suggests that UV light could be used to irreversibly trap certain 

types of G-quadruplexes through covalent bond formation in vivo that could then be subsequently 

detected and located in the human genome. The detection of these unique photoproducts in vivo 

would provide irrefutable evidence that non-B conformations of DNA, like G-quadruplexes, are 

present in the cell.  To understand the photochemistry of G-quadruplexes and how it could be used 

as an intrinsic probe of these structures, we will first review the photochemistry of B DNA. 

1.4.1 UV-Induced DNA Photoproducts 

The nucleic acid bases (A, G, T, C, U) are characterized by having main absorption peaks within 

the UVC (200-280 nm) range of the UV spectrum, where a slight absorption band is observed to 

extend to the UVB (280-315 nm) region. The absorption of UVB or UVC light is known to lead 

to the direct excitation of DNA that causes the photoexcitation of the pyrimidine nucleotides (T, 

C), that when properly oriented, lead to the formation of the vast majority of observed DNA 

photoproducts (104).  

The major UV photoproduct of DNA is the cyclobutane pyrimidine dimer (CPD) that results from 

the [2+2] cycloaddition reaction between the C5=C6 double bonds of pyrimidine bases (Fig. 8a). 

The CPD that forms from the photodimerization of two thymine bases (T=T) is the most abundant 

photoproduct of duplex DNA, followed by T=C, C=T, and C=C CPDs. These photoproducts are 

known to have a residual absorption in the UVC range with a maximum absorption at 230 nm, 

where exposure to these wavelengths leads to the photoreversal of the initial photoaddition reaction 

with a quantum yield that approaches 1 (105,106). 
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UV irradiation of duplex DNA also leads to the formation of the lesion known as pyrimidine (6-

4) pyrimidone (64PP) photoproduct named from the single bond linkage between the C6 atom of 

the 5’-base and the C4 atom of the 3’-base (Fig. 8a). The 64PP photoproduct is the second most 

abundant photolesion observed in duplex DNA where it is formed with a quantum yield f of 0.01 

which is an order of magnitude lower than that for CPDs (f = 0.1). The (6-4) photoproduct is 

characterized by having a pyrimidone moiety that has an absorption maximum at about 315 nm in 

the UVA range (315-400 nm).  UVA irradiation of the 64PP triggers a photocyclization reaction 

that produces its Dewar valence isomer with a quantum yield of 0.01 (107), and so named as the 

Dewar photoproduct (104,108,109).  

The CPD, 64PP, and Dewar photoproducts are the main photoproducts in the duplex B-form 

arrangement of DNA and are therefore produced in the majority of DNA life forms exposed to 

sunlight.  The frequency of formation of these various photoproducts depends on the flanking 

DNA sequence, DNA bending, and the binding of transcription factors, nucleosomes, and other 

proteins. As a result DNA photoproducts can report on DNA conformation, as well as DNA 

interactions and has been used to map nucleosome and transcription factor binding by a technique 

known as photofootprinting (110–112).   

Another type of DNA photoproduct has been observed to form in bacterial spores and is aptly 

named as the spore photoproduct (SP) (Fig. 8a). This photoproduct is exclusively found to form in 

bacterial spores due to a combination of low hydration levels that stabilizes the A-form of DNA, 

the presence of pyridine-1,6-dicarboxylic acid (DPA), and the binding of small, acid-soluble 

proteins (SASPs) to the A-form DNA. The spore photoproduct results from a two-step reaction 
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involving radical abstraction of an H from the C5 methyl of the 3’-thymidine by the C6 of a 5’-

thymidine followed by radical recombination to give a bond between the C5 of the 5’-thymidine 

with the methylene radical of the 3’-thymidine (113).  

1.4.2 Stereochemistry of Cyclobutane Pyrimidine Dimers (CPDs) 

CPD photoproducts contain a four-membered cyclobutane ring that connects two pyrimidine bases 

that are in close proximity to one another. These photoproducts can form several isomers that 

depend on the conformational constrains of DNA at the moment of photocycloaddition.  There are 

eight possible T=T CPDs that can form in a duplex DNA but only six Thy=Thy CPDs can form 

between two free thymidines nucleotides (Fig. 9).  If the eight T=T CPDs are released from their 

sugar phosphate DNA backbone by acid hydrolysis as Thy=Thy CPDs, only six of these Thy=Thy 

isomers would be observed, four of which exist as pairs of enantiomers (102,111). 

In the B-form conformation of DNA adjacent nucleotides stack on top of each other in the same 

orientation as dictated by Watson-Crick base pairing.  In this conformation CPDs exclusively form 

between adjacent nucleotides with the cis, syn stereochemistry in which the bases adopt a head-to-

head orientation (syn) and the C5 substituents (methyl or H) are oriented towards the same side of 

the cyclobutane ring (cis) (Fig. 9a) (105,114). When DNA adopts any other type of secondary or 

tertiary structure, such as a hairpin, G-quadruplexes, cruciforms, or H-DNA, the CPD isomers that 

are produced will depend on the relative orientation of the two pyrimidines in the structure 

undergoing the cycloaddition reaction something to which has not been well studied to date (115).  

Non-B conformations of DNA are known to induce the formation of both adjacent and non-

adjacent CPDs with different regiochemistries and stereochemistries.  CPDs can form with head-
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to-head (syn) or head-to-tail (anti) regiochemistry, and with the C5 substituents pointing towards 

the same (cis) or different (trans) sides of the cyclobutane ring resulting in both adjacent and non-

adjacent CPDs with cis,syn, trans,syn, cis,anti, and trans,anti stereochemistries (Fig. 9) (106,115) 

When helical DNA is in its single stranded form, adjacent T=T CPDs with the trans,syn 

stereochemistry have been observed to form, in addition to adjacent cis,syn CPDs. This is due to 

the DNA bases no longer being constrained into the anti glycosyl conformation. When one of the 

two photoreacting pyrimidines is the syn glycosyl conformation and the other is in the anti 

conformation a trans,syn stereoisomer forms explaining why this photoproduct is not observed in 

B-form DNA (105,115,116).  

The formation of nonadjacent CPDs with the cis,syn arrangement have also been reported to form 

within a strand from a helical B-form DNA when nucleotides between pyrimidine bases become 

extrahelical, forming a bulge loop.  In this situation, the nonadjacent pyrimidine bases are allowed 

to stack on each other to form a non-adjacent cis,syn CPD upon UV irradiation (Fig. 8c) (115,117). 

The formation of non-adjacent cis,anti CPDs are also believed to form between strands of helical 

DNA between bases of opposing strands (118).  

The formation of nonadjacent CPDs with the trans,syn stereochemistry have only been detected 

when DNA under dehydrating non-native conditions has been irradiated with UVC light, where 

the structure adopted by the DNA leading to its formation is as yet unknown (119). Non-adjacent 

cis,syn, cis,anti, and trans,anti T=T CPDs were also formed under these dehydrating conditions in 

significant amounts (16-21% each) compared to the adjacent cis,syn T=T CPD (25%), where in 
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comparison the trans,syn CPD formation seemed to be suppressed for both adjacent (4%) and non-

adjacent (1%) photoproducts. (115,119) 

1.4.3 Anti-CPD Formation in Single Stranded ODN at Low pH 

The first thoroughly characterized non-adjacent cis,anti T=T CPD of DNA was discovered by 

accident following irradiation of a single strand of DNA with UVB light under acidic conditions 

(Fig. 10a) (118). The cis,anti CPD was detected to form in 40% yield between T2 and T7 in the 

14mer d(GTATCATGAGGTGC) at a pH of 5.  When the pH was increased to 7, the photoproduct 

was no longer detected suggesting that at low pH some unusual secondary structure was forming.  

The structure of the T=T cis,anti-CPD was established by various enzyme-coupled MS assays 

along with 2D NMR analysis and correlation with authentic degradation products. The T2 and T7 

bases were determined to form the anti CPD by making use of the 5’-3’exonuclease bovine spleen 

phosphodiesterase (BSP) that stalled at the T2 base when proceeding from the 5’-end, while the 

3’-5’ exonuclease snake venom phosphodiesterase (SVP) stalled once it encountered the T7 base 

from the 3’-end (Fig. 10a) (118). To confirm that these two bases were involved in the formation 

of the anti CPD photoproduct, they made used of the endonuclease known as nuclease P1 (NP1) 

that cleaves at the 3’-side of canonical nucleotides (120). When NP1 encounters a damaged 

nucleotide, such as a CPD containing thymidine, it is incapable of cleaving at the 3’-end of either 

thymidine of the CPD (Fig. 10b). As a result, NP1 produced the tetranucleotide pT(pA)=pTpG 

confirming that the two nonadjacent bases T2 and T7 were involved in the formation of the cis, 

anti-CPD (118).  
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The stereochemistry of the non-adjacent CPD was determined to be cis,anti by comparison of the 

thymine dimer released by acid catalyzed hydrolysis of the N-glycosidic bonds with HF/pyridine 

with an authentic sample produced by the irradiation of thymine (Fig. 10a).  The stereochemistry 

was further confirmed by the analysis of the CPD-containing 14-mer with 2D NOE NMR. Despite 

site-specific mutagenesis and NMR studies of the 14-mer, it was not possible to determine the 

conformation of the DNA adopted at low pH leading to the cis,anti CPD (118). 

1.4.4 Anti-CPD Formation in G-Quadruplex Forming Telomeric Sequences 

The discovery of the high yield formation of a nonadjacent cis,anti-CPD photoproduct in a single-

stranded oligonucleotide, prompted the study of the formation of nonadjacent photoproducts in 

human telomeric DNA sequences d(GGGTTA)n. It was known that human telomeric DNA 

sequences could adopt various types of G-quadruplex structures, of which basket and chair types 

have adjacent loops that could bring nonadjacent thymine bases into close enough proximity to 

photodimerize (Fig. 11) (96).  

To explore the photochemistry of G-quadruplex structures, the human telomeric model sequence 

Tel22 d[AGGG(TTAGGG)3] was studied first as it was known to form a basket type in the 

presence of Na+ (Fig. 11a), and a hybrid type of G-quadruplex in the presence of K+ (Fig. 

11b)(19,20). Nonadjacent CPDs were expected to form in Na+ solution as the thymines in loops 1 

and 3 of basket type G-quadruplexes appeared to be close enough to photoreact (96), whereas in 

K+, no non-adjacent CPDs were expected as hybrid G-quadruplexes lack adjacent lateral loops 

(Fig. 11a,b) (19,20,96).  It was quite a surprise when the opposite was found to be true!  CPD 

formation was assayed by an NP1-coupled MS/MS in which pTp(N)=pTpN tetramers are 
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produced from non-adjacent CPDs upon degradation with NP1, while adjacent CPDs produce 

pT=pTpN trimers (Fig. 10b) (96,119). The stereochemistry of the CPDs was determined by HF 

degradation to thymine CPDs.  In the presence of Na+, a small mixture of nonadjacent thymine 

dimers were detected, where the major photoproduct was the adjacent cis,syn T=T CPD that 

resulted from the photodimerization of adjacent thymines in the TTA loops (96). The irradiation 

of Tel22 in the presence of K+ lead to the same photoproducts that were found in Na+, plus a large 

amount of trans,anti and cis,anti T=T CPDs. The anti-CPDs formed in K+ were found to result 

from the photoreaction of either of the thymines in loop 1 and the 2nd T in loop 3 (Fig. 11). 

Formation of pT(pT)=pT(pA) following NP1 digestion indicated that the CPD formed between 

the 1st T of loop 1 and the 2nd T of loop 3 (or vice versa), while the pT(pA)=pT(pA) tetramer 

indicated that the CPD formed between the 2nd T’s of both loop 1 and 3 (96).  

To explain why non-adjacent photoproducts were detected in K+, it was proposed that the non-

photoreactive hybrid G-quadruplex must be in equilibrium with a photo-reactive conformer such 

as the two-tetrad basket- like Form 3 G-quadruplex (Fig. 11c). Unlike the basket structure formed 

in Na+, the Form 3 G-quadruplex has a three-nucleotide lateral loop that is opposite to a four-

nucleotide loop, that is longer by one nucleotide in the basket structure, due to a one-nucleotide 

slippage of the first GGG track.  The increase in the length of one of the loops would allow for a 

better overlap of the thymines in loop 1 and loop 3 and thereby facilitate photodimerization 

(96,121). This would explain why non-adjacent CPDs were not observed in Na+ in spite of 

adopting a basket structure (Fig. 11a) (96).  

It was also proposed that the nonadjacent CPDs could have formed from an intermediate triplex 

conformation that is involved in the interconversion between various G-quadruplex structures (Fig. 
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11d) (19,122).  Modified sequences of Tel22 that could only form the triplex structure also 

produced similar mixtures of nonadjacent photoproducts but in smaller yields, suggesting that this 

intermediate is a minor photoreactive conformation of Tel22 in K+ (96).  

To further test the hypothesis that the Form 3 G-quadruplex is the major photoreactive 

conformation that leads to nonadjacent photoproducts in Tel22, the photochemistry of another 

telomeric sequence Tel26 d[AAAGGG(TTAGGG)3AA] was studied. Tel26 is known to 

predominantly adopt a hybrid type structure in K+ that is not expected to produce any nonadjacent 

photoproducts (19,96,97). Irradiation with UVB light, however, produced primarily the trans,anti 

T2=T2 CPD in contrast to Tel22 suggesting that this product was arising from a specific 

conformation that is preferred by Tel26.  The preferential formation of the trans,anti CPD in Tel26 

suggests that there are multiple photoreactive secondary structures that must be in equilibrium with 

the major non-photoreactive conformation (96,97).  

