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ABSTRACT

The alpha-hemolysin (a-HL) protein ion channel is a potential next-generation 

sequencing platform that has been extensively used to study nucleic acids at a single

molecule level. After applying a potential across a lipid bilayer, the imbedded a-HL 

allows monitoring of the duration and current levels of DNA translocation and 

immobilization. Because this method does not require DNA amplification prior to 

sequencing, all the DNA damage present in the cell at any given time will be present 

during the sequencing experiment. The goal of this research is to determine if these 

damage sites give distinguishable current levels beyond those observed for the canonical 

nucleobases. Because DNA cross-links are one of the most prevalent types of DNA 

damage occurring in vivo, the blockage current levels were determined for thymine- 

dimers, guanine(C8)-thymine(N3) crosslinks and platinum adducts. All of these cross

links give a different blockage current level compared to the undamaged strands when 

immobilized in the ion channel, and they all can easily translocate across the a-HL 

channel.

Additionally, the a-HL nanopore technique presents a unique opportunity to study 

the effects of DNA cross-links, such as thymine-dimers, on the secondary structure of 

DNA G-quadruplexes folded from the human telomere sequence. Using this single

molecule nanopore technique we can detect subtle structural differences that cannot be



easily addressed using conventional methods.

The human telomere plays crucial roles in maintaining genome stability. In the 

presence of suitable cations, the repetitive 5’-TTAGGG human telomere sequence can 

fold into G-quadruplexes that adopt the hybrid fold in vivo. The telomere sequence is 

hypersensitive to UV-induced thymine-dimer (T=T) formation, and yet the presence of 

thymine dimers does not cause telomere shortening. The potential structural disruption 

and thermodynamic stability of the T=T-containing natural telomere sequences were 

studied to understand how this damage is tolerated in telomeric DNA. The a-HL 

experiments determined that T=Ts disrupt double-chain reversal loop formation but are 

well tolerated in edgewise and diagonal loops of the hybrid G-quadruplexes. These 

studies demonstrated the power of the a-HL ion channel to analyze DNA modifications 

and secondary structures at a single-molecule level.
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CHAPTER 1

INTRODUCTION 

Nanopore technology

Emerging as a rapid and inexpensive single-molecule DNA sequencing platform, 

nanopore ion channel technology has been under intensive investigation.1-4 The bacterial 

ion-channel protein a-hemolysin (a-HL) has been extensively studied as a potential next- 

generation sequencing platform. This protein can self-assemble into a heptamer across a 

lipid bilayer, producing an aqueous channel that is large enough to accommodate single

strand DNA (ssDNA). Application of an electrical potential across the protein drives the 

negatively charged ssDNA to translocate through the channel while significantly 

reducing the current flow.5 The resulting blockage in the current level, and the duration 

of the translocation event, is envisioned to be utilized for identification of the sequence of 

nucleotides. The nanopore sequencing platform offers advantages that the current 

methods do not provide:6 (1) The ideal system would require no sample amplification 

and minimal sample preparation, because analysis would occur on a single molecule. (2) 

The ideal instrumentation would be small and portable. These features combined would 

deliver a small and inexpensive platform for sequencing DNA. The outlook for nanopore- 

sequencing technology is promising; however, challenges still remain that need to be 

resolved before this method is a viable technology.2



The a-HL ion channel is secreted by Staphylococcus aureus, and it consists of a 

larger vestibule with an interior dimension of ~4.5 nm that in turn leads to a P-barrel that 

penetrates the lipid bilayer with its narrowest constriction point being ~1.4 nm in
n

diameter (Figure 1.1). The constriction zone is too narrow for double-stranded DNA 

(dsDNA, d ~ 2 nm) to be translocated; however, ssDNA (d ~ 1 nm) can readily pass 

through the narrowest point. This poses a challenge associated with nanopore 

sequencing, because the DNA must be single stranded in order to translocate through the 

ion channel. One method to deal with this problem is to use high concentrations of urea;
o

however, this decreases the conductance. In a typical experiment, the negative electrode

is placed with the DNA on the cis side of a-HL and the positive electrode is placed on the

trans side. This arrangement causes DNA to migrate from the cis compartment to the

trans compartment when an electrical field is applied across the channel. When the

channel is not occluded by DNA, an open channel current is recorded (/o), and during the

translocation of DNA the current is blocked up to ~85% of Io. To date, the blockage

current levels for the various DNA nucleotides have been established with long single

strands (40-100mers) of homopolymer DNA.9-11 Translocation times typically range

from 1-20 ^s/nucleotide when operating above the critical voltage for DNA capture at

room temperature, and these times are so short that the acquisition rate must be in the

MHz range to observe single nucleotides. Current electronics are not capable of

detecting the small differences in current between adjacent nucleotides at this acquisition

rate due to the inherent noise in the system. Furthermore, the P-barrel of the wild-type a 
n

HL (WT-a-HL) is ~5 nm long, and as a result, 10-15 bases may simultaneously

12contribute to the blockage current level.
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Figure 1.1. Structure of the heptameric bacterial toxin a-HL(pdb 7AHL) embedded in a 
lipid bilayer. It consists of a vestibule on the cis side and a P-barrel on the trans side that 
are separated by a ~1.4 nm constriction zone. In most experiments, the negative electrode 
is on the cis side and the positive electrode is on the trans side, allowing DNA to travel 
from the cis to the trans compartment.



Consequently, one of the major challenges of nanopore sequencing is to decrease 

the translocation speed to a level appropriate for current electronics. Reported methods 

for slowing translocation have focused on either modifying the analysis conditions or 

utilizing mechanical means of slowing the movement of a DNA strand. The analysis 

conditions can be physically modified by decreasing the temperature,9 decreasing the 

pH,13 increasing the viscosity with glycerol,14,15 or using organic salts;16 however, these 

methods have not yet achieved the goal of slowing the DNA translocation to a rate that 

single-nucleotide resolution can be achieved. Other methods have capitalized on using 

chemical tags that sterically occlude the P-barrel during translocation,17"19 thus slowing 

the movement of DNA. Short complementary probes to the single strand have also been

used to slow down the translocation through duplex unzipping. This method has been

20  21 22  28utilized by our laboratory , and others. " Bayley’s laboratory has shown through 

incorporation of a P-cyclodextrin adaptor to WT-a-HL that the identity of individual

29  32nucleotide-monophosphates can be resolved. - This method is proposed to allow DNA 

sequencing when an exonuclease is covalently attached at the vestibule mouth, such that 

it releases the nucleotides into the vestibule, thus allowing DNA sequencing to be 

achieved. Molecular motors (e.g., polymerases)33-36 have recently been shown to slow 

the DNA translocation rate to a level suitable for resolving the sequence of nucleotides by 

the Akeson laboratory using a-HL37 and by the Gundlach laboratory with the MspA36 ion 

channel. Further, the Kasianowicz and Ju laboratories have utilized a-HL to conduct a 

sequencing-by-synthesis protocol, in which a pendant polymerase at the vestibule mouth 

releases a current-modulating pyrophosphate into the channel as the DNA strand is

38elongated. Lastly, mutant pores with incorporated molecular breaks (positive charges)

4



have been shown to slow the translocation.39,40 These methods all show great potential 

for solving the nanopore DNA sequencing challenge, but for any of these methods to be 

successful, the current signatures for the individual nucleotides must be established. 

Currently, the best method for establishing the current signatures has been achieved by 

appending a biotin on the end of a DNA strand, and then adding streptavidin that acts as a 

stopper to suspend the DNA strand in the protein channel. Immobilization of a DNA 

strand in the pore allows a relatively long time in which to record the current signature 

for the nucleotide of interest.41-44

Henrikson, et al. first demonstrated a way to immobilize the DNA in the a-HL 

using biotinylated DNA (Btn-DNA) and streptavidin.41 Streptavidin is too big to enter 

the vestibule of a-HL, which immobilizes the DNA inside of the P-barrel of the protein, 

causing a deep level current blockage. Figure 1.2 shows the typical current-time (z-t) 

trace for an immobilization event. Such an event initiates with an open channel current 

(Io, Figure 1.2). Next, capture of the DNA-protein complex brings the current to a deep 

blockage level (I, Figure 1.2), and after recording the current for 1 s, the polarity is 

reversed to release the molecule bringing the current back to the open channel value, and 

the system is ready to capture another DNA strand (Figure 1.2). The capture/release 

cycle is typically repeated ~200 times to collect a population of events, and the 

percentage residual current (%I/Io) of each event is calculated to plot the current level 

histogram.

The current level of DNA/protein complex depends not only on the DNA 

sequence but also on whether the 3' end or the 5' end of the ssDNA enters the ion 

channel first.45,46 It was shown that 5' entry gives better discrimination between the

5
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Figure 1.2. Schematic representation of the immobilization experiment. Top of the 
figure shows 3' Biotinylated DNA that is bound to streptavidin (pdb 1MK5). At first 
only an open channel current (Io) is recorded. Once the DNA is captured it causes a deep 
level current blockage (I) that lasts until the polarity is reversed (1 s), at which point the 
DNA is released, and the open channel current is restored.



standard nucleotides;46 therefore, for the immobilization experiments described the biotin 

was attached on the 3' end to force the preferred 5' entry. The specific interactions that 

determine the blockage current level of the DNA inside the a-HL are not fully 

understood, but MD simulations have shown that they involve base stretching and 

tilting.45,48 In the confined space of the P-barrel the ssDNA straightens and the 

nucleotides assume an asymmetric conformation by tilting toward the 5' end; 

consequently, 3' tethered DNA (5' entry) experiences a larger effective friction that gives 

better current discrimination. The regions of the P-barrel that are responsible for 

establishing the current level differences have been extensively studied. Ashkenasy, et 

al. showed that it is possible to distinguish a single adenosine (A) in a polycytidine (poly- 

dC) background (position 20 counting from the duplex) using a fishhook hairpin to 

immobilize the DNA inside the pore.49 The pore was then more precisely mapped using 

streptavidin to immobilize a poly-dC 40mer with a single A substituted site specifically 

to reveal three sensing zones.50 In this body of work, we have elected to be consistent 

with the nanopore literature, numbering all nucleotides from the 3' end; however, to 

avoid confusion with the traditional numbering of DNA sequences (i.e., from the 5' end) 

we have prefixed the label with an “ro” in front of the position number to differentiate 

these two numbering schemes. Figure 1.3 shows the regions of WT-a-HL corresponding 

to each sensing zone, along with the positions on the DNA strand. Surprisingly, the 

constriction zone (approximately position ro8), which is the narrowest portion of the pore, 

does not give the largest current resolution between C and A. The most resolving region 

in the protein is around position ro14 which falls approximately in the middle of the P- 

barrel (Figure 1.3).50 Because this position gives the biggest current difference between

7
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Figure 1.3. Sensing zone mapping experiments for WT-a-HL. Left: 3'-Biotinylated poly- 
dC DNAs with a single A nucleotide at position ro7 to ro19. Middle: residual current level 
differences (AIreS(%)) between the DNAs. Right: representation of a-HL (pdb

1 • 477AHL) /streptavidin (pdb 1MK5) Btn-DNA complex with the approximate locations of 
the single A base in the protein channel. R1, R2, R3 are the observed sensing zones along 
the P-barrel of the protein. The figure was adapted from Stoddard, et a l 50



the native nucleotides it was chosen for the studies discussed below. In subsequent 

mapping studies conducted by Purnell, et al. in a polythymidine background, the four 

nucleotides gave different sensing regions.51 The most sensitive region was found to be 

near the pore constriction zone. These results highlight the overall sequence-dependency 

in establishing a unique current level at one position in the ion channel. Utilizing the 

immobilization experiment the current levels for the native DNA nucleotides can be 

established in all possible sequence contexts that will be required for identifying the 

nucleotides in a nanopore sequencing experiment. However, the human genome is 

known to have many more nucleotides than A, T, G or C, and establishing the current 

levels for these “modified” nucleotides will be necessary for any single molecule 

sequencing application to avoid errors at these sites.

DNA is susceptible to damage by a variety of exogenous and endogenous agents 

that can introduce a wide range of modifications to the genome. Additionally, an

52assortment of DNA alkylating agents can be found in the air,52 water, food and a variety

53of chemotherapeutic drugs. Aside from the exogenous agents mentioned above, DNA

damage arises continuously within living cells due to metabolic processes, the

inflammatory response, mitochondrial respiration and other biological reactions.54 Due

to these processes, reactive oxygen species (ROS) can induce DNA damage leading to

oxidized bases, abasic sites, cross-links, bulky adducts, single- and double-strand 

breaks.55 Our laboratory has a long-standing history in studying oxidatively-derived 

DNA damage; particularly with respect to oxidation of guanosine (G).56-59 G has the

lowest redox potential and is the site most prone to oxidative insults.60 The two-electron

oxidation of G yields the most common damaged base, 8-oxo-7,8-dihydroguanosine

9



(OG), which ~6400 are thought to exist in the genome (Table 1.1);61 also, OG is mildly 

mutagenic causing G to T transversion mutations.55 Moreover, OG is the biomarker 

followed for assessing oxidative stress to the cell.61 OG is prone to a second two-electron 

oxidation that yields a pair of hydantoin compounds, spiroiminodihydantoin (Sp) and 

guanidinohydantoin (Gh) that both exist as a pair of diastereomers (Figure 1.4A).56,57

58The yield of these two molecules is dependent on the context in which OG is oxidized; 

furthermore, these molecules are highly inhibitory to strand elongation by polymerases,62 

and in vivo studies show them to be highly mutagenic causing G to T and G to C 

transversion mutations.63 Recent studies have observed these molecules in mouse models 

of chronic inflammation, in which they are present at levels 100 times below that of OG 

(Table 1.1).64 Ionizing radiation is another exogenous agent that produces an assortment 

of DNA damages including double- and single-strand breaks, abasic sites (AP) and base 

lesions.65 Ionizing radiation gives high levels of damage at T nucleotides that yields 

thymine glycol (Tg). Tg is estimated to be formed 400 times per day in a cell (Table 

1.1), and in animals Tg has been used as a marker for oxidative stress (Figure 1.4, B).66 

Furthermore, Tg is highly mutagenic due to its ability to stall DNA polymerases which 

leads to failed elongation of the DNA strand.67

Another form of DNA damage results from UV-induced photochemical reactions 

forming mutagenic cyclobutane-pyrimidine dimers (CPDs), 6-4 photoproducts and their 

Dewar valence isomers, and these products are typically observed at adjacent thymidine 

(T) nucleotides to yield a thymine dimer (T=T, Figure 1.4, D).68,69 The T=T yield is 

highest in skin cells exposed to UV light, for which this form of DNA damage has been

70strongly correlated with skin cancer70 that results from the fact that T=T lesions stall

10
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Table 1.1. Frequency of occurrence for the damaged DNA bases found in vivo.

DNA modification Approximate number 
in human genome

UV photoproducts 100,00072
Tg 400 67

Spontaneous 10 000 80 10,000depurination (AP sites)
OG 6,40061
Sp 60a64
Gh 60a64
U 50079

a Values were calculated from data determined in a mouse model
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71DNA polymerases. A single day spent in the sun can introduce up to 100,000 UV

72photoproducts per cell in the epidermis (Table 1.1).

In addition to the exogenous and endogenous agents that cause DNA-base 

modifications, DNA itself is also inherently reactive, and these reactions contribute to 

genomic modifications that have been observed in vivo. Spontaneous hydrolysis of the 

glycosidic bond results in the formation of abasic sites (AP) that are observed at the

73purine nucleotides. The spontaneous base loss is thought to occur 10,000 times per cell

74per day (Table 1.1). AP sites are devoid of genetic information that causes them to be

75 77highly stalling to most DNA polymerases. - Considering all the sources of the AP 

sites, it is one of the most frequently occurring DNA damages; furthermore, the exocyclic 

amino groups found on the heterocyclic rings of the DNA bases are prone to deamination 

reactions under biological conditions. Cytidine is the base most prone to deamination

78(tj/2 ~ 19 d) yielding uridine (U, Figure 1.4C), which is similar to T in its hydrogen-

79bonding properties. The fifth DNA base, 5-methylcytidine (5-mC), is also prone to

78deamination (t1/2 ~ 9 d) yielding thymidine (T). If the resulting products U or T are not

74properly repaired, C to T transition mutations are observed. The deamination of C has

79been estimated to occur in 100-500 nucleotides per cell per day (Table 1.1). Although 

the overall percentage of damaged DNA bases is small (Table 1.1) compared to the size 

of the genome, nanopore sequencing of unamplified DNA will encounter these damaged 

nucleotides. Therefore, it is crucial to establish the current signatures for the common 

forms of DNA damage that will be observed in any nanopore sequencing method. This 

information will be most beneficial for increasing the accuracy of making base calls, 

especially if the damaged bases give current levels similar to the native DNA bases. In

13



addition, the ability to determine the precise location and frequency of base damage from 

minute tissue samples would be a tremendous boon to understanding the occurrence of 

DNA damage as a function of diet, exposure to environmental toxins, drug metabolism, 

etc.

