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ABSTRACT
DNA Interstrand Cross-Links are of special concern due to the difficulty of repair and
cytotoxicity of cells associated with these lesions. Interstrand Cross-Links between abasic sites
and native nucleobases has shown promise in recent years. A new type of Interstrand Cross-Link
between an abasic site and a cytosine residue has shown capability of forming when placed
under specific conditions. A mismatched cytosine residue demonstrated cross-linking
capabilities up to 69% in acidic conditions. Mismatches on flanking base pairs also showed
increased cross-linking capabilities. Cross-linking is also observed under human physiological
conditions, demonstrating this lesion’s capability of forming in vivo. Further work in this line of
DNA chemistry may result in increased biological relevance and advances in understanding this
type of DNA damage.

xi
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Chapter 1: Interstrand DNA Cross-Links Derived
from Abasic Sites
1.1 Introduction to DNA
Deoxyribose nucleic acid (DNA) contains the genetic information in every cell of the
human body. This genetic information is stored in the sequence of its four base pairs: adenine,
thymine, cytosine, and guanine. The variations of these sequences code for all proteins within a
cell, acting as a genetic blueprint driving all cellular operations. When the sequence of DNA is
properly read, it is transcribed into messenger Ribose Nucleic Acid (mRNA)1, which is in turn
translated into the proteins2 that carry out all cellular functions. DNA sequences must also be
accurately replicated when the cell divides.
In order for the DNA sequence to be copied, its double helix must first be unwound by
topoisomerase enzymes, separating its double-stranded form into single-stranded DNA. The
newly separated strands can then be replicated with the correctly matched nucleotide bases,
resulting in two fully functional units of double-stranded DNA. Through this replication, cell
proliferation is able to occur, and the genetic code is maintained.
Issues arise when lesions in DNA cause replication to be stalled. Such blocking lesions
can lead to cell death, senescence, or genetic instability. This can lead to tissue degradation,
dysfunction, and aging or cancer. Lysis as a result of DNA damage can lead to regional tissue
failure, differing from the healthy programmed cell death through apoptosis.3
DNA damage occurs through various unavoidable mechanisms.4 Exogenous damage
results from Ultra Violet (UV)-induced radiation, ionizing radiation, and daily exposure to
chemicals. Endogenous damage occurs within the body through DNA methylation, abasic site
1
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formation, and base pair mutations.5 These lesions are responsible for the neurodegeneration,
aging, and cancers that plague all living organisms.6
Because this damage is prevalent in all cellular life, DNA repair pathways have evolved
to minimize the overall effect of damage in the cell. The type of repair is dependent upon the
nature of the lesion, but mechanisms such as direct reversal, mismatch repair, excision repair,
and bypass polymerases all contribute to maintaining cell health in the face of threats caused by
DNA damage. These repair pathways are supplemented by so-called “checkpoints” in the cell
cycle to ensure that damage is detected quickly and subsequently repaired prior to replication of
defective DNA.
Due to the formidable effects of DNA damage, how lesions form as well as DNA repair
mechanisms have both been large fields of research for decades. Achieving a better
understanding of the mechanisms by which DNA damage occurs, its consequences, and the
repair of DNA lesions are at the core of all pharmaceutical development today.7 Advances in
medicine and therapeutic agents have led to growing the field of healthcare in both research and
business. Improvement of the human health span may be gained by a thorough understanding of
endogenous DNA damage chemistry and how it affects us as a species.
1.2 Interstrand Cross-Links are Highly Cytotoxic DNA Lesions
One type of DNA lesion caused by both exogenous and endogenous damage is the
formation of interstrand cross-links (ICL)8. An ICL is a covalent link between opposing strands
of double-stranded DNA. ICLs are an extremely difficult lesion to repair due to the strength of
the covalent bond formed, the location on the double helix, and the fact that both strands are
affected simultaneously. Perhaps the key attribute of an ICL is that they cause a stalled

2
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replication fork during cell division. Stalled replication forks, if not reactivated quickly, will
cause complete DNA degradation and when left unchecked ultimately lead to cell death.9
ICLs in DNA have been linked to sporadic cancers, rapid aging (progeria), and
neurodegeneration. Inducing ICLs has long been an area of interest in the development of cancer
pharmaceuticals, as the ability of ICLs to cause cell lysis has shown promise in fighting overproliferative tumor cells.10 The prevention of DNA separation at the replication fork blocks the
cell’s ability to carry out normal functions such as division, giving targeted introduction of ICLforming agents potential in the future of cancer therapies.5
While this field of exogenously induced cross-links has expanded over the years, the
mechanisms by which endogenous cross-links form remains uncertain. Formation of ICLs in the
human body has caused the evolution of complex, resource-intensive repair pathways. The
identity of the unavoidable ICL lesions in the living cells remains poorly understood and is a
target for study to advance the field of medicine.
1.3 Abasic-Site Derived Interstrand Cross-Links in Duplex DNA
Over the past several years, the Gates group at the University of Missouri has studied the
formation of potential endogenous ICLs in duplex DNA. The units of DNA participating in this
specific type of ICL are abasic sites formed in place of native base pairs. Abasic sites (apurinic
or apyridinic [Ap]) result in the loss of a base pair, leaving behind a sugar residue that exists in
equilibrium from a ring-closed alcohol to a ring-opened aldehyde (see Scheme 1).

3
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Scheme 1

The ring-opened aldehyde is a reactive species able to react with other nucleobases on the
opposing strand. Nucleophilic exocyclic amines located on the bases of the opposing strand,
when in the proper position, now have the ability to attack the electrophilic aldehyde of the Ap
site, creating or generating an ICL.
The Gates group has identified a series of cross-links derived from the reaction of an Ap
aldehyde with exocyclic amines on guanine, adenine, and 2-aminopurine.11-13 These reactions are
able to occur under physiological conditions and proceed via imine formation to generate a stable
aminoglycoside ICL, as shown in Schemes 2 and 3. These reactions are good candidates for the
endogenous cross-link lesions in cellular DNA14 and are discussed in depth in the following
sections.
Scheme 2

4
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Scheme 3

1.4 Formation of Interstrand Cross-Links Between an Abasic Site and an Opposing dG
Residue
In the study of ICLs between an abasic site on one strand of duplex DNA and a guanine
residue on the opposing strand, it was found that the guanine residue must be on the opposing
strand, but one nucleotide offset on the 5’ side of the abasic site.11 For example, the duplex
sequence A shown in Figure 1 was found to produce ICL yields in the range of 3 ± 0.3%.
Figure 1

In these early experiments, a 15 base pair duplex was used, with all bases correctly matched on
the opposing strand and an adenine opposing the abasic site. Reactions were carried out in
NaOAc buffer with a pH of 5.5 in the presence of NaCNBH3 to facilitate reductive amination,
effectively trapping the ICLs, and after a 24-hour incubation at 37˚C. A 3% yield of ICL in this
“native” duplex would create a substantial lesion in vivo, as it has been shown that a single
interstrand cross-link is potent enough to trigger cell death in eukaryotic cells.15 ICL yields were

5
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reported at an average of ~1% when performed at pH 7 to further mimic human conditions—still
substantially high to show relevance in an in vivo model.
Later studies by Johnson in the Gates group used duplex sequence B shown in Figure
2. By lengthening the sequence to a 21-oligonucleotide duplex and varying the nearest neighbor
Figure 2

base pairs, ICL yields of ~20% were obtained. It is believed that the lengthening of the duplex
may have prevented partial melting of the strands, which would have decreased the yield of the
ICL. Furthermore, a sodium acetate buffer was used in the reductive amination step to trap the
final cross-link, which may have resulted in a slightly catalyzed reaction that would have caused
the reported higher yields.
1.5 Formation of Interstrand Cross-Links Between an Abasic Site and an Opposing dA
Residue
Following successful formation and identification of the ICL generated from reaction of
the ring-opened aldehyde of an abasic site with the exocyclic amino group found on the guanine
residue, it was postulated that an adenine residue would be able to participate in the same
chemistry with its exocyclic amino group, as shown in Scheme 3. Due to the nature of the DNA
double helix, models showed that the exocyclic amino group is not within the proximity of the
Ap site when offset one nucleotide to the 5’ side. Instead, the exocyclic amine was in the major
groove and most sterically available when offset by one base pair to the 3’ side of the abasic site.
Interestingly, during the Ap-dG studies, no cross-link was shown to form between the abasic site
and the adenine directly opposing the lesion, thus the offset site was seen as the best candidate
for testing.
6
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This research was performed again using a 21-oligonucleotide sequence, as this length
was shown to give a higher yield in the previous Ap-dG studies.