1.4.5 Trans-anti CPD formation in Reverse Hoogsteen hairpins 

To explore if there are other photoreactive secondary structures besides G-quadruplexes that can 

explain the preferential formation of the trans,anti T2=T2 CPD in both Tel26 and Tel22, 

photochemical studies were performed in the presence of Li+ ions (97). Because G-quadruplex 

structures cannot form in the presence of lithium due to its small size and strong hydration shell 

(10), the formation of the trans,anti T2=T2 CPD in the presence of this ion would suggest that 

human telomeric sequences can adopt a different photoreactive conformation besides G-

quadruplexes (97,115). 
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Irradiation of Tel26 in the presence of Li+ led to the formation of the trans,anti T2=T2 CPD with 

a higher yield and selectivity compared to Na+ and K+, indicating that other non-quadruplex forms 

may indeed be involved in the induction of these nonadjacent photoproducts (Fig 12.a) (97). It was 

proposed that this photoreactive conformation could be a hairpin structure with reverse Hoogsteen 

G•G base pairing, as compared to the alternative hairpin with Hoogsteen base pairs, as the G bases 

are in the more favorable anti-glycosyl conformation (Fig. 12d) (98,115). If this reverse Hoogsteen 

hairpin were to form in Tel26 and Tel22 it would produce an interior loop made of the loop 1 and 

loop 3 TTA sequences that would enable the thymine bases to photodimerize and form the trans, 

anti T2=T2 CPD (Fig. 12d). The formation of the reverse Hoogsteen hairpin would also explain 

why Tel26 forms this specific CPD with more selectivity than Tel22, as Tel26 contains two 

additional A bases at both 5’- and 3’-ends that would further stabilize the hairpin structure by 

reverse Hoogsteen base pairing.  The trans,anti T=T CPD formation was also observed when the 

G’s in the G-tracks were replaced with A’s eliminating the possibility of G-quadruplex formation 

providing further evidence that an additional secondary structure of DNA could be involved in the 

formation of these photoproducts (98). 

The differences in nonadjacent CPD formation for Tel26 and Tel22 in Na+, K+, and Li+(Fig. 12a) 

can now be explained by the DNA structures that are stabilized by these ions. In the presence of 

Na+, Tel22 and Tel26 mainly adopt the basket structure conformation which has lateral loops that 

are made of three nucleotides that do not enable the T bases to stack on each other and dimerize 

(Fig 12.b). In the presence of K+, these sequences are in equilibrium between the non-photoreactive 

hybrid G-quadruplex and the photoreactive Form 3 basket structure and reverse Hoogsteen hairpin 

(Fig. 12c-d), whereas in Li+ only the reverse Hoogsteen hairpin can form. The form 3 basket 
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structure produces a variety of nonadjacent photoproducts while the reverse Hoogsteen hairpin 

mainly produces the trans, anti T2=T2 CPD (97,98). 

1.4.6 Anti-CPD formation in human promoter sequences 

The detection of nonadjacent photoproducts in human telomeric G-quadruplex forming sequences 

prompted an investigation into the formation of these photoproducts in human promoter sequences 

(99). To do so, a computer search was carried out on six human chromosomes for putative G-

quadruplex forming sequences that had loops of three or more nucleotides with pyrimidines in 

loops 1 and 3. From these searches, 300 potential sequences were found upstream the TSS of genes 

that contained three G-runs, loops with 3 to 7 nucleotides where loops 1 and 3 had at least three 

pyrimidine bases, one of them being a thymine. From these 300 potential sequences,  15 sequences 

were randomly selected to perform irradiation studies in the presence of Na+ and K+, where 

nonadjacent CPDs were searched with the use of the NP1 coupled MS assay (99).  

In most of the 15 promoter sequences that were studied in vitro evidence of non-adjacent CPD 

formation was detected in the form of pT(pN)=pT(pN) tetramers resulting from the NP1 digestion.  

Of these, only three of the sequences from the promoter regions of the CALU, STARD3NL, and 

SUSD3 genes were analyzed in more detail. These three sequences showed significant anti-

photoproduct formation in the presence of both Na+ and K+, making it the first report of anti-CPD 

formation in Na+ conditions. In addition the first nonadjacent T=C photoproduct was detected in 

K+ conditions in the STARD3NL sequences (99). 

The anti-CPD photoproduct pT(pG)=pT(pG) was detected in all three sequences which could be 

assigned, along with the C containing CPD, to putative chair (Fig. 13a) and basket (Fig. 13b) types 
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of G-quadruplexes (99). The photocrosslinking of these promoter sequences, as well as human 

telomeric sequences, suggest that nonadjacent photoproducts could be used to probe the formation 

of G-quadruplex structures and other non-B forms of DNA, such as reverse Hoogsteen hairpins in 

the human genome (99,115). 

1.5 Dissertation Overview 

The G-quadruplex structure of DNA has been shown through a variety of computational, in vitro, 

and in vivo studies to potentially play an extremely important role in replication, transcription, and 

translation. Yet it has been extremely difficult to prove if G-quadruplexes form in live cells due to 

the lack of techniques that would allow for their unambiguous detection and location in the human 

genome. Therefore, it would be ideal if a method could be developed that does not disrupt the 

transient nature of DNA structures, either by inducing or inhibiting G-quadruplex formation, and 

that could instantaneously act the moment these structures form in cells. In this thesis, we explore 

the idea that DNA photoproducts can be used as intrinsic probes to trap certain G-quadruplex 

structures in vivo by covalent photocrosslinking of their lateral loops via anti CPD formation, for 

which different techniques can then be developed to detect and map their location in the human 

genome.  

In Chapter 2, we report the development of radioactive post- and pre-labeling assays for the 

detection of nonadjacent photoproducts and demonstrate that it can be used to detect the trans,anti 

T=T CPD that forms in human telomeric DNA. We do so by making use of the enzyme snake 

venom phosphodiesterase (SVP) to degrade the anti-CPD containing sequence to a tetramer 

pTpT=(pT)pT, that after dephosphorylation with calf intestinal phosphodiesterase and 
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rephosphorylation with kinase and [32P]-ATP produces a fragment of DNA that can be analyzed 

by high resolution gel electrophoresis with an approximately ten fmol lower limit of detection.  

In Chapter 3, we test the radioactive post-labeling assay on different telomeric and promoter G-

quadruplex forming sequences that were previously reported to form non-adjacent photoproducts 

and for which the type of G-quadruplex structure has been thoroughly characterized. We show that 

the post-labeling assay is capable of detecting non-adjacent CPDs with a variety of flanking 

nucleotides that can be used to provide information on the non-B conformation of the DNA that 

led to the CPD. We similarly show that this method can also be used to observe the effect that Na+, 

Li+, and K+ have on anti CPD yields in a variety of G-quadruplex forming sequences to test if 

additional photoreactive conformations of DNA may be present at the moment of UV irradiation. 

In Chapter 4, we propose methods that could be employed to detect anti CPDs in irradiated HeLa 

cells. We will also discuss future experimental work that can be employed to help map and detect 

the location of anti-CPDs if this method is successful at detecting non-adjacent photoproduct 

formation in live cells. 
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1.6 Figures 

 

Figure 1.1. Four-stranded G-quadruplex structural polymorphism. (a) Intramolecular parallel 
G-quadruplex conformation. The G-tetrad building block of these structures has a Na+ cation in 
the plane of the tetrad whereas (b) K+ is found between the planes of two tetrads. (c) Intramolecular 
anti-parallel G-quadruplex conformations. (d) Intermolecular conformation involving two 
different strands of DNA. Figures created with BioRender. 
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Figure 1.2. Possible sites of G-quadruplex formation in the human genome. G-quadruplexes 
are believed to form in G-rich regions of DNA that become transiently single stranded, such as in 
(a) telomeres, (b) replication forks, (c) transcription bubbles and (d) during translation. Figure 
adapted from (123) and created with BioRender. 
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Figure 1.3. Potential biological role of G-quadruplexes in telomeres (a) G-quadruplex 
structures are believed to help regulate telomerase activity and (b) to play a capping role at the end 
of chromosomes. Figure adapted from (39) and created with BioRender. 
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Figure 1.4. Potential biological roles of G-quadruplexes in transcription. G-quadruplexes are 
believed (a) to enhance transcription by acting as binding sites for transcription factors, (b) to 
repress transcription by blocking transcription factor binding, (c) to enhance transcription by 
stabilizing the R-loop, or (d) to repress transcription by stalling RNA-polymerase. Figure 
adapted from (41,123) and created with BioRender. 
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Figure 1.5. G-quadruplex sequencing (G4-seq). (a) In a typical G4-seq protocol, sequencing is 
done twice. Once under conditions that enables accurate sequencing of DNA fragments, followed 
by re-sequencing the DNA under conditions that promote G-quadruplex formation. (b) Non-
canonical G-quadruplex structures identified by G4-seq. Figure adapted from (77) and created with 
BioRender. 
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Figure 1.6. Fluorescence imaging of G-quadruplexes in vivo. (a) G-quadruplex detection 
through fluorescent antibodies. (b) Antibody imaging of G-quadruplexes in individual 
chromosomes (red) vs DNA (blue) (83). (c) Representation of increased foci in cells after addition 
of stabilizing ligands such as PDS. (d) Two florescent probe molecules for G-quadruplex detection. 
Figures adapted from (6) and created with BioRender. 
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Figure 1.7. G-quadruplex chromatin immunoprecipitation sequencing (G4 ChIP-seq). (a) 
The technique involves cell fixation with formaldehyde, followed by chromatin precipitation with 
G-quadruplex specific antibodies and Next-Gen sequencing. (b) Relationship between G-
quadruplexes, chromatin state, and transcription. Figure adapted from (93) and created with 
BioRender. 
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Figure 1.8.  DNA photoproducts as intrinsic probes for DNA secondary structure and 
conformation. (a) Different types of thymine photoproducts that form in the A and B duplex forms 
of DNA. (b) Formation of anti and (c) syn non-adjacent photoproducts from non-B and B 
conformations of DNA. 



 
 
 

 

41 

 

Figure 1.9. Photochemistry of DNA pyrimidine bases. Structure of the different stereoisomers 
of T=T CPDs forming in DNA from adjacent or non-adjacent (a) head-to-head or (b) head-to-tail 
bases. After the Thy=Thy CPDs are released from the deoxyribose sugar by acid hydrolysis only 
six stereoisomers are observed, where the two trans,syn CPDs with the asterisk represent that they 
are enantiomers of each other as also is the case for the two trans,anti CPDs. 
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Figure 1.10. Structure determination of the cis,anti-CPD formed at low pH in a single 
stranded oligonucleotide. (a) Exonuclease-coupled MS for determination of the position where 
the non-adjacent photoproduct formed (b) NP1 digestion to determine flanking bases.  (c) HF 
degradation to thymine dimer for identification of stereochemistry by comparison to authentic 
compounds (118). 
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Figure 1.11. NP1- coupled mass spectrometry assay for the detection of nonadjacent and 
adjacent photoproducts (118). 
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Figure 1.12. G-quadruplex structures and intermediates implicated in anti CPD formation 
in human telomeric DNA. (a) Basket structure that could lead to the formation of non-adjacent 
photoproducts from T bases found in the lateral loops (b) Hybrid-1 structure that is not expected 
to produce non-adjacent CPDs but that is believed to be in equilibrium with a photoreactive form 
of the (c) basket conformation known as Form-3. (d) A photoreactive triplex intermediate 
conformation between the basket, two hybrid types, and (e) chair conformation that is believe to 
be a minor photoreactive structure of G-quadruplexes (96,115). 
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Figure 1.13. Proposed scheme and structure that explain anti CPD formation in Tel22 and 
Tel26 as function of cation and sequence. (a) Cationic and sequence dependent formation of 
nonadjacent CPDs in Tel26 and Tel22 sequences (b) three- tetrad basket structure in Na+ where 
nonadjacent photoproducts are not expected to form (c) Form 3 basket structure that is believed to 
be the photoreactive G-quadruplex that forms non-adjacent CPD’s (d) Reverse-Hoogsteen hairpin 
structure that may be the major photoreactive conformation leading to trans,anti T2=T2 CPD (e) 
Hoogsteen and reverse-Hoogsteen base pairing between two guanines (97,115). 
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Figure 1.14. Sites of non-adjacent CPD formation in putative G-quadruplex forming 
sequences in human promoters.  (a) Chair and (b) basket forms of putative G-quadruplex 
forming sequences from the promoters of the CALU, STARD3NM, and SUSD3 genes (99).  
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Chapter 2: Post- and Pre-radiolabeling 
assays for anti thymidine cyclobutane dimers 
as intrinsic photoprobes of various types of 

G-quadruplexes, reverse Hoogsteen hairpins, 
and other non-B DNA structures1 

2.1 Abstract 
G quadruplexes are thought to play an important role in gene regulation and telomere maintenance, 

but compelling evidence for their existence and location is lacking owing to their highly dynamic 

nature and the lack of non-perturbing probes.  The majority of probes for G quadruplexes to date 

have relied on antibody or small molecule binding agents that can also alter the dynamics and 

relative populations of G quadruplexes.  Recently, we discovered that UVB irradiation of human 

telomeric DNA and various G-quadruplex forming sequences found in human promoters, as well 

as reverse Hoogsteen hairpins, results in a unique class of non-adjacent anti cyclobutane 

pyrimidine dimers (CPDs) which can serve as stable molecular markers.   One can therefore 

envision using a pulse of light to irreversibly trap these non-B DNA structures via anti CPD 

formation without perturbing their dynamics, after which the CPDs could be identified and mapped 

to provide unambiguous evidence for the formation and location of these structures in vivo.  As a 

first step towards this goal, we report the development of radioactive post- and pre-labeling assays 

 
1 This chapter has been submitted for publication in Gutierrez-Bayona NE, Scruggs SS, Yang HS, 
Gross ML, Taylor JS. Post- and Pre-radiolabeling assays for anti thymidine cyclobutane dimers as 
intrinsic photoprobes of various types of G-quadruplexes, reverse Hoogsteen hairpins, and other 
non-B DNA structures 
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for the detection of anti CPDs and illustrate their use in detecting trans,anti T=T CPD formation 

in a human telomeric DNA sequence.  Both assays make use of snake venom phosphodiesterase 

(SVP) to degrade the trans,anti T=T CPD to pTpT=(pT)pT.  In the post-labeling assay, calf 

intestinal phosphodiesterase is used to dephosphorylate the tetramer which is then 

rephosphorylated with kinase and [32P]ATP to produce a mixture of radiolabeled mono and 

diphosphorylated tetramers.  The tetramers are confirmed to contain non-adjacent CPDs by 254 

nm photoreversion to the dinucleotide p*TpT.  In the pre-labeling assay, radiolabeled phosphates 

are introduced into anti T=T CPD forming sites by ligation of 5’-end-labeled 

oligodeoxynucleotides and only require treatment with SVP.  We also demonstrate that the assays 

can detect the stereoisomeric cis,anti T=T CPD. 