The remainder of this chapter focuses on studies that have characterized the 

electrical current signatures of the common DNA base damages via immobilization 

experiments with the damage placed at ro14 in either a polycytidine (40mer) or 

biologically relevant sequence context. Because some forms of damage overlapped in 

current levels with the native nucleotides, the inherent reactivity of some of these 

nucleotide damages was capitalized upon to add chemical tags that increase the current 

contrast between the modified and native nucleotides.

Canonical nucleotide ion current levels

81In the first set of studies performed by Schibel, et al. (White research group), the 

ion current level histograms for the four canonical nucleotides at position ro14 were 

measured in a poly-dC background sequence (C40). Our studies utilized the glass 

nanopore membrane as the lipid bilayer support, developed in the White laboratory at the

82  83University of Utah. , The poly-dC 40mer was selected to be consistent with literature 

reports;50 as well as being the representative strand for the C nucleotide current level, this 

sequence was also utilized as an internal standard to plot all current histograms as A%I/Io. 

These measurements established current levels for the native nucleotides that allowed the 

determination of whether the damaged nucleotides gave current signatures similar in 

value to A, T, G or C. Figure 1.5 displays the current level histograms for the canonical
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Figure 1.5. A%I/Io histograms representing the current level blockage of G, C, A, and T. 
The base of interest was placed at position ro14 in a C40 DNA that was biotinylated at the 
3' end. The experiments were conducted in 1 M KCl, 25 mM Tris-HCl, and 1.0 mM
EDTA (pH 7.9). The structures for the four canonical nucleobases are shown at top. The

81figure was adapted from Schibel, et al.



DNA nucleotides as observed in an immobilization experiment previously described in

81Figure 1.3. These distributions of currents are similar to those reported by Stoddart, et 

al.50 In this sequence context, the pyrimidine nucleotides block the pore more than the 

purine nucleotides, which was surprising considering that the pyrimidines are smaller in 

size than the purines. This suggests that there are additional factors that determine the 

current level differences beyond the size of the nucleotide. The order of most blocking to 

least blocking was C > T > A > G, which, interestingly, follows the same trend as their 

water solubility: 65.8, 27.8, 19.8, and 1.8 mM (unbuffered water at 25 oC).84

Nucleotide oxidation product current levels

81In the next set of studies performed by Schibel, et al. (White laboratory), current 

level histograms were recorded for the G-oxidation products OG, Sp and Gh at position 

ro14 in a poly-dC oligomer (Figure 1.6A). For this data, the current histograms for G and 

OG display significantly overlapping signals. The hydantoins Sp and Gh gave 

significantly broader current level distributions than G and OG. Furthermore, their 

current histograms presented with multiple population subtypes that may be best 

explained by the fact these nucleotides have a stereocenter in the heterocycle that exists 

as two diastereomers. Furthermore, Sp and Gh provide an interesting example of how 

nonplanar nucleotides impede the current in an immobilization nanopore experiment. 

The intriguing observation of different current levels for the diastereomers of Sp and Gh 

suggests that the current level is also established by the shape of the nucleotide, or a 

shape effect on the local structure of the DNA strand. This observation is consistent with 

measurements made by Bayley’s laboratory, in which they could distinguish the
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85enantiomers of ibuprofen and thalidomide in a P-cyclodextrin adapted a-HL nanopore. 

This again suggests that molecular weight alone is not the sole explanation for the 

observed differences in current levels. From these data, the current levels for G and OG 

show significant overlap and would be hard to distinguish in a nanopore sequencing 

experiment (Figure 1.6A). In addition, one diastereomer of Sp would give a current level 

similar to C, while the other could potentially be identified (Figure 1.6A). In other 

words, an oxidation product of G might, ~50% of the time, be incorrectly interpreted as a 

G to C single nucleotide polymorphism (SNP) in the sequence. In contrast, the Gh 

diastereomers led to current signatures that differ from the background sequence and 

could possibly be correctly identified (Figure 1.6A). It must be noted that this only holds 

true in sequence contexts that give current levels similar to poly-dC in WT-a-HL.

The current histograms change dramatically when a different background 

sequence was used for the measurements. The heterosequence chosen for study was a 

part of the K-ras protooncogene surrounding codon 12 (Figure 1.6B) for which point 

mutations have been shown to cause uncontrolled cell growth and loss of cell 

differentiation triggering various human adenocarcinomas.86 In lung cancer, the K-ras 

gene often undergoes a G to T transversion mutation that might result from unrepaired G

87oxidative damage. Therefore, the critical G was positioned at ro14 (Figure 1.6B) to 

determine the current levels of the canonical nucleotide vs. its oxidatively-damaged

forms. The histogram in Figure 1.6B shows that OG, Sp and Gh can be distinguished

81from G in this sequence. Interestingly, although Gh and Sp gave broader distributions, 

the diastereomers of the hydantoins were not as well resolved as was observed in the 

poly-dC context. This further supports the idea that sequence context is crucial for
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determining the current levels. This is a major limitation associated with the WT-a-HL 

nanopore; because of the three sensing zones, different sequence contexts can lead to 

overlapping current distributions.50 Consequently, the investigation of protein ion

channel containing mutated sites that optimize the current difference between nucleotides

12is an important area of investigation.

Another type of oxidative damage caused by ionizing radiation is thymine glycol, 

Tg (Figure 1.7). Tg occurs as a pair of diastereomers and the most common one formed 

in vivo is cis-(5R, 6S) in a 83% yield.67 Tg, unlike the native nucleotides, is also non- 

planar.67 Figure 1.7 shows the structure and the current level blockages for Tg at either

position ro13, ro14, ro15, or ro16 within a 40mer poly-dC DNA strand (this set of studies

88was conducted by Lidong He, Burrows laboratory). The current level of Tg falls within 

the standard nucleotide current levels and would likely be incorrectly assigned in a 

sequencing experiment with WT-a-HL, although Tg can be correctly distinguished from 

a T nucleotide at any of the four positions studied (Figure 1.7B). In this experiment, the 

biggest difference between the modified and unmodified DNA was observed at position 

ro15. Furthermore, when Tg was placed at ro15, two populations of currents were 

observed that had a ratio of approximately 85:15. Previously, it has been shown that 

solid-phase synthesis of Tg gives the cis-(5R, 6S) and trans-(5R, 6R) in a ratio of 87:13,67 

respectively, which nicely correlates to the observed subpopulations observed in our 

experiment. Furthermore, this agreement between prediction and observation of two 

current levels for Tg (ro15, inset Figure 1.7) adds further support for our hypothesis that 

the nanopore can distinguish the shape, or its effect on local DNA structure, for 

diastereomers of damaged nucleotides including Sp, Gh and now Tg (Figure 1.6).
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Current levels for hydrolytic DNA damage

The structures and current level histograms for the AP and U residues are

89presented in Figure 1.8, work conducted by An, et al. (Burrows laboratory). Taking

into account how much smaller the AP site is compared to the native nucleotide, it is

surprising to see that the current level blockage of this damage is the same as for G

(Figure 1.5), which suggests that the presence of an AP site may have an impact on the

surrounding DNA secondary structure and its interaction with the a-HL. Given the

abundance of AP sites in the human genome, unmodified AP sites could produce a false

readout of G base under these circumstances. The current level of U falls in the same

place as that of T, and this is an indication that the methyl group does not have a

distinguishable effect on the interaction between the nucleotide and protein near the ro14

81position of the DNA. Unlike the previous studies , incorporation of U and AP in a

89heterosequence (K-ras) leads to a similar pattern as in the poly-dC sequence context.

From the data presented above, the current levels for known forms of DNA 

damage that will be found in the genome were established. It is anticipated that these 

lesions will be found during any sequencing application that does not preamplify the 

sample (i.e., nanopore sequencing), and their current levels fall into two types: (1) Those 

that give unique current level histograms, and (2) those that give current level histograms 

similar to the native DNA nucleotides. Moreover, each modified base might fall into 

both classes depending on sequence context, as was shown for the G-oxidation products 

between a poly-dC background and the K-ras sequence (Figure 1.6A and 1.6B). One 

approach to deal with this current level redundancy is to engineer an a-HL pore that 

reduces the sensing regions, as well as gives higher contrast between the nucleotides.
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Figure 1.8. A%I/Io histograms representing the current level blockage of U and AP. The 
modified bases were placed at the position ro14 where C40 was the internal standard. A. 
In a homopolymer sequence. B. In a heteropolymer sequence. The experiments were 
conducted in 1 M KCl, 25 mM Tris-HCl, and 1.0 mM EDTA (pH 7.9).89



12 37This is the method adopted by Bayley and colleagues. , Herein, we have elected 

another method to deal with the tight distributions of currents between the native and 

damaged DNA nucleotides. Damage to DNA can give new chemical functional groups 

that have orthogonal reactivities compared to native DNA; therefore, we have harnessed 

the reactivity of these new functional groups to add chemical tags that shift the currents 

of damaged DNA nucleotides outside the range of the native nucleotides.

DNA adduct formation to tag damage sites

While the use of immobilization experiments demonstrates that native DNA bases 

as well as damaged bases can be distinguished, the current level difference between them 

is too small to be observed during a translocation experiment, because the rapid transit of 

the bases through the sensing zone does not permit enough signal averaging. As a 

consequence, we turned to the formation of DNA adducts via chemical modification 

because that approach capitalizes on the unique chemistry of the various heterocycles or 

AP sites. Ideally the current signature introduced by the chemical modification should be 

used to label the nucleotide of interest in a fashion that makes sequencing by nanopore 

ion channel current recordings possible. In order to determine if a chemical tag increased

the current level difference, immobilization experiments were first conducted. The

81Burrows and White laboratories (Schibel, et al.) first introduced chemical modifications 

to OG, because OG has a lower redox potential than the other nucleotides that allows 

specific chemical modification under mildly oxidizing conditions in the presence of 

virtually any primary amine.90-92 Amines provide a versatile chemical tagging system 

because there are so many commercially available options that are water soluble, which is
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a necessity when conducting reactions on DNA. Oxidation of an OG-containing DNA

strand (OG was positioned at ro14) in the presence of a primary amine gives a spirocyclic

81product with a pendent amine (Figure 1.9). In these studies, the primary amines 

benzylamine (Bz, MW = 108), ^ “-acetyl-O-methyl-lysine (Lys, MW = 202), 

glucosamine (GlcN, MW = 179), spermidine (Spd, MW = 147), spermine (Spm, MW = 

205), and the tetrapeptide Gly-Pro-Arg-Pro carboxamide (GPRP, MW = 397) were 

selected to give a range of sizes and different charge states for study (Figure 1.9). It is 

apparent that chemical modifications have a much bigger influence over the current level 

blockage than the DNA damage to OG. The Sp adducts have more than one current 

population, or very broad current distributions, that are best explained by the two 

diastereomers of the Sp adducts. In an attempt to understand the current level 

distributions for adducts there is, to a first approximation, a correlation between size and 

the current level (i.e., bigger adducts are more blocking). However, closer inspection of 

the data highlights some nuances to this trend. For example, the Spm adduct is much 

more blocking than the GlcN adduct, even though GlcN has a larger molecular weight 

and is clearly bulkier in cross-section. There are two key differences between these 

adducts: (1) Spm is a polyamine that has an overall net positive charge, and (2) Spm is 

linear in shape while GlcN is not. Therefore, adduct charge and shape likely provide 

further refinements to consider when predicting the current blocking level of an adduct. 

In a subsequent set of experiments, all of these adducts were translocated through a-HL 

(i.e., allowed to pass from the cis side to trans side of the pore without streptavidin), and 

none of them gave a current signature that could be distinguished from the current level 

of the background sequence due to the fast translocation speed.
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Apurinic/apyrimidinic (AP) sites in DNA present a functional group that shows 

reactivity orthogonal to native DNA. Hydrolysis of the glycosidic bond yields a 

hemiacetyl that is in equilibrium with the ring opened aldehyde that can be functionalized

89by a primary amine under reductive conditions (Figure 1.10). Seven primary amines

89were tested as adducts to AP in the work done by An, et al. : taurine (Trn), glucosamine 

(GlcN), Arg-His carboxamide (RH), Gly-Pro-Arg-Pro carboxamide (GPRP), 

streptomycin (STM), 2-aminomethyl-15-crown-5 (15c5) and 2-aminomethyl-18-crown-6 

(18c6). The modifications to AP sites gave predominantly one distribution of current 

levels unlike the modifications to OG, which gave more than one distribution (with the 

exception of C39GlcNra14). The tighter distribution of current levels for the AP sites 

adducts compared to the OG adducts may be a result of there not being an additional 

stereocenter in the newly formed adduct. Interestingly, the GlcN adduct gives the same 

current level distribution regardless of whether it is attached to the AP site (Figure 1.10) 

or the Sp site (Figure 1.9). This again hints that the size of the molecule is not 

necessarily a determining factor of the current level blockage, but more of the underlying 

chemical nature of the adduct that is establishing the blockage current level. Imbedding

89the adduct in the K-ras sequence yielded similar results. All of the adducts presented in 

Figure 1.10 can translocate through the nanopore, and again, disappointingly, none of 

them gave a distinct modulation in the current level except for the 18c6 adduct in NaCl 

solution. Translocation of an 18c6 adduct embedded in the middle of an 87mer poly-dC

DNA strand led to a modulation of the current when passing through the pore (Figure

181.11). The 18c6 adduct is proposed to give this distinct current level blockage because 

it has to release the bound alkali metal cation before passing through the restrictive P-
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Figure 1.11. Translocation current vs. time trace for the AP 18c6 adduct showing 
modulation of the current in 3 M NaCl, 25 mM Tris-HCl, and 1.0 mM EDTA (pH 7.9). 
There were two current levels observed: IA and IB. When ssDNA entered the vestibule, 
18c6-Na+ complex hesitated above the constriction, while the sensing P-barrel was 
recognizing the poly-dC background of the molecule, generating IA1. After a certain 
period of time, the complex changed its conformation, likely followed by the dissociation 
of the ion, and was able to pass the narrow constriction. This produced a deeper blocking 
current level IB due to the presence of the bulky adduct. Once the adduct exited the
protein P-barrel to its trans side, the current level returned back to Ia2, representing the

18translocation of the rest of the ssDNA. The figure was adapted from An, et al.



barrel. Given the fact that AP sites serve as an intermediate in the base excision repair 

pathway and that various types of DNA base modifications can be converted to AP sites 

by the corresponding glycosylases,93,94 one can envision this approach being readily 

applied to detect other DNA damages as well, including DNA methylation sites 

important in epigenetic sequencing.

As a final test of formation of a DNA base adduct that might significantly alter 

the current level, halogenation of C followed by adduct formation was conducted. 

Iodination of C in the presence of KHSO5 and KI readily occurs at the C5 position of 

cytidine, and this activates the base toward nucleophilic aromatic substitution by 2- 

aminomethyl-18-crown-6.95 Figure 1.12 provides the current level histograms for 5- 

iodocytidine (5-I-C) as well as the 18c6 adduct to the base (5-18c6-C). Interestingly, 5-I- 

C gave the same current level as the C40 standard; however, the 5-18c6-C adduct was 

observed to be much more blocking. The translocation of the 5-18c6-C adduct also 

produced current signatures similar to the one in Figure 1.12. The two examples of 18c6 

adducts, where 18c6 was attached to either AP sites or C, confirm that the polyether 

moiety is responsible for the desired current modulation, and now point to its use as a 

universal label for damage detection and sequencing efforts.

Alternative approach for determination of current level differences 

for nonnative nucleotides

5-Methylcytidine is one of the most common modifications found in the genome 

that was biologically selected for epigenetic regulation. This modification resides on ~5% 

of all C nucleotides96 and it is nonrandomly distributed throughout the genome.64
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Recent studies have shown that oxidation of 5-methylcytidine (5mC) to 5- 

hydroxymethylcytidine (5hC) may provide a further refinement in epigenetic

97regulation. Thus, sequencing for these modifications has great potential in answering 

many biological questions, especially if this can be conducted on a single-molecule 

platform, such as the nanopore apparatus. Bayley’s laboratory monitored the current 

levels for 5mC and 5hC in an immobilization experiment using an engineered pore (NNY

98mutant) that has one sensing region and gives high contrast between the nucleotides. 

This example demonstrates that in the future, nanopore sequencing of cellular DNA may 

help in addressing many biologically relevant modification states of DNA.

The ion channel protein a-HL is only one protein among many others that has 

potential as a DNA-sequencing platform.99-101 A mutated MspA ion channel protein has

also been shown to distinguish current levels of the native nucleotides in immobilization

102experiments. The current level differences were much bigger than those observed with 

a-HL pores. Similarly, Manrao, et al. demonstrated that a mutant MspA ion channel can 

readily distinguish the 5mC from C.36 The bigger difference in the current levels 

observed for the nucleotides has been attributed to MspA having one sensing zone that 

spans fewer nucleotides than a-HL.50,100

The use of molecular motors has been gaining traction for decreasing the speed at 

which the DNA moves through the nanopore to a level that existing electronics can

33 37  103readily record. , , The methods currently reported utilize a DNA polymerase (phi29) 

to ratchet the DNA up through the pore in the presence of an electrical bias, as each 

nucleotide passes through the one sensing head its current signature is recorded for 

milliseconds, which readily allows base to base discrimination.36 The ability to have
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tight control over the DNA polymerase has made this approach an attractive alternative 

for controlling the translocation rate. However, the DNA polymerase presents a few 

problems on its own, particularly when sequencing genomic DNA that has nucleotide 

modifications as discussed herein. DNA damage lesions such as Sp, Gh, AP sites, Tg 

and T=T cause DNA polymerases to stall; that is to say, DNA polymerases cannot read 

through these types of DNA damage and would cause a stop in reading of the sequence in 

molecular-motor based sequencing methods when conducted on a single-molecule level 

on unamplified DNA.

