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Abstract

Modifications to nucleotides in the genome can lead to mutations or are involved in regulation of
gene expression, and therefore, finding the site of modification is a worthy goal. Robust methods
for sequencing modification sites on commercial sequencers have not been developed beyond the
epigenetic marks on cytosine. Herein, a method to sequence DNA maodification sites was
developed that utilizes DNA glycosylases found in the base excision repair pathway to excise the
modification. This approach yields a gap at the modification site that is sealed by T4-DNA ligase
yielding a product strand missing the modification. Upon sequencing, the modified nucleotide is
reported as a deletion mutation, identifying its location. This approach was used to detect a uracil
(U) or 8-oxo-7,8-dihydroguanine (OG) in codon 12 of the KRAS gene in synthetic
oligodeoxynucleotides. Additionally, an OG modification site was placed in the VEGF promoter
in a plasmid and sequenced. This method requires only commercially available materials and can
be put into practice on any sequencing platform, allowing this method to have broad potential for
finding modifications in DNA.
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A diversity of chemical modifications to the genome has been identified, some of which play
critical roles in epigenetic regulation of genes,1=3 while others cause mutations leading to
diseases, such as cancer.*® Detection of a modified base in genomic DNA presents a
significant challenge for currently available sequencing platforms. For the cytosine
epigenetic markers, site-specific chemistry with bisulfite leading to an observable signal in
sequencing experiments has been developed;2 however, this approach is not general and is
not readily applicable to other modifications on other bases. Direct detection of
modifications has been achieved using single-molecule real time (SMRT) sequencing
technology’-8 or nanopore sequencing.®-14 These single-molecule methods and others need
relatively large sample sizes to obtain suitable results. Therefore, amplification of genomic
samples by PCR is typically required to significantly increase the amount of DNA for
sequencing. One drawback to PCR amplification is the inability to retain the modification’s
identity and location during the amplification step, due to replacement of the modified
nucleotide by a standard nucleotide. To overcome this limitation, attempts for introduction
of a marker nucleotide at the modification site have been pursued.1®

One mutagenic modification found in the genome is the abasic site (AP). Methods have been
developed in the Kool and Berdis laboratories for labeling AP with non-natural marker
nucleotides during polymerase extension past the damage.16:17 This approach showed
difficulty in extension past the site at which the marker nucleotide was inserted opposite an
AP. The Sturla laboratory has extended this method by selectively incorporating a marker
nucleotide opposite the alkylated lesion (B-benzylguanine followed by linear PCR
amplification to generate a pool of labeled amplicons.18:19 We recently reported a method
for introduction of a marker nucleotide at the site of lesions that are substrates for the base
excision repair pathway.1® Our approach allowed exponential PCR amplification of the
marker while retaining its location because it utilized the dNaMed5SICS unnatural base pair
developed by the Romesberg laboratory.29-23 In this method, one modified site was able to
be sequenced using Sanger sequencing by observing an abrupt stop in the sequencing
chromatogram at the marker site. Additionally, we were able to recognize more than one
modification using a nanopore method, and recently, single nucleotide resolution sequencing
for dNaM and d5SICS was demonstrated.24 Currently, other high throughput methods for
sequencing this unnatural base pair have not been developed. Therefore, we sought an
alternative method for sequencing modified sites that is readily adaptable to all currently
available sequencing platforms.