Several sequence variations

were attempted with the first, duplex C, resulting in a 15.1 ± 0.5% yield, and the highest yield of
71.5 ± 3.7% for duplex D, being displayed in Figure 3.
Figure 3

These reactions were performed under physiological conditions with HEPES buffer at a pH of 7
and incubation of 24 hours at 37˚C. Interestingly, when the duplex is carried out under
conditions for reductive amination (pH 5 with NaCNBH3), no increase in yield is observed. In
fact, a decrease in yield is observed under these conditions for reasons that remain unclear.
Duplex D was of particular interest, as it used the same sequence as seen in the Ap-dG
crosslink of duplex B, with the exception of the presence of the adenine residue in place of the
thymine on the 3’ side opposing the Ap site. It was theorized that the high yield resulted from a
combination of both the Ap-dG and Ap-dA cross-links. However, after identification of the
cross-links, it was noted that in duplex D, only the Ap-dA cross-link was observed. The very
high yields associated with the Ap-dA cross-link and the physiological relevance of the
conditions in which they were formed suggest biological relevance of these ICLs.
1.6 Formation of Interstrand Cross-Links Between an Abasic Site and an Opposing NonCanonical Nucleobase
Other ICL formations have been studied in the Gates group with non-canonical
nucleobases and an abasic site. One particular non-canonical base use was a hydrazine
7
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derivative of cytosine, designated as dC*. It was observed that an Ap-dC crosslink did not form
in typical duplexes, presumably due to the spatial distance between the exocyclic amino group
on a cytosine and an opposing abasic site aldehyde. The exocyclic amine of cytosine is located
approximately 0.7 angstroms farther from the C1 of the Ap sugar when compared to an adenine
residue in the same position.13 Both amino groups are present in the major groove when offset
one nucleotide to the 3’ side of the Ap site; however, only the Ap-dA cross-link has been
observed. Modification of the cytosine amino group to a hydrazine would then put the
nucleophilic nitrogen in close enough proximity to take place in the cross-link chemistry as
shown in Scheme 4. Additionally, equilibrium constants along the order of 104-106 are observed
for the formation of hydrazones16 while equilibrium constants of 101-103 are observed for the
formation of an imine17, as would occur in an Ap-dC ICL.
Scheme 4

The cross-link between Ap and dC* was able to be achieved with a short incubation of 1
hour at 50˚C under reducing conditions at pH of 5 with NaCNBH3.18 The cross-link was able to
be successfully reversed and reformed via heat-cool cycles at 50˚C and 37˚C. This reaction was
the first cross-link able to be shown involving a modified cytosine residue.
Another non-canonical base found capable of forming a DNA interstrand cross-link is the
2-aminopurine base. This base is a bicyclic residue, with an exocyclic amine present in the same
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structural location as a guanine residue. Due to these similarities, the base was offset by one
nucleotide on the 5’ side of the abasic site for the formation of the ICL.
Through preliminary work done by Maryam Imani and Tuhin Haldar of the Gates group,
this cross-link was shown to have formed when reacted in a NaOAc buffer with a pH of 5.2 and
incubated for 4 hours at 37˚C.19 This cross-linking reaction generated a 44% yield in the absence
of reducing agents, but when treated with NaCNBH3, the yield increased dramatically to 85%.
Hydroxyl radical footprinting utilizing iron-EDTA strand cleavage confirmed that the cross-link
does occur between the abasic site and the non-canonical 2-aminopurine base.
1.7 Formation of Spermine-Mediated Nicked Interstrand Cross-Links
Abasic sites are also subject to DNA strand cleavage to give a 3’ alkenal group. Yang of
the Gates group has demonstrated the capability of the Ap sites to form ICL from this alkenal
group. Spermine was introduced to an abasic legion in duplex DNA, and created a double strand
break through the mechanism described in Scheme 5.
Scheme 5

This nicked abasic site reacted with a nucleophilic amine on an adenine residue on Duplex E
(shown in Figure 4) to for the ICL.20
Figure 4

9
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ICL formation occurred after incubation at 37˚C in HEPES buffer with pH 7, which was then
trapped through reductive amination with NaCNBH3. The cross-link between the nicked abasic
site and the adenine residue is theorized to have occurred though the mechanism depicted in
Scheme 6.
Scheme 6

The overall yield for the cross-link formed was ~35%, which is substantial when considering the
cytotoxicity of interstrand cross-links. Furthermore, formation of this cross-link was shown to
inhibit DNA replication by blocking the strand separation polymerase.
1.8 Cytosine Contains All the Necessary Tools to Form a DNA Interstrand Cross-Link
With the exception of the spermine-mediated “nicked” ICL, all DNA interstrand crosslinks discussed up to this point have involved an exocyclic nucleophile attacking the abasic
lesion of an opposing strand of double-stranded DNA. Most notably, the canonical bases are
able to perform this chemistry in physiologically relevant conditions with their exocyclic amino
groups. Cytosine is another naturally occurring nucleobase containing an exocyclic amino group
(See Figure 5).
Importantly, this exocyclic amine of cytosine has the capability of reacting with aldehyde
groups. In a pair of papers published by McGhee and von Hippel, it was shown that cytosine,

10
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guanine, and adenine formed monoadducts when reacted with formaldehyde.21-22 The reactions
were all shown to have forward equilibrium constants above 1 M-1, with adenine and cytosine
Figure 5

both reporting the highest values at around 12 M-1. Concurrently, all reactions were exothermic
with adenine and cytosine reporting the most negative enthalpies of -4 and -6 kcal/mol,
respectively. Based on these results, we would expect cytosine to have the chemical potential to
form ICLs similar to adenine.
Nonetheless, a cross-link formation between an abasic site and cytosine had not yet been
reported. One important thing to note when looking at the differences in cytosine with other
base pairs is that both adenine and guanine are purine nucleotides, while cytosine is a
pyrimidine. It was theorized by Price in the Gates group that distance from the abasic site may
be what is hindering the cross-linking chemistry from occurring.13 This theory would be
supported by the bicyclic nature of adenine and guanine offering more distance from the DNA
backbone and making the amino group closer in proximity and able interact with the abasic site
on an opposing strand with less distortion of the duplex required.