Summary and outlook

Immobilization experiments have allowed current signatures to be established for 

native, damaged and chemically modified nucleotides. When considering all the 

established current levels, an overlap is observed between some of these nucleotides; for 

example, U and T, and an AP site and G give the same blocking current levels. Chemical 

modification via adduct formation to OG or AP sites is a promising way to shift the 

current redundancy away from the current range of the other nucleotides. With the 

chemical adducts studied, there is some degree of correlation to the size of the adduct 

with its blocking current level; though, it is prudent to point out that this parameter alone 

is not the only determining factor for predicting the blocking current level. The current 

levels also depend on hydration, rigidity of the strand (TT vs. T=T, 5’-GCT vs. 5’- 

G*CT*), shape of the adduct (diastereomer resolution for Sp, Gh and Tg), as well as 

interaction of the adduct with the protein and electrolyte, as was observed with the 18c6 

adducts. Further, the 18c6 adduct has the added feature of being observed in translocation
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experiments, and it is the only adduct that can not only generate much deeper blockage 

current levels, but also significantly slow the translocation speed via the ion dissociation 

mechanism proposed. Both factors proved to be necessary to develop a successful 

chemical tag for the purpose of electrical current modulation.
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CHAPTER 2

SINGLE-MOLECULE DETECTION OF GUANINE(C8) -  THYMINE(N3) 

CROSS-LINK USING ION CHANNEL RECORDING 

Introduction

Inflammation and oxidative stress are linked with the initiation and progression of

1 2 many diseases such as cancer and neurological disorders. Inflammation produces a

variety of oxidizing species that includes carbonate radical anion (CO3 -̂). This one-

electron oxidant is derived from ONOO- and HCO3- precursors that react to form

nitrosoperoxycarbonate (ONOOCO2-) that undergoes spontaneous homolysis to yield the

CO3̂- radical under biological reaction conditions.3,4 The DNA nucleobase guanine (G)

has the lowest redox potential, thus it is the site most susceptible to oxidative insults.5,6 G

oxidation by CO3̂- yields a wide range of products, shown in Figure 2.1, and their yields

7 8are dependent on the reaction context. , In vitro studies have shown that 

photochemically generated CO3̂- selectively oxidizes G in single-stranded 

oligodeoxynucleotide (ODN) contexts to produce a cross-link in high yield. In a ssODN 

the cross-link was found in the sequence context 5’-GCT-3’, in which the C8 position of 

G was covalently linked with the N3 position of T (5’-G*CT*-3’).9 Interestingly, the 

cross-link yield is highest when the G and T bases are separated by C, and G is at the 5’
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Figure 2.1. Guanine (G) lesions observed from CO3̂- oxidation. 8-oxo-7,8- 
dihydroguanine (OG), 5-carboxamido-5-formamido-2-iminohydantoin (2Ih), spiroimino- 
dihydantoin (Sp), guanidinohydantoin (Gh), 2,5-diamino-4#-imidazolone (Iz), and the 
intrastrand 5’-G*CT*-3’cross-link.10



end of the sequence context (Figure 2.1).9 Recently, the G*T* cross-link, the detectable 

form of the 5’-G*CT*-3’ cross-link postnuclease digestion, was detected in human cells 

under conditions of inflammation.11

Methods currently used to quantify damaged bases in genomic DNA samples

12 13employ either the comet assay, , or enzymatic digestion followed by HPLC-MS/MS 

analysis;14 the later method was used to quantify the G*T cross-link in human cells that 

was derived from the 5’-G*CT*-3’ cross-link.11 However, neither of these methods 

provides sequence information. Recent advances in single-molecule DNA sequencing 

with a-hemolysin (a-HL) nanopore offers the potential to obtain the sequence context and 

identify the type of damaged DNA.15-19 This method harnesses the size limiting 

properties of the a-HL nanopore to give ion current signatures for the DNA bases when

single-strand DNA (ssDNA) is allowed to pass through the pore under an electrophoretic

20 22potential. - However, sequencing based on free translocation of ssDNA proves to be 

problematic due to the fast rate at which the DNA passes through the pore.16 To 

overcome this problem, and determine the ion current signature for the bases,

19 23 26immobilization experiments have been employed. , - In this experiment, a biotin tag 

is added to the ssDNA terminus, upon binding streptavidin the complex is too big to pass 

through the pore, therefore allowing the complex to be captured for long times. 

Previously it was shown that placement of biotin 14 bases 3’ to the site of interest (lesion) 

on ssDNA positions that sit in the most sensitive zone of a-HL, which is situated just past

27 28the 1.4 nm constriction zone at the top of the P-barrel. , Additionally, this trapped 

complex is stationary in the pore allowing the current level to be recorded for long times 

and signal averaged. Our laboratories have used this method to differentiate damaged
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bases from the canonical ones based on their unique current levels.19,29 Specifically, the 

G oxidation products spiroiminodihydantoin (Sp), guanidinohydantoin (Gh) and 8-oxo- 

7,8-dihydroguanine (OG; Figure 2.1), have been characterized using the immobilization 

experiment,30 as well as an abasic site, thymine dimer and thymine glycol.19 The unique 

chemical reactivity of abasic sites was harnessed to add chemical tags under appropriate 

reaction conditions that modulates the current signature well beyond that of all other 

bases, both conanical and lesion bearing; chemical modification to modulate the current 

signature has also been adopted in labeling 5-hydroxymethylcytosine, an epigenetic

31marker. In the present study, the current-level signature for the 5’-G*CT*-3’ cross

link was determined in an immobilization experiment (Figure 2.2) when the lesion was 

placed in the most sensitive region of a-HL, as well as dangling it deeper into the P-barrel 

to analyze positional effects in the ion current flow. Then the cross-link was synthesized 

in the middle of a 53-mer strand, which did not have biotin, and then free translocation 

experiments were conducted to determine if this lesion could be detected during a 

simulated translocation experiment.

Experimental

Materials and ODNpreparation

All chemicals were purchased from commercial suppliers and used without 

further purification, except for the DNA strands. The DNA strands were obtained from 

the DNA-peptide core facility at the University of Utah and were purified by ion- 

exchange HPLC prior to their use. The 5’-G*CT*-3’ cross-link was synthesized 

according to published procedures and purified by ion-exchange HPLC.9,34,35 For the
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Figure 2.2. Representation of a-HL (pdb 7AHL)32/streptavidin (pdb 1MK5)33 Btn-DNA 
complex that contains 5’-G*CT*-3’ cross-link.



immobilization experiments a 40-mer 5’-CCCCCCCCCC CCCCCCCCCC 

CCCAACGCTA CCCCCCCCCC-Btn-3’ and 5’-CCCCCCCCCC CCCCCCCCCA 

ACGCTACCCC CCCCCCCCCC-Btn-3’ sequence were studied, and to avoid any 

unwanted oxidation reactions on the biotin tag, desthiobiotin was used. For the free 

translocation experiments, a 53-mer 5’-CCCCCCCCCC CCCCCCCCCC 

CCAACGCTAC CCCAAAAAAA AAAAAAAAAA AAA-3’ sequence was studied.

The 5’-G*CT*-3’ cross-link was introduced by irradiating for 2 h (254 nm 

wavelength, the shorter strand was irradiated for 30 min) a 100 |iL solution containing 1 

nmol of ODN, 20 mM of Na2S2O8, 300 mM NaHCO3, pH 10.5. The reaction mixture 

was than HPLC purified running a method that consisted of a linear gradient of 15% to 

100% B over 30 min where the mobile phases were: B: 1.0 M NaCl, 25 mM Tris, 10% 

ACN, pH 8, A: 10% ACN, with a flow rate of 1 mL/min while monitoring the 

absorbance at 260 nm. The thus obtained pure 5’-G*CT*-3’ cross-link containing ODN 

was then dialyzed to remove excess purification salts. Product purity was determined by 

reinjection of the sample onto an analytical ion-exchange column running the previously 

described method, and the product identity was determined by ESI-MS.

Ion channel recordings

The ion channel recordings were conducted with a custom built amplifier and data 

acquisition system designed by Eletronic BioSciences (EBS), San Diego, CA. The glass 

nanopore membrane (GNM) was fabricated using previously established procedures. 36,37 

The immobilization and translocation events were collected in 1 M KCl, 1 mM EDTA, 

25 mM Tris, pH 7.9 electrolyte solution under a 120 mV bias (trans vs. cis) with a 10
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kHz filter, and data acquisition rate of 50 kHz. For the immobilization experiments the 

DNA-streptavidin (DNA-Strep) complex was obtained by mixing a 200 nM solution of 

biotinylated DNA with a 50 nM solution of streptavidin in the analysis electrolyte 

solution for 10 min at 22 oC prior to adding this sample to the analysis chamber. In the 

immobilization experiments a 200 nM DNA-streptavidin complex containing the lesion 

was added to the chamber. Then, after recording >200 events the same amount of a non

lesion bearing DNA-streptavidin complex was added to determine the current modulation 

of the cross-link relative to the native-DNA sequence. Lastly, the 3’-biotinylated 40-mer 

poly-C sequence was added as an internal standard for referencing the new ion currents to

29 30those obtained in our previously published results. , The data were analyzed using 

software donated by EBS. The events were extracted using QUB 2.0.0.20, and the 

immobilization experiments were plotted using Igor Pro 6.1.

In the translocation studies, a 5 |iM DNA solution of ssDNA was added to the 

chamber and >1000 translocation events were collected at a 100, 120 and 140 mV (trans 

vs. cis) bias using a 100 kHz filter and a 500 kHz data acquisition rate. In these studies, 

both lesion-containing and nonlesion containing DNA strands were analyzed in a 1.00 M 

KCl, 10 mM NaPi (pH 7.4), 1 mM EDTA electrolyte solution. The data were analyzed 

using the same software as previously mentioned.

Results and discussion

The most commonly occurring G*T* cross-link observed from CO3 - oxidation 

has the G and T separated by a C (5’-G*CT*-3’).9 More specifically, the Geacintov

38laboratory has studied this cross-link in the sequence context 5’ -CCATCGCTACC-3’.
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Therefore, we elected to embed this sequence (substituting the 5’ T with A to prevent 

formation of the 5’-T*CG*-3’ cross-link) in a 3’-desthiobiotinylated 40-mer poly-C 

homopolymer background that placed the cross-link at the most sensitive region of a- 

HL, positions ro12-14 (this nomenclature was chosen to identify that counting started from 

the nontraditional 3’-end). This strand will be noted throughout the text with the 5’- 

G*CT*-3’ nomenclature, while the native sequence will be designated by the 5’-GCT-3’ 

nomenclature. Next, ion channel recordings were commenced to determine the ion- 

current signature for the 5’-G*CT*-3’ cross-link in a wild-type a-HL that was imbedded 

in a lipid bilayer suspended across a GNM.36,37 When an electrical potential was applied 

across the channel, the Strep-Btn DNA complex was eletrophoretically driven through 

the pore causing a deep current level blockage (I) to the open channel current (Io). The 

deep-current level blockage was recorded for 1 s, followed by the reversal of polarity that 

drove the Strep-Btn DNA complex into the bulk solution, after which the open channel 

current was restored. A typical current-time (i-t) trace is shown in Figure 1.2 in Chapter 

1. The capture/release cycle was repeated >200 times to collect a population of events. 

The percentage residual current (%///o) for each event was calculated and plotted into a 

current-level histogram.

The current blockages for the 5’-G*CT*-3’ cross-link, the native sequence (5’- 

GCT-3’), both at ro12-14, and the internal standard (C40) were then evaluated. The C40 

current-blockage level, which was used as a reference, was assigned to a value of A%///o 

= 0. Figure 2.3A shows a histogram of the percent blockage current level when the G of 

the 5’-GCT-3’ sequence was placed at position ro14 for a lesion and native strands. In this
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Figure 2.3. Current level histograms for the 5’G*CT*-3’ cross-link, 5’-GCT-3’ and the 
C40 reference strand. A. Histograms recorded when the G of the 5’GCT-3’sequence was 
positioned at ro14. B. Histograms recorded when the G of the 5’GCT-3’ sequence was 
positioned at ro18. In both histograms the 5’-G*CT*-3’ cross-link is shown in blue, the 
unmodified 5’-GCT-3’ sequence is shown in green, and the C40 internal standard is 
shown in red.10



sequence context the difference between the unmodified- and the 5’-G*CT*-3’ cross-link 

containing strand was A%I/Io = 1.7%, with the cross-link being the more blocking to the 

current level. Additionally, this places the 5’- G*CT*-3’ strand at a value of A%I/Io = 

0.5% more blocking than the C40 reference (Figure 2.3A). Figure 2.3B shows a 

histogram of the percent blockage current when the reactive G was placed deeper into the 

P-barrel at the position ro18. This increased the difference that was observed between the 

cross-link and the unreacted standard. Placement of the cross-link deeper into the P- 

barrel gave a A%I/Io = 2.4%, again the crosslink gave a deeper blockage to the current in 

comparison to the unmodified strand. Additionally, by placing the damaged site deeper 

into the channel (4 bases) the blocking current increased by a A%I/Io = 0.7%. These 

results demonstrate that the unencumbered 5’-G*C*T-3’ cross-link is more blocking to 

the current level, and this effect is enhanced as the lesion is dangled deeper into the P- 

barrel. The difference in the current-blockage level measured between the unmodified 

and the cross-link strands is hypothesized to result from the increased rigidity and bulk of 

the 5’-G*CT*-3’ cross-link. Consistent with this hypothesis is a previous molecular 

dynamics (MD) simulation conducted by the Broyde and Geacintov laboratories that

38revealed that the 5’-G*CT*-3’ cross-link greatly disturb base stacking interactions; 

furthermore, this cross-link severely unwinds double-strand DNA based on MD analysis, 

by introducing a sever kink in the sugar-phosphate backbone, that ejects the C base out 

toward solvent. It is anticipated that these distorting effects will exist in ssDNA as well, 

especially when the strand is confined in the sterically-demanding nanopore channel. 

Thus, the ion flow through the channel is perturbed more with the cross-link, and this is 

reflected in the greater ion current blockage.
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In both current-level histograms (Figure 2.3 A and B) the 5’-G*CT*-3’ strand had 

a second peak that was close in A%I/Io current blockage to the C40 reference. We 

hypothesize that this minor peak (~20% of the recorded events) might be due to the 

presence of the other G-oxidation product, 2Ih that has been observed from CO3̂-

35oxidations (Figure 2.1). Consistent with this hypothesis is a peak in the ESI-MS for this 

sample that has the same mass as 2-Ih (Figure 2.4) and a similar relative concentration 

(~20%) as was detected in the immobilization experiment. Unfortunately, due to the long 

length of this strand (40-mer), the cross-link and 2-Ih were not resolvable, so further 

studies to confirm this hypothesis were not conducted.

The immobilization experiments presented above show that the 5’-G*CT*-3’ 

cross-link can be differentiated from the unmodified 5’-GCT-3’ strand based on current- 

level modulation (Figure 2.3A and B). Additionally, the 5’-G*CT*-3’ cross-link was 

considerably more blocking to the ion current. Because the same C40 internal standard 

has been used in all of our previous studies, it is also known that the cross-link is >2.0%

28 30more blocking than any of the natural base within a poly-C background. , The next 

step was to examine the behavior of the 5’-G*CT*-3’ cross-link in a single stranded 

DNA construct as it translocated through the a-HL ion channel under an electrophoretic 

potential. During the translocation experiments the DNA was allowed to freely pass 

through the protein channel from the cis to trans side of the pore, under a 100, 120 and 

140 mV bias (trans vs. cis). The sequence 5’- C20CCAACGCTACCCCA20-3’ was used 

for these experiments, and it was designed to enhance the 5’-capture events at lower bias. 