2.2 Introduction 

Non-B DNA secondary structures play many roles in vivo, such as Holliday junctions in 

recombination and slipped structures in mutagenesis (1–4).  Most recently, G-quadruplexes have 

been proposed to play an important role in telomere maintenance and modulating transcription and 

translation, as well as causing genome instability (5–7). Unfortunately, most non-B DNA 

structures exist transiently in vivo and are difficult to detect and locate.  Small molecule and 

antibody probes for detecting G-quadruplexes in vivo have been reported (8–15), but they are of 

questionable utility because these reagents drive the formation of the structures that they are 

seeking to probe and because of disruption to the cell caused by some assay methods.   

Recently it was discovered that UVB irradiation of G-quadruplex forming sequences from human 

telomeres and various promoters results in the formation of a unique class of non-adjacent anti 

cyclobutane pyrimidine dimers (CPDs) with a head to tail orientation (16–21). The anti 



 
 
 

 

59 

regiochemistry is opposite to the head-to-head orientation of the adjacent cis,syn CPDs formed in 

B form DNA (Fig. 2.1a).  The anti CPDs were identified by a combination of tandem mass 

spectrometry (MS/MS) analysis of nuclease P1 digestion products pY(pN)=pY(pN) and 

correlation of the thymine dimers released by acid-catalyzed glycosidic bond hydrolysis with 

authentic compounds.  Non-adjacent dipyrimidine DNA photoproducts have also been detected in 

UVC-irradiated ethanolic and desiccated DNA by an enzyme-coupled LC-MS/MS assay that 

involved degrading the DNA to pyrimidine dimers using nuclease P1, snake venom 

phosphodiesterase and alkaline phosphatase (22).  

The anti T=T CPDs formed in telomeric DNA were proposed to arise from basket type G-

quadruplexes in which a pyrimidine from one lateral loop photocyclizes with a non-adjacent 

pyrimidine on the opposing lateral loop resulting in an interloop crosslink (19,21). It was later 

found that anti T=T CPDs can also form between T’s of interior loops of reverse Hoogsteen hairpin 

structures (18). One could, therefore, envision irradiating cells with a pulse of UV light to trap the 

otherwise unstable non-B DNA secondary structures by anti CPD formation for subsequent 

analysis (Fig. 2.1b).  Because of the dynamic and transient nature of the non-B DNA structures, 

anti CPDs are expected to form in small quantities requiring highly sensitive techniques to detect 

and map their location.   

One highly sensitive method for detecting DNA damage is the radioactive post-labeling assay that 

has been estimated to be capable of detecting one DNA adduct per human genome (23–26). In this 

assay, DNA is enzymatically degraded to short oligodeoxynucleotides or mononucleotides 

containing the DNA adduct. The nucleotides are rephosphorylated with radioactive 32P and 

identified chromatographically or electrophoretically by comparison to authentic adducts.  It was 
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previously shown that degradation of UV irradiated B DNA with a combination of snake venom 

phosphodiesterase (SVP) and DNAse I produces a trinucleotide of the form pNpY=pY (Fig. 2.2a) 

(27). The canonical nucleotide at the 5’-end makes it a good substrate for dephosphorylation with 

calf intestinal phosphatase and rephosphorylation with [32P]-ATP and kinase (27). We previously 

showed that SVP degrades the cis,anti T2=T7 CPD product of d(GTATCATGAGGTGC) to the 

tetranucleotide GpT=(pA)pT (corresponding to the photodimer of GpT and pApT) (20), which 

also has canonical nucleotides at the 5’-end.   

Herein, we report a post-labeling assay for trans,anti T=T CPDs formed in human telomeric DNA 

using SVP and calf intestinal phosphatase to degrade the irradiated DNA to TpT=(Tp)T that can 

then be rephosphorylated with [γ-32P]ATP and kinase (Fig. 2.2b).  Furthermore, we show that these 

tetramer products can be distinguished by high resolution gel electrophoresis from partial 

degradation products of DNA by subsequent photoreversal to pTpT dinucleotides by UVC light.  

We also show that a cis,anti T=T CPD can be similarly detected, and that anti CPD formation can 

also be easily assayed in vitro using pre-labeled DNA substrates. 

2.3 Materials and Methods 

2.3.1  Materials and Reagents 

Oligodeoxynucleotides (ODNs) were purchased from Integrated DNA Technologies, Inc. (IDT, 

Coralville, IA, USA). Snake venom phosphodiesterase (SVP) from Crotalus adamanteus was 

obtained from Worthington Biochemical (Lakewood, NJ, USA). DNase I (RNase- free) was 

obtained from New England Biolabs (Ipswich, MA, USA). Calf intestinal phosphatase and T4 

DNA ligase were obtained from Promega (Madison, WI, USA).  T4 Polynucleotide Kinase (T4 
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PNK) and HPLC solvents were obtained from ThermoFisher Scientific (Waltham, MA, USA) and 

6000 Ci/mmol [g-32P]-ATP was from Perkin Elmer (Waltham, MA, USA). 

2.3.2  Large Scale Preparation of pTpT=(pT)pT 

Tel26 (50 µM) was incubated in 100 µL of 150 mM KCl at 95 °C for 10 min and then rapidly 

cooled in ice to preferentially form intramolecular folded structures. Samples were left on ice for 

at least 1 h before irradiation with broadband UVB/UVA light (275–400 nm, centered at 330 nm).  

Irradiation was carried out in polyethylene microfuge tubes on a bed of ice for 2.5 h at 1 cm 

distance from two Spectroline XX-15B UV 15W tubes with an approximate intensity of 2.2 

mW/cm2 (22 J/m2-s) after filtration through a plate of Pyrex glass. The solution was evaporated to 

dryness in vacuo and then incubated with 20 units of DNase I in10 mM Tris-HCl (pH 7.6), 2.5 

mM MgCl2 and 0.5 mM CaCl2  at 37 °C overnight followed by inactivation at 75 °C for 20 min. 

The digested samples were dried in vacuo and then dissolved in 100 µL of 10 mM ammonium 

citrate, 100 µM MgCl2, pH 9.4, to which 10 units of SVP were added and incubated at 37 °C 

overnight. SVP was deactivated in a boiling water bath for 20 min and removed by phenol 

extraction after which residual phenol were removed by multiple diethyl ether extractions.  The 

tetramer photoproduct pTpT=(pT)pT was then isolated and purified by HPLC and analyzed by 

MS/MS as described below. 

2.3.3  Large Scale Dephosphorylation of pTpT=(pT)pT with Calf Intestinal 
Phosphatase 
The HPLC fractions containing pTpT=(pT)pT were evaporated in vacuo and incubated for 3 h at 

37 °C with 6 units of calf intestinal phosphatase (CIP) in in 40 µL of 50 mM Tris-HCl (pH 9.3), 1 

mM MgCl2, 100 µM ZnCl2, and 1 mM spermidine. After incubation, the enzyme was inactivated 



 
 
 

 

62 

by heating to 80 oC for 20 min and removed by phenol extraction after which residual phenol was 

removed by multiple diethyl ether extractions.  The dephosphorylated product TpT=(T)pT was 

purified by HPLC and analyzed by MS/MS as described below. 

2.3.4  Large Scale Phosphorylation of TpT=(T)pT with T4 PNK. 

HPLC fractions containing TpT=(TpT) were evaporated to dryness in vacuo and then incubated 

with 50 units of T4-PNK in 40 µL of 1 mM adenosine triphosphate (ATP), 50 mM Tris-HCl (pH 

7.6), 10 mM MgCl2, 5 mM DTT, 100 µM spermidine for 3 h at 37°C. After incubation, the enzyme 

was inactivated by incubation in a boiling water bath for 20 min and removed by phenol extraction 

after which traces of phenol removed by multiple diethyl ether extractions.  The rephosphorylated 

product pT(pT)=pTpT was analyzed by HPLC as described below. 

2.3.5  HPLC Analysis and Purification of the Post-labeling Assay Intermediates. 

Reverse-phase HPLC was carried out with an X-Bridge BEH column (C18, 4.6 x 75 mm, 3.5 µm, 

130 Å) on a System Gold HPLC system with a binary gradient Model 125 pump and a Model 166 

UV detector (Beckman Coulter, Inc., Fullerton, CA).  Photoproducts were eluted with 1 mL/min 

of 100% solvent A (50 mM triethylammonium acetate, pH 7.5) for 3 min followed by a linear 

gradient of 0–20% B (50% acetonitrile in 50 mM triethylammonium acetate, pH 7.5) in solvent A 

for 3–53 min and detected by absorbance at 260 nm. HPLC fractions corresponding to the 

enzymatically degraded photoproducts were evaporated in vacuo.  

2.3.6  Mass Spectrometry of the Post-labeling Assay Intermediates. 

The CPD samples were analyzed in the negative-ion mode on a Waters Synapt-G2 mass 

spectrometer (Waters, Milford, MA).  The source and desolvation temperatures were 120 °C and 
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150 °C, respectively. A solution of 50/50 (vol/vol) acetonitrile/water was used as the spray solvent. 

The capillary voltage was 2.8 kV. The sampling cone and extraction cone voltage were 20 V and 

4 V, respectively. MS/MS experiments were carried out by collisionaly activated dissociation 

(CAD). The mass width for precursor selection was set at m/z 3, and the collision gas was Argon 

at a pressure of 1×10-4 mbar. The trap collision energy was tuned to 20V where both the precursor 

ions and fragmented ions were observed on the same spectrum. 

2.3.7  Post-labeling Assay of UVB Irradiated DNA.   

Tel26 (500 pmol) was incubated at 95 °C for 10 min in 20 µL of 150 mM KCl and plunged into 

an ice water bath for 1 h after which it was irradiated with UVB light for 2.5 h on ice. The solution 

was then incubated with 20 units of DNaseI in 20 µL of 10 mM Tris-HCl (pH 7.6), 2.5 mM MgCl2, 

and 0.5 mM CaCl2 at 37 °C overnight, followed by inactivation of the DNAse I at 75 °C for 20 

min. After drying the sample in vacuo, it was incubated with 10 units of SVP in 30 µL of 10 mM 

ammonium citrate, 100 µM MgCl2 pH 9.4 at 37 °C overnight.  The SVP was inactivated in a 

boiling water bath for 20 min and then treated with 6 units of CIP in 40 µL of 50 mM Tris-HCl 

(pH 9.3), 1 mM MgCl2, 100 µM ZnCl2, and 1 mM spermidine at 37 °C for 3 h. The enzymes were 

removed by phenol extraction, and residual phenol was removed by multiple diethyl ether 

extractions. After evaporating the sample in vacuo, it was treated with 10 units of T4-PNK and 0.5 

pmol [ g-32P]-ATP in 40 µL of 50 mM Tris-HCL (pH 7.6), 10 mM MgCl2, 5 mM DTT, 0.1 mM 

spermidine, 0.1 mM EDTA at 37 °C for 3 h.  An aliquot of the sample (4 µL) was irradiated for 

30 min with 254 nm light to reverse any CPDs. Unirradiated and irradiated aliquots (4 µL) were 

then mixed with an equal volume of 2X loading buffer (98% formamide with xylene cyanol dye), 
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heated in a boiling water bath for 5 min, and cooled on ice. The radiolabeled samples were then 

analyzed on a 20% denaturing polyacrylamide gel (7 M urea, 19:1 acrylamide:bisacrylamide, 0.8 

mm thick) at 1500 V until the dye reached 8 cm.  The gel was then scanned with an Amersham 

Typhoon biomolecular imager.  

2.3.8  Post-labeling Assay with Competitor Plasmid DNA.   

Competition experiments were carried out at a fixed base pair concentration (650 µM bp) in 100 

µL of 150 mM KCl with varying Tel26: plasmid ratios from 1:1 to 1:1000. The solutions were 

heated to 95 oC and then plunged into an ice bath for 1 h to induce G-quadruplex formation after 

which they were irradiated with UVB light for 2.5 h on ice. After incubation with DNaseI and SVP 

following the conditions described above, an aliquot of 10 µL (6.5 nmol bp) from each dilution 

was then treated with CIP in a total volume of 40 µL as described above.  Subsequent radiolabeling 

and gel electrophoresis was also performed exactly as described above except that the amount of 

[ g-32P]-ATP was increased to 5 pmol. 

2.3.9 Preparation of Internally Labelled Tel26 Sequences. 

Tel26, d(AAA(GGGTTA)3GGGAA), was separately internally radiolabeled at the second T of the 

1st and 2nd TTA loop. To introduce the radioactive phosphate in the first TTA loop, the 5’-end of 

the 19-mer sequence d(TA(GGGTTA)2GGGAA) (500 pmol) was first radiolabeled with [32P]-

ATP and PNK and then ligated to the 3'-end of the 7-mer sequence d(AAAGGGT) (1500 pmol) 

in the presence of the 30-mer scaffold d(TTCCC(TAACCC)3TTTTTTT) (1500 pmol). The 

ligation reaction was performed with 4 units of T4 DNA ligase in 30 µL of 30 mM Tris-HCl (pH 

7.8), 10 mM MgCl2, 10 mM DTT, 1 mM ATP at 4 °C overnight. After incubation, the ligase was 
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deactivated at 75 °C for 20 min and dried in vacuo.   The same general procedure was used to 

introduce the radioactive phosphate into the second TTA loop by using 5'-end labeled 13A-mer 

d(TAGGGTTAGGGAA) and 13B-mer d(AAAGGGTTAGGGT). The ligation products were 

purified by denaturing 15% denaturing PAGE (19:1 acrylamide: bisacrylamide) being careful to 

separate the 26-mer band from the 30-mer scaffold band.  The radiolabeling of the 13-mer and 19-

mer sequences was carried out with 10 units of T4-PNK and 2.5 pmol [g-32P]-ATP in 30 µL of 50 

mM Tris-HCL (pH 7.6), 10 mM MgCl2, 5 mM DTT, 0.1 mM spermidine, 0.1 mM EDTA at 37°C 

for 1 h. This reaction was chased with 750 pmol of cold ATP and 5 units of T4-PNK for 1 h at 37 

°C. After incubation, the kinase was deactivated for 20 min in a boiling water bath, and the solution 

dried in vacuo. 