11
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1.9 Mismatched Bases Offer New Chemical Availabilities for DNA Interstrand CrossLinking Chemistry
All Ap-derived ICLs discussed up to this point were performed under physiologically
relevant conditions in order to demonstrate the lesions’ ability to form and survive in cells.
Reaction conditions to achieve this goal have been targeted at a pH of 7, temperature of 37˚C,
and a duplex DNA sequence with the only damage being the installed abasic site. Slight
derivations in pH and temperature have also been discussed in regards to creating a higher yield
or a more stable final product for the purpose of obtaining data. At this point, no changes in
sequence or additions of other type of DNA damage have yet been explored.
In a study that used the Ap-dA ICL to detect a DNA mutation, Imani-Nejad of the Gates
group showed that placing an A-A mismatch on the cross-linking adenine residue dramatically
increased the ICL yield.23 The cross-link yield went up from 7.3 ± 2% to 85 ± 3% when the
sequence is changed from a correctly matched A-T pair to the mismatched A-A pair. The extra
mobility24 of the adenine residue may enable the amino group to participate in the cross-linking
chemistry at a more successful rate.
With this concept of flexibility of the DNA double helix resulting from mismatched base
pair lesions, the window of opportunity for the previously-thought-to-be-impossible Ap-dC
cross-link was opened. First, Gamboa-Varela of the Gates group was able obtain a slow-moving
band on an electrophoresis gel, indicating a cross-link formation, using Duplex F (Figure 6
below) containing a mismatched cytosine residue and abasic site.25
Figure 6
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This slow moving band was observed after a 72-hour incubation at 37˚C in NaOAc buffer at pH
5.2.
1.10 Mismatched Deoxycytidine and Abasic Sites Form an Ap-dC DNA Interstrand CrossLink
To continue research pf the Ap-dC cross-link, two duplexes were chosen as candidates
for cross-link formation: Duplex F and G (see Figures 6 and 7).
Figure 7

Duplex F was the same duplex as discussed above in Section 1.9 of this chapter, as it had already
been shown to create a slow-moving band. Duplex G was also used, as it is the same sequence
in which the Ap-dC* cross-link was observed, with the exception of the canonical dC nucleotide
being used in place of the modified dC*. Results from this experimenting demonstrated that the
cross-link does indeed form at the position of the 3’ dC residue for Duplex F in both pH of 5.2
and 7, but curiously migrated to the 5’ dG residue when in the presence of NaCNBH326. Also
interestingly, Duplex G exhibited signs of a cross-link at the dA residue directly opposing the
abasic site, making evidence of the Ap-dC cross-link unclear.
1.11 Chapter 1 Summary
DNA damage by exogenous and endogenous means is unavoidable. Repair pathways
have evolved to extend the lifetime of DNA. Certain lesions are more difficult to repair and the
pathway is oftentimes error-prone. One such lesion is the formation of an interstrand cross-link.
Gates’ group has researched various methods of ICL formation with an abasic site in native
duplex DNA. Ap-dG, Ap-dA, Ap-dC*, Ap-2-aminopurine, and a spermine-mediated nicked Ap13
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dA have all been characterized by members of the Gates group to date. The center point of
understanding this type of DNA damage is gaining a physiologically relevant model to apply to
cancer therapeutics and pharmaceuticals.
To this point, crosslinks between an abasic site and three of the four canonical bases, ApdG, Ap-dA, and Ap-dC, have all been formed in vitro by the Gates group. While the Ap-dG and
Ap-dA cross-links have several publications to their name, with full characterization of the bonds
and sequences11-13, the Ap-dC cross-link is not well understood. It is not yet fully known in what
situations provide the highest Ap-dC crosslink yield and how local sequence affects the strength
of the cross-link. Further insight into this area of DNA ICL chemistry is worth exploring as
results may lead to the better understanding of how cross-links form in vivo and what types of
specific DNA damage can facilitate cross-link formation.
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Chapter 2: Formation of Interstrand DNA Cross-Link
between Abasic Site (Ap) and Cytosine Residue
2.1 Introduction to Abasic Site and Cytosine Residue Interstrand Cross-Links
As discussed in the previous chapter, various members of the Gates group have shown
the capabilities of interstrand cross-linking between an abasic site (Ap) and naturally occurring
base pairs as a result of endogenous DNA damage.27-31 While these cross-linking studied have
focused primarily on the Ap-dG and Ap-dA formation, an Ap-dC cross-link has briefly been
discussed to have potential, if put under the correct conditions. It became clear that the Ap-dC
cross-link was unable to be formed when the cytosine residue was correctly paired with an
opposing guanine. When mismatched with an adenine, though, cross-linking with a neighboring
abasic site on the opposing strand was observed. This knowledge was used as the foundation of
the research that will be discussed in this chapter.
2.2 Determining Optimal Conditions for the Formation of an Ap-dC Interstrand CrossLink
With a known cross-link yield of 29% found by Gamboa-Varela in Duplex F, this was the
initial target to study to determine if results were able to be repeated, and then further improved.
Figure 8

Critical points of information regarding this cross-link were still unknown, such as conditions
that favor cross-link formation and which sequence variations allow for best yield of the cross-
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link. The first step in understanding this cross-link was determining the reducing conditions and
pH levels that best facilitated the cross-link formation.
Work began by labeling a deoxyuracil-containing parent strand from Duplex F (the Apcontaining strand) with 32P by standard procedures using t4 polynucleotide kinase and ATP. A
phenol-chloroform work-up was then performed to remove the kinase, and the labeled
oligonucleotide was purified by gel electrophoresis. The DNA was located by UV-shadowing
and the band excised from the gel. The gel slice was then placed in elution buffer to extract the
DNA and the solution was desalted by passage through Sep Pak columns.
After labeling, the parent strand was annealed to its compliment from Duplex F in a
solution of MOPS buffer and NaCl. Next, the abasic (Ap) site was installed by hydrolysis of the
dU residue by the DNA repair enzyme uracil DNA glycosylase (UDG) in UDG buffer. A phenol
chloroform work-up, followed by an ethanol precipitation, was then performed to isolate the
duplex.
The next step of the experiment was to branch into four samples: pH 7.0 in reducing
conditions, pH 7.0 without reducing conditions, pH 5.2 in reducing conditions, and pH 5.2
without reducing conditions. In order to achieve a pH of 7.0, HEPES buffer (50 mM) was used
to facilitate the reaction, while NaOAc buffer (750 mM) was used to create an environment of
pH 5.2. To control the use of reducing agent, NaCNBH3 (250 mM) was added or withheld from
the solution.
The four samples were prepared per the following conditions described below in Table 1:
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Table 1: Initial Test Conditions

Reagent

pH 5.2
w/NaCNBH3

pH 5.2 no
NaCNBH3

pH 7.0
w/NaCNBH3

pH 7.0 no
NaCNBH3

NaOAc

750 mM

750 mM

0 mM

0 mM

HEPES

0 mM

0 mM

50 mM

50 mM

NaCNBH3

250 mM

0 mM

250 mM

0 mM

NaCl

100 mM

100 mM

100 mM

100 mM

After preparing the samples with the concentrations listed above, all four were allowed to
incubate at 37˚C (chosen for physiological relevance) for 3 days. Following the 3 day
incubation, a piperidine work-up was performed in a controlled sample to show successful
installation of the abasic site.
Gel electrophoresis analysis was used to analyze the controls and cross-link reactions.
The reactions showed successful installation of the abasic site through the total cleavage of the
strands in a piperidine work-up (Lane 5, Figure 9). Slow-moving bands for all four reactions
were observed in Lanes 1-4 of Figure 5 as well, with yields of each reaction condition described
in Table 2 and Figure 6.
All four test conditions did show cross-linking capability, with acidic conditions resulting
from use of NaOAc buffer (at pH 5.2) and in the absence of reducing agent (NaCNBH3)
resulting in the highest yield (64 ± 0.3%). While these results show that the Ap-dC cross-linking
reaction occurs at the greatest yield in acidic conditions (pH 5.2) rather than physiologically
relevant conditions (pH 7.0), it is worth noting that the reaction does best proceed in the absence
of reducing agent, which is conducive to the physiological environment.
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Figure 9