Capture of the 5’-end has previously been demonstrated to be a minor event type 

compared to 3’-capture at low bias.39-41 Additionally, in our previous studies it was
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Damage in Calculated Experimental 
14mer mass [M+H] mass [M+H]

5’-G*CT*-3’ 4160.79 4160.32
2Ih 4194.80 4195.38

Figure 2.4. Representative HPLC traces and ESI MS characterization of the 5’-G*CT*- 
3’ cross-link in a 14-mer ODN (5’-CCAACGCTACCACA-3’). HPLC mobile phases, B:
1.5M NaOAc, 10% ACN, pH 7, A: 10% ACN. HPLC method: linear gradient starting at 
30% B to 100% B over 30 min on an analytical ion-exchange column.



determined that current modulation of adducts (18-crown-6 adducted to an abasic site)

39only modulated the current upon capture of the 5’-end; therefore, a stretch of polyC was 

placed 5’-end to the cross-link, and a polyA stretch was placed 3’ to the cross-link, 

because it was previously demonstrated that 5’-entry is maximal with polyC while being

minimal with polyA.39,40

Figure 2.5A shows an i-t trace for a single DNA molecule transloction event for 

an unmodified 53-mer ODN. The data collected from the translocation experiments were 

investigated with respect to directionality effects on entry and the time duration (tD) for 

the translocation to occur. Consistent with the diffusional broadening of the translocation 

times, the tD histogram of each population was described by a Gaussian curve with a 

mean peak value tmax. The majority of the events (75%) displayed a constant deep 

blockage current level throughout the translocation (Figure 2.5A), with a small fraction of 

the events (25%) featuring a shoulder current level that preceded the deep blockage

current level. The shoulder signature has previously been shown to result from the polyA

21tail interacting with the vestibule above the constriction zone. The individual i-t traces 

were then plotted into density plots that are shown in Figure 2.5B, in which two 

populations of events were observed that differed in the deep blockage current level. 

Based on the literature reports, these two event populations represent the highest 

blockage to the current (-16 pA; 0.13 I/Io) to be the 3’ polyA entry first, and the lower 

blockage to the current (-22 pA; 0.18 I/Io) to be the 5’ polyC entry first.39,40 Next, 

analysis was conducted to determine if there were any detectable differences between the 

reacted and unreacted strands.

First, inspection of the i-t traces for the cross-link and unmodified strands were
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Figure 2.5. Translocation studies of the 5’-G*CT*-3’ cross-link in a 5’ 
C20CCAACGCTACCCCA20 sequence. A. Typical i-t trace of a single DNA molecule 
translocating through the pore. B. Density plots of the control and cross-link strands at 
120 mV (trans vs. cis). C. Voltage dependence study showing the tmax vs. voltage plot.10



looked at, and from Figure 2.5A, there did not appear to be any detectable differences in 

the i-t trace signature. Analysis of the i-t traces was looked at for both 3’ and 5’ entry, 

and no observable differences were recorded. Next, analysis of the translocation time, 

tmax, revealed that at 100 mV bias (trans vs. cis) both strands gave similar 3’ vs. 5’ 

entries, and tmax values (Figure 2.5C). Finally, a voltage dependence study was 

performed to determine if the cross-link was small enough to fit and translocate across 

the a-HL ion channel during free translocation. From these data (Figure 5C), it was 

determined that for both the standard and cross-link strands the translocation time 

decreased as the voltage increased. This is a diagnostic signature of a strand being able

42to translocate from the cis to trans side of a-HL. These results are interpreted to mean 

that the 5’G*CT*-3’ cross-link is small enough to fit and translocate across the pore, and 

it does not slow down the translocation speed; thus, this cross-link cannot be 

differentiated from an undamaged strand during free translocation based on either 

translocation current or time.

Conclusions

The studies described herein have shown that the a-HL ion channel has the ability 

to detect the 5’-G*CT*-3’ cross-link in an immobilization experiment; however, during a 

free translocation experiment the cross-link could not be differentiated from an 

unmodified strand. The immobilization results are promising, because they provide a 

unique current-level signature for this damage. Additionally, the bigger current 

difference can be observed when the cross-link was placed deeper inside the P-barrel. 

Once single-molecule DNA sequencing is perfected, this study will provide the signature
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for this cross-link that is likely to be observed during any DNA sequencing experiment. 

Furthermore, because it has been shown that cross-links are highly toxic to cellular 

processes that require an intact genome (i.e., replication and transcription),43 finding their 

specific location will aid in better understanding how oxidative and inflammatory stress 

damage the genome.

58

References

(1) Lonkar, P.; Dedon, P. C. Reactive species and DNA damage in chronic 
inflammation: reconciling chemical mechanisms and biological fates. Int. J. Cancer
2011, 128, 1999-2009.

(2) Mangialasche, F.; Polidori, M. C.; Monastero, R.; Ercolani, S.; Camarda, 
C.; Cecchetti, R.; Mecocci, P. Biomarkers of oxidative and nitrosative damage in 
Alzheimer's disease and mild cognitive impairment. Ageing Res. Rev. 2009, 8, 285-305.

(3) Pacher, P.; Beckman, J. S.; Liaudet, L. Nitric oxide and peroxynitrite in 
health and disease. Physiol. Rev. 2007, 87, 315-424.

(4) Goldstein, S.; Czapski, G. Viscosity effects on the reaction of 
peroxynitrite with CO2: evidence for radical formation in a solvent cage. J. Am. Chem. 
Soc. 1999, 121, 2444-2447.

(5) Neeley, W. L.; Essigmann, J. M. Mechanisms of formation, genotoxicity, 
and mutation of guanine oxidation products. Chem. Res. Toxicol. 2006, 19, 491-505.

(6) Burrows, C. J.; Muller, J. G. Oxidative nucleobase modifications leading 
to strand scission. Chem. Rev. 1998, 98, 1109-1152.

(7) Misiaszek, R.; Uvaydov, Y.; Crean, C.; Geacintov, N. E.; Shafirovich, V. 
Combination reactions of superoxide with 8-oxo-7,8-dihydroguanine radicals in DNA: 
kinetics and end products. J. Biol. Chem. 2005, 280, 6293-6300.

(8) Fleming, A. M.; Muller, J. G.; Ji, I.; Burrows, C. J. Characterization of 2'- 
deoxyguanosine oxidation products observed in the Fenton-like system 
Cu(II)/H2O2/reductant in nucleoside and oligodeoxynucleotide contexts. Org. Biomol. 
Chem. 2011, 9, 3338-3348.

(9) Crean, C.; Uvaydov, Y.; Geacintov, N. E.; Shafirovich, V. Oxidation of 
single-stranded oligonucleotides by carbonate radical anions: generating intrastrand



59

cross-links between guanine and thymine bases separated by cytosines. Nucleic Acids 
Res. 2008, 36, 742-755.

(10) Wolna, A. H.; Fleming, A. M.; Burrows, C. J. Single-molecule detection 
of a guanine(C8)-thymine(N3) cross-link using ion channel recording. J. Phys. Org. 
Chem. 2014, 27, 247-251.

(11) Madugundu, G. S.; Wagner, J. R.; Cadet, J.; Kropachev, K.; Yun, B. H.; 
Geacintov, N. E.; Shafirovich, V. Generation of guanine-thymine cross-links in human 
cells by one-electron oxidation mechanisms. Chem. Res. Toxicol. 2013, 26, 1031-1033.

(12) Azqueta, A.; Shaposhnikov, S.; Collins, A. R. DNA oxidation: 
investigating its key role in environmental mutagenesis with the comet assay. Mutat. Res.
2009, 674, 101-108.

(13) Liao, W.; McNutt, M. A.; Zhu, W. G. The comet assay: a sensitive method 
for detecting DNA damage in individual cells. Methods 2009, 48, 46-53.

(14) Shigenaga, M. K.; Aboujaoude, E. N.; Chen, Q.; Ames, B. N. Assays of 
oxidative DNA damage biomarkers 8-oxo-2'-deoxyguanosine and 8-oxoguanine in 
nuclear DNA and biological fluids by high-performance liquid chromatography with 
electrochemical detection. Methods Enzymol. 1994, 234, 16-33.

(15) Bayley, H. Sequencing single molecules of DNA. Curr. Opin. Chem. Biol. 
2006, 10, 628-637.

(16) Branton, D.; Deamer, D., W; Marziali, A.; Bayley, H.; Benner, S., A; 
Butler, T.; Di Ventra, M.; Garaj, S.; Hibbs, A.; Huang, X.; Jovanovich, S., B; Krstic, P., 
S; Lindsay, S.; Ling, X. S.; Mastrangelo, C., H; Meller, A.; Oliver, J., S; Pershin, Y., V; 
Ramsey, J. M.; Riehn, R.; Soni, G., V; Tabard-Cossa, V.; Wanunu, M.; Wiggin, M.; 
Schloss, J., A. The potential and challenges of nanopore sequencing. Nat. Biotechnol. 
2008, 26, 1146-1153.

(17) Cherf, G. M.; Lieberman, K. R.; Rashid, H.; Lam, C. E.; Karplus, K.; 
Akeson, M. Automated forward and reverse ratcheting of DNA in a nanopore at 5-A 
precision. Nat. Biotechnol. 2012, 30, 344-348.

(18) Larkin, J.; Carson, S.; Stoloff, D. H.; Wanunu, M. Nanopore-based 
analysis of chemically modified DNA and nucleic acid drug targets. Isr. J. Chem. 2013, 
53, 431-441.

(19) Wolna, A. H.; Fleming, A. M.; An, N.; He, L.; White, H. S.; Burrows, C. 
J. Electrical current signatures of DNA base modifications in single molecules 
immobilized in the a-hemolysin ion channel. Isr. J. Chem. 2013, 53, 417-430.



60

(20) Meller, A.; Nivon, L.; Brandin, E.; Golovchenko, J.; Branton, D. Rapid 
nanopore discrimination between single polynucleotide molecules. Proc. Natl. Acad. Sci. 
U.S.A. 2000, 97, 1079-1084.

(21) Butler, T. Z.; Gundlach, J. H.; Troll, M. Ionic current blockades from 
DNA and RNA molecules in the a-hemolysin nanopore. Biophys. J. 2007, 93, 3229
3240.

(22) Meller, A.; Branton, D. Single molecule measurements of DNA transport 
through a nanopore. Electrophoresis 2002, 23, 2583-2591.

(23) Henrickson, S. E.; Misakian, M.; Robertson, B.; Kasianowicz, J. J. Driven 
DNA transport into an asymmetric nanometer-scale pore. Phys. Rev. Lett. 2000, 85, 
3057-3060.

(24) Howorka, S.; Bayley, H. Probing distance and electrical potential within a 
protein pore with tethered DNA. Biophys. J. 2002, 83, 3202-3210.

(25) Ayub, M.; Bayley, H. Individual RNA base recognition in immobilized 
oligonucleotides using a protein nanopore. Nano Lett. 2012, 12, 5637-5643.

(26) Purnell, R.; Schmidt, J. Measurements of DNA immobilized in the alpha- 
hemolysin nanopore. In Nanopore-Based Technology; Gracheva, M. E., Ed.; Humana 
Press, 2012; Vol. 870; pp 39-53.

(27) Ashkenasy, N.; Sanchez-Quesada, J.; Bayley, H.; Ghadiri, M. R. 
Recognizing a single base in an individual DNA strand: a step toward DNA sequencing 
in nanopores. Angew. Chem. Int. Ed. 2005, 44, 1401-1404.

(28) Stoddart, D.; Heron, A. J.; Mikhailova, E.; Maglia, G.; Bayley, H. Single
nucleotide discrimination in immobilized DNA oligonucleotides with a biological 
nanopore. Proc. Natl. Acad. Sci. U.S.A. 2009, 106, 7702-7707.

(29) An, N.; White, H. S.; Burrows, C. J. Modulation of the current signatures 
of DNA abasic site adducts in the [small alpha]-hemolysin ion channel. Chem. Commun.
2012, 48, 11410-11412.

(30) Schibel, A. E. P.; An, N.; Jin, Q.; Fleming, A. M.; Burrows, C. J.; White, 
H. S. Nanopore detection of 8-oxo-7,8-dihydro-2'-deoxyguanosine in immobilized 
single-stranded DNA via adduct formation to the DNA damage site. J. Am. Chem. Soc.
2010, 132, 17992-17995.

(31) Li, W.-W.; Gong, L.; Bayley, H. Single-molecule detection of 5- 
hydroxymethylcytosine in DNA through chemical modification and nanopore analysis. 
Angew. Chem. Int. Ed. 2013, 52, 4350-4355.



61

(32) Song, L.; Haobaugh, M. R.; Shustak C.; Cheley, S.; Bayley, H.; Gouaux, 
E. J. Structure of staphylococcal a-hemolysin, heptameric transmembrane pore. Science 
1996, 274, 1859-1866.

(33) Hyre, D. E.; Le Trong, I.; Merritt, E. A.; Eccleston, J. F.; Green, N. M.; 
Stenkamp, R. E.; Stayton, P. S. Cooperative hydrogen bond interactions in the 
streptavidin-biotin system. Protein Sci. 2006, 15, 459-467.

(34) Crean, C.; Lee, Y. A.; Yun, B. H.; Geacintov, N. E.; Shafirovich, V. 
Oxidation of guanine by carbonate radicals derived from photolysis of 
carbonatotetramminecobalt(III) complexes and the pH dependence of intrastrand DNA 
cross-links mediated by guanine radical reactions. ChemBioChem 2008, 9, 1985-1991.

(35) Rokhlenko, Y.; Geacintov, N. E.; Shafirovich, V. Lifetimes and reaction 
pathways of guanine radical cations and neutral guanine radicals in an oligonucleotide in 
aqueous solutions. J. Am. Chem. Soc. 2012, 134, 4955-4962.

(36) Zhang, B.; Galusha, J.; Shiozawa, P. G.; Wang, G.; Bergren, A. J.; Jones, 
R. M.; White, R. J.; Ervin, E. N.; Cauley, C. C.; White, H. S. Bench-top method for 
fabricating glass-sealed nanodisk electrodes, glass nanopore electrodes, and glass 
nanopore membranes of controlled size. Anal. Chem. 2007, 79, 4778-4787.

(37) White, R. J.; Ervin, E. N.; Yang, T.; Chen, X.; Daniel, S.; Cremer, P. S.; 
White, H. S. Single ion-channel recordings using glass nanopore membranes. J. Am. 
Chem. Soc. 2007, 129, 11766-11775.

(38) Ding, S.; Kropachev, K.; Cai, Y.; Kolbanovskiy, M.; Durandina, S. A.; 
Liu, Z.; Shafirovich, V.; Broyde, S.; Geacintov, N. E. Structural, energetic and dynamic 
properties of guanine(C8)-thymine(N3) cross-links in DNA provide insights on 
susceptibility to nucleotide excision repair. Nucleic Acids Res. 2012, 40, 2506-2517.

(39) An, N.; Fleming, A. M.; White, H. S.; Burrows, C. J. Crown ether- 
electrolyte interactions permit nanopore detection of individual DNA abasic sites in 
single molecules. Proc. Natl. Acad. Sci. U.S.A. 2012, 109, 11504-11509.

(40) Purnell, R. F.; Mehta, K. K.; Schmidt, J. J. Nucleotide identification and 
orientation discrimination of DNA homopolymers immobilized in a protein nanopore. 
Nano Lett. 2008, 8, 3029-3034.

(41) Mathe, J.; Aksimentiev, A.; Nelson, D. R.; Schulten, K.; Meller, A. 
Orientation discrimination of single-stranded DNA inside the a-hemolysin membrane 
channel. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 12377-12382.

(42) Meller, A.; Nivon, L.; Branton, D. Voltage-driven DNA translocations 
through a nanopore. Phys. Rev. Lett. 2001, 86, 3435-3438.



62

(43) Kanuri, M.; Nechev, L. V.; Kiehna, S. E.; Tamura, P. J.; Harris, C. M.; 
Harris, T. M.; Lloyd, R. S. Evidence for Escherichia coli polymerase II mutagenic bypass 
of intrastrand DNA crosslinks. DNA Repair 2005, 4, 1374-1380.



CHAPTER 3

SINGLE-MOLECULE DETECTION OF DNA-PLATINUM 

CROSS-LINKS USING ION CHANNEL 

RECORDINGS 

Introduction

DNA damage is known to cause mutations that may eventually lead to the 

development of cancer. Ironically, one of the most successful cancer treatments currently 

available, platinum-based anticancer drugs, causes even more DNA damage, leading to

the cell no longer being able to process the genetic information and thus causing

1 2apoptosis. , Platinum-based anticancer drugs target DNA to form intrastrand and 

interstrand DNA-platinum cross-links that link adjacent GG bases (Figure 3.1) or GA 

bases at the N7 positions.3,4 cz's-Diamminedichloroplatinum (II) or cisplatin, (Figure 3.1) 

was the first platinum based chemotherapeutic agent that was serendipitously discovered 

by Rosenberg in 1965,5 and FDA approved in 1978.1 Cisplatin is especially successful in 

curing testicular germ-cell cancer (90% overall cure rate, 100% if diagnosed early),6 but 

is also used in the treatment of several other forms of cancer such as nonsmall-cell lung,

7 10cervical, ovarian, esophageal, and head and neck cancers. - Cisplatin, although 

successful in some cancer chemotherapies, cannot be used in many cases due to its

7 11toxicity and side effects, as well as acquired or inherent resistance to the drug.
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Figure 3.1. Structures of selected platinum anticancer drugs. A. Cisplatin, carboplatin 
and oxaliplatin are bifunctional DNA platinating drugs that are FDA approved. 
Pyriplatin is a monofunctional DNA adduct. B. Platinum binds the DNA at the N7 
positions of adjacent G residues.
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Subsequently, carboplatin and oxaliplatin (Figure 3.1A) have been approved by

3 12the FDA. Carboplatin and cisplatin lead to the same DNA cross-link after activation, ,

13and they are also cross-resistant. Oxaliplatin (Figure 3.1A) was shown to have a 

different spectrum of activity than cisplatin or carboplatin, and has become a preferred 

chemotherapeutic for colorectal cancer.14 Many other platinum-based drugs were also

15 18shown to destroy cancerous cells, - among which there are the nonclassical, 

monofunctional platinum adducts such as pyriplatin (Figure 3.1A).19

Platinum-based compounds trigger cell death by a mechanism that involves four

3 12initial stages: , (1) The uptake of the drug into the cell is accomplished by using both

20 22passive and active mechanisms. - (2) The activation of the compound involves 

replacement of the chloride ligands or other labile leaving groups with water molecules.