2.3.10 SVP degradation of internally labeled UVB irradiated Tel26 sequences. 

Purified ligation products of Tel26 radiolabeled in the 1st and 2nd TTA loop were irradiated with 

UVB light after G-quadruplex induction in 150 mM LiCl, which produces predominantly the 

trans,anti T=T CPD. The sequences were then digested with DNaseI and SVP following the 

conditions described above. Parts of the digested products from both sequences were treated with 

0.01 units of CIP in 30 µL of 50 mM Tris-HCl (pH 9.3), 1 mM MgCl2, 100 µM ZnCl2, and 1 mM 

spermidine for 2.5 min at room temperature and immediately quenched in dry ice. CIP was 

deactivated in 80 oC for 20 min and dried in vacuo. A portion of the digested products and the 

dephosphorylated products was irradiated for 30 min with 254 nm light to reverse any CPDs 

present.   
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2.3.11 SVP degradation and labeling studies with UVB irradiated 14-mer.   

The 14-mer d(GTATCATGAGGTGC) (100 µM bp, 100 µL) was irradiated on ice in 10 mM 

sodium acetate, pH 4.8 either before or after 5’-endlabeling with 0.5pmol of [ g-32P]-ATP and 

kinase.  Degradation and post-labeling experiments were carried out as generally described above 

for Tel26. 

2.4 Results and Discussion  

To validate the proposed enzymatic sequence for post-labeling the trans,anti T=T CPD, the human 

telomere containing sequence Tel26, d(AAAGGGTTAGGGTTAGGGTTAGGGAA), was UVB 

irradiated in large scale to produce the trans,anti T=T CPD as the major product (18,19,21) so that 

the intermediates could be characterized by MS/MS.  The irradiated sample was then digested with 

SVP to produce a major product which eluted at 34.2 min with reversed-phase HPLC (Fig. 2.3a).  

ESI-MS/MS of the product (Fig. 2.4a) showed an [M - 2H]2- ion of m/z 625, which fragmented by 

an electrocyclic elimination reaction to dehydrothymidinephosphate [pT - H2O - H]- at m/z 321 

and [M - (pT - H2O) - H]- at m/z 947 (Figu. 2.5) confirming it to be pTpT=(pT)pT.  A fragment 

ion of m/z 643 was also observed that results from the loss of two dehydrothymidinephosphate 

groups [M - 2(pT - H2O) - H]- which corresponds to the monoanion of the CPD of thymidine 

monophosphate [pT=pT - H]-.  Treatment of pTpT=(pT)pT with calf intestinal phosphatase (CIP) 

resulted in a slower eluting product with a retention time of 49 min (Fig. 2.3b).  ESI-MS/MS of 

this product confirmed the removal of the two 5’-phosphates to give TpT=(T)pT by a molecular 

ion [M - 2H]2- at m/z 545, which fragmented to [M - (T - H2O)-H]- at m/z 867 and to [M - 2(T - 
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H2O) - H]- corresponding to [pT=pT-H]- at m/z 643 (Fig. 2.4b, 2.5).  Treatment of TpT=(T)pT with 

kinase and ATP converted it back to pTpT=(pT)pT as confirmed by HPLC (Fig. 2.3c).   

Treatment of the dephosphorylated tetramer with [g-32P]ATP and polynucleotide kinase, however, 

resulted in two radiolabeled bands on high resolution denaturing polyacrylamide gel 

electrophoresis, a fast-moving band and much more slowly moving band (Fig. 2.6 lane 5).  

Exposure of this mixture of products to UVC (254 nm) light prior to electrophoresis converted 

both products to a single faster moving band corresponding to the dinucleotide p*TpT, which was 

expected to be produced by photoreversal of p*TpT=(p*T)pT CPD (Fig. 2.6 lane 6).  The 

formation of two radiolabeled products that photoreverted to the same product suggests that the 

two initial products were the mono and diphosphorylated products p*TpT=(T)pT and 

p*TpT=(p*T)pT, respectively (vide infra).  Formation of the two radiolabeled products confirms 

that the trans,anti T=T CPD of the human telomere sequence can be detected by a post-labeling 

assay involving sequential treatment with SVP, CIP and polynucleotidyl kinase and [g-32P]ATP.    

To determine whether the post-labeling assay would work in the presence of competitor 

DNA, we irradiated decreasing amounts of Tel26 in the presence of plasmid DNA at a total 

concentration of 650 µM bp.  The samples were then treated with DNAse I and SVP, followed by 

CIP and then kinase and [γ-32P]ATP.  DNAse I was added to help digest the plasmid DNA.  In this 

case, only the slower moving radiolabeled product was observed (Fig. 2.6 lanes 7, 9, 11, 13). To 

confirm that the slower moving band was radiolabeled p*TpT=(T)pT, and to distinguish it from 

radiolabeled partially digested ODNs, each sample was irradiated with UVC light to photorevert 

the tetramer products to dinucleotides. As can be seen, the slow-moving band decreases in intensity 

by the same amount that the fast-moving band corresponding to p*TpT increases in intensity.  The 
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trans,anti T=T CPD could be detected down to a 40 fmol level by quantification of the decrease 

of the band volume of the slower moving band and the increase of the band volume of the faster 

moving band in a 5 min exposure of the gel (1:100 lane).  It was even possible to detect a 10-fold 

lower amount (4 fmol) of the trans,anti T=T CPD in the gel shown by quantifying the bands in the 

1:1000 dilution lanes with a 24 h exposure.  On the other hand, it was not possible to do so in 

another gel.  We believe that this limit could be achieved or even further reduced, however, by 

pre-purification of the non-adjacent tetranucleotides before pre-labeling, and/or isolation of the 

radiolabeled tetranucleotide band prior to photoreversion to eliminate any background for the 

photoreverted dinucleotide bands.  

The lower limit of about 4 fmol is about three times higher than 1.5 fmol of trans,anti T=T CPD 

that would be produced if one trans,anti T=T CPD were to be formed per telomere in 10 million 

human cells that have 92 telomeres/cell.  There would be much more background interference 

from partially digested DNA and adjacent cis,syn T=T CPD trinucleotides if the post-labeling 

assay were to be carried out using human genomic DNA, but this could be circumvented by 

isolating the telomeres prior to the post-labeling assay (28). Interestingly, comparatively lower 

amounts of radiolabeled adjacent CPD products p*NY=Y were observed in comparison to the 

radiolabeled p*TpT=(T)pT product at 1:1 dilution even though GpTp=T is found to be efficiently 

labeled (lane 3).  The lower amount of radiolabeled cis,syn CPDs  could either be due to the 

inefficiency of SVP digestion of DNAseI digestion products which may be largely duplex, and/or 

that  non-adjacent CPDs form in much higher yield than the adjacent CPDs.  

To confirm the identity of the slow and fast migrating radiolabeled bands as either fully or 

hemiphosphorylated p*TpT=(p*T/T)pT internally labeled substrates were used in which the 
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internucleotide phosphate between the two T’s in either the first TTA or the second TTA loop was 

radiolabeled (Fig. 2.7a).  Because this substrate is internally labeled, irradiation followed by SVP 

would directly produce the radiolabeled diphosphorylated product pTp*T=(pT)pT, without 

requiring desphosphorylation and rephosphorylation (Fig. 2.7b).  The desired substrates were 

prepared by ligating either the 5'-end-labeled 19-mer (for loop 1) or the 5’-end-labeled 13-mer (for 

loop 2) to the 7-mer or 13-mer, respectively, using the 30-mer ligation scaffold (Fig. 2.7a).  The 

radiolabeled Tel26 strand was then carefully separated by denaturing PAGE from the 30-mer 

strand, which would otherwise form a duplex with Tel26 and inhibit folding. As one can see from 

Lane 8 in Figure 2.8 UVB irradiation of Tel26 internally labeled in loop 1 followed by SVP 

produces the fast-moving product, which is converted to pTp*T following photoreversal with UVC 

light, thereby identifying it as the doubly phosphorylated product pTp*T=(pT)pT. A band 

corresponding to p*T resulting from degradation of non-photoreacted DNA at that site was also 

observed, as well as a trimer corresponding to pGpT=p*T.  The same bands were also observed in 

Tel-26 subjected to the standard post-labeling protocol and using a chase with cold ATP to ensure 

complete phosphorylation (Fig. 2.8 lanes 4 & 5).   Strangely, a small amount of what appears to 

be the mono-phosphosphorylated tetramer product was also observed in the pre-labeled products 

digested with SVP which disappears upon photoreversal, along with slower moving bands only 

seen following treatment with CIP (vide infra).  How the mono-phosphorylated tetramer product 

and the higher bands would form is not obvious unless there was some phosphatase present in the 

commercial SVP preparation or in some other source.  As expected, bands corresponding to 

pTp*T=(pTpT) and Tp*T=(pT)pT were not observable in the Tel26 loop 2 pre-labeled substrate 
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because anti CPD formation can only take place between loops 1 and 3 of a chair or basket G-

quadruplex or a reverse Hoogsteen hairpin. 

To confirm the identity of the slow-moving band from the post-labeling assay as the mono-

phosphorylated product, samples containing the fast-moving band were incubated with CIP for 

various times to remove the 5'-phosphates.  As one can see from Figure 2.8 lanes 6 & 7, the post-

labeled products treated with CIP converts the fast-moving product to the slow-moving one, both 

of which disappear upon photoreversal with concomitant appearance of the p*TpT product.  The 

same is observed for the products of Tel26 internally labeled in loop 1 (Fig. 2.8 lane 11) except 

that the major products are bands that are migrating even slower that can be assigned to the 

completely dephosphorylated product Tp*T=(T)pT and the dephosphorylated trimer product 

GpT=p*T.  There is also one additional band that cannot be assigned.  Photoreversal of Tp*T=TpT 

to Tp*T with UVC results in an even slower moving product, while photoreversal of GpTp*=T 

causes no observable change in mobility (Fig. 2.8 lane 12). The additional unassigned band 

disappears upon UVC treatment.  Treatment of the Tel26 products internally labeled in loop 2 with 

CIP only produces GpT*pT and essentially none of the products expected from an anti CPD’s 

because they can only form between loops 1 and 3. 

The large differences in mobility between the various enzymatic degradation products can be 

readily understood in terms of their mass to charge ratio (Figure 2.7b).  Removal of a single 5'-

phosphate group from pTpT=(pT)pT results in a loss of two negative charges but a minor change 

in molecular weight causing a substantial reduction in electrophoretic mobility.  Removal of a 

second 5'-phosphate result in a loss of an addition two negative charges, resulting in a 

tetranucleotide with only two negative charges causing a further reduction in the electrophoretic 
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mobility.  Large retardations in electrophoretic mobility upon removal of a 5’-phosphate from 

oligodeoxynucleotides have been observed with 3'-endlabeled substrates (29). 

To determine whether the cis stereoisomer of the anti thymidine CPDs can also be detected by the 

pre- or post-labeling assays, we carried out the assay on the 14-mer sequence, 

d(GTATCATGAGGTGC), which we previously shown to form the cis,anti CPD between T2 and 

T7 (underlined) when UVB irradiated under low pH  (Fig. 2.9).   Because SVP degradation of the 

cis,anti T2=T7 CPD includes the 5'-terminal G, we could either pre-label the sequence with kinase 

and [g-32P]ATP, or post-label the GpT=(pA)pT product following SVP degradation.  When the 

pre-labeled product was UVB irradiated and then treated with SVP, a major fast migrating band 

was observed, which was converted to a faster moving band that migrated as p*GpT upon UVC 

treatment (lane 6).  Treatment of the SVP degraded product with CIP caused the fast-moving band 

to disappear and a slow-moving band to appear, both of which disappeared upon UVC irradiation 

with the formation of the p*GpT band.  This behavior is consistent with the fast-moving SVP 

degraded band being p*GpT=(pA)pT and the slow-moving band being p*GpT=(A)pT.  The band 

moving like a nucleotide monophosphate in lanes 5-12 must be p*G resulting from SVP 

degradation of the undamaged 14-mer.   

When the post-labeling assay was carried out on the 14-mer, the fast-moving band corresponding 

to p*GpT=(pA)pT was observed (Fig. 2.9b, lane 13).  Upon treatment with UVC light the expected 

p*GT band appeared along with a faster moving band (lane 14).  The only reasonable assignment 

of this band is that it belongs to p*ApT, which resulted from photoreversal of p*GpT=(p*A)pT 

that had probably become radiolabeled at A by a known phosphate exchange reaction with [γ-

32P]ATP catalylzed by PNK (30). Further treatment with CIP resulted in the formation of 
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p*GpT=(A)pT or GpT=(p*A)pT and eventual loss of all labeling as in the pre-labeled case (lane 

15).  The apparent efficiency of the exchange labeling reaction suggests that the CIP step could be 

eliminated from the post-labeling sequence, thereby shortening the procedure.  The formation of 

p*GpT and p*ApT as separable bands following photoreversal of p*GpT=(p*A)pT also 

demonstrates how anti T=T CPDs formed in different sequence contexts can be distinguished and 

quantified.  