Figure 9. Formation of Ap-dC cross-links in various reaction conditions. Gel electrophoresis
analysis utilized a 0.4 mm thick 20% denaturing polyacrylamide gel. Quantitative measurement
of the bands obtained using phosphorimager analysis. Lane 1 corresponds to pH 7.0 w/NaCNBH3,
Lane 2 corresponds to pH 7.0 no NaCNBH3, Lane 3 corresponds to pH 5.2 w/NaCNBH3, and Lane
4 corresponds to pH 5.2 no NaCNBH3. Lane 5 is the Ap-containing duplex F treated with 1 M
piperidine at 95˚C for 30 minutes. Lane 6 is the size marker consisting of the 32P-labeled Apcontaining duplex F.
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Table 2: Initial Condition Ap-dC Cross-Link Yields

Test Conditions

Average Cross-Link Yield

pH 7.0 w/NaCNBH3

8.8 ± 1%

pH 7.0 no NaCNBH3

35 ± 1%

pH 5.2 w/NaCNBH3

15 ± 1%

pH 5.2 no NaCNBH3

64 ± 0.3%

Table 2: ± values reflect standard deviation of four replicates used in this experiment.
Figure 10

pH and Reducing Conditions C Ap A
G A C
pH 5.2
no NaCNBH3
pH 7.0 no NaCNBH3
pH 5.2 w/NaCNBH3
pH 7.0 w/NaCNBH3

0.00%

10.00%

20.00%

30.00%

40.00%

50.00%

60.00%

70.00%

Cross-Link Yield

Figure 10. Bar graph of Ap-dC cross-link yields resulting from Duplex F subjected to various
reaction conditions. Yields are qualitatively obtained from analysis of gel electrophoresis.
Furthermore, the yield of the reaction at the optimum physiologically relevant conditions
(pH 7.0 in the absence of reducing agent) was shown to be 35 ± 1%, which is significantly large
considering the effect a single interstrand cross-link can have on cytotoxicity of a cell.30
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2.3 Effects of the Nucleotide Directly Opposing the dC Residue Participating in the Ap-dC
Cross-Link
After establishing that a pH of 5.2 and the absence of reducing conditions results in the
highest possible yield of an Ap-dC interstrand cross-link, it was of interest to determine in which
sequences these reactions could occur. Previous results had clearly shown that the directly
opposing residue of the dC participating in the crosslink with the abasic site had a profound
effect on its ability to react, as no cross-link was shown to form when it was correctly paired
with an opposing guanine.27 When the guanine is replaced with an adenine, cross-linking is
possible. With this knowledge, it was decided that the base directly opposing the dC residue
would be varied to determine the effect on its ability to perform the cross-linking chemistry.
This was executed through an Opposing Base Experiment, where the base opposite the
dC residue was altered. The relevant manipulations to Duplex F in order to achieve this goal are
denoted with the color green in Figure 11 below. A total of four duplexes were tested, Duplexes
F, H, I, and J.
Figure 11

For all four duplexes, the same reactions were ran as described in 2.2 of this chapter,
including 32P labeling, Ap site installation, 3 day incubation at 37˚C, piperidine work-up, and gel
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electrophoresis (See Figure 12). Piperidine work-up showed full cleavage, indicating that the
abasic site had been successfully installed (Figure 12, Lanes 3, 6, 9, and 12). Slow moving
bands were clearly visible in all instances in which the dC residue was mismatched (Figure 12,
Lanes 5, 8, and 11), but no clear slow-moving band was shown when it was correctly matched
with an opposing guanine residue (Figure 12, Lane 2). An exceedingly faint band was present in
Lane 2 as a yield of 2.7% cross-link was able to be quantified. Fully detailed yields are
described in Table 3 and displayed in Figure 8.
Table 3: Varying Directly Opposing Base Ap-dC Cross-Link Yields
Sequence = C Ap X
G A C
Nucleotide Opposing dC Residue

Average Cross-Link Yield

Duplex F (X = A)

69 ± 3%

Duplex H (X = Y)

40 ± 2%

Duplex I (X = C)

53 ± 2%

Duplex J (X = G)

2.7 ± 1%

Table 3: ± values reflect standard deviation of six replicates used across two experiments.
All four duplexes did show an amount of cross-linking capability, with an opposing
adenine residue resulting in the highest yield of Ap-dC cross-link (69 ± 3%). It became clear
that any mismatched base pair will result in substantial cross-linking efficiency, as yields for a
thymine and cytosine residue were at 40 ± 2% and 53 ± 2% yields, respectively. While a band
was not clearly visible to the naked eye in Figure 12, the phosphorimager software was able to
detect a small amount of cross-link in the correctly paired guanine sample (2.7 ±
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Figure 12

Figure 12. Formation of Ap-dC cross-links when varying the nucleotide directly opposing the dC
residue. Gel electrophoresis analysis utilized a 0.4 mm thick 20% denaturing polyacrylamide gel.
Quantitative measurement of the bands obtained using phosphorimager analysis. Lane 3
corresponds to Duplex J, Lane 4 corresponds to
Duplex I, Lane 7 corresponds to Duplex H,
and Lane 11 corresponds to Duplex F. Lanes 3, 6, 9, and 12 are the Ap-containing duplexes J, I,
H, and F treated with 1 M piperidine at 95˚C for 30 minutes. Lanes 1, 4, 7, and 10 are the size
marker consisting of the 32P-labeled Ap-containing duplexes J, I, H, and F, respectively.
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Figure 13

Opposing Base Experiment
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Figure 13. Bar graph of Ap-dC cross-link yields resulting from Duplexes F, H, I, and J
subjected to consistent reaction conditions. Yields are qualitatively obtained from analysis of gel
electrophoresis

1%). This is significant as it is the first time that cross-linking capabilities have been shown in
the “natural” strand of the duplex DNA, with the only damage being the abasic site. It should be
noted that the cross-link yields are similar for Duplex F in this set of experiments, shown in
Table 3, as well as those displayed in Table 2. This is expected as Duplex F participated in both
studies, under the same conditions.
The trend of the mismatched dC residue being a pre-requisite for cross-link chemistry
was the most important information obtained from this set of experiments, as all three
mismatched duplexes resulted in yields above 40%, while the correctly matched pair resulted in
almost no cross-link, at 2.7% yield. Duplex F (adenine opposing the dC residue) was still shown
to be the most robust of all sequences thus far as the Duplexes H and I both showed 16 and 29%
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lower yields, respectively. The fact that the adenine is a purine, containing two rings in its
structure, and the cytosine and thymine are pyrimidines, containing only a single ring, may affect
the spatial available of the dC residue participating in the cross-link, though no hard evidence
exists supporting this claim other than the trends discovered here.
2.4 Effects of the Nucleotide Directly Opposing the Abasic Site in the Ap-dC Cross-Link
With varying the base opposing dC residue resulting in vastly different cross-linking
yields, it became obvious that sequence variance has a profound effect on the Ap-dC cross-link.
It was shown that an adenine residue directly opposing the deoxycytidine resulting in an
extremely high yield (69 ± 3%), but the effects of the nucleotide directly opposing the abasic site
was not yet known. For the next set of experiments, the base opposite of the abasic site was
altered from its original adenine, to a guanine, cytosine, and thymine each (marked in green in
Figure 14). An adenine residue was chosen to directly opposing the dC residue participating in
the cross-link as that was shown to give the highest yield. Reaction conditions were kept the
same (pH 5.2, no NaCNBH3, and 72-hour incubation at 37˚C) and Duplexes F, K, L, and M (see
Figure 14) were utilized.
This experiment resulted in slow-moving bands on the gel electrophoresis (Figure 15) for
all four nucleotides used, with each base varying in its cross-linking capability. The highest
yield is seen when an adenine residue directly opposes the abasic site, as shown in Duplex F, at
60 ± 1%. This was consistent with the high yields seen previously in Duplex F. The remaining
nucleotides resulted in lower yields, with cytosine (Duplex L) being the next highest at 32 ± 5%,
then guanine (Duplex K) at 26 ± 1%, and the lowest yield resulting from an opposing thymine
(Duplex M) at 15 ± 1%. All yields are reported in Table 4 and displayed in Figure 16. It is
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reasonable that adenine resulted in the highest yield, as it is the “natural” pair to the uracil
residue from which the abasic site is derived through utilization of the UDG enzyme.
Figure 14