(3) Once inside the cell, the platinum drug can bind to RNA, proteins, phospholipids or

23 24filaments; however, its main target has been established to be DNA (Figure 3.1B). ,

(4) The platinum DNA-cross links activate the DNA damage response pathway, leading

1 12to the cell undergoing apoptosis if the damage is too severe to repair. , The majority of 

the DNA-cisplatin adducts (~65% of the total products) are GG intrastrand cross-links; 

however, others such as AG (~25%) and GNG (~5-10%) intrastrand cross-links were also 

observed in vitro and in vivo 25,26 Although the platinum-based drugs have been in 

clinical use for over 35 years, many aspects of their mechanism of action are still not 

clear; for example, it is unknown whether there are certain hot spots along the genome 

that are more predisposed to platinum adduct formation.

In order to be able to determine possible hot spots for the platinum adduct 

formation, a single-molecule sequencing platform needs to be utilized. Ever since the
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first human genome was sequenced, many novel sequencing technologies were

27 28developed, , among which alpha-hemolysin (a-HL, Figure 1.1, Chapter 1) ion channel 

recordings offer many advantages, one of them being able to distinguish oxidative DNA 

damages from the canonical bases (Chapter 1 and 2) 29-34 The a-HL is a protein excreted 

by Staphylococcus aureus that can self-assemble into a lipid bilayer to form a heptameric 

ion channel consisting of a vestibule and a P-barrel with a constriction zone of 1.4 nm

35(Figure 1.1). The dimensions of the protein channel allow only single-strand DNA 

(ssDNA) to be able to translocate across the pore. Currently, due to the fast translocation 

time and low signal-to-noise ratio, the best method to establish a current level for a

29 36 39particular damage is to implement an immobilization experiment. , - During this 

experiment a DNA molecule is immobilized inside the a-HL ion channel allowing the 

signal to be averaged for a precise current determination. The damage is introduced at 

position ro14 along the DNA strand, which places it in the most sensitive sensing zone

39inside the P-barrel of the a-HL. The current study focuses on establishing the current 

levels for the DNA damage that were caused by chemotherapeutic drugs such as 

cisplatin, oxaliplatin and pryiplatin (Figure 3.2). It was shown that during the 

immobilization experiments those cross-links gave significantly different current levels 

than the canonical DNA bases.

Experimental

Materials and oligodeoxynucleotide (ODN) preparation

All chemicals and reagents were purchased from commercial suppliers and were 

not further purified unless otherwise stated. ODNs were synthesized at the DNA-peptide
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Figure 3.2. Representation of a-HL (pdb 7AHL)35 /streptavidin (pdb 1MK5)40 Btn-DNA 
complex that contains cisplatin, oxaliplatin or pytriplatin cross-link.



core facility at the University of Utah and were purified on preparative ion exchange 

HPLC before use. The cisplatin, oxaliplatin and pyriplatin adducts were synthesized 

according to the previously established protocols.41-43 For the immobilization experiment 

the sequences used for the platination reactions were 40-mers: 5’-CCCCCCCCCC 

CCCCCCCCCC CCCCCGGCCC CCCCCCCCCC-Btn-3’ for the bifunctional adducts 

(cisplatin and oxaliplatin) and 5’-CCCCCCCCCC CCCCCCCCCC CCCCCCGCCC 

CCCCCCCCCC-Btn-3’ for the monofunctional adduct (pyriplatin), also a polyC strand 

was used as an internal standard. For the translocation experiments the sequences were: 

5’-CCCCCCCCCC CCCCCCCCCC GG CCCCCCCCCC CCCCCCCC-3’ for the 

bifunctional adduct and 5’-CCCCCCCCCC CCCCCCCCCC G CCCCCCCCCC 

CCCCCCCCC-3’ for a monofunctional adduct.

The platination reaction was conducted by first incubating the platinum 

compound for 2 days in the dark with 2 equivalents of AgNO3 in water, for pyriplatin 

and cisplatin.41 Oxaliplatin was incubated in phosphate buffer at pH 7.4 with the rest of 

the conditions the same as the other compounds.44 This step yields aquated derivatives of 

the platinum drugs that were then centrifuged to remove the AgCl precipitate. The above 

mentioned ODNs were then incubated with the aquated compound for 12 h at 37 oC in 

phosphate buffer, pH 7.4. The platinated ODNs were HPLC purified on an ion-exchange 

column running a method that consisted of a linear gradient of 20% to 100% B over 30 

min where the mobile phases were: B: 1.0 M NaCl, 25 mM Tris (pH 8), 10% ACN, pH 8, 

A: 10% ACN, with a flow rate of 1 mL/min while monitoring the absorbance at 260 nm. 

After purification the pure platinum-DNA cross-links were dialyzed to remove excess 

purification salts. Product purity was determined by reinjection of the sample onto an

68
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analytical ion-exchange column running the previously described method, and the 

product identity was determined by mass spectrometry.

Ion channel recordings

The translocation and immobilization experiments were conducted on custom 

made instrumentation donated to our laboratory by Eletronic BioSciences (EBS), San 

Diego, CA. The glass nanopore membrane (GNM) was fabricated according to the 

previously established procedures.45 The surface of the GNM was modified with 3- 

cyanopropyldimehtylchlorosilane before use.46 The phospholipid used during the 

nanopore experiments to form the lipid bilayer was 1,2-diphytanoyl-sn-glycero-3- 

phosphocholine (DPhPC). The nanopore set up was as follows: (1) an Ag/AgCl electrode 

was positioned inside the GNM (filled with the electrolyte solution) and attached to a 

pressure gauge and a 10-mL gastight syringe. (2) Another Ag/AgCl electrode was placed 

in the nanopore holder chamber that was than filled with electrolyte solution. Upon the 

addition of DPhPC, a resistance increase, associated with the suspended lipid bilayer 

formation, was observed. The protein channel was inserted into the lipid bilayer by 

applying a pressure to the back of the GNM, which resulted in the decrease of the 

resistance to ~1 GQ.

For solution mixtures, ultrapure water (> 18 M Qcm) was used; additionally, all 

electrolyte solutions were filtered using a sterile 0.22 mm Millipore vacuum filter. For 

the immobilization experiments, 1.00 M KCl, 1 mM EDTA, 25 mM Tris, pH 7.9 

electrolyte solution was used and the data were collected under a 120 mV bias (trans vs. 

cis) with a 10 kHz filter, and data acquisition rate of 50 kHz. The Strep-Btn ODN



complex (Figure 3.2) was added at a final concentration of 200 nM and ~200 

capture/release events (Figure 1.2, Chapter1) were recorded with platinated ODN alone, 

and after the addition of the undamaged strand and internal standard (polyC).31,47 For the 

translocation experiments, 3.00 M NaCl, 10 mM PBS, 1 mM EDTA, pH 7.4 electrolyte 

solution was used and the data were collected under 100, 120 and 140 mV with a 100 

kHz filter and data acquisition rate of 500 kHz. The concentration of the ODN inside the 

GNM was 10 |iM and ~1,000 events were collected for each voltage. Placing the 

platinated ODN on the inside of the GNM greatly decreased the amount of material 

required for each experiment. The data were analyzed using software donated to our 

laboratory by EBS. Events were extracted using QUB 2.0.0.20 software.

Results and discussion

Immobilization experiment

Aquated platinum compounds bind DNA predominantly at the N7 position of G; 

therefore, to introduce the damage at a specific site, we designed ODNs that contained

only one GG or G site where the platination could occur. For the nanopore studies a

28longer ODN needs to be used due to the fast translocation rate, however, in order to 

characterize the cross-link a shorter 17-mer strand was used. The representative HPLC 

and MS analysis for the platination reaction is shown in Figure 3.3; the reactions for 

cisplatin, oxaliplatin and pyriplatin were consistent with the previously described 

results.48,49 For the immobilization experiments, a 3’-biotinylated 40-mer poly-C 

homopolymer was used with the single G or double G placed at the most sensitive region 

of a-HL, position ro14 and ro14&15. This nontraditional nomenclature for counting DNA
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Time[min]

17mer Calculated 
mass [M+H]+

Experimental 
mass [M+H]+

Standard 5014.3 5016.1
Pyriplatin 5322.4 5321.8

Figure 3.3. Representative HPLC traces and MS (MALDI-TOF) data for the platination 
reaction. A shorter ODN was used to obtain MS data, with a sequence of: 5’- 
TCTCCTCTTGTCTCCTC-3’. The HPLC mobile phase was B: 1.00 M NaCl, 25 mM 
Tris (pH 8), 10% ACN, pH 8, A: 10% ACN, running a method with a linear gradient 
starting at 20% B to 100% B over 30 min on an analytical ion-exchange HPLC column.



bases was used to identify that counting started from the 3’-biotinylated end. Next, ion 

channel recordings were initiated to define the current differences between the platinum- 

bearing strands and the canonical bases. First, the lipid bilayer was painted across the 

GNM, followed by insertion of wild-type a-HL into the suspended bilayer, leading to the 

open channel current.45,46 Second, Strep-Btn DNA complex was added to the nanopore 

chamber, producing deep current level blockages (I) to the open channel current (Io), 

caused by the complex being electrophoretically driven through the pore. Because 

streptavidin is significantly bigger than the opening to the a-HL, the complex was 

immobilized inside the ion channel until the polarity was reversed, allowing it to be 

driven back out, into the bulk solution. A typical current-time (i-t) trace is shown in 

Figure 1.2 in Chapter 1. For each immobilization experiment approximately 200 

capture/release cycles were collected for statistical analysis and plotted into a current- 

level histogram.

The current blockage for the cisplatin, oxaliplatin and pyriplatin adducts, as well 

as the native strand and the internal standard (C40) were then evaluated. The C40 internal 

standard current-blockage level was used as a reference and therefore assigned to a value 

of A%I/Io = 0. Figure 3.4 shows a histogram of the percent blockage current level when 

the G and GG platinum adducts were placed at positions ro14 and ro14&15, respectively. In 

this sequence context the difference between the unmodified GG-containing standard and 

the cisplatin-containing strand was A%I/Io = 5.2%, with the cisplatin adduct being the 

more blocking to the current level. In addition, this places the cisplatin adduct strand at a 

value of A%I/Io = 3.1% more blocking than the internal standard, C40 (Figure 3.4). The 

oxaliplatin (309.27 g/mol, without the oxalate group) that is more bulky than cisplatin
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5'-C2oCCCCCCXXw14CCCCCCCCCCCCC-Btn

0.4

-6 -4  -2  0 2 4 6
< -------------------------  A %  / / /  ------------------------- >

more blocking 0 less blocking

Figure 3.4. Current level histograms for the platinated ODNs. Histograms recorded in 
the polyC background (sequence shown on top) with cisplatin (c/'sPt ro14&15), and 
oxaliplatin (oxaliPt ro14&15) positioned 14 and 15 bases counting from the 3’ biotinylated 
end, and pyriplatin (pyriPt ro14) positioned 14 bases from the 3’ end.



adduct (229.10 g/mol, without the chlorides), but also bifunctional, increased the 

difference that was observed between the cross-link and the unreacted strand. Placement 

of the oxaliplatin in the a-HL ion channel, gave a A%I/Io = 6.4% more blocking current 

than the unmodified GG-containing strand, and A%I/Io = 4.3% more blocking current 

than the C40 reference (Figure 3.4). The final platinum adduct studied was pyriplatin 

(343.69 g/mol, without the chloride) a monofunctional platinum adduct that is also more 

bulky than cisplatin; however, it does not create a cross-link between two bases, and 

therefore does not introduce the rigidity that is observed with bifunctional adducts. 

Pyriplatin gave a A%I/Io = 3.5% more blocking than the internal standard, C40 (Figure 

3.4) and A%I/Io = 4.8% more blocking than the unreacted strand containing a single G at 

position ro14 (the A%I/Io for the canonical bases at this position is further described by 

Schibel, et al., and Stoddart, et al.)39,47 These results demonstrate that the bulky platinum 

adducts are more blocking to the current level than the canonical bases, also, the blockage 

level appears to be dependent on the rigidity introduced to the strand. Pyriplatin was the 

adduct with the highest molecular weight (343.69 g/mol), however, it was less blocking 

than oxaliplatin (309.27 g/mol). Subsequently, the rigidity caused by the oxaliplatin 

linking two G bases has an effect on the current level blockage. Previous NMR and X- 

ray diffraction studies of the oxaliplatin adduct revealed that the platinum adduct severely 

unwinds and bends DNA double helix (global bend angle 31o).42,50 It is anticipated that 

these distorting effects will also exist in ssDNA, especially in the sterically restricted P- 

barrel of a-HL. Pyriplatin, on the other hand, does not cause any significant distortion of 

the double helix as it is a monofunctional adduct that does not form a cross-link between 

the bases.43 Although cisplatin was the least blocking adduct out of the platinum
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compounds studied, it was significantly more blocking than any of the canonical bases. 

This is due to the fact that aside from being bulky (229.1 g/mol) it also greatly distorts the 

structure of the DNA double helix (global bend angle 80o) and that will consequently 

affect the rigidity of the ssDNA.43,51,52 Therefore, the significant increase in the current- 

blockage level measured for the platinated strands (cisplatin, pyriplatin, and oxaliplatin) 

is hypothesized to result from the increased rigidity (pyriplatin vs. oxaliplatin) and bulk 

of the adduct (cisplatin vs. oxaliplatin). Consistent with this hypothesis is a previous 

immobilization experiment suggesting that cross-linked bases are more blocking to the 

ion flow even without a significant change in the molecular weight like a thymine dimer 

(T=T) or 5’-G*CT*-3’ cross-link (Chapter 2 and 4).29,30

Based on the immobilization experiments presented, cisplatin and oxaliplatin 

cross-links, as well as the pyriplatin adduct can be differentiated from the unmodified 

GG- or G-containing strands based on current-level variations (Figure 3.4). Furthermore, 

all of the platinated strands were considerably more blocking to the ion current flow than

47any of the canonical bases. Due to the same C40 reference strand being used in all of 

our previous studies, it is also known that all the platinated strands are more blocking 

than other cross-links such as T=T (Chapter 4) and 5’-G*CT*-3’ cross-link (Chapter 2). 

Also, the current level blockages for the platinated strands were higher than the oxidative 

damage-containing strands (such as 8-oxo-7,8-dihydro-2’deoxyguanosine (OG),

33spiroiminodihydantoin (Sp), or guanidinohydantoin (Gh)).

75



Translocation experiment

The next step was to examine the behavior of the platinated strands in a 

translocation experiment, during which the DNA was allowed to freely pass through the 

protein channel from the cis to trans side of the pore, under -100, -120 and -140 mV bias 

(trans vs. cis). Figure 3.5A shows an i-t trace for a single molecule translocation event 

for an unmodified and the platinum-containing strand. The individual i-t traces were the 

same between the cisplatin-, oxaliplatin-, pyriplatin-containing strands and the unreacted 

standard, indicating no current signature for the platinated ODN. The individual i-t traces 

were then plotted into density plots that are shown in Figure 3.5B. For the unreacted 

strand the density plot reveals two populations of events with difference in the deep 

blockage current level (Figure 3.5B). Based on previous studies conducted in our

30 32laboratory, , the two event populations represent the higher blockage to the current (17 

pA) to be the 3’ entry, and the lower blockage to the current (24 pA) to be the 5’ entry. 

For the platinated strands the directionality effect was not observed (as shown for 

pyriplatin in Figure 3.5B), and the distribution of events was much broader than for the 

standard. The data that were collected for the translocation experiments were then 

examined with respect to the time it took (tD) for the strand to translocate from the cis 

side to the trans side of the pore. The tD histogram for each population was plotted and 

fit with a Gaussian-like curve (diffusional broadening of the translocation times) with a 

mean peak value of tmax. The translocation time (tmax) was than analyzed for three 

different voltages to establish if the adducts were small enough to fit and translocate 

across the a-HL ion channel during free translocation (voltage dependence study). As 

shown in Figure 3.5C, as the voltage was increased (for all of the platinum adducts and
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Figure 3.5. Translocation studies of the ODN containing cisplatin, oxaliplatin and 
pryiplatin adduct. A. Typical i-t traces of a single ODN molecule translocating through 
the pore. B. Density plots of the control and pyriplatin-containing strands at -120 mV 
(trans vs. cis) with the electrolyte 3.00 M NaCl, 10 mM PBS, 1 mM EDTA, pH 7.4. C. 
Voltage dependence study showing the tmax vs. voltage plot.
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the unreacted strands) the time of the translocation decreased. This is indicative of the

53ODN being able to translocate from the cis to trans side of the protein ion channel. The 

data presented for the translocation experiments suggest that cisplatin, oxaliplatin, and 

pryiplatin adducts are small enough to fit and translocate across a-HL and do not slow 

down the translocation speed.