2.5 Conclusion 

We have developed a radioactive post-labeling assay for the 10 fmol level detection of non-

adjacent trans,anti- and cis,anti-T=T CPDs indicative of non-B DNA folded structures in the 

presence of adjacent cis-syn CPDs indicative of native B DNA.   Furthermore, the ability of UVC 

light to photorevert the anti CPD-containing tetranucleotide products to faster moving dinucleotide 

products can be used to confirm their identity as non-adjacent CPDs and not partially degraded 

DNA, or other non-adjacent photoproducts such as (6-4) or Dewar products that cannot be 

photoreverted.  This post-labeling method is also expected to work for non-adjacent anti T=U, 

U=T and U=U CPDs resulting from deaminated C-containing anti CPDs.   It remains to be 

established whether this method will also work for regio-isomeric non-adjacent cis,syn and 

trans,syn CPDs.  Because the assay detects anti-CPDs, it is specific for the presence of chair, 

basket, or reverse Hoogsteen hairpins containing pyrimidines in adjacent loops of sufficient length 

and cannot detect such structures with short loops or lacking pyrimidines, as well as parallel or 

hybrid G quadruplex structures.  This specificity will allow for detection of non-B DNA structures 

not detected or identifiable by other methods.  The main advantage of our method, however, is that 

the dynamics of G-quadruplexes is not perturbed in the probe step.  Both post-labeling and pre-
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labeling assays for anti CPDs should also find application for in vitro studies of non-B structures.  

Once anti CPDs can be verified to form in vivo, Next-Gen sequencing assays can be developed to 

map the location of these products, and hence non-B. 

2.6 Figures 
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Figure 2.1. Idea of using structure-specific photoproducts to detect and map folded DNA 
structures such as basket G-quadruplexes.  a) Structure of adjacent cis,syn and non-adjacent cis 
and trans,anti T=T CPDs.  b)  Whereas UV irradiation of B DNA produces adjacent cis,syn T=T 
CPDs, UV irradiation of non-B DNA folded structures such as the basket G quadruplex form of 
human telomeric DNA produces unique non-adjacent anti T=T CPDs 

 

Figure 2.2.  Post-labeling assay schemes for T=T CPDs.  a) DNA containing an adjacent cis,syn 
T=T CPD is degraded to a trinucleotide with snake venom phosphodiesterase (SVP) and then 
dephosphorylated with calf intestinal phosphatase (CIP) followed by radiolabeling with [g-32P]-
ATP and kinase to give a phosphorylated trimer product.  Irradiation with 254 nm light (UVC) 
reverts the CPD to the canonical bases. b) DNA containing a non-adjacent anti T=T CPD is 
degraded to a tetranucleotide with snake venom phosphodiesterase (SVP) and after 
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dephosphorylation with calf intestinal phosphatase (CIP) and radiolabeling with [g-32P]-ATP and 
kinase would give mono and diphosphorylated tetranucleotide products.  Irradiation with 254 nm 
light would revert the tetranucleotide product to two dinucleotides.  Treatment of the tetra- or 
dinucleotide products with NP1 would release the 5’-terminal radiolabeled nucleotide.  All 
radiolabeled products are distinguishable by high resolution polyacrylamide gel electrophoresis. 
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Figure 2.3.  HPLC analysis and purification of the intermediates in the post-labeling assay 
of Tel26 DNA irradiated with UVB light.  a) Irradiated Tel26 digested with snake venom 
phosphodiesterase (SVP) for 24 h to give trans,anti pTpT=(pT)pT. b)  Dephosphorylation of 
trans,anti pTpT=(pT)pT with calf intestinal phosphodiesterase (CIP) to give TpT=(T)pT. c) 
rephosphorylation of TpT=(T)pT from B with polynucleotidyl kinase (PNK) and ATP. 
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Figure 2.4.  ESI-MS/MS characterization of the intermediates in the post-labeling assay of 
irradiated Tel26 DNA. a) MS/MS of the [M - 2H]2- ion (m/z 624.11) of trans,anti pTpT=(pT)pT.  
b) MS/MS of the [M - 2H]2- ion (m/z 545.13) of the dephosphorylated trans,anti TpT=(T)pT. 
 

 
Figure 2.5.  MS/MS fragmentation pathways of the trans,anti T=T CPD-containing products 
of Figure 4.  Pathways for pTpT=(pT)pT are shown in normal font, whereas pathways for 
TpT=(T)pT are shown in bold italic font. 
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Figure 2.6.  Post-labeling assay carried out on Tel26 in the absence or presence of competing 
plasmid DNA.  Lanes 2, 3 and 5 are authentic standards prepared by radiolabeling TT and HPLC 
purified GT=T and TpT=(T)pT.  UVC was used to photorevert T=T CPD-containing products.  
Lane headings for the post-labeling reactions refer to the ratio of the base pair concentrations of 
Tel26 to plasmid DNA.  Lanes 13-18 are shown with a narrower dynamic range to make the photo-
reverted products in lanes 14 and 16 more apparent. 
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Figure 2.7.  Preparation and use of internally labeled Tel26 for studies of anti T=T CPD 
formation.  a)  ODNs (written 5’-3’) used to prepare Tel26 internally labeled in loop 1 and loop 
2 where the T’s that undergo trans,anti T=T CPD formation are in bold.  The 30-mer serves as a 
ligation scaffold.   b) Degradation products the non-adjacent trans,anti T=T CPD formed between 
loop 1 and loop 3 of loop 1 internally labeled Tel26.  The relative mobility of the enzymatic 
degradation products is compared to the mass to charge ratio assuming that all phosphate groups 
are fully ionized.   
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Figure 2.8.  Analysis of the enzymatic degradation products of post- and pre-labeled Tel26 
by denaturing polyacrylamide gel electrophoresis.  Lanes 1-3:  authentic products obtained by 
end-labeling commercial ODNs.  Lanes 4-7: post-labeling assay carried out on UVB irradiated 
Tel26 followed by dephosphorylation with CIP, with and without CPD photoreversion with UVC 
light as indicated.  Lanes 8-13: SVP treatment of UVB irradiated Tel26 that was internally pre-
labeled in loop 1 followed by CIP or CIP and NP1, with and without CPD photoreversion with 
UVC light, all as indicated.  Lanes 14-18: SVP treatment of UVB irradiated Tel26 that was 
internally pre-labeled in loop 2 followed by CIP with and without CPD photoreversion with UVC 
light as indicated.  Treatments with CIP were for either 2.5 min (a) or 30 min (b).  Figure prepared 
from two separate gels carried out under identical conditions as indicated by the vertical line. 
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Figure 2.9.  Analysis of the enzymatic degradation products of pre- and post-labeled 14-mer 
containing a cis,anti T=T CPD.  a) Schematic for the enzymatic reactions carried out on the pre- 
and post-labeled UVB irradiated 14-mer where the T’s undergoing anti CPD formation are in bold.  
b)  Denaturing PAGE of the enzymatic reaction products. Lanes 5-12: the 5’-pre-labeled UVB 
irradiated 14-mer was digested with SVP and then dephosphorylated with CIP, where a, b and c 
refer to the times of 0-, 5- and 10-minutes following addition of CIP, with and without 
photoreversion by UVC light as indicated.  Lanes 13-20:  The UVB irradiated 14-mer was 
degraded by SVP and then labeled with PNK and [g-32P]ATP, after which it was incubated for 
increasing time with CIP as described for the pre-labeled experiment,  with and without 
photoreversion with UVC light as indicated. 
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Chapter 3: Post-labeling Assay of Non-
Adjacent anti Cyclobutane Pyrimidine 

Dimers formation in known Non-B 
Secondary Structures of DNA 

3.1 Abstract 

Irradiation of non-B secondary structures of DNA, such as G-quadruplex and reverse Hoogsteen 

hairpins, have been found to produce a unique class of non-adjacent anti cyclobutane pyrimidine 

dimer (CPDs) photoproducts. The formation of these anti CPDs has been explained by the ability 

of certain folded conformations of DNA to bring distant pyrimidine bases into close enough 

proximity for photodimerization. Because the structure and stereochemistry of the anti CPDs is 

determined by the structure of the DNA at the time of photoirradiation, it was realized that anti 

CPDs could be used as intrinsic probes for non-B DNA structures in vivo and in vitro.  Before 

CPDs can be used as such probes, however, a better understanding of the photoreactivity of 

different non-B DNA structures is needed. We therefore report the use of the post-radiolabeling 

assay to detect and further study the formation of non-adjacent anti CPDs in G-quadruplex forming 

sequences found in the promoter and telomeric regions of human DNA, as well as in telomeric 

DNA from other organisms. The structures adopted by these sequences have been previously 

determined by an array of structural and photochemical studies. We report the detection of non-

adjacent CPDs in conditions that were previously determined to produce these photoproducts at 

insignificant amounts, as well as in structures not expected to form anti CPDs, demonstrating the 
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use of this highly sensitive post-radiolabeling assay to investigate the photochemistry of 

biologically relevant non-B secondary structures of DNA. 

3.2 Introduction 

The study of the photochemistry of DNA has been mainly focused on the native double helical B-

form conformation of DNA since the discovery of the thymine dimer in 1958 (1). These studies 

were originally motivated by trying to understand the mutagenic properties of UV light on living 

organisms.  As a consequence, the structure of the main photoproducts of B form DNA were 

discovered, including the cis,syn cyclobutane butane pyrimidine dimers (CPDs) and the pyrimidine 

(6-4) pyrimidone photoproducts (Fig. 3.1a) (2,3). In contrast, very few studies have been carried 

out on the photochemistry of biologically significant non-B secondary structures of DNA such as 

hairpins, G-quadruplexes, cruciforms, H-DNA, and bulges (4–8).  

Photochemical studies on non-B secondary structures of DNA was recently prompted by the 

discovery of an interstrand-type cis,anti-CPD that was accidentally found to form between non-

adjacent thymine bases in a single-stranded oligonucleotide (ODN) under acidic conditions (Fig. 

3.1b) (9).  The structure of this non-adjacent CPD photoproduct was characterized by a nuclease 

P1-coupled mass spectrometry (MS) assay that is capable of distinguishing between adjacent and 

nonadjacent DNA photoproducts (9,10). Nuclease P1 (NP1) is an endonuclease that hydrolyzes 

the phosphodiester linkage at the 3’-end of a native nucleotide but cannot induce cleavage when 

the base is modified.  NP1 digestion of DNA photoproducts that form between adjacent nucleotides 

in a DNA sequence, therefore results in the production of a trimer pY=pYpN, but when 
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photoproducts form between nonadjacent nucleotides, however, a tetramer pY(pN)=pY(pN) 

results (Fig. 3.2) (9–12).  

The discovery and characterization of a non-adjacent CPD with a head-to-tail or anti orientation 

with the use of the NP1-coupled MS assay, led to the discovery that anti CPDs could also form 

from the UVB irradiation of human telomeric and promoter G-quadruplex forming sequences 

(7,13,14). G-quadruplex DNA structures are known to have a high degree of structural 

polymorphism and adopt many different structures characterized by the relative orientation of the 

strands and connections by the loops (Fig. 3.3) (5,15,16).  Structures that have adjacent lateral 

loops, as is the case for the basket and chair structures (Fig. 3.3.d, e), can result in non-adjacent 

anti CPD formation when exposed to UVB light when the reacting pyrimidine bases are correctly 

positioned, and the loops are long enough. It was also discovered that non-adjacent photoproducts 

could also arise from the reverse Hoogsteen hairpin structures that are in equilibrium with the G-

quadruplex structures and other types of DNA conformations (Fig. 3.3.f) (4,8). 

The observation that non-adjacent CPDs can readily form in non-B structures of DNA led to the 

proposal that non-adjacent CPDs could be used as stable molecular signatures for the existence of 

non B- structures in vitro and in vivo (4,14). To be used effectively as probes, a fundamental 

understanding of the photoreactivity of non-B DNA structures is required.  It will be necessary to 

determine the extent to which specific non-B DNA structures lead to specific non-adjacent 

photoproducts or if they produce a specific pattern of photoproducts (Fig. 3.3). We therefore report 

a first step towards a comprehensive investigation into the photochemistry of G-quadruplexes and 

other non-B conformations of DNA by making use of the highly sensitive post-radiolabeling assay 

that we have developed (Chapter 2) (Fig. 3.2).  This post-labeling assay is able to detect the 
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formation of non-adjacent anti CPDs in telomeric G-quadruplex forming sequences, as well as 

reverse Hoogsteen hairpins (8,13,14,17–19). The assay makes use of snake venom 

phosphodiesterase (SVP) to degrade non-adjacent CPDs to tetramers of the form pNpY=(pN)pY 

(Fig. 3.2) that can be distinguished from the partial degradation of DNA by photoreversal with 254 

nm light to pNpY dinucleotides. We now report using this method for the detection of non-adjacent 

CPD formation under conditions that previous methods detected at insignificant amounts, as well 

as in structures that were not expected to form anti CPDs.  These results demonstrate that this post-

radiolabeling assay complements previous mass spectrometry techniques for studying the 

photochemistry of biologically relevant non-B secondary structures of DNA. 

3.2 Materials and Methods 

3.2.1  Materials and Reagents 

Oligodeoxynucleotides (ODNs) were purchased from Integrated DNA Technologies, Inc. (IDT, 

Coralville, IA, USA). Snake venom phosphodiesterase (SVP) from Crotalus adamanteus was 

obtained from Worthington Biochemical (Lakewood, NJ, USA). DNase I (RNase- free) was 

obtained from New England Biolabs (Ipswich, MA, USA). Calf intestinal phosphatase and T4 

DNA ligase were obtained from Promega (Madison, WI, USA).  T4 Polynucleotide Kinase (T4 

PNK) was obtained from ThermoFisher Scientific (Waltham, MA, USA) and 6000 Ci/mmol [g-

32P]-ATP from Perkin Elmer (Waltham, MA, USA). 

3.2.2  Preparation of G-Quadruplex and Reverse-Hoogsteen Hairpin Structures 

The post-labeling assay was tested on nine sequences that have been shown by previous studies to 

fold into G-quadruplex and reverse Hoogsteen secondary structures (8,13,14,17–19). Unless 
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otherwise stated, the ODNs (500 pmol) were heated at 95°C for 10 min in 100 µL of 150 mM KCl, 

NaCl, or LiCl, and then rapidly cooled in ice to preferentially form intramolecular structures. 

Samples were left on ice for at least 1 h before irradiation with UVB light. 