Table 4: Varying Base Opposite Abasic Site in Ap-dC Cross-Link Yields
Sequence = C Ap A
G X C
Sample

Average Cross-Link Yield

Duplex F (X =A)

60 ± 1%

Duplex K (X = G)

26 ± 1%

Duplex L (X = C)

32 ± 5%

Duplex M (X = T)

15 ± 1%

Table 4: ± values reflect standard deviation of four replicates used in this experiment.
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Figure 15

Figure 15. Formation of Ap-dC cross-links when varying the nucleotide directly opposing the
abasic site. Gel electrophoresis analysis utilized a 0.4 mm thick 20% denaturing polyacrylamide
gel. Quantitative measurement of the bands obtained using phosphorimager analysis. Lanes 4 and
5 correspond to Duplex F, Lanes 9 and 10 correspond to Duplex M, Lanes 14 and 15
correspond to Duplex K, and Lanes 18 and 19 correspond to Duplex L. Lanes 3, 8, 13 are the Apcontaining duplexes F, M, and K, respectively, treated with 1 M piperidine at 95˚C for 30 minutes.
Piperidine work-up for Duplex L unavailable. Lanes 2, 7, 12, and 17 are the size marker consisting
of the 32P-labeled Ap-containing duplexes F, M, K, and L. Lanes 1, 6, 11, and 16 are the size
marker consisting of the 32P-labeled dU-containing duplexes F, M, K, and L, respectively.
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Figure 16

Directly Opposing
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Figure 16. Bar graph of Ap-dC cross-link yields resulting from Duplexes F, K, L, and M subjected
to consistent reaction conditions. Yields are qualitatively obtained from analysis of gel
electrophoresis
2.5 Effects of the 5’ Nearest Neighbor Base Pairs of the Ap-dC Cross-Link
To this point, it has been established that adenine residues opposing both the abasic site
and the dC residue participating in the Ap-dC cross-link results in the sequence yielding the
highest capability of cross-linking chemistry. Manipulating the base pairs closest to the DNA
interstrand cross-link is desirable as it does not directly involve the cross-link, yet sequence
variation is known to influence the capabilities, as has been shown previously in this chapter.
With this in mind, the next step was to vary the 5’ nearest neighbor of the abasic site, as it
is not involved directly in the Ap-dC cross-link, yet is in close enough proximity to have an
effect on the chemistry. Figure 17 outlines the sequence variations that were used in this set of
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Figure 17

experiments, with Duplex F participating once again, as it was shown to have the highest yield
thus far. All four base pairings were used (Duplexes F, N, O, and P), but an additional base
pairing (Duplex Q) was used where an adenine-adenine mismatch was included. It had become
clear that mismatches in the sequence were vital to the cross-linking capability, as the mismatch
to the dC residue was necessary for substantial yields. It can be theorized that further
degradation of the DNA around the cross-link could create increased “flexibility” of the duplex,
allowing for more interactions between the abasic site and the deoxycytidine residue.
Reaction conditions for this set of experiments remained the same (pH 5.2, no NaCNBH3,
and 72-hour incubation at 37˚C) and gel electrophoresis was utilized to determine cross-linking
capabilities. Slow-moving bands for all five duplexes were observed, as is shown in Figure 18.
Yields for Duplex F (the C-G pair) remained high at 61 ± 3%, very similar to what has been
reported previously in this chapter. Yields for all other duplexes were substantially lower,
though still relatively high. Duplex N (the G-C pair) reported the lowest yield at 31 ± 2%.
Duplex O (A-T pair) and P (T-A pair) reported nearly identical yields at 38 ± 2% and 39 ± 4%,
31

Chapter 2 Formation of Interstrand DNA Cross-Link between Abasic Site (Ap) and Cytosine
Residue
Figure 18

Figure 11. Formation of Ap-dC cross-links when varying the 5’ nearest neighbor base pairs to the
abasic site. Gel electrophoresis analysis utilized a 0.4 mm thick 20% denaturing polyacrylamide
gel. Quantitative measurement of the bands obtained using phosphorimager analysis. Lane 3
corresponds to Duplex O, Lane 7 corresponds to
Duplex P, Lane 11 corresponds to Duplex N,
Lane 15 corresponds to Duplex F, and Lane 19 corresponds to Duplex Q. Lanes 2, 6, 10, 14, and
18 are the Ap-containing duplexes O, P, F, N, and Q, respectively, treated with 1 M piperidine at
95˚C for 30 minutes. Lanes 1, 5, 9, 13, and 17 are the size marker consisting of the 32P-labeled
Ap-containing duplexes O, P, F, N, and Q, respectively. Lanes 4, 8, 12, and 16 are the size marker
consisting of the 32P-labeled dU-containing duplexes P, N, F, and Q, respectively. The size marker
for Duplex O consisting of the 32P-labeled dU-containing strand was unavailable.
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Table 5: Varying 5’ Nearest Neighbor Base Pairs of the Abasic Site in the Ap-dC CrossLink Yields
Sequence = X Ap A
Y A C
Sample

Average Cross-Link Yield

Duplex F (X = C, Y = G)

61 ± 3%

Duplex N (X = G, Y = C)

31 ± 2%

Duplex O (X = A, Y = T)

38 ± 2%

Duplex P (X = T, Y = A)

39 ± 4%

Duplex Q (X = A, Y = A)