Conclusion

The data presented suggest that the wild-type a-HL ion channel has the ability to 

detect platinum adducts such as cisplatin, oxaliplatin and pyriplatin in an immobilization 

experiment. These results are promising because they provide a unique current-level for 

these damages that is significantly different than the unmodified strand, native bases and 

many other naturally occurring cross-links (T=T, 5’-G*CT*-3’) and base damages (OG, 

Sp, Gh). During the free translocation experiments the platinum adducts did not 

significantly differ from an unmodified strand. In order to be able to sequence the 

platinum cross-links during a free translocation experiment, higher base to base 

resolution is required, which may entail site-directed mutagenesis o f a-HL. Also, 

because the platinum cross-links significantly bend the double-stranded DNA (cisplatin 

80o and oxaliplatin 31o), a method might be developed to monitor adducts through 

detecting the bend in the DNA structure through unzipping experiments,33,54 or using a 

bigger protein ion channel such as y-HL.55,56
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CHAPTER 4

SINGLE-MOLECULE ANALYSIS OF THYMINE-DIMER CONTAINING 

OLIGODEOXYNUCLEOTIDES USING 

NANOPORE TECHNOLOGY 

Introduction

In recent years, ozone layer depletion has caused increased exposure to the sun’s 

harmful UVB and UVC radiation which are known to cause direct photoinduced DNA 

damage. There is also evidence that UVA light (~95% of the UV solar irradiation

reaching the earth, as well as many tanning lamps) causes direct and indirect

1 2photoinduced DNA damage. , The predominant photoproducts from UV irradiation are 

interstrand and intrastrand cyclobutane-pyrimidine dimers (CPDs), and more specifically, 

thymine dimers (T=T), and to a much lesser extent 6-4 photoproducts and their Dewar 

valence isomers, that are formed when two adjacent thymines (TT) are photoirradiated 

(Figure 4.1).3,4 Unsurprisingly, the T=T yield is highest in skin cells exposed to UV 

light, for which this form of DNA damage has been strongly correlated with skin 

cancer.5,6 A single day spent in the sun can introduce up to 100,000 UV photoproducts
n

per cell in the epidermis. UV irradiation causes damage that, if left unrepaired results in
o

stalling of DNA polymerases and subsequently leads to the development of mutations 

and tumors. The cell's ability to repair DNA cross-links is crucial for its survival. It has
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Figure 4.1. Structures of the major thymine dimer (T=T) photoproducts.



been reported that even a single interstrand cross-link left unrepaired can cause death in 

bacteria or yeast cells.9,10 Therefore, cells have evolved elaborate pathways to repair 

DNA cross-links. One of the most efficient CPD repair mechanisms is direct 

photoreactivation by photolyase.11-14 Cross-links and other DNA damages are also 

repaired by the nucleotide excision repair (NER),15,16 base excision repair (BER) or

17mismatch repair (MMR) pathways. If these repair mechanisms fail, hereditary diseases 

such as xeroderma pigmentosum may occur.18,19 Other nonhereditary diseases, such as 

melanoma and nonmelanoma skin cancer can also occur, and are thought to be the most 

common types of cancers worldwide.5 Due to the frequency of occurrence of these types 

of diseases, there is a need to develop rapid screening methods for early detection of the 

cross-links associated with these cancers.

In order to map or identify the DNA damage and cross-link sites, many different

20 21 methods have been developed, including: the comet assay, PCR-based methods or

22 23HPLC-electrospray tandem mass spectrometry. , Nevertheless, many of these methods 

cannot specifically identify the cross-link or do not provide sequence information. For 

instance, the comet assay can detect the location of damage, but it cannot provide damage 

identity or multiple damage sites. Analysis by HPLC-electrospray tandem mass

24spectrometry is the only way to distinguish all of the CPD isomers; however, this 

method is not cost efficient, and requires prior DNA digestion or glycosidic bond 

hydrolysis, and does not provide damage location or sequence information. All of the 

currently available DNA cross-link detection methods lack one or more of the following 

attributes: single-molecule detection, sequencing information, multiple-cross-link
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detection on an individual DNA strand, high sensitivity, specificity, low cost, or mild 

DNA handling conditions.

Electrochemical methods for DNA damage detection, namely the alpha- 

hemolysin (a-HL) ion channel nanopore,25,26 have been proposed as a possibly low-cost

27and high-speed DNA analysis tool. Assembled a-HL creates a water-filled channel that

is composed of a vestibule with an opening of about 2.8 nm and a lipid-embedded stem

28with an interior constriction zone of about 1.4 nm in diameter (Figure 1.1, Chapter 1). 

The interior dimension of the pore allows only a single-strand DNA (ssDNA) to

29translocate across the pore, which makes a-HL a suitable tool for nucleic acid analysis. 

The translocation of ssDNA is driven by an electrophoretic force. Once an electric 

potential is applied, the background electrolyte (KCl) creates an open-channel current 

that is recorded. When a ssDNA is occupying the a-HL ion channel, the open-channel 

current will be reduced to a blocking current. In this study, the blocking current level of 

a cis-syn T=T was measured by an immobilization experiment (Figure 4.2)30 and the time 

of translocation was measured in subsequent experiments.

Experimental

Oligodeoxynucleotide preparation

Oligodeoxynucleotides (ODNs) containing the cis-syn T=T were synthesized at 

the DNA/Peptide Core Facility at the University of Utah. The ODNs were deprotected

31using previously established techniques,31 avoiding any light exposure to ensure that the 

T=T did not degrade back to TT. Next, the ODNs were purified using an ion-exchange 

HPLC on a Dionex DNA Pac PA-100 column with a method that consisted of a linear

87



(3
-b

ar
re

l 
ve

st
ib

ul
e

88

Figure 4.2. Representation of a-HL (pdb 7AHL)28 /streptavidin (pdb 1MK5)32 Btn-DNA 
complex that contains a thymine dimer.



gradient from 5% to 40% B over 30 min, while monitoring the absorbance at 260 nm. 

The mobile phases were: A: 10% MeCN and 90% ddH2O, B: 1 M NaCl, 25 mM 

Tris,10% MeCN, pH 8. Dialysis was used to remove excess salts from the purification. 

The purity was confirmed by reinjecting the sample onto an analytical HPLC running the 

previously described method. Through all the experimental procedures, the ODNs 

containing the T=T were handled with caution to prevent any light exposure.

Nanopore experiments

Ultrapure water (>18 M Qcm) was used to prevent any contamination, and 

electrolyte solutions were filtered using a sterile 0.22 p,m Millipore vacuum filter. The 

electrolyte solution used for the nanopore experiments consisted of 1.00 M KCl, 1 mM 

EDTA, 25 mM Tris, pH 7.9 for the immobilization experiments and 1.00 M KCl, 10 mM 

NaPi (pH 7.4), 1 mM EDTA for the translocation experiments. The surface of the glass 

nanopore membrane (GNM) was modified with 3-cyanopropyldimethylchlorosilane

33 34before the measurements. , The phospholipid used to form the lipid bilayer was 1,2- 

diphytanoyl-sn-glycero-3-phosphocholine (DPhPC). The nanopore setup was as follows:

(1) a Ag/AgCl electrode was positioned inside the GNM (filled with the electrolyte 

solution), which was attached to a pressure gauge and a 10-mL gastight syringe. (2) 

Another Ag/AgCl electrode was placed in the nanopore holder chamber that was then 

filled with electrolyte solution. The instrument was donated by the Electronic 

BioSciences (EBS). Once the lipid bilayer was painted across the GNM, the protein 

channel was inserted into the lipid bilayer by applying a pressure to the GNM, resulting 

in the protein insertion associated with an increased conductance. For the immobilization
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experiments 200 nM of the streptavidin-ODN complex was added to the chamber. For 

each experiment roughly 200 capture-release cycles (Figure 1.2, Chapter 1) were 

collected, followed by the addition of the same amount of the internal polyC standard. 

For the translocation experiments 5 |iM DNA solution of ssDNA was used and three 

voltages were studied: 120, 140 and 160 mV. For each voltage roughly 1000 events were 

collected. The data were collected using a 10 kHz filter and 50 kHz acquisition rate for 

the immobilization experiments and a 100 kHz filter and 500 kHz data acquisition rate 

for the translocation experiments. For the purposes of the presentation, the translocation 

data were then re-filtered to 10 kHz. The data were extracted using QUB 2.0.0.20. 

OriginPro 9.1 and Event States Analysis (EBS software) was used for statistical analysis 

of the events.

Results and discussion

Immobilization experiments

It has been determined that the most sensitive detection zone of the nanopore P- 

barrel is at position 14 relative to the 3’ terminus (^14) of the DNA when it is 

immobilized in the a-HL channel using 3’ biotinylation (Btn).35,36 In order to better 

understand how the thymine dimer influences the current blockage level in a-HL, 

immobilization experiments were conducted in which a biotinylated 40-mer poly-dC with 

a cis-syn T=T at positions rn 14-15 was analyzed. To be consistent with the previous

35 37 38results, a poly-C background sequence was used. , , To immobilize the ODN at the 

specific position in the nanopore, streptavidin was added to bind the biotin that was
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incorporated at the 3’ end. Once the 5’ end enters the channel it threads through until it 

encounters the streptavidin, which is too big to enter the pore (Figure 4.2).

In Figure 4.3 the structure of cis-syn T=T is shown together with its blockage 

current level histogram in an immobilization experiment. The relative positions of C40 

and C38TTra14,15 standards are consistent with the literature values.35,39 The T=T lesion 

blocks the current ~1% more than a DNA containing an undamaged TT sequence at 

positions ro14, 15 (Figure 4.3A) making it feasible to distinguish the damage from the 

canonical nucleotides that block less than C40. We suspect that the more blocking current 

level of the T=T-containing DNA is due to the increased rigidity of the DNA at this 

point.3 The T=T lesion in a sequencing experiment will likely give a distinct current 

level for interpretation, although, this lesion stalls polymerases, and will be problematic 

for long reads using molecular motors relying on complementary strand synthesis for 

controlling the translocation speed.

The data presented in Figure 4.3A show that the TT and T=T sequences can 

readily be resolved in an immobilization experiment, therefore a further experiment was 

conducted to monitor the photoreversal of T=T back to TT. In Figure 4.3B, the 

photoreversal40 of the T=T with 254 nm light was plotted from data collected in a time- 

dependent nanopore immobilization experiment. Because the photoreversal experiment 

was conducted in the presence of the lipid, a-HL and streptavidin (in the nanopore 

chamber), the reversal rate was considerably slower than predicted,41,42 due to the 

absorbance of UV light by the added proteins and lipid. This experiment illustrates an 

example in which the a-HL nanopore can be used to monitor a chemical reaction; another 

example, which was demonstrated by Bayley’s laboratory, was the determination of the
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Figure 4.3. Current level histograms for thymine dimer containing DNA. A. A%I/Io 
histograms representing the current level blockage of TT and T=T at a position ro14 and 
15. B. Photoreversal experiment. The starting material was 3' biotinylated C38 with a 
thymine dimer at positions ro14 and 15 (green square) that was irradiated with UV light 
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The nanopore experiments were conducted after irradiation for 0.5, 1, 1.5 and 2 h.
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base pKa values for G and T.43

Translocation experiments

Next, an ODN bearing a synthetic cis-syn T=T was designed for conducting 

translocation experiments. The representative i-t trace of a translocation event and the 

voltage dependence study are shown in Figure 4.4. The two ODNs, a 32-mer standard 

and 32-mer T=T dimer containing strands (sequence shown in Figure 4.4A), were shown 

to translocate across the pore with the time of the translocation decreasing as the voltage 

increases. Unfortunately, there was not a distinguishable difference in the current levels, 

or translocation times. These data can be interpreted to suggest that although the T=T 

increases the rigidity of the ssDNA,44 it does not cause enough obstruction to the current 

flow to change the i-t signature during the free translocation experiment, which can be 

also explained by the fact that there is no mass increase from the undamaged strand to the 

T=T containing strand. Similar results were obtained during the translocation experiment 

for the much bigger 5’-G*CT*-3’ cross-link (Chapter 2)45 and the platinum adducts 

(Chapter 3). The combination of these results highlights the difficulty in detecting DNA 

damage via free translocation experiments using wild type a-HL.

Future direction

Developing methods that allow DNA damage interrogation in the sequence 

context is of great interest; therefore, future studies will focus on developing a better ion 

channel that would allow base-to-base resolution. Site-directed mutagenesis can be used 

to decrease the constriction zone to a smaller size that may lead to better sensitivity for
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Figure 4.4. Translocation studies of the T=T-containing 32mer. A. Typical i-t trace of a 
single DNA molecule translocating through the pore. B. Density plots of the control and 
T=T-containing strands at 120 mV (trans vs. cis). C. Voltage dependence study showing 
the tmax vs. voltage.



the canonical bases, as well as the damaged bases, such as T=Ts, 5’-G*CT* cross-links 

and platinum adducts. Also, instead of direct sequencing of the damaged base, a marker 

may be introduced using BER enzymes. For example, T=T might be treated with EndoV 

to make a strand break and then a marker base might be inserted opposite the abasic 

site.46-48 The method to incorporate nonnative bases opposite the abasic site is currently 

being developed in our laboratory.

Conclusions

In conclusion, the studies described herein show that the a-HL ion channel can 

distinguish between the UV-induced T=T and the undamaged strand in the 

immobilization experiment. The free translocation of the T=T-containing strands did not 

show a significant difference in the translocation time or current level from the 

undamaged ODN. The immobilization results are promising, because similarly to the 

case of 5’- G*CT*-3’ cross-links (Chapter 2) and platinum adducts (Chapter 3), the T=T 

gives a unique current level that can be distinguished from the undamaged strand and the 

canonical bases. Additionally, due to the current difference between undamaged and 

damage-containing strands, a photoreversal of the T=T back to TT could be observed 

using the nanopore set up. Currently, there are no known hot spots for UV-induced 

damage; therefore, once perfected, nanopore sequencing of damaged DNA could provide 

insights into understanding the progression of skin cancer and related diseases resulting 

from DNA damage.
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C H A P T E R  5

SINGLE-MOLECULE ANALYSIS OF THYMINE-DIMER CONTAINING 

G-QUADRUPLEXES FORMED FROM THE HUMAN 

TELOMERE SEQUENCE

Introduction

Telomeres are DNA-protein complexes that are essential to maintain genome 

integrity.1 The human telomere DNA consists of a 5’-(TTAGGG)n-3’ repetitive sequence 

that is 5,000 to 20,000 base pairs long with a 3’ single-stranded overhang of 100 to 250

2 3nucleotides. ’ The guanine (G) rich single-stranded DNA (ssDNA) can form G- 

quadruplex structures that were recently confirmed in human cells.4 The building unit of 

a G-quadruplex is a G-quartet that consists of four planar Gs that are hydrogen-bonded 

through the Hoogsteen face.5 These alternative DNA-secondary structures are proposed 

to play an important role in DNA recombination, transcription and replication.6-9 The 

ends of chromosomes are capped by telomeres to prevent fusion of the uncapped end of a 

chromosome with another telomere or a double-strand break, and to prevent nucleolytic 

resection.10,11 Understanding the secondary structure of G-quadruplexes is a key step to 

addressing their role in biological processes.