The different G-quadruplex structures adopted by hTeLo (100 µM, 100 µL) were induced with 

different cations under different ionic strength conditions. The basket fold was induced under high 

ionic strength (HIS) conditions in 1 M NaCl and in low ionic strength (LIS) conditions in 140 mM 

NaCl. The hybrid structure was induced under HIS conditions in 950 mM LiCl and 50 mM KCl, 

and for LIS conditions in 140 mM KCl. The parallel conformation was only induced under HIS 

conditions in 5 M LiCl and 20 mM KCl. These conditions only deviated from the original studies 

by omitting EDTA and Tris buffer as these compounds were found to inhibit SVP activity (19).  

3.2.3  Post-labeling Assay of UVB Irradiated ODN Sequences 

After the respective G-quadruplex and/or reverse Hoogsteen hairpin structure was induced and 

kept on ice for at least 1 h, the ODN sequence was irradiated with broadband UVB/UVA light 

(275–400 nm, centered at 330 nm) for 2.5 h on ice. Irradiations were carried out in polyethylene 

microfuge tubes on a bed of ice for 2.5 h at 1 cm distance from two Spectroline XX-15B UV 15 

W tubes with an approximate intensity of 2.2 mW/cm2 (22 J/m2-s) after filtration through a plate 

of Pyrex glass. After irradiation, the solution was evaporated in vacuo and incubated with 20 units 

of DNaseI in 20 µL of 10 mM Tris-HCl (pH 7.6), 2.5 mM MgCl2, and 0.5 mM CaCl2 at 37 °C 

overnight, followed by inactivation of the DNAse I at 75 °C for 20 min. After the sample was dried 

in vacuo, it was resuspended with 10 to 15 units of SVP in 30 µL of 10 mM ammonium citrate, 

100 µM MgCl2 pH 9.4 at 37 °C overnight and the SVP was inactivated in boiling water for 20 
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min. After the sample was dried, it was then treated with 6 units of CIP in 40 µL of 50 mM Tris-

HCl (pH 9.3), 1 mM MgCl2, 100 µM ZnCl2, and 1 mM spermidine at 37 °C for 3 h. The enzyme 

and other denatured proteins were removed by phenol extraction and residual phenol was removed 

by multiple diethyl ether extractions. After evaporating the sample in vacuo, it was treated with 10 

units of T4-PNK and 0.5 pmol [ g-32P]-ATP in 40 µL of 50 mM Tris-HCL (pH 7.6), 10 mM MgCl2, 

5 mM DTT, 0.1 mM spermidine, 0.1 mM EDTA at 37 °C for 3 h.  An aliquot of the sample (4 µL) 

was irradiated for 30 min with 254 nm light to reverse any CPDs. Unirradiated and irradiated 

aliquots (4 µL) were then mixed with an equal volume of 2X loading buffer (98% formamide with 

xylene cyanol dye), heated in a boiling water bath for 5 min, and cooled on ice. The radiolabeled 

samples were then analyzed on a 20% denaturing polyacrylamide gel (7 M Urea, 19:1 

acrylamide:bisacrylamide, 0.8 mm thick) at 1500 V until the dye reached 8 cm. The gels were then 

scanned with an Amersham Typhoon biomolecular imager.  

3.4 Results and Discussion  

3.4.1  Post-labeling Assay of Tel26 and Tel22 Human Telomeric Sequences 

The UVB photoproducts of the G-quadruplex structures Tel22 d[AGGG(TTAGGG)3] and Tel26 

d[AAAGGG(TTAGGG)3AA] in the presence of either Na+, K+ or Li+ was originally studied by an 

NP1-coupled MS assay.  A cation and DNA sequence dependent distribution of anti CPDs was 

observed and was proposed to arise from the presence of multiple types of interconverting DNA 

structures (7,8,13).  We therefore choose these sequences first to test if the post-labeling assay 

would reproduce the original results. Post-labeling analysis of UVB irradiated Tel26 and Tel22 

sequences in the presence of all three metal ions produced radiolabeled bands that corresponded 
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to the monophosphorylated products of the non-adjacent CPDs p*NpT=(N)pT (Fig. 3.4 lanes 

5,7,9,12,14,16). Exposure of the degradation mixture to UVC (254 nm) light prior to 

electrophoresis converted the radiolabeled tetranucleotide products to a faster moving band 

corresponding to the dinucleotide p*NpT expected to occur from the photoreversal of the 

nonadjacent anti p*NT=(N)T CPDs (Fig. 3.4 lanes 6, 8, 10, 13, 15, 17). Detection of bands 

corresponding to the formation of anti T=T CPDs in both Tel26 and Tel22 sequences, confirm that 

these sequences adopt photoreactive conformations in native conditions in the presence of K+, Na+, 

and Li+.  

Previous enzyme-coupled MS studies of Tel22 and Tel26 in Na+ found that they produced only 

low to insignificant (1%) amounts of anti CPDs (7,13).  It was proposed that these sequences adopt 

a basket type structure in the presence of Na+ that inhibits interloop photoreaction of the 

thymidines due to steric constraints imposed by the three nucleotide loops. When the post-labeling 

assay was carried out on both sequences irradiated in the presence of Na+, a significant, but low 

amount of anti CPDs were observed.  These results support the hypothesis that the human telomere 

basket structure is not very photoreactive (Fig. 3.3d). An equally small amount of the radiolabeled 

adjacent CPD product p*GpT=pT was observed in these samples that could be explain by the low 

photoreactivity of adjacent T’s in loops, or that radiolabeling of cis,syn CPDs is less efficient that 

non-adjacent photoproducts.  

Irradiation of Tel22 and Tel26 the presence of K+ and Li+, produced a higher yield of bands 

corresponding to anti CPDs compared to Na+ in accord with previous studies (7,8,13). Tel22 in 

the presence of K+ was reported to produce a variety of nonadjacent anti CPDs at different yields, 

where the NP1 digestion products with both trans,anti and cis,anti stereochemistries were found 
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to form between the 1st T of loop 1 and the 2nd T of loop 3 (T1=T2 CPD) (6.5%), as well as between 

the 2nd T bases of loop 1 and 3 (T2=T2 CPD) (16%) (7,13). In the post-labeling assay of Tel22 in 

the presence of K+ these photoproducts would produce the SVP digestion products 

pGpT1=(pT)pT2 and pTpT2=(pT)pT2, respectively. The radiolabeled products corresponding to 

these different anti CPDs are unable to be differentiated from one another by gel electrophoresis, 

but it has been shown previously that the post-labeling assay can detect both trans,anti and cis,anti 

stereoisomers of the T=T CPDs.  Similarly, only one radiolabeled band corresponding to non-

adjacent CPDs is observed when Tel26 was irradiated in KCl which was shown to produce similar 

yields of anti CPDs as Tel22, except that a preference for the trans,anti T2=T2 CPD was observed. 

The preferred formation for the trans,anti T2=T2 CPD photoproduct in Tel26 was attributed to the 

reverse Hoogsteen hairpin structure being furthered stabilized by this sequence compared to Tel22 

(8) which is evident by the higher amount of non-adjacent CPDs detected by the post-labeling 

assay in Tel26 compared Tel22 in the presence of Li+ (Fig. 3.4 lane 9,10,16,17) . 

3.4.2  Post-labeling Assay of the Model Human Telomeric Sequence hTeLo 

To further explore the photochemistry of the multi-structural and dynamic human telomeric 

sequences, the hTeLo d(TAGGG(TTAGGG)3TT) model sequence was assayed with the post-

radiolabeling technique for non-adjacent CPDs as the structures adopted by this sequence have 

been thoroughly characterized through a variety of structural analysis studies (20–27). Most 

recently this sequence was analyzed by a single-molecule nanopore technology where the 

fluctuations in the current levels were used to discriminate between different G-quadruplex 

structures. As the nanopore experiments usually require samples to have high levels of electrolytes, 

the structural studies were performed under two distinct ionic strength conditions classified as low 
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(LIS) and high (HIS). The low ionic strength conditions were consistent with the biological 

concentrations of ions, specifically K+, inside the cell, while the HIS levels contained the required 

elevated amount of electrolyte concentrations needed for nanopore sequencing while in the 

presence of the respective G-quadruplex stabilizing ions.  In the presence of K+ under the low (LIS, 

140 mM K+) and high (HIS, 50 mM KCl, 950 mM LiCl) conditions, the results were consistent 

with a predominance of hybrid-type G-quadruplex structures along with the corresponding triplex 

folding intermediates (24,28).  In the presence of Na+ under low (LIS, 140 mM NaCl) or high 

(HIS, 1 M NaCl) ionic strength, the results were consistent with a basket structure (19).  When 

analyzed by the UVB coupled post-labeling assay, tetramer bands corresponding to the 

monophosphorylated products of anti CPDs were observed under both high (HIS) and low (LIS) 

salt conditions with Na+ and K+ (Fig. 3.5 lane 11, 13, 15, 17). The efficient formation of anti CPDs 

in hTeLo in the presence of K+ that favored the hybrid and triplex structures is consistent with the 

presence of the triplex intermediate which has been previously shown to form anti CPDs (7).  

Alternatively, the highly efficient formation of anti CPD photoproducts reported by the post-

labeling assay may also be due to the hTeLo sequence adopting photoreactive form 3 basket G-

quadruplex or reverse Hoogsteen structures that may be in equilibrium with the hybrid structures 

as was the case for the Tel22 and Tel26 sequences in the presence of K+ (8,13).  More surprisingly, 

high yields of tetramer product were observed in the presence of Na+, which is different than 

observed for Tel22 or Tel26.  Perhaps hTeLo in Na+ solution can also adopt a form 3 basket which 

is photoreactive. 

Unexpectedly, bands corresponding to anti CPDs were also observed along with what appear to 

be partially digested product (Fig. 3.5 lane 19) under highly dehydrating conditions (5 M LiCl) in 
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the presence of K+ where the parallel structure has been shown by nanopore analysis to be the 

predominant conformation adopted by the hTeLo sequence (Fig. 3.3a). The parallel G-quadruplex 

contains propeller loops that do not allow for thymine bases to interact in a way that non-adjacent 

CPDs could form. We speculate that these anti CPDs could be forming from the presence of a 

reverse Hoogsteen hairpin structure that may be in equilibrium with the non-photoreactive parallel 

G-quadruplex structure as we found for Tel26.  

3.4.3  Post-labeling Assay of Ciliate Telomeric Sequences Tet-4 and Oxy-4 

The G-quadruplex forming telomeric sequences found in the ciliate organisms Oxytricha d(T4G4)4 

(Oxy-4) and Tetrahymena d(T2G4)4 (Tet-4) (29,30) were reported in 1989 by Cech and coworkers 

to form metal ion dependent intra-strand photo-crosslinks when exposed to 254 nm light (17).  For 

the Oxy-4 sequence the photo-cross-linking efficiency was in the order Na+ > K+ > Li+, while for 

the Tet-4 sequence the order was Na+>Li+>K+. In the presence of Na+, Oxy-4 was proposed to 

adopt a chair structure with two G-quartets, where the photo-crosslink was mapped to occur 

between the T11 base in loop 1 and T27 base in loop 3 (Fig. 3.6b).   For the Tet-4 sequence, a chair 

structure with three G-quartets was proposed to account for the photoreaction between the T1 in 

the 5’-tail and the T13 in loop 2 (Fig. 3.6b). The involvement of these two bases in the 

photocrosslinking product of the Tet-4 sequence suggests a new way for nonadjacent 

photoproducts to form in G-quadruplex structures (4,31,32). 

When the UVB-coupled post-labeling assay was used to probe the structure of the Oxy-4 and Tet-

4 sequences in the presence of K+, Na+, and Li+, radiolabeled bands with similar electrophoretic 

mobility to the monophosphorylated tetramer products p*NpT=(N)pT were detected (Fig. 3.6 lane 
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4,6,8,11,13,15). After exposure to 254 nm light the slower moving tetranucleotide bands seen in 

the Na+ and Li+ photoreactions were converted to fast-moving bands corresponding to the 

dinucleotide p*NpT suggesting that non-adjacent CPDs had formed. In the presence of K+, only a 

small amount of the dinucleotide band was observed to form after photoreversal for both the Tet-

4 and Oxy-4 sequences, but the slower moving band corresponding to the monophosphorylated 

tetramer was not very discernable (Fig. 3.6 lane 4,5,11,12). On the other hand, a very strong band 

migrating slightly faster than the band for p*TpT=(T)pT was observed for both Oxy-4 and Tet-4 

in K+ solution that was unchanged by 254 nm irradiation suggesting that it may be 6-4PP and/or 

Dewar photoproduct.  This band is very prominent in the Tet-4 photoreaction in K+ (lanes 11 & 

12) and should be further investigated.  It is very puzzling, however, that it does not appear in Na+ 

or Li+ solution.  

It was initially proposed that the photocrosslinking of Tet-4 and Oxy-4 sequences in the presence 

of Na+ could have arisen from distinct chair structures, but it is also possible that they could have 

occurred from the basket type G-quadruplex conformation (Fig. 3.6b) (4,33). The detection of non-

adjacent anti CPDs in the presence of Li+ in both sequences suggest that a non-G-quadruplex 

secondary structure of DNA, such as a Hoogsteen or reverse Hoogsteen hairpin, may be involved. 

A reverse Hoogsteen hairpin has been shown to form in a fragment of the Oxy-4 sequence in the 

presence of Li+ by NMR studies (34). In the presence of K+, the Oxy-4 sequence has been shown 

to adopt a mixture of parallel and antiparallel structures (35–37). The small amount of anti CPD 

formed from Oxy-4 in K+ solution is consistent with the presence of an antiparallel G-quadruplex 

such as a chair or basket structure but may also come from a reverse Hoogsteen hairpin.   Further 

studies of this sequence could greatly benefit from the internal labeling strategy to confirm the 
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crosslinking sites and the enzyme coupled- MS/MS assay to identify the photoproducts formed in 

K+.  

3.4.3  Post-labeling Assay of Human Promoter Sequences 

We also used the UVB-coupled post-labeling assay to examine four putative G-quadruplex 

forming sequences from promoters of the CALU, STARD3NL, c-MYC, and ILPR human genes, 

where the CALU and STARD3NL sequences were previously found to form non-adjacent CPDs 

when exposed to UVB light in the presence of Na+ and K+ (14).    