44 ± 2%

Table 5: ± values reflect standard deviation of seven replicates used across two experiments.
Figure 19
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Figure 19. Bar graph of Ap-dC cross-link yields resulting from Duplexes F, N, O, P, and Q
subjected to consistent reaction conditions. Yields are qualitatively obtained from analysis of gel
electrophoresis
respectively. Duplex Q (the A-A mismatch) reported the second-highest yield at 44 ± 2%. All
yields are reported in Table 5 and displayed in Figure 19.
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Results from this experiment yielded interesting trends, as the reported percent yields
varied quite a bit between sequences. It was expected that Duplexes O and P would have similar
yields, as the difference between the duplexes is an adenine-thymine pair vs a thymine-adenine
pair, with the first nucleotide listed being on the Ap-containing strand. This was observed to be
true as the yields were less than 1% apart from one another. That would imply that Duplexes F
and N should have similar yields as well, as the only differences are a cytosine-guanine pair
versus a guanine-cytosine pair. This was far from the case as Duplex F reported the highest yield
at 61± 3% and Duplex N reported the lowest yield at 31 ± 2%. This anomaly is further
investigated in Section 2.6 of this chapter.
Disregarding the results of Duplex F for the time being, it is understandable that the
yields obtained from Duplexes O and P are slightly higher than those reported for Duplex N, as
the adenine-thymine base pair results in only two hydrogen bonds, and the guanine-cytosine pair
produced three. This extra hydrogen bond in Duplex N may restrict the flexibility of the
duplexes sufficiently enough to be responsible for the roughly 8% lower yield of cross-linking
capability. The issue of duplex flexibility is further supported by the fact that a mismatched
adenine-adenine pair in the same location (Duplex Q) results in a higher cross-linking yield than
all three of the correctly-matched pairs (Duplex F excluded), with a 44 ± 2% yield. This
mismatched pair is still 17% lower than the yield seen for the cytosine-guanine pair present in
the Duplex F sequence.
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2.6 Hydroxyl Radical Footprinting and Overhanging Tail Experiments Show the CrossLink Takes Place Between the Ap site and the dC Residue
The unusually high yields of Duplex F when compared to others of its nature raise
suspicion that a cross-link between the abasic site and the 5’ guanine residue on the opposing
strand may be contributing to the yields observed from the slow-moving bands. To further
investigate the location of the cross-link, the 32P Ap-site containing Duplex F (no cross-link) and
the cross-linked form of the duplex were subjected to hydroxyl radical footprinting. In this type
of experiment, the cross-link must first by purified by running the sample on an electrophoresis
gel to separate the cross-linked product from the uncross-linked material. Following
purification, the sample is placed in a mixture of Fe2+, EDTA, and H2O2 is used to create
controlled hydroxyl radicals that then interact with the DNA backbone, cleaving between bases
at less than one site per duplex. This reaction eventually occurs until strands exist where
cleavage has occurred at each point along the duplex. When a footprinting experiment like this
is run on an electrophoresis gel, it can be imaged to see at exactly where the cross-link occurs, as
the cross-link causes slow-moving bands due to the linkage to the complimentary strand. This
creates a significant drop-off on the gel, making identification of the exact base participating in
the cross-link evident.
Using this method, Figure 20 was obtained, demonstrating that the cross-link does occur
at the dC residue at the 3’ side of the abasic site on the opposing strand. This is consistent with
data showing the cross-link does not occur with the dG residue at the 5’ side of the abasic site in
the absence of reducing conditions reported by Gamboa-Varela31. An unknown characteristic of
a cytosine-guanine base pair as the 5’ nearest neighbor to the abasic site may not create the
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Figure 20

Figure 20. Hydroxyl radical footprinting of the Ap-dC cross-link formed in Duplex F. Lane 1,
Maxam-Gilbert G sequencing of Duplex F. Lane 2, Maxam-Gilbert A+G sequencing of Duplex
F. Lane 3, hydroxyl radical footprinting of a single dU-containing strand from Duplex F. Lane
4, hydroxyl radical footprinting of Duplex F incubated in sodium acetate buffer (pH 5.2) for 72
hours. Panel A: Duplex A with bases labeled.
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optimum conditions for the cross-link chemistry when compared to the reactivity of the
mismatched cytosine on the 3’ side of the abasic site, as 100% of the cross-link was shown to
occur at this site, as seen in Figure 20.
To ensure this was also not a derivative of a “nicked” cross-link as was seen by Yang in
the Gates group when working with the spermine-mediated cross-links, the cross-linking
experiment was performed on Duplex F including overhanging tails on both the parent and
complimentary strands. In this study, Duplexes R, S, and T (Shown in Figure 21) were all used
to ensure the slow-moving bands observed in Duplex F contained full strands on both sides.
Figure 22 displays the gel results, showing slow moving bands of equal length for Duplexes R
and S,
Figure 21

with an even slower band for Duplex T, indicating that the cross-link is not “nicked” at the Ap
site and does contain both full strands of the duplex. The results from both the footprinting and
overhanging tail experiments confirm that Duplex F is a full duplex cross-link between Ap-dC.
The overhanging tail gel showed the slowest moving band with Duplex T, and same length
cross-linking bands with Duplexes R and S. It is worthy to note that when Duplex S was treated
with a piperidine work-up, no cleavage was noted, as is seen with Duplex R and T. This was the
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Figure 22

Figure 22. Formation of Ap-dC cross-links when using an overhanging tail on complimenting
strands of the duplex. Gel electrophoresis analysis utilized a 0.4 mm thick 20% denaturing
polyacrylamide gel. Lanes 1-4 correspond to Duplex T, Lanes 5-8 correspond to Duplex S, and
Lanes 9-12 correspond to Duplex R. Lanes 13, 16, and 19 are the Ap-containing duplexes T, S,
and R, respectively, treated with 1 M piperidine at 95˚C for 30 minutes. Lanes 14, 17, and 20 are
the size marker consisting of the 32P-labeled Ap-containing duplexes T, S, and R, respectively.
Lanes 15, 18, and 21 are the size marker consisting of the 32P-labeled dU-containing duplexes T,
S, and R, respectively.
expected result, due to the fact that Duplex S was labeled on the complimentary, non-Ap-site
containing strand, and therefore, was not affected by the piperidine work-up.
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2.7 Effects of the 3’ Nearest Neighbor Base Pairs of the Ap-dC Cross-Link
With a better understanding of sequence effects on the 5’ side of the Ap-dC cross-link,
the effect of the 3’ base pairs was next studied in an attempt to better understand this specific
type of DNA interstrand cross-link. Again, these manipulations are desirable, as they do not
directly involve the cross-link residues, yet sequences variation in the 5’ nearest neighbor base
pairs resulted in marked differences in cross-linking capabilities. Figure 23 outlines the duplexes
utilized for this experiment, as all four naturally occurring base pairs were used (Duplexes F, U,
V, and W) as well as one adenine-adenine mismatch (Duplex X). The same reaction conditions
were held constant, as with the other experiments (pH 5.2, no NaCNBH3, and 72-hour incubation
at 37˚C).
Slow-moving bands were observed for Duplexes F, U, V, and W, but issues with loading
the gel shown in Figure 24 made cross-linking results for Duplex X unobtainable. Another gel
was loaded and imaged in Figure 25 that included all five duplexes, and slow-moving bands
were observed for all samples. Yields for the four correctly matched pairs were all very similar
(64-69% for Duplexes F, U, and V) with the exception of the guanine-cytosine pair found in
Duplex W. This duplex only had a yield of 29 ± 1%, which was 36% lower than the next yield
of 65 ± 5% for the thymine-adenine residue. It is unclear why Duplex W had such a
comparatively lower yield than the other correctly matched pairs, though the presence of two
cytosine residues in a row on the strand opposing the abasic site may interfere with the crosslinking capability. All yields are reported in Table 6 and displayed in Figure 26.
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Figure 23

Aside from this anomaly, all three other duplexes reported yields similar to what has been
seen for Duplex F to this point, indicating that the 3’ nearest neighbor base pairs, when correctly
matched, do not have a great impact on the cross-linking capability. The yields of the adeninethymine and thymine-adenine base pairs were again similar, as expected at 69 ± 3% and 65 ±
5%, respectively. The adenine-thymine base pair corresponds to Duplex F, and this yield is
again consistent with what was seen previously. These yields were in line with the cytosineguanine base pair (Duplex V) yield at 68 ± 9%, which is not what was seen in the 5’ nearest
neighbor set of experiments. The mismatched pair (Duplex X) did afford the highest yield of all
at 87 ± 0.4%, indicating that increased flexibility due to sequence degradation is observed. This
mismatch on the 3’ side of the cross-link may allow the backbones of the duplexes the necessary
freedom of motion to facilitate the cross-link between the neighboring dC residue and abasic site.
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Figure 24