This new method utilizes the selectivity of the base excision repair pathway to remove the
modification to yield a gap in the DNA. Next, the gap is ligated to yield a new strand that is
one or more nucleotides shorter than the reactant strand, in which the nucleotide missing is
the modification. Development of this alternative method was achieved using the duplex
DNA strands found in Table 1. These sequences centrally contain 30 nucleotides
surrounding codon 12 of the KRAS gene that was flanked by two primer sequences allowing
PCR amplification. In the center of codon 12 a uracil (U) was synthetically incorporated,
representing the product of cytosine deamination, at the naturally occurring cytosine site
(KRAS-U, Table S1). Also, an 8-ox0-7,8-dihydroguanine (OG), a guanine oxidation
product, was incorporated at the naturally occurring G site (Supporting Information) for the
method development.42°
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These lesions both cause mutations that have been observed at codon 12 of the KRAS gene
in colon, breast, lung, and brain cancers.2® Further, the complementary strand contains 5’
and 3’ overhangs that were terminated with triethylene-glycol blocks that assured
postlabeling with 32P only occurred on the strand to be analyzed by polyacrylamide gel
electrophoresis (PAGE). These blocks also prevent interstrand ligation. Next, each step of
this method was optimized to achieve the highest possible overall yields.

Treating the U-containing duplex (KRAS-U) with uracil-DNA glycosylase (UDG), a
monofunctional base excision repair enzyme,28 yields an intact AP product (Figure 1A). To
determine the yield of the reaction, an aliquot was treated with NaOH (200 mM) to affect
strand scission followed by PAGE analysis (Figure 1b). This analysis determined the yield of
the UDG reaction to be >99% (Figure 1c). The AP site was further reacted upon with APE1
to yield a gap at the modification site with ends (i.e., 3’-OH and 5’-phosphate) that are
compatible with ligation (Figure 1a). The yield of this reaction was monitored by PAGE and
found to be >99% (Figure 1b and c).

Lastly, the single-nucleotide gap was directly ligated with T4-DNA ligase to furnish two
strands that differ in length by one nucleotide (Figure 1a). The shorter strand is the one with
the modification removed, and the longer one is the complementary strand. The optimal
reaction conditions for ligation were investigated, but the yield based on PAGE analysis
could not be increased. The overall yield of this gap ligation labeling method was ~50%
(Figure 1c). These steps were repeated with OG in the strand (Table S1) using Fpg as the
DNA glycosylase for its removal. This additional demonstration gave similar yields as
observed for gap ligating at a U lesion (Figure S6).

Because the newly synthesized strands only contain native DNA nucleotides, they were
directly submitted to PCR amplification via standard protocols. Amplification of the sample
yields two product amplicons that differ in length by one nucleotide (Figure 1a). Sanger
sequencing was chosen for analysis because it has a much lower error rate (0.01%)
compared to next-generation methods that offer high throughput but incur 10-1000-fold
higher error rates.2” Upon sequencing, a unique and easily identifiable feature was observed
that started at the modification site. The two different sequence lengths in solution caused
two sequence readouts to be observed that were out of register by one nucleotide starting at
the location of the modification (Figure 1a, bottom). This effectively caused a doubling of
the sequencing peaks starting at the modification site that was easily identified.

Inspired by this positive result, studies were then conducted to determine if this method
could identify more than one modification site per strand. The first test was conducted on
KRAS-U-11 with two U lesions separated by nine nucleotides. Assays identified UDG could
remove both Us in >99% vyield; further, both sites were processed by APE1 to provide the
desired gapped site in >99% yield (Figures 2a—c). Ligation of the two gap sites was again
conducted with T4-DNA ligase to furnish full length product in ~45% yield (Figures 2b and
c). The overall yield of this reaction was ~44% (Figure 2c¢). Submission of the processed
KRAS-U-11 to Sanger sequencing could quickly identify the first site of U removal based
on doubling of the sequencing peaks. The second U that was 9 nucleotides away was
identified when the sequencing peaks became out of register by 2 nucleotides (Figure 2a).
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Ligation of the single-nucleotide gaps with a 9-mer duplex between them yielded the
expected result. On the basis of this result, the position of two modifications in DNA within
nearly one turn of the helix can be detected and sequenced.