CALU promoter sequence 

The assay was carried out in the CALU promoter sequence d(GGGGCT)3GGG in solutions of 

KCl, NaCl, and LiCl (Fig. 3.7a, lanes 4-10). Photoreversible radiolabeled bands corresponding to 

the singly phosphorylated tetramers p*NpY=(N)pY were observed in all cases, though it was 

maximal in Li+ (Fig. 3.7b). Previously it was shown by circular dichroism (CD), melting 

temperature analysis, and chemical foot printing experiments that this sequence adopts antiparallel 

G-quadruplex structures in the presence of K+ and Na+ that would explain the formation of anti 

CPDs (Fig. 3.8a) (14).   The formation of non-adjacent CPDs in Li+ suggests the presence of 

reverse Hoogsteen hairpins or other non-G-quadruplex structures, where the greater yield of anti 

CPD formation in Li+ compared to Na+ and K+ suggests that the most photoreactive conformation 

is not a G-quadruplex (Fig. 3.7b).    

Interestingly, the UVB-coupled post-labeling assay in the presence of K+ produced non-

photoreversible tetramer bands (Fig. 3.7a lane 5,6) much like was observed for Oxy-4 and Tet-4. 
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This suggests that, as with the Tet-4 and Oxy-4 sequences, they may be due to non-photoreversible 

non-adjacent 6-4PP or Dewar photoproducts and merit further investigation.    

Previous NP1-coupled MS analysis of this CALU sequence in the presence of Na+ and K+, found 

that pT(pG)=pT(pG) was the major CPD produced from UVB irradiation. This tetramer was 

explained to arise from the inter-loop photoreaction between thymidines in lateral loops 1 and 3 in 

the chair and/or basket conformations through T/U replacement experiments (Fig. 3.8a) (14). 

Replacing thymidine bases with uracil allowed the reacting bases to be identified by NP1-coupled 

mass spectrometry, as the photocycloaddition reaction between a T and a U occurs as equally well 

as between two Ts.  

STARD3NL promoter sequence 

When the assay was carried out in the STARD3NL d(GGGGCTGCTGGGTGCGGGCGGTGGG) 

sequence in solutions with K+, Na+, and Li+, photoreversible radiolabeled bands corresponding to 

the singly phosphorylated tetramers p*NpY=(N)pY were observed in all cases, where maximal 

formation was observed in Na+ (Fig. 3.7a lanes 11-17). The previous photochemical studies done 

on this sequence showed that the formation of anti-CPDs in the presence of K+ and Na+ could be 

explained by the formation of antiparallel G-quadruplex structures (Fig. 3.8b) (14).   The formation 

of non-adjacent CPDs in Li+ suggests the presence of reverse Hoogsteen hairpins or other non-G-

quadruplex structures, but the greater yield of anti CPD formation in Na+ suggests that the most 

photoreactive conformation of this sequence may be a G-quadruplex structure.  (Fig. 3.7b).   In the 

presence of K+ non-photoreversible tetramer bands were produced suggesting the formation of 

non-photoreversible non-adjacent 6-4PP or Dewar photoproducts.    
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The previous NP1-coupled MS analysis of the STARD3NL sequence in the presence of K+ 

detected the formation of two anti CPDs produced from UVB irradiation: a major pT(pG)=pT(pG) 

product and a novel pT(pG)=pU(pG) which would have resulted from the deamination of a 

nonadjacent T=dC CPD. The uracil containing NP1 product pT(pG)=pU(pG) was proposed to 

arise from the inter-loop photoreaction between loops one and three from the T9 and C19 bases in 

the chair form or between T6 and C19 in the basket form (Fig. 3.8) . Alternatively, it could have 

arisen from an intra-loop photoreaction between the T13 and C15 bases in loop two and/or between 

T22 and C19 in loop three. The exact site of formation for the T=C CPD could not be determined 

with nucleotide replacement experiments due to problems in distinguishing between the two 

possible CG sites (Fig. 3.8) (14).  If, however, SVP degradation is used, the digestion products 

between the T=C CPD intra- and inter-loop reactions could be distinguished. SVP digestion would 

produce pCpT=(pG)pC which would deaminate to pUpT=(pG)pU if it formed from the inter-loop 

photoreaction between T6 and C19 if in the basket form or between T9 and C19 in the chair form. 

But if it formed from intra-loop reactions of the T and C bases in loop two or three, SVP would 

produce pGpT=(pG)pC which would deaminate to pGpT=(pG)pU. 

The T=T anti CPD photoproduct detected from the NP1 analysis of the STARD3NL sequence was 

proposed to arise from the inter-loop photoreaction between the T9 and T22 bases in loops one 

and three from a basket structure, or between the T6 and T22 from a chair structure. It was also 

proposed that it could have arisen from a possible intra-loop photoreaction from the bases T6 and 

T9 in loop one (Fig. 3.8b)(14). If digestion analysis with SVP is performed, the possible intra- and 

inter-loop products could also be distinguished as pCpT=(pC)pT (deaminating to pUpT=(pC)pT) 
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would form from the loop one photoreaction between T6 and T9, whereas if it formed between 

loop one and loop three pCpT=(pG)pT (deaminating to pUpT=pG)pT) would form.   

As we are unable to determine the sequence composition of the tetramer and photoreversed bands 

in the post-labeling assay using a simple denaturing gel, we cannot distinguish between non-

adjacent T=T CPD and the T=U CPD arising from deamination of a T=C CPD, or where they are 

arising based on flanking sequence information.  It may be possible to get more information from 

a 2D gel using low pH which differentiates nucleotides, or by 2D paper chromatography.  

Alternatively, the pre-labeling strategy could be used to identify the site of the CPDs.   Clearly, an 

approach that combines the post-labeling strategy to identify sequences that form non-adjacent 

CPDs with an NP1 and SVP coupled MS/MS to identify the type of CPDs formed and their 

flanking sequence, followed by a pre-labeling assay would be best.  

c-MYC promoter sequence 

The G-quadruplex forming sequence found in the promoter region of the c-MYC gene was also 

tested for non-adjacent CPD formation with the post-labeling assay in the presence of K+, Na+, 

and Li+ (Fig. 3.9). The G-quadruplex structures adopted by this sequence have been extensively 

characterized in vitro and have been proposed to play key roles in the expression of this oncogene 

(38). The c-MYC sequence has been shown to adopt an extremely dynamic G-quadruplex structure 

in K+, where the parallel structure is believed to predominate but is in active equilibrium with 

antiparallel structures (Fig. 3.10a) (39–41).  Even though the exact type of antiparallel structures 

adopted by this sequence has not been completely characterized, non-adjacent photoproducts were 

not expected to form due to the short loops found in this sequence. 
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When the c-MYC sequence was irradiated in the presence of K+ and assayed with the NP1 enzyme, 

no tetramer products were detected by HPLC with the expected retention time between 30 and 36 

minutes (Fig. 3.10b).  Likewise, there were no photo-revertible bands leading to dinucleotides 

expected from anti CPDs (Fig. 3.9a lanes 4,5) indicating that no photoreactive conformations were 

present.  Strangely, there was a significant amount of almost full-length products and bands with 

the mobility approximating tetramers that were not photoreversible (Fig. 3.9a lane 5,6) suggesting 

that they might contain non-photoreversible 64PP or Dewar products. 

When the post-labeling assay was performed in the presence of Na+, a small amount of a 

photoreversible tetramer was observed without any of the partially digested products observed in 

K+ or the non-photoreversible tetramer-like products (Fig. 3.9a lane 6,7).  The lack of significant 

anti CPD formation would be consistent with the presence of antiparallel G-quadruplex structures 

that are unphotoreactive due to the short loops.  In the presence of Li+ ions (Fig 3.9a ,8,9 & b) a 

significant amount of anti CPD was observed which would be consistent with the formation of 

reverse Hoogsteen hairpins.  The photoreactive conformation could either be a two-nucleotide 

bulge loop formed with T2 and T3, or alternatively, a shorter hairpin in which T1 can react with 

T2.  The involvement of T1 could be easily determined as it is the 5’-terminal nucleotide by pre-

labeling the 5’-end.  

ILPR promoter sequence 

The G-quadruplex forming sequence found in the promoter region of the insulin (ILPR) genes was 

similarly tested for non-adjacent CPD formation with the post-labeling assay in the presence of 

K+, Na+, and Li+ (Fig. 3.9). This sequence has previously been shown by in vitro structural studies 
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to primarily adopt a mixture of antiparallel and parallel G-quadruplex structures in K+, while in 

Na+ it predominantly adopts antiparallel types of G-quadruplex structures (Fig. 3.8a) (42–44).  

Even though the exact type of antiparallel structures adopted by this sequence has not been 

completely characterized, the T bases in loops one and three are present in the first and third 

positions, which may not be optimal for anti-CPD formation.  The post-labeling assay showed a 

cation dependent formation of anti CPDs , where in the presence of K+ a high amount of non-

photoreversible short degradation products were observed (Fig. 3.9 a lanes 11 & 12).  A small 

amount of the photo-revertible band was observed in Na+ with a sizable amount of partially 

degraded products that were not photoreversible (Fig. 3.9 a lanes 13 & 14).  In Li+ very little anti 

CPD was observed (Fig. 3.9 a lanes 15 & 16), which is puzzling but may be because the reverse 

Hoogsteen structure that is adopted by this sequence may disfavor cycloadditions between T’s in 

positions 1 or 3 of the opposing loops and needs more investigation.  Also worthy of more 

investigation is the nature of the non-photoreversible tetramer-like products observed in both the 

K+ and Na+ samples. 

3.5 Conclusions 

We have shown that the radioactive post-labeling assay developed in Chapter 2 for the detection 

of non-adjacent anti CPDs is a useful method for screening DNA sequences for photocrosslinkable 

non-B structures and corroborating and complementing previous enzyme-coupled mass 

spectrometry assays. The ability of 254 nm light to efficiently photoreverse CPD photoproducts, 

enables DNA that is photocrosslinked by CPDs to be distinguished from non-photorevertible DNA 

photoproducts such as 64PPs or Dewar products, or simply partially degraded DNA. The assay 
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also facilitates the study of sequences for which the CPDs have been previously identified by MS 

under varying conditions such as metal ions and ionic strength but could also be used for kinetic 

studies.  In its present form, however, the post-labeling assay cannot distinguish between 

trans,anti- and cis,anti-T=T CPDs or identify the flanking bases, but it may be possible to do so 

in the future by using two-dimensional electrophoresis or paper chromatography.  None-the-less, 

the post-labeling assay together with the NP1-MS assay enables a more complete study of the 

photoreactivity of non-B secondary structures will be required if non-adjacent photoproducts are 

to be used as intrinsic probes for these type of DNA structures in vivo. 
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3.7 Figures 

 

Figure 3.1. The primary conformation of DNA determines the type of dipyrimidine 
photoproducts that form  (a) In helical duplex B DNA, adjacent pyrimidine bases react to 
produce CPDs with the cis,syn stereochemistry and (6-4) photoproducts.  (b) In some non-B forms 
of DNA, non-adjacent pyrimidine bases are brought together to produce photoproducts such as 
anti CPDs. The first thoroughly characterized cis,anti T=T CPD was discovered from the 14-mer 
sequence shown upon UVB irradiation at low pH.   To this day the structure of the DNA leading 
to this product is unknown.  
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Figure 3.2. Enzymatic degradation products of adjacent and non-adjacent photoproducts by 
NP1 and SVP. The degradation products produced by these enzymes depend on whether they can 
cleave the 3’-side (NP1) or 5’-side (SVP) of an undamaged nucleotide. Adjacent photoproducts 
degraded by these enzymes produce trimers, where NP1 is unable to cleave the nucleotide 3’-
adjacent to the photoproduct, while SVP cannot cleave the nucleotide 5’-adjacent to the damage. 
In the presence of non-adjacent photoproducts, both enzymes produce tetramers that differ by 
which nucleotides are left untouched at the 3’ or 5’ ends of the nucleotides involved in 
photoproduct formation. SVP degradation for both adjacent and non-adjacent products allows for 
the dephosphorylation and rephosphorylation of the canonical 5’- nucleotide with radioactive 32P 
which is the basis of the post-labeling assay. 
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Figure 3.3. Expected photochemical reactivity of G-quadruplex and hairpin structures of 
DNA.  Only adjacent CPDs are expected for form in (a) parallel and (b & c) both types of hybrid 
structures whereas both adjacent and non-adjacent CPDs are expected to form in (d) basket, (e) 
chair, and (f) hairpin structures.  
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Figure 3.4. Post-labeling assay of UVB irradiated Tel26 and Tel22 human telomeric 
sequences in the presence of K+, Na+, and Li+.  Lane 1 contains [ g-32P]-ATP used for 
radiolabeling, and lanes 2 and 3 contain radiolabeled p*TpT=(p*T/T)pT before and after 
photoreversal. Lanes 4 and 11 shows the products of SVP treatment of the 5’-end labeled Tel26 
and Tel22 to test the efficiency of the digestion reaction and to produce authentic p*dA. A 254 nm 
lamp was used to photoreverse T=T CPD-containing products. 
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Figure 3.5. Post-labeling assay of UVB irradiated hTeLo sequence under conditions that 
promote the formation of basket, hybrid, and parallel DNA G-quadruplexes. Lanes 1-4 are 
authentic standards of p*GpT=pT and p*TpT=(p*T/T)pT. Lanes 5-8 are the products from the 
post-labeling assay of Tel26 and Tel22 sequences irradiated with UVB in K+. Lanes 9-10 are the 
products of the post-labeling assay of the 14-mer d(GTATCATGAGGTGC) irradiated with UVB 
under acidic conditions to produce the cis,anti T=T CPD.  Lanes 11-20 are conditions where hTeLo 
was assayed with the post-labeling technique under high ionic (HIS) and low ionic conditions 
(LIS) in the presence of Na+ (basket) or K+ (hybrid) to promote G-quadruplex formation. The 
parallel structure was induced in the presence of K+ under highly dehydrating conditions.  A 254 
nm lamp was used to photoreverse T=T CPD-containing products. 
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Figure 3.6. Post-labeling assay of UVB irradiated Tet-4 and Oxy-4 telomeric sequences in 
the presence of K+, Na+, and Li+. (a) Lanes 1 and 2 are authentic standards of p*TpT=(p*T/T)pT. 
Lanes 3 and 10 show the products of SVP digested 5’-end-labeled Oxy-4 and Tet-4 as a reference 
for the completeness of the digestion and to produce p*dT. A 254 nm lamp was used to 
photoreverse T=T CPD-containing products. (b) Proposed chair and basket G-quadruplex 
structures that could explain the photocrosslinking reactions originally observed in these 
sequences. 
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Figure 3.7. Post-labeling assay of UVB irradiated CALU and STARD3NL human promoter 
sequences in the presence of K+, Na+, and Li+. (a) Lane 1 contains [ g-32P]-ATP used in the 
assay, and lanes 2 and 3 are authentic standards of p*TpT=(p*T/T)pT. Lanes 4 and 11 show the 
products of SVP digested 5’-end-labeled CALU and STARD3NL as a reference for the 
completeness of digestion and as to produce p*dG. A 254 nm lamp was used to photoreverse T=T 
CPD-containing products. (b) Bar graph showing the intensity of the pNpY dinucleotide 
radiolabeled bands following photoreversal with 254 nm light.  
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Figure 3.8. Proposed sites of major non-adjacent CPD photoproducts formation in the 
CALU and STARD3NL promoter sequences with their respective SVP and NP1 tetramer 
digestion products. Possible chair and basket antiparallel G-quadruplex structures adopted by the 
(a) CALU and (b) STARD3NL sequences to produce the dipyrimidine CPDs detected by NP1-MS 
analysis as indicated by the dashed and dotted lines.  The dashed lines refer to inter-loop CPDs 
whereas the dotted lines refer to intra-loop CPDs.  The tables below show the products observed 
from the NP1-MS assay and what would be expected to be observed from a MS assay if SVP were 
to be used suggesting that a combination of the two should be used in future assays.  
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Figure 3.9. Post-labeling assay of UVB irradiated c-MYC and ILPR human promoter 
sequences in the presence of K+, Na+, and Li+. (a) Lanes 1 and 2 are authentic standards of 
p*TpT=(p*T/T)pT. Lanes 3 and 10 contain the SVP digested products of 5’-end labeled c-MYC 
and ILPR sequences as a reference for the completeness of digestion and as a standard for p*dT 
for c-MYC and p*dG for ILPR. A 254 nm lamp was used to photoreverse T=T CPD-containing 
products. (b) Bar graph showing the intensity of the radiolabed p*NpY dinucleotide bands 
following photoreversal with 254 nm light.  
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Figure 3.10. Proposed G-quadruplex structures adopted by the c-MYC and ILPR promoter 
sequences in the presence of K+.  (a) c-MYC is proposed to adopt a set of parallel structures 
where the most stable conformation forms from the G bases in the II, III, IV, and V G-runs (c-
MYC 2345) with a 1:2:1 loop arrangement, but it is also observed to form two more parallel 
structures involving the I, II, III, and IV G-runs (c-MYC 1234) with a 1:2:1 and 1:1:2 loop 
arrangement. These parallel structures could explain why (b) no NP1 tetramer products were 
detected from HPLC analysis of SVP digested UVB irradiated c-MYC in the presence of K+.  (c) 
The two proposed G-quadruplex structures adopted by the ILPR-a2 sequence where the 
antiparallel structure would be expected to produce non-adjacent photoproducts. 
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Chapter 4: Future Studies and Conclusion 
4.1 Conclusions 