Figure 24. Formation of Ap-dC cross-links when varying the 3’ nearest neighbor base pairs to the
abasic site. Gel electrophoresis analysis utilized a 0.4 mm thick 20% denaturing polyacrylamide
gel. Quantitative measurement of the bands obtained using phosphorimager analysis. Lane 3
corresponds to Duplex W, Lane 6 corresponds to Duplex V, Lane 9 corresponds to Duplex U,
and Lane 12 corresponds to Duplex F. Cross-link of Duplex X unavailable, as issues with loading
occurred. See Figure 25 for cross-link of Duplex X. Lanes 1, 4, 7, 10, and 13 are the Ap-containing
duplexes W, V, U, F, and X, respectively, treated with 1 M piperidine at 95˚C for 30 minutes.
Lanes 2, 5, 8, and 11 are the size marker consisting of the 32P-labeled Ap-containing duplexes W,
V, U, F, and X, respectively.
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Figure 25

Figure 25. Formation of Ap-dC cross-links when varying the 3’ nearest neighbor base pairs to the
abasic site. Gel electrophoresis analysis utilized a 0.4 mm thick 20% denaturing polyacrylamide
gel. Quantitative measurement of the bands obtained using phosphorimager analysis. Lanes 1 and
2 correspond to Duplex X, Lane 3 corresponds to Duplex W, Lane 4 corresponds to
Duplex
V, Lane 5 corresponds to Duplex U, and Lane 6 corresponds to Duplex F.
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Table 6: Varying 3’ Nearest Neighbor Base Pairs of the Abasic Site in the Ap-dC CrossLink Yields
Sequence = Ap A X
A C Y
Sample

Average Cross-Link Yield

Duplex F (X = A, Y = T)

69 ± 3%

Duplex U (X = T, Y = A)

65 ± 5%

Duplex V (X = C, Y = G)

68 ± 9%

Duplex W (X = G, Y = C)

29 ± 1%

Duplex X (X = A, Y = A)

87 ± 0.4%

Table 6: ± values reflect standard deviation of five replicates used in this experiment.
Figure 26

3' Nearest Neighbor Experiment Ap A X
A C Y
Duplex F (X = A, Y = T)
Duplex U (X = T, Y = A)
Duplex V (X = C, Y = G)
Duplex W (X = G, Y = C)
Duplex X
(X =A, Y = A)
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Figure 26. Bar graph of Ap-dC cross-link yields resulting from Duplexes F, U, V, W, and X
subjected to consistent reaction conditions. Yields are qualitatively obtained from analysis of gel
electrophoresis
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2.8 Effects of the 3’ Next Nearest Neighbor Base Pairs of the Ap-dC Cross-Link
With the knowledge of a mismatch at the 3’ nearest neighbor position of the Ap-dC
cross-link, the next objective was to determine what level of mismatching was necessary to
create optimum conditions to facilitate the cross-linking chemistry. This was done by altering
the next nearest neighbor on the 3’ side of the abasic site. Performing this experiment at the next
nearest neighbor of the 5’ side was not deemed valuable, as a mismatch was not shown to
provide the highest yield, rather a cytosine-guanine base pair (Duplex F) yielded the most crosslink. Therefore, degradation of the duplex at that location would not afford significant flexibility
to the strands at the site of the Ap-dC cross-link and would not, theoretically have a great impact
on the yield. As was shown in the 3’ nearest neighbor experiment, there is opportunity for more
duplex flexibility on the 3’ end with variation in the next nearest neighbor base pairs, including a
mismatch.
To this end, the duplexes in Figure 27 were prepared and tested under the same reaction
conditions as discussed previously (pH 5.2, no NaCNBH3, and 72-hour incubation at 37˚C).
Figure 27
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Figure 28

Figure 28. Formation of Ap-dC cross-links when varying the 3’ next nearest neighbor base pairs
to the abasic site. Gel electrophoresis analysis utilized a 0.4 mm thick 20% denaturing
polyacrylamide gel. Quantitative measurement of the bands obtained using phosphorimager
analysis. Lanes 4, 5, and 6 correspond to Duplex Z; Lanes 10, 11, and 12 correspond to Duplex
AA; Lanes 16, 17, and 18 correspond to Duplex X; Lanes 22, 23, and 24 correspond to Duplex Y;
and Lanes 25, 26, and 27 correspond to Duplex AB. Lanes 3, 9, 15, 21, and 28 are the Apcontaining duplexes Z, AA, X, Y, and AB, respectively, treated with 1 M piperidine at 95˚C for
30 minutes. Lanes 2, 8, 14, 20, and 29 are the size marker consisting of the 32P-labeled Apcontaining duplexes Z, AA, X, Y, and AB, respectively. Lanes 1, 7, 13, 19, and 30 are the size
marker consisting of the 32P-labeled dU-containing duplexes Z, AA, X, Y, and AB, respectively.
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Table 7: Varying 3’ Next Nearest Neighbor Base Pairs of the Abasic Site in the Ap-dC
Cross-Link Yields
Sequence = Ap A A X
A C A Y
Sample

Average Cross-Link Yield

Duplex X (X = G, Y = C)

78 ± 1%

Duplex Y (X = C, Y = G)

71 ± 2%

Duplex Z (X = A, Y = T)

76 ± 2%

Duplex AA (X = T, Y = A)

71 ± 0.2%

Duplex AB (X = A, Y = A)

76 ± 1%

Table 7: ± values reflect standard deviation of four replicates used in this experiment.
Figure 29
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Figure 27. Bar graph of Ap-dC cross-link yields resulting from Duplexes X, Y, Z, AA, and AB
subjected to consistent reaction conditions. Yields are qualitatively obtained from analysis of gel
electrophoresis
Slow-moving bands were observed for all five duplexes shown in Figure 27, as can be
observed in Figure 28. Yields for all five duplexes were fairly constant and extremely high (7046
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78%). All yields are reported in Table 7 and displayed in Figure 29. As was expected, the
adenine-thymine pair (Duplex Z) and the thymine-adenine pair (Duplex AA) have very similar
yields at 76 ± 2% and 71 ± 0.2%, respectively. The same trend was observed for the guaninecytosine pair (Duplex X) and the cytosine-guanine pair (Duplex Y) with yields of 78 ± 1% and
71 ± 2%, respectively. A difference between the two hydrogen bonding pairs and three
hydrogen bonds pairs was not observed, perhaps due to the increased distance from the site of
the Ap-dC cross-link causing these small differences to have less of an effect. The same is true
for another adenine-adenine mismatch (Duplex AB), as the yield was right in the middle of the
four correctly matched base pairs at 76 ± 1%. At this distance from the Ap-dC cross-link, it does
not appear that any amount of additional flexibility pertinent to the cross-linking chemistry is
able to be achieved, as the yields did not change significantly depending upon the sequence.
This would support the theory that the 3’ nearest neighbor position is the ideal location for a
mismatch pair that would afford the most duplex flexibility, allowing the Ap-dC cross-link to
form.
As Duplex X was shown to have the consistently highest yields over the course of the
experiments discussed in this chapter (maximum yields of 87 ± 0.4%), it was desired that the
cross-link have the same hydroxyl radical footprinting study as discussed in Section 2.6 of this
chapter performed to ensure cross-link was indeed between the Ap site and the dC residue.
Results show that this is the case and can be seen below in Figure 30. The hydroxyl radical
footprinting again displayed 100% of the sample cross-linked as desired at the dC residue
positon found on the 3’ side of the abasic site on the opposing strand. With this information, it
can be confidently stated, that with the proper sequence variation as seen in Duplex X, strikingly