G-quadruplexes can assume different structures that are dependent upon the 

coordinated alkali metal ion (K+ or Na+), and the physical conditions of the solution. In



KCl solution, the human telomere sequence adopts two interchangeable structures 

(termed hybrid 1 and hybrid 2) with two edgewise loops and one double-chain reversal 

loop.12-14 The main difference between these hybrid folds is the order of the loops, for 

which hybrid 1 has the double-chain reversal loop closest to the 5’ end and hybrid 2 has it 

closest to the 3’ end. The basket fold occurs in NaCl solution and it contains two 

edgewise loops and one central diagonal loop.15 A third topology has been characterized 

and termed the propeller fold; it has been observed in highly dehydrating solutions or in 

solid state experiments.16-18 The propeller fold is formed in the presence of K+ and 

contains only double-chain reversal loops.16,17,19 Based on the higher concentration of K+ 

inside the cell,20 and the higher G-quadruplex binding constant to K+ over Na+, the hybrid

13 21 22folds are the G-quadruplex conformations that were proposed to exist in vivo. , , The 

folding pattern that the human telomere sequence assumes is crucial for its proper 

function in the cell.23,24

The telomere sequence is hypersensitive to oxidative and UV-induced DNA

25 27damage that can alter its folding pattern. - Oxidative stress is a known contributor to

28 30telomere shortening, which is directly associated with cell mortality and aging.28-30

31 32Guanine is the most oxidation-prone DNA base due to its low redox potential; 31,32 

consequently, the G-rich telomere sequence is hypersensitive to oxidative DNA

damage.26,33 The majority of the G-oxidation products were found to be present in the

33human telomere sequence. Surprisingly, even though the damage disturbs the core of 

G-quadruplex structure (G-tetrads), it still can maintain some degree of secondary

33 35structure, depending on the location of the damage. - In contrast to the core damage, 

DNA lesions found in the loops of G-quadruplex folds are well tolerated. Thymine
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glycol and 8-oxo-7,8-dihydrodeoxyadenosine (8-oxo-A) present in the loops of hybrid 

and basket G-quadruplexes did not prevent folding and gave similar structures.34,36 

Interestingly, the stabilities of these structures were dependent on the nature of the 

damage.34,36 Another type of persistent DNA damage is UV-induced photo-crosslinking 

of two adjacent thymine (T) residues resulting in the formation of thymine-dimers (T=T, 

Scheme 5.1).37 The natural human telomere sequence is perfectly poised for T=T 

formation. This damage is readily formed in the epidermis and correlates with skin

38cancer;38 in addition, model studies of UV damage to cells identified the telomere to be 

hypersensitive to yield T=Ts.25 Interestingly, T=Ts in the telomeres were shown to not

25increase shortening, and these cells did not show increased rates of apoptosis. These 

results suggest that T=Ts are not detrimental to telomere structure and function. Despite

25the fact that the telomere region is hypersensitive to UV light induced DNA damage,25 

few studies have been conducted on the effects of T=T in G-quadruplexes. An in vitro 

study conducted by Taylor’s laboratory showed that the hybrid and basket folds can be 

UV-irradiated to form T=Ts.39,40 In the present work, we investigated the stability and 

structure of T=T-containing G-quadruplexes to address the question how UV-induced 

damage affects human telomere G-quadruplex structure. These studies included 

established methods of analysis (circular dichroism, electrophoretic mobility shift assay, 

and thermal melting), as well as a new single-molecule method developed in our 

laboratory.41,42 In this method, a single alpha-hemolysin (a-HL) ion channel was used to 

capture the different G-quadruplexes in the vestibule under an electrophoretic force. 

During the capture event, the recorded ion current gives characteristic patterns based on 

the G-quadruplex fold that was captured in the vestibule (Figure 5.1).
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Scheme 5.1. Two adjacent Ts being converted to a thymine-dimer (T=T) upon UV 
irradiation.



105

Propeller Basket
2.7 nm

*  (-) cis

.(+) trans

Shape-dependent 
current signatures

Figure 5.1. Nanopore measurements of G-quadruplexes in the a-hemolysin (a-HL) 
nanopore. A. G-quadruplex folds: propeller (pdb 1KF1),16 basket (pdb 143D),15 hybrid 
type 1 (pdb 2JSK)12 and type 2 (pdb 2JSQ).12 B. Experimental setup: the a-HL (pdb 
7AHL)4 was first assembled into a lipid bilayer, then a voltage was applied across the 
channel and current levels were measured.
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Materials and methods

DNA preparation and purification

ODNs were synthesized at the DNA/Peptide Core Facility at the University of 

Utah using commercially available phosphoramidites (Glen Research). The ODNs were 

then deprotected44 and HPLC purified following standard protocols.

CD and Tm study

To induce the hybrid folds, a 950 mM LiCl, 50 mM KCl, 25 mM Tris, 1 mM 

EDTA, pH 7.9 solution was used; the basket folds were induced with a 1.00 M NaCl, 25 

mM Tris, 1 mM EDTA, pH 7.9; and, the propeller fold was induced with a 5.00 M LiCl, 

20 mM KCl, 25 mM Tris, 1 mM EDTA, pH 7.9 solution. The ODNs were annealed by 

first heating the samples to 96 oC, and then cooling to room temperature over 4 h; next, 

the samples were stored at 4 oC over 2 days. The thermal denaturation studies were 

conducted by measuring the absorbance at a 295 nm wavelength for basket and hybrid 

folds and at 260 nm for hybrid and triplex folds.

Current time recordings

The ion channel recordings were conducted with a custom-built amplifier and 

data acquisition system designed by Electronic BioSciences (EBS), San Diego, CA. The 

glass nanopore membrane (GNM) was fabricated using previously established 

procedures.45,46 The data were collected at 21 ± 1 oC using a 500 kHz sampling rate and 

100 kHz low-pass filter; however, for presentation purposes, the data were refiltered to 

20 kHz. The data were analyzed using QUB 1.5.0.31 and fitted using OriginPro 9.1. For
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each ODN, three voltages were studied, 120 mV, 140 mV, and 160 mV (trans vs. cis). 

At each voltage, data for roughly 1000 events were collected.

Results

Thymine-dimer containing G-quadruplexes characterization using 

conventional methods

The T=T-containing human telomere sequences chosen for the study were 

synthesized from commercially available phosphoramidites. The T=T was introduced in 

three places along the truncated natural-form of the human telomere sequence that could 

fold into a single G-quadruplex and possessed a tail at both ends comprised of two 

nucleotides (Table 5.1). Circular dichroism (CD) spectroscopy, thermal denaturation 

studies (Tm) and electrophoretic mobility shift assays (EMSA) were conducted on each 

sequence under the following high ionic strength conditions that are required to conduct 

the a-HL ion channel recordings.41,42 These conditions are: (1) 50 mM KCl, 950 mM 

LiCl (hybrid folds), (2) 1.00 M NaCl (basket folds) or (3) 20 mM KCl with 5.00 M LiCl 

(propeller folds) all samples were in 25 mM Tris (pH 7.9) with 1 mM EDTA. The 5.00 

M LiCl solution was previously shown by our laboratory to induce the propeller fold

42because of its dehydrating effect. These data were compared to those collected under 

low ionic strength conditions in the following salts: (1) 140 mM KCl and (2) 140 mM 

NaCl in phosphate buffer (pH 7.4).

First, CD measurements were conducted for the natural sequence under the three 

different high ionic strength salt conditions. The natural telomere sequence gave data 

that were consistent with literature reports (Figure 5.2).47 Then, the T=T-containing G-
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Table 5.1. The T=T-containing human telomere G-quadruplex sequences studied.

Name Sequence
Natural sequence 5' -TAGGGTTAGGGTT AGGGTTAGGGTT

5’ T=T 5' -TAGGGT=TAGGGTTAGGGTTAGGGTT
M T=T 5' -TAGGGTTAGGGT=TAGGGTTAGGGTT
3' T=T 5' -TAGGGTTAGGGTT AGGGT=T AGGGTT
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Figure 5.2. CD spectra of the human telomeric G-quadruplexes. The sequences are 
color coded as follows: blue -  the T=T in the 5’ loop, red -  the T=T is introduced in the 
middle loop (M T=T), green -  the T=T in the 3’ loop of the quadruplex, black -  natural 
sequence. A. Hybrid fold: annealed in 950 mM LiCl, 50 mM KCl, 25 mM Tris, 1 mM 
EDTA, pH 7.9. B. Basket fold: annealed in 1.00 M NaCl, 25 mM Tris, 1 mM EDTA, pH 
7.9. C. Propeller fold: annealed in 5.00 M LiCl, 20 mM KCl, 25 mM Tris, 1 mM EDTA, 
pH 7.9.
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quadruplexes were tested and gave characteristic antiparallel (hybrid and basket) 

signatures with positive peaks at ~290 nm (Figure 5.2A and B). Additionally, the hybrid 

folds featured a characteristic shoulder at 265 nm and a negative peak at 240 nm (Figure 

5.2A). The middle T=T-containing strand had a bigger 265 nm peak that was shifted to 

the left, possibly signifying partial unfolding into a triplex. The basket fold featured an 

additional positive peak at around 240 nm and a negative peak at around 265 nm (Figure 

5.2B). These data lead to the conclusion that the T=T-containing oligodeoxynucleotides 

(ODNs) fold to the hybrid and basket topologies in the presence of K+ and Na+, 

respectively. As verification that the high ionic strength conditions do not change the 

folding patterns, these data were compared to CD data that were obtained under 

biologically relevant ionic strength of 140 mM. The data look the same between the two 

different salt concentrations (Figures 5.3 and 5.2). This is interpreted to mean that the 

high ionic strength does not change the overall structure of the quadruplexes. In contrast 

to the antiparallel folds, the propeller fold (parallel stranded) featured an intense peak at 

around 264 nm, and a negative peak at 240 nm. The T=T-containing ODNs were shifted 

by around 5 nm toward smaller wavelengths compared to the natural sequence (Figure 

5.2C). These data suggest that the T=T-containing human telomere sequence adopted a 

slightly different fold than propeller in high molar concentrations of LiCl (5.00 M). The 

recorded CD spectra for these lesion bearing G-quadruplexes were similar to the CD 

spectrum reported for the triplex folding sequence 5’-TTA(GGGTTA)3-3’.18,48,49 

However, these data did not allow us to further confirm this observation.

Next, we examined the thermal stability of T=T-containing ODNs via monitoring 

the UV-Vis signature change as a function of increased temperature. In KCl solution that
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Hybrid folda Basket foldb
Tm (oC) Tm (oC)

Natural sequence 65.4 +/- 0.7 56.3 +/- 0.8
5' T=T 60.6 +/- 1.0 52.6 +/- 0.6
3' T=T 62.0 +/- 0.7 52.4 +/- 0.7
M T=T 51.6 +/- 0.6 52.3 +/- 0.4

a120 mM KCl, 20 mM PBS, pH 7.4. 
’120 mM NaCl, 20 mM PBS, pH 7.4.

Figure 5.3. CD and Tm data for the physiological salt concentrations of G-quadruplexes 
containing the T=T. A. CD spectra for the basket fold annealed at 120 mM NaCl, 20 mM 
PBS, pH 7.4. B. CD spectra for the hybrid fold annealed at 120 mM KCl, 20 mM PBS, 
pH 7.4. C. Tm data for the physiological salt concentrations.



induces the hybrid fold, the T=T-containing ODNs, showed slightly lower Tm values 

(ATm — 4 oC). The representative Tm curves are included in Figure 5.4. The data 

indicate that the presence of T=T only slightly destabilized the structure in a KCl 

solution. Similarly, in NaCl solution that gives the basket folds, the T=T-containing 

folds had slightly lower Tm values (ATm ~ -4 oC) than the native sequence, again 

indicating slightly lower stability of the damage-containing G-quadruplexes. In the 

solution that induces the propeller fold, the Tm values were dependent on the location of 

the T=T. The biggest Tm decrease (ATm — 10 oC) was observed when the T=T was 

positioned in the middle loop of a propeller fold; when the T=T was positioned in either 

the 5’ and 3’ loops, the Tm was slightly lower than the native sequence (ATm ~ -5 oC).

Finally, we conducted EMSA experiments in NaCl or KCl to further support the 

ability of T=T-containing telomere sequences to fold into G-quadruplex structures 

(Figure 5.5). All T=T-containing strands migrated approximately the same distance as 

the natural sequence. This experiment could not be performed for the propeller fold due 

to the 5.00 M LiCl that was required to induce this topology. The methods mentioned so 

far indicate that the T=T-containing human telomere sequences folded into G- 

quadruplexes are slightly less stable than the undamaged ODNs in the presence of K+ and 

Na+. The CD spectra for the damaged G-quadruplexes in KCl and NaCl indicate minor 

structural changes, suggesting that T=T incorporation in the loops does not dramatically 

alter the quadruplex folds. Lastly, in 5.00 M LiCl the human telomere sequence assumes 

a propeller fold; however, the damage-containing ODNs presented subtle perturbations to 

the CD spectra that are challenging to interpret by these methods. In order to gain more 

insight into the structural differences between the damage-containing strands, a single-
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Hybrid folda Basket foldb Propeller foldc
Tm (oC) Tm (oC) Tm (oC)

Natural sequence 59.9 +/- 0.8 74.5 +/- 0.3 54.2 +/- 0.9
5' T=T 54.4 +/- 0.5 69.2 +/- 0.8 51.0 +/- 0.6
3' T=T 57.3 +/- 0.4 68.8 +/- 0.5 49.4 +/- 0.4
M T=T 55.8 +/- 0.5 71.5 +/- 0.6 43.9 +/- 0.7

a50 mM KCl, 950 mM LiCl, 25 mM Tris, 1 mM EDTA, pH 7.9
b1.00 M NaCl, 25 mM Tris, 1 mM EDTA, pH 7.9.
c5.00 M LiCl, 20 mM KCl, 25 mM Tris, 1 mM EDTA, pH 7.9

Figure 5.4. Representative Tm curves for a hybrid fold and Tm values for all the G- 
quadruplex folds studied.
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Hybrid 1 Hybrid 2 Basket

Figure 5.5. EMSA experiments to confirm the hybrid and basket folds for the T=T- 
containing strands. A. Hybrid fold: native gel (20%) run for 8h in 100 mM NaOAc, TBE 
buffer pH 7.9. B. Basket fold: Native gel (20%) run for 8h in 100 mM KOAc, TBE buffer 
pH 7.9
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molecule experiment was conducted with the a-HL ion channel. This method has been 

recently developed in our laboratory to discriminate different topologies of G- 

quadruplexes.41,42

Single-molecule analysis o f the thymine dimer-containing 

G-quadruplexes

The ion channel recordings were conducted according to previously established 

procedures from the White laboratory.45,46 Briefly, the wild type a-HL was assembled 

from monomers into a lipid bilayer that was painted across a glass nanopore membrane. 

A voltage was applied across the membrane, and the DNA was electrophoretically driven 

toward the cis side of the a-HL (Figure 5.1B). Different G-quadruplex folds can yield 

unique current signatures by interacting differently with the a-HL nanocavity.41,42 We 

took advantage of this system to understand the folding patterns of T=T-containing G- 

quadruplexes in the three different salt solutions.

Hybrid folds

First, the native sequence: 5-TAGGGTTAGGGTTAGGGTTAGGGTT-3’ was 

studied. In the presence of K+, three different event types were observed. They represent 

the hybrid folds (type 1 or type 2), loop entry (shallow blockage only, no translocation) 

and triplex folds, similar to our previous report (Figure 5.6).41 These event types were 

demonstrated to enter the nanopore with different frequencies based on their shape; 

therefore, correction factors for this event frequency bias were applied to the current data, 

in which the hybrid 1, hybrid 2 and triplex intermediate had relative event frequencies of
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Event Types Std [%]* 5’[%]* M[%]* 3’[%]*

Type 1 (a + b) 74 ± 9 70 ± 8 61 ± 7 69 ± 8

Type 2 21 ± 3 21 ± 2 26 ± 4 25 ± 3

Type 3 5 ± 2 9 ± 1 12 ± 1 6 ± 1

Figure 5.6. Types and percent distribution of the current-time (i-t) traces (damaged 
ODNs and standard) for the nanopore experiments in KCl.

*The percent distribution was corrected according to the entry rate ratios previously 
established by our laboratory.41



1.1, 1.0 and 6.2, respectively.41 To briefly reiterate, the major event types observed were 

characteristic of the hybrid folds (~75%, Figure 5.6). These events gave different current 

signatures that oscillated between a deep current level (I) and a midcurrent level (IM, 

Figure 5.7A). Furthermore, the midcurrent levels were distinct and assigned as hybrid 1, 

IM/Io = 37 ± 3%, and hybrid 2, / M//o = 44 ± 4% based on our previous work.41 Hybrid 1 

was shown to be more abundant than hybrid 2 with a ratio of approximately 2:1. The 

statistical analysis of the event types corresponding to hybrid 1 and hybrid 2 is presented 

in Figure 5.7B. The error on the ratio between hybrid 1 and hybrid 2 is 10% of each 

value. Next, current signatures for the loop entry corresponded to ~20% of the event 

types, and event types for the triplex fold represented ~5% of the population.

The G-quadruplexes that contained UV-induced damage at the 3’ loop, middle 

loop or at the 5’ loop, presented three types of ion current events that were similar to the 

native sequence. The hybrid event types were slightly less frequent (60-70%, Figure 5.6) 

than observed for the undamaged G-quadruplex. Hybrid 1 and 2 distributions for the 

ODNs containing the T=T at the 3’ loop and the middle loop gave a similar 2:1 ratio, 

respectively, as observed in the native sequence. This observation is interpreted to mean 

that incorporation of T=T in the 3’ or middle loops of a hybrid quadruplex does not alter 

the hybrid structural distribution. A different trend was observed in the case of the T=T 

in the 5’ loop, in which the predominant fold was hybrid 2 (Figure 5.7B). We 

hypothesize that the presence of T=T in the double-chain reversal loop caused the 

equilibrium between the hybrids to change in favor of hybrid 2, in which the damage was 

placed in the edgewise loop. This hypothesis was further explored by examining the 

basked fold that does not have a double-chain reversal, and the propeller fold that only

117



118

Figure 5.7. Analysis of hybrid 1 and hybrid 2 folds for G-quadruplexes containing the 
damaged base in different positions along the human telomere sequence at a single
molecule level. A. The human telomere sequence with the positions of the T=T color12
coded in blue, red and green followed by the structure of hybrid type 1 (pdb 2JSK) and 
type 2 (pdb 2JSQ)12 with their representative current time (i-t) trace signature. B. Current 
histograms representing % IM/Io of the events characteristic for the hybrid folds.
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has double-chain reversal loops.