In the next analysis, Us were placed closer than one turn of the helix to determine the
threshold for modification spacing when sequencing via this method. These studies were
conducted with the Us spaced 5 or 7 nucleotides apart (Figure S1 and S3). The Us were
readily processed by UDG and APE1 for both U configurations, on the basis of gel analysis
(Figure S4); however, when Sanger sequencing was performed following ligation, a new
result was observed. When the Us were 5 nucleotides apart the sequencing chromatogram
identified peaks out of register by 7 nucleotides (2 for the Us and 5 for the strand between),
indicating that a 5-mer duplex was not stable and readily dissociates from the duplex (Figure
S5a). In this case, the gap being ligated created a 7-nt bulge on the opposite strand. In
contrast, when the Us were 7 nucleotides apart, two results were observed--one in which the
7-mer duplex remained intact giving the desired result, and the second was loss of the 7-mer
duplex leading to sequencing peaks out of register by 9 nucleotides (Figures S4b and S5b).
These observations identify the ability to sequence closely space lesions in DNA by this
method, although the results will be complicated if the lesions are ~7 nucleotides apart,
yielding a mixture of two ligation products. In the case of modifications ~5 nucleotides
apart, the Sanger sequencing chromatogram will yield peaks out of register by the distance
that separates the lesions.

In the final demonstration of this approach, an OG modification was sequenced in a plasmid.
Site-specific incorporation of OG into the pBR322 plasmid in a G-rich region that would be
prone to oxidation was achieved using a method developed in the Wang laboratory.28 The
OG was placed at a possible hotspot for G oxidation in the VEGF promoter sequence.??
Site-selective removal of OG was achieved with Fpg and then processed by the approach
developed above to yield the gap ligated product (Figure 3a). The yield for the individual
reactions could not be determined. Upon Sanger sequencing, the sequencing chromatogram
readily identified the location of OG by the observation of peak doubling (Figure 3b).
Detection of the exact location is limited in tandem, single-nucleotide repeats because the
method will not report which nucleotide of the repeat was removed during the DNA
glycosylase step of this method. The plasmid-based sequencing experiment identifies this as
a quick and robust method for locating modifications in plasmid DNA, which can be
challenging by other methods. The results in the plasmid also provide convincing initial data
supporting the utility of this method for detection of modifications in the genome.

Nucleotide modifications in the genome can lead to mutations that are involved in cancer
initiation, as is the case of benzo[a]pyrene adducts to DNA.30 Other modifications, such as
methylation of C is the established epigenetic marker,2:8 which can be targeted by the base
excision repair enzyme ROS1.31 Utilization of an approach, such as the one developed here,
is broadly applicable and only limited by the selectivity of the BER DNA glycosylase. This
approach does not require special unnatural nucleotides for labeling and can be readily
adapted to any commercial sequencing platform. This method will be best suited for
monitoring DNA modifications in single cells, in which the deletion will be observed in all
amplicons after utilization of the method outlined herein.
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Figurel.
Gap ligation approach for sequencing a single uracil lesion in the KRAS sequence. (a) The

five-step scheme comprising excision, amplification, and Sanger sequencing of a lesion. (b)
PAGE analysis monitoring and quantifying enzyme-catalyzed labeling reactions on the
KRAS-U duplex. Reactions were monitored by 32P labeling of the lesion-containing strand,
and the gels were quantified by phos-phorimager autoradiography. (c) Percent yield for each
enzymatic step.
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Detection of multiple lesions
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Gap ligation approach for sequencing two uracil lesions in the KRAS sequence positioned 9

nt apart. (a) The five-step scheme comprising excision, amplification, and Sanger

sequencing of a lesion. (b) PAGE analysis monitoring and quantifying enzyme-catalyzed
labeling reactions on the KRAS-U duplex with a UsG base pair. Reactions were monitored

by 32P labeling of the lesion-containing strand, and the gels were quantified by
phosphorimager autoradiography. (c) The percent yield for each enzymatic step.
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Figure 3.

Sequencing of an 8-oxoguanine in a plasmid via the gap ligation approach. (a) The scheme
comprising OG excision followed by amplification. (b) Sanger sequencing showing
additional single base shift indicating the position of OG.
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