47

Chapter 2 Formation of Interstrand DNA Cross-Link between Abasic Site (Ap) and Cytosine
Residue
Figure 30

Figure 30. Hydroxyl radical footprinting of the Ap-dC cross-link formed in Duplex X. Lane 1,
Maxam-Gilbert G sequencing of Duplex X. Lane 2, Maxam-Gilbert A+G sequencing of Duplex
X. Lane 3, hydroxyl radical footprinting of a single dU-containing strand from Duplex X. Lane
4, hydroxyl radical footprinting of Duplex X incubated in sodium acetate buffer (pH 5.2) for 72
hours. Panel B: Duplex X with bases labeled.
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high yields of a synthesized Ap-dC DNA interstrand cross-link around 80% or higher are able to
be consistently obtained through processes described in this chapter.
2.9 Chapter 2 Summary
In this chapter, it has been demonstrated that an Ap-dC cross-link is capable of forming
in physiologically relevant conditions when mismatched with a non-guanine nucleotide. The
yields reported under physiologically relevant conditions (pH 7.0, no reducing conditions, 37˚C)
are relatively high (35 ± 1%) when considering the potency of a single interstrand cross-link.32
Yields are able to be increased by a substantial amount to nearly 70% when the same reaction is
performed at pH 5.2. Sequence variation shows that inclusion of more mismatched pairs
surrounding the Ap-dC linkage results in higher yields, likely as a result of increased duplex
flexibility allowing the exocyclic amino group of the cytosine to get spatially closer to the abasic
lesion on the opposing strand. Further studies showed that mismatched pairs at the next nearest
neighbor position have little to no effect on the cross-linking capability, alluding that the nearest
neighbor position on either side as most important when determining duplex flexibility.
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Chapter 3: Implications and Impacts of Interstrand
DNA Cross-Links between Abasic Site (Ap) and
Cytosine Residue
3.1 Next Steps in the Ap-dC DNA Interstrand Cross-Link Line of Research
While the experiments and results reported in the previous chapter do shed quite a bit of
light on the Ap-dC cross-link, there is a considerable amount of information that we do not
know. The first question is determining why the addition of NaCNBH3 does not increase the
yield of the cross-linking reaction. The addition of this reducing agent should facilitate the
irreversible formation of the ring-opened Ap-dC cross-link from the imine as shown in Scheme
7. However, this is not the case with both the Ap-dC cross-link and the Ap-dA cross-link, as
reported by Price.33 It may be possible that the conditions in which this reaction has been ran
were sufficient to create an environment that would facilitate reductive amination to support the
ring-open amine formation without addition of NaCNBH3.
Scheme 7
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Non-radioactively labeled samples of the cross-link could be subjected to Mass
Spectrometry and HNMR to elucidate the exact structure of the cross-link. An issue with this
would be the sensitivity of the Mass Spectrometer needed to determine the 2 atomic mass unit
difference between the reduced and oxidized cross-links would be difficult to achieve with such
a large sample. It has been demonstrated that performing a four-enzyme digest of these DNA
duplexes is possible, and will result in the complete cleavage in between each nucleotide, yet
leaving the covalent cross-link intact.33-34 This would reduce the sample’s overall mass
significantly, making the needed sensitivity much easier to achieve. Knowing the exact structure
of the cross-link would help to answer the question of the cross-link existing in the ring-opened
or ring-closed form.
Once more is known about the exact structure and formation of the cross-link, questions
can then begin to be answered about conditions. It would be interesting to determine the exact
length of time necessary for the cross-link to form with the knowledge now gained about
conditions and sequence to maximize yield. Running electrophoresis gels at certain time points
of the reaction (e.g. 1 hour, 4 hours, 12 hours, 24 hours, etc.) would be interesting to determine if
significant cross-linking is achieved on a different time scale. This work may lead to higher
yields than what is reported here, as there may be an optimum incubation time outside of 72
hours. Along these same lines, it may be interesting to determine the stability of the cross-link,
once an optimum incubation time has been determined, to see at what point we begin to see
significant breakdown of the cross-link. This could be achieved by allowing the cross-link to
continue incubation after the time of the maximum yield and take samples at time points 1, 3,
and 7 days, for example, post-maximum yield to determine if a drop off does occur after a
certain time period.
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Finally, sequence variation has been shown to have a tremendous effect on the cross-link
and its ability to form. Different variations in sequence have yet to be explored, such as those
describe in Figure 31. There could be value in determining if these types of variations in
sequence could result in higher yields as well. This would promote the physiological relevance
of the Ap-dC cross-link, as it will no longer be limited to the sequences already discussed.
Exploring these suggested sequences, and more, will provide greater context in which this ApdC cross-link can exist in the human genome.
Figure 31

3.2 Applications of the Synthesized Ap-dC DNA Interstrand Cross-Link
In the previous chapter, it was outlined how significantly high yields of the Ap-dC crosslink were able to be obtained. Purification of the cross-link was shown to be possible, resulting
in a sample containing only the cross-linked duplex. The ability to synthesize this cross-link
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with relatively good yields (~70%) from readily available reagents opens several doors for future
DNA chemistry.
Perhaps the most exciting of these avenues is its application in DNA repair studies.
There are several cross-link repair enzymes, such as NEIL3, that are capable of repairing in vitro
synthesized DNA interstrand cross-links, with research focused on understanding the mechanism
and scope of the repair.35 Providing a new method to synthesize this specific type of Ap-dC
DNA interstrand cross-link could prove to be useful in providing target duplexes for repair
studies with enzymes like these. This method could provide a catalog of sequences containing
Ap-dC cross-links used in these studies that could lead to better understanding of the repair
pathway. Better understanding of ICL repair can lead to advancements in pharmaceuticals
specifically designed to target in vivo ICLs as a method of treatment of disease.
Furthermore, cross-linking agents have been shown to be effective in the targeting of
tumor cells and the induction of cell death as a means to treat cancerous tumors.36 Further study
of this specific type of Ap-dC DNA interstrand cross-link and its reaction conditions and
formation could lead to new cross-linking agents. These Ap-dC inducing agents would then be
available for use in this type of anti-cancer study to produce pharmaceuticals that may later be
used to in this type of anti-cancer drug line.
Lastly, this type of DNA lesion has demonstrated the ability to be formed in
physiological conditions. Research of common sequence motifs in the human genome that
contain sections similar to the duplexes listed here or used in future studies of Ap-dC cross-link
capability would then be able to be identified as prone to this type of DNA damage.
Specifically, motifs already prone to a mismatched pair involving a cytosine residue would be
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prone this type of cross-linking damage, as abasic site formation on a nearby nucleotide would
be sufficient to create the cross-link, as displayed in this thesis. Identification of these types of
motifs could lead to early detection of cancer-prone cells in the body, in the event that the
possible cross-links are able to accumulate sufficiently.37
3.3 Chapter 3 Summary
Throughout this thesis, a method of synthesizing DNA interstrand cross-link between an
abasic site and a deoxycytidine residue has been demonstrated as effective in relatively high
yields. The work outlined in Chapter 2 of this thesis has laid the groundwork for future
experiments in this line of research, such as time and sequence manipulation. Spectrometry of
the cross-link itself may also lead to better understand of its and other cross-link’s formation and
stability. The capability of producing a pure Ap-dC DNA interstrand cross-link may be useful in
other avenues of research relating to anti-cancer drugs and DNA repair enzymes.
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