The remainder of the event types observed in the T=T-containing quadruplexes 

were characteristic of the loop entry and the triplex folding intermediate. The frequency 

of loop entry in all damaged quadruplexes was similar to that observed in the native 

sequence (~20%, Figure 5.6). Finally, the observed percentage of triplex-type events was 

slightly higher than the natural sequence (~5%, Figure 5.6). This observation was 

expected based on the lower Tm values for the damage-containing strands. In summary, 

the a-HL experiment allowed us to determine that T=T in the loops of G-quadruplexes 

show a favorability for edgewise loops over double-chain reversal loops that could not 

have been determined by CD, EMSA and Tm experiments.

Basket fold

In NaCl solutions the human telomere sequence assumes a basket fold that 

consists of two edgewise loops and one diagonal loop (Figure 5.8A). The basket fold can 

interact with the a-HL in two different manners: (1) it enters the vestibule, unravels itself, 

threads into the narrow constriction zone with either one of the two-nucleotide overhang 

tails and translocates across the pore, or (2) it enters the vestibule from the loop side with 

both overhangs away from the constriction; thus, it is unable to thread and translocate 

until the molecule escapes back to the cis side of the protein channel in a diffusion 

controlled process.42,50 Similar to the natural sequence, the damage-containing ODNs 

featured the same event distributions: one that translocated across the a-HL presenting 

deep current blockage and one that did not translocate through the channel presenting 

shallower current blockage (Figure 5.8B). Moreover, the deep current blockage event
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Figure 5.8. Nanopore analysis of the basket fold. A. Structure of a basket (pdb 143D),15 
with the different positions of the T=T color coded. B. Representative i-t traces for the 
two different event types of events observed. C. Voltage-dependence studies in which the 
translocation time (tD) of ~500 events was fitted to an exponential decay model.



type was modestly sensitive to increased voltage giving an inverse correlation, indicating 

that it unravels and translocates to the trans side of the pore (Figure 5.8C). The shallow 

current blockage gave a time distribution with change of the voltage that was shallow, 

and was interpreted to indicate a diffusion controlled process back out the cis opening of 

the pore. These results are interpreted to say that the T=T in a basket fold does not affect 

the structure of the G-quadruplex significantly. Further, this single-molecule experiment 

supports the conclusions drawn from the Tm and CD experiments, in which incorporation 

of a T=T in an edgewise or diagonal loop is not that destabilizing to the structure.

Propeller fold

Under dehydrating conditions (5.00 M LiCl), the human telomere sequence can
_l_ i  n  i  o  c  i

assume the propeller fold (all double-chain reversal loops) in the presence of K . , , 

The intact propeller fold was too large (~4 nm, Figure 5.1) to enter the vestibule of the a- 

HL ion channel (~3.0 nm, Figure 5.1); therefore, the only events detected during the 

nanopore study were very short spikes caused by random interactions of the G- 

quadruplex with the mouth of the vestibule (Figure 5.9A). This observation was

42previously reported by our laboratory. When UV-induced damage was introduced into 

the sequence, deep blockage events were recorded as shown in the bottom i-t trace in 

Figure 5.9A. Two distinct current vs. time populations were observed in heat plots of the 

data (Figure 5.9B and Figure 5.10). We interpret these two populations to represent 

different entry orientations of the ODN. Based on our previous knowledge from the 

hybrid studies, T=T is not preferred in a double-chain reversal loop. Therefore, the T=T 

can unwind the propeller fold to a triplex structure that has a head with a loop and a tail
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Figure 5.9. Nanopore analysis of T=T-containing human telomere sequence in 5.00 M 
LiCl. A. Undamaged propeller fold (pdb 1KF1)16 structure and the typical nanopore 
experiment i-t traces. The intact propeller fold is too large to enter the vestibule of the a- 
HL, therefore, there are no translocation events. Once the damage is introduced long, 
deep blockage events are observed that might correspond to a triplex-like structure 
caused by the partial unfolding of the propeller due to the damage. B. Representative 
heat plot of the T=T containing telomere sequence and a triplex forming sequence where 
Gs have been substituted with Ts at either 5’ or 3’ loop. C. Proposed structure based on

48the report from Koirala, et al.
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Figure 5.10. Color plots and statistical analysis of the event durations in 5.00 M LiCl 
during the nanopore experiments of the T=T-containing human telomere sequence and a 
5’ and 3’ triplex sequence. The data were plotted using a single exponential decay 
model. As shown in the color plots there are two populations that show voltage 
dependence.



comprised of eight nucleotides (Figure 5.9C). Coinciding with the Tm data, the shortest 

translocation time was observed for the ODN that contained the T=T in the middle of the 

structure (Figure 5.4 and 5.10). The T=T in the middle loop would have the biggest 

effect on the ability of the ODN to fold, explaining its lower Tm value and the shortest 

translocation time (Figure 5.10).

Two lines of evidence support the hypothesis that T=T incorporation into a 

propeller G-quadruplex yields a triplex-like structure. First, the CD spectra for the T=T- 

containing quadruplexes in 5.00 M LiCl give similar spectra (Xmax = 264 nm and Vm =

48240 nm) as reported by the Sugiyama laboratory for the triplex-forming sequence. 

Second, a series of control strands was designed to model the triplex species induced by 

the T=T, in which the terminal 5’ or 3’ G run was converted to a 5’ or 3’ T run, 

respectively. These controls had an eight-nucleotide tail on the 5’ or 3’ end (Figure 

5.11). Nanopore analysis of these control strands also gave two current time populations 

in the heat plots shown in Figure 5.9B. These control studies were similar to the data 

collected for T=T-containing quadruplexes, which are interpreted to mean that T=T cause 

the double-chain reversal loop to unwind giving a triplex-like structure. This observation 

further supports our hypothesis that T=Ts do not facilitate double-chain reversal loop 

formation.

Discussion

In the present work, established methods were used to study how UV-induced 

damage affects the structure of the human telomere G-quadruplex folds. Utilizing CD 

and EMSA techniques, it was found that the hybrid and basket folds are formed
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Tm (0C)

3' T=T 49.4 +/- 0.4

3' triplex 47.2 +/- 0.8

5' T=T 51.0 +/- 0.6

5' triplex 50.8 +/- 0.5

Figure 5.11. Tm and CD spectra of the human telomere folds and triplex folds in a 5.00 
M LiCl solution. CD spectra: The comparison between a propeller fold (black), triplex folds 
(5’-purple and 3’-red) and T=T-containing ODNs (5’-blue and 3’-green). Tm data: comparison 
between triplex folds and T=T-containing folds.



regardless of the loop in which the T=T was placed (Figure 5.2 to 5.5). The Tm results 

suggest that T=Ts cause a moderate decrease (~5 oC) in the thermal stability of hybrid 

and basket folds (Figure 5.11). Similar to the current results, the introduction of thymine 

glycol34 or 8-oxo-A,36 into a loop was not detrimental to the hybrid or basket structure 

based on CD and EMSA experiments. Furthermore, introduction of T=T or thymine 

glycol into a loop of a G-quadruplex induces a moderated decrease in the thermal 

stability. Contrary to these results, the introduction of 8-oxo-A into the loops causes a 

significant increase in the Tm.36 These data are interpreted to mean that the cyclobutane 

ring of the T=T restricts the conformational flexibility of the loops that leads to subtle 

decrease in stability, without altering the overall fold for hybrid and basket G- 

quadruplexes. In contrast to these observations, T=T in the human telomere sequence 

under propeller folding conditions gave the largest effect on the thermal stabilities 

(Figure 5.11). Also, the CD showed that the fold resembles a triplex and not a propeller

4 7  4 0

fold. , The conventional studies performed, yielded interesting results. However, they 

were inadequate to predict the changes that introduction of the T=T causes to the G- 

quadruplex fold. Therefore, we have utilized the single-molecule method that was 

recently shown to be a good tool in observing the different folds of the G-quadruplex.41 

The nanopore measurements gave us a unique opportunity to further explore how the 

UV-induced DNA damage affects folding of the human telomeric G-quadruplexes under 

different physical conditions.

The a-HL ion channel has been extensively used to study nucleic acids.52-54 A 

simple G-quadruplex containing only two tetrads (thrombin binding aptamer, TBA) was 

first studied using a-HL regarding its cation affinities, followed by the studies of

126



thrombin-TBA interactions.55-59 Later, the human telomere sequence and the different 

folds that G-quadruplex can assume were studied by our laboratory.41,42 The ability of 

the a-HL to distinguish between different G-quadruplex folds is attributed, among others, 

to the recently discovered sensing zone that is located in the vestibule and not in the P- 

barrel of the protein ion channel.42,60 The vestibule of the a-HL (~3.0 nm) was shown to 

exclude the propeller fold (1.8 nm x 4.0 nm), since its dimensions are too big for it to

42enter (Figure 5.1). The hybrid folds were barely able to enter (2.7 nm x 3.0 nm), and 

therefore even the slight difference in shape between hybrid 1 and hybrid 2 gave different 

signals.41 Finally, the basket fold (2.4 nm x 2.8 nm) was small enough to easily enter and

42translocate across the pore. In this study, we have shown using the nanopore method, 

that when the T=T was introduced into a double-chain reversal loop of the hybrid fold the 

equilibrium between the hybrids changed to favor the conformation with T=T positioned 

in an edgewise loop. This hypothesis was further supported by examining the other folds 

of the human telomere sequence: propeller (all double-chain reversal loops) and basket 

(no double-chain reversal loops). The T=T-containing basket fold showed the same type 

of events as for the natural sequence, whereas the propeller fold showed events that were 

similar to a triplex fold (not a propeller fold); thus, supporting our hypothesis that T=Ts 

are not well accommodated in the double-chain reversal loop.

The hybrid fold is the proposed topology of the G-quadruplex that the telomere

13 20 22region can assume in vivo. , , Hybrids can adopt two different folds positioning the 

double-chain reversal loop either at the 3’ or 5’ termini of the G-quadruplex. The ability 

of the hybrid to change from hybrid 1 to hybrid 2 allows the fold to accommodate the 

T=T damage without significant structural perturbations. This quality of the telomere is
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25crucial for its function since the region is hypersensitive to the UV-induced damage.25

33Telomere damage that causes a change in the folding pattern (G-oxidation products),33 is

28proposed to induce telomere shortening that ultimately leads to cell death.28 The single

stranded portion of the telomere is protected from degradation and RPA recognition by 

the overhang binding proteins, POT1 and TTP1.24,61 It was recently shown by Ray, et

23al., that the hybrid fold is crucial for POT1 binding. Therefore, DNA damage that 

significantly affects the G-quadruplex structure will decrease the binding of the 

POT1/TTP1 complex in vivo, such as G-oxidation products that significantly impact the

27structural fold. However, based on the current results T=T does not affect the topology 

of the G-quadruplex hybrid fold; therefore, it does not lose protection by POT1/TTP1 

complex binding, and ultimately does not cause telomere shortening, which is in contrast 

to damage from G oxidation. The current data demonstrate that T=Ts are accommodated 

in the G-quadruplex folds of the human telomere sequence, and therefore, can accumulate 

without causing significant structural perturbations leading to telomere truncation.

Conclusions

Following the traditional procedures to analyze G-quadruplexes (CD, Tm and 

EMSA) we demonstrated that the presence of T=T damage does not significantly distort 

the overall secondary structure, and only slightly decreases the stabilities of hybrid and 

basket folds (Figures 5.2 to 5.5 and 5.11). In order to gain more insight into the structural 

changes that can arise from T=T formation in telomeres, we used the a-HL nanopore to 

analyze the damaged folds at a single-molecule level. From these experiments, we 

established that the presence of a T=T in the hybrid folds changed the ratio of the hybrid
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types to favor the conformation that positions the damaged site at an edgewise loop 

instead of a double-chain reversal loop. This observation was further verified by 

examining the basket fold (edgewise and diagonal loops) and the propeller fold (all 

double-chain reversal loops), in which the basket fold was not altered by T=Ts and the 

structure for the propeller topology was significantly impacted.

In cells, the predominant G-quadruplex structure for the natural human telomere 

sequence is proposed to be the hybrid fold, based on the K+ concentration inside the cell 

and its binding affinity to the G-quadruplex.13,20,22 Once the T=T is present, the shape of 

the structure remains predominantly the same, aside from the hybrid 1 to hybrid 2 ratio if 

the damage is located in the double-chain reversal loop. This observation explains why 

the telomere can still maintain its functions and does not undergo shortening even after

25extensive UV irradiation. Even if the T=T is present in the hybrid fold the damage does 

not affect the overall shape of the fold making it possible for the proteins POT1/TPP1 to 

bind and maintain proper function. Therefore, hybrid G-quadruplexes can mask any 

detrimental structural consequences of T=Ts in the cell.

The current study focused on telomeres that are thought to fold into hybrids in 

vivo; however, the hybrid folds are hypothesized to be the predominant fold only in 

telomeres. There are many other regions along the genome that can fold into the G- 

quadruplexes that have other folds than hybrid.62 For instance, most promoter G- 

quadruples are thought to fold into the propeller fold, in which case the presence of a 

T=T would greatly destabilize the fold based on the current data. Therefore, future 

studies will focus on examining how T=T influences different DNA sequences that can 

fold into G-qudruplexes. Also, other damages aside from T=T, such as platinum
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63 33 36adducts, Sp, Gh, Tg or 8-oxoA, might be studied using the nanopore technology to 

determine how the damage affects the structure of the G-quadruplexes.
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SUMMARY AND OUTLOOK

Nanopore technology has emerged as a next-generation, single-molecule 

sequencing platform that can potentially sequence not only the four native DNA bases, 

but also DNA modifications, such as epigenetic markers and damage sites. The 

immobilization experiments shown in Chapters 1 through 4 established current signatures 

for canonical, damaged, and chemically modified nucleotides at the most sensitive region 

of the P-barrel of a-HL. When considering the established current levels, it was observed 

that DNA cross-links have more blocking current levels than all four canonical DNA 

bases. There is some degree of correlation to the size of the cross-link with its blocking 

current level, as in the case of T=T vs. 5’-G*CT* vs. platinum adducts (least blocking to 

most blocking). Additionally, the current levels also depend on hydration, rigidity of the 

strand (TT vs. T=T), shape of the adduct (diastereomer resolution for Sp, Gh and Tg), as 

well as interaction of the adduct with the protein and electrolyte, as was observed with 

the 18c6 adducts. Currently, the 18c6 adduct is the only modification that can be 

observed in translocation experiments, with a characteristic i-t signature and much slower 

translocation time. Future studies will focus on developing a means to observe other 

DNA damage sites (such as the cross-links) using either different protein ion channels or 

mutant a-HL pores. So far, the cross-links have been studied in ssDNA in either



immobilization or translocation experiments. Recently, a-HL was shown to have another 

sensing zone in the latch region of the vestibule; therefore, studies will be performed to 

determine whether DNA cross-links can be detected during an unzipping experiment 

when the cross-links are placed in the latch sensing zone.

Aside from sequencing applications, nanopore technology can be used to detect 

subtle structural changes in the secondary structure of the DNA such as in G- 

quadruplexes. The telomere sequence, which is thought to fold into a hybrid fold G- 

quadruplex, is hypersensitive to UV-induced thymine-dimer (T=T) formation and yet it 

does not cause telomere shortening. In Chapter 5, the potential structural disruption and 

thermodynamic stability of the T=T-containing natural telomere sequences were studied 

to understand why this damage is tolerated in telomeres. First, established methods, such 

as Tm measurements, electrophoretic mobility shift assays, and circular dichroism 

spectroscopy were utilized, to determine the effects of damage on these structures. 

Second, a single-molecule ion channel recording technique with a-HL was used to further 

examine the structural differences between the damaged sequences. It was observed that 

the damage caused slightly lower thermal stabilities and subtle changes in the CD spectra 

for hybrid and basket folds. The a-HL experiments determined that T=Ts disrupt double

chain reversal loop formation but are tolerated in edgewise and diagonal loops. The 

biggest change was observed for the T=T-containing natural telomere sequence when the 

propeller fold (all double-chain reversal loops) was studied. Future studies will focus on 

other regions of the genome that are known to fold into a propeller folds (promoter G- 

quadruplexes). A T=T that is introduced into a propeller fold was shown to greatly 

destabilize the secondary structure of the human telomere sequence; therefore, the
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damage should also influence other DNA sequences that can fold into a propeller. 

Additionally, other damages aside from T=T, such as platinum adducts, Sp, Gh, Tg or 8- 

oxoA, and 8-oxo-G, might be studied using the a-HL to determine how the damage 

affects the different folds of the G-quadruplexes.