While there is much evidence suggesting that DNA adopts G-quadruplex conformations in vivo, 

unequivocable evidence for their formation and involvement in gene expression, telomere biology, 

and genome stability is lacking (1). The precise regulatory roles that these non-B conformations 

of DNA have is still very much unknown due to the very limited set of tools that are currently 

available for identifying and mapping non-B DNA conformations that do not disrupt the DNA or 

the cellular environment (2).   To circumvent these problems it was proposed that DNA itself could 

be used as an intrinsic photoprobe for certain classes of G-quadruplex structures and other non-B 

DNA conformations in vivo (3). It was previously discovered by our group that UV irradiation of 

certain G-quadruplex and reverse Hoogsteen hairpin forming sequences results in photocrosslinks 

between adjacent DNA loops by formation of unique, non-adjacent T=T cyclobutane pyrimidine 

dimers (CPDs).  The formation of these non-adjacent CPDs led to the proposal that they could 

serve as irrefutable stable molecular markers for the presence and location of non-B DNA 

structures in vivo (4–6).  In this thesis we developed highly sensitive methods for identifying the 

formation of non-adjacent CPDs and used it to explore the idea that these products could be used 

to detect non-B DNA conformations in various types of G-quadruplexes and reverse Hoogsteen 

hairpin forming sequences. 

In Chapter 2 we reported the development of radioactive post- and pre-labeling assays for the 

detection of non-adjacent trans,anti and cis,anti T=T CPDs that form in human telomeric DNA. 

We showed that the post-labeling assay is capable of detecting anti photoproducts at approximately 
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a 10 fmol level, which was estimated to be about eight times higher than the amount of anti TT 

CPDs that would be produced if one anti TT CPD were to form per telomere in 10 million human 

cells.  We expect that it would be difficult to detect this amount of anti CPDs in human genomic 

DNA without some sort of prior chromatographic and/or affinity purification steps due to the high 

background interference from partially digested DNA and digestion products of adjacent DNA 

photoproducts.  The pre-labeling assay enabled us to confirm the identity of the post-labeled 

products and verify the nucleotides in the sequence involved in anti CPD formation.  The unique 

ability of 254 nm light to photorevert labeled anti CPD tetranucleotides to dinucleotides enabled 

anti CPD to be distinguished from partially degraded DNA and other types of non-photoreversible 

non-adjacent photoproducts such as 6-4PP or Dewar photoproducts. Furthermore, photoreversion 

could be used to improve sensitivity by isolating the radiolabeled tetranucleotide band prior to 

photoreversion and then quantifying the photoreverted band free from background bands. While 

the post-labeling assay was validated for anti T=T CPDs it is also expected to be able to assay 

non-adjacent anti T=U, U=T and U=U CPDs resulting from deaminated C-containing CPDs, as 

well as anti CPD photoproducts of RNA.    

In Chapter 3 we used the post-radiolabeling assay to investigate the photochemistry of a number 

of biologically relevant non-B secondary structures of DNA in order to determine the scope and 

limitations of the method.  We showed that the post-labeling assay can be used to study anti CPD 

formation under varying conditions of metal ions and ionic strength and could potentially be used 

for kinetic studies. We also showed that this assay is helpful at corroborating and complementing 

previous enzyme-coupled mass spectrometry assays, and that together with the NP1-MS assay 

enables for a more complete understanding of the photoreactivity of non-B secondary structures 
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of DNA.  Using this assay, we were able to confirm that the c-MYC G-quadruplex in K+ is very 

resistant to anti CPD formation in accord with its short loops and a preference for a parallel 

structure, but in Li+ solution anti CPDs were detected suggesting the presence of a reverse 

Hoogsteen hairpin.   We also found that irradiation of the Tet-4 and Oxy-4 G-quadruplex forming 

sequences in K+ solution produced a high yield of non-photorevertible tetranucleotide-like 

products that might be due to formation of non-adjacent non-photorevertible DNA photoproducts 

such as 64PP or Dewar products.  Many of these observations warrant further study by enzyme-

coupled MS/MS studies.     

4.2 Current and Future Studies 

4.2.1  Detection and Location of anti CPDs in HeLa cells 

The original motivation for developing the post-labeling assay for anti T=T CPDs was to see if 

human telomeres that cap the ends of chromosomes were adopting the photoreactive basket-like 

G-quadruplex structures in vivo.  To minimize the possible interference with the detection of anti 

T=T CPDs produced in the telomeres from adjacent cis,syn CPDs trimers and partially degraded 

DNA resulting from the much larger proportion of genomic DNA a pre-purification strategy was 

undertaken (Fig. 4.1).  HeLa cells were chosen as a source of human cells because of their ease of 

growth and because they have almost double the number of telomeres.  The workflow for the anti 

T=T CPD post-labeling assay for HeLa telomeres is based on published methods with some 

modifications (7).  First HeLa cells grown in 150 mm cell culture dishes are exposed to UVB light 

for 2.5 h while on ice and in cold PBS media. After irradiation, the genomic DNA is harvested 

with a kit in the presence of proteinase-K to ensure removal of proteins that may have been 

photocrosslinked to the DNA. Once the irradiated DNA is recovered, the telomeres are released 
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from the genomic DNA by overnight digestion with the restriction enzymes AluI, HinfI, HphI, and 

MnlI that do not recognize or cleave sequences from the telomeric regions (8). To capture the 

undigested telomeric DNA, the digested DNA is then incubated with biotinylated 5’-(CCCTAA)3-

3’ oligonucleotides that anneal to the single strand d(TTAGGG)n tail of the HeLa telomeric 

sequences. The biotinylated DNA is then captured by streptavidin-coated magnetic beads which 

are immobilized by a magnet allowing the non-telomeric DNA and enzymes to be washed away. 

Once the telomeric DNA is eluted from the biotin-streptavidin complex, the post-radiolabeling 

assay will be performed. Because background interference from genomic cis,syn CPDs and 

partially degraded products of genomic DNA has been eliminated, we expect that the post-labeling 

assay will enhance the sensitivity of the method and enable the detection of at least one anti-CPD 

per telomere from ten million HeLa cells.  If successful, we will also try the post-labeling assay 

on genomic DNA.  We would also plan to develop monoclonal antibodies against non-adjacent 

dipyrimidine DNA photoproducts for ELISA and ChIP-seq assays to detect them and map their 

locations in the genome. Once the potential sequences that produce these photoproducts are 

determined, the sequences can be further studied in vitro by post-labeling and enzyme-coupled 

MS/MS to determine what type of non-B DNA structure may have been involved. Similarly, if 

non-adjacent products are found from the HeLa irradiation experiments, they would constitute a 

new type of DNA damage that could contribute to DNA mutagenesis and cancer that would pose 

interesting challenges for DNA repair systems and would need to be further studied.  

4.2.1  Photochemical Signatures of Different Non-B Structures of DNA 

To determine what type of non-B DNA structures could have led to anti CPD formation in 

sequences identified by ChIP-seq and other methods in vivo, we would carry out post- and pre-
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labeling assays and enzyme-coupled LC-MS assay of photoproduct formation in these sequences 

in vitro.  These studies might reveal specific photoproduct signatures for specific types of non-B 

structures that would also be studied by chemical probes like DMS, permanganate, and ion 

mobility MS and NMR. We would then want to determine how loop lengths and pyrimidine 

placement within loops affect non-adjacent CPD formation in G-quadruplexes and reverse 

Hoogsteen hairpins, among other possible structures. 

We could start by studying the G-quadruplex forming sequence found in the STARD3NL gene 

discussed in Chapter 3. The NP1-MS assay initially determined that a T=C and T=T anti CPD 

were the major non-adjacent photoproducts produced from UVB irradiation in the presence of K+ 

and Na+, which could only narrow down their location to a set of possible intra- and inter-loop 

sites (6). By using an SVP-MS assay that identifies the base present at the 5’-side of the 

photoproduct, the flanking sequence information provided by these two enzymes would allow to 

determine if the photoproducts formed either from intra- or inter-loop reactions (Table 4.1& 4.2). 

Once the loops involved in the CPD formation is determined, the pre-labeling assay could then be 

used to identify the exact bases involved in the photoreactions by radiolabeling the various 

candidates (Table 4.3). As the T22 base found in loop 3 could be challenging to study through the 

pre-labeling assay due to possible difficulties that could be encountered in the ligation step needed 

to internally radiolabel that site, we could instead study its potential involvement with the SVP 

and Np1-MS assay by replacing it with a U base. As discussed in Chapter 3, the post-labeling 

studies done on this sequence could be complemented with a 2D gel using low pH or by 2D paper 

chromatography to distinguish the enzymatic photoproducts by sequence.  
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4.3.  Concluding Remarks.  

We have been able to develop post- and pre-labeling assays for non-adjacent CPDs that can serve 

as intrinsic photoprobes for non-B DNA structures and may play a role in UV mutagenesis.  Very 

little is still known about the structure activity relationships in non-adjacent CPD formation, and 

nothing is known about non-adjacent formation of other photoproducts such as (6-4), TA or spore 

photoproducts. Therefore, continued studies of this unique class of photoproducts and their 

formation in DNA is warranted and may lead to new insights of DNA structure and function.  
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4.3 Figures and Tables 

 

Figure 4.1. Workflow for the post-labeling assay for the detection of anti T=T CPDs 
photoproducts in vivo. Once HeLa cells are irradiated with UVB light, the post-labeling assay 
will be performed on telomeric DNA that is purified through a biotin-streptavidin pull down 
method. 
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Table 4.1. Predicted SVP and NP1 digestion products from the possible sites of non-adjacent 
T=C CPD formation in the STARD3NL. Depending on the antiparallel structure adopted, two 
different intra-loop CPDs could have given rise to the non-adjacent T=C CPDs that were detected 
by NP1-MS assays to form in the STARD3NL sequence. The anti CPDs could have arisen from 
inter-loop reactions between C19 and T6 if in the basket form or C19 and T9 if in the chair form.  

 

 

Table 4.2. Predicted SVP and NP1 digestion products from the possible sites of non-adjacent 
T=T CPD formation in the STARD3NL sequence. Depending on the antiparallel structure 
adopted, the T=T CPD could have arisen from intra-strand photoreaction between T6 and T9 in 
loop 1, or from T9 in loop 1 and T22 in loop 3 in the basket form or T6 and T22 if in the chair 
form. 
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Table 4.3. Proposed pre-labeled or T/U replacement sequences to determine the bases 
involved in anti T=T and T=C CPDs that formed in the STARD3NL sequence. To determine 
which pyrimidine base is involved in the formation of the non-adjacent CPD photoproducts, any 
base in loop 1, 2, and 3 could be pre-radiolabeled or if in the case of T22 it can be replaced by a 
uracil base. 
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