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Gunnar Boysen
Environmental and Occupational Health and Winthrop P. Rockefeller Cancer Institute, University
of Arkansas for Medical Sciences, Little Rock, Arkansas 72205, United States

Abstract

Chemically induced DNA adducts can lead to mutations and cancer. Unfortunately, because
common analytical methods (e.g., liquid chromatography-mass spectrometry) require adducts to
be digested or liberated from DNA before quantification, information about their positions within
the DNA sequence is lost. Advances in nanopore sequencing technologies allow individual DNA
molecules to be analyzed at single-nucleobase resolution, enabling us to study the dynamic of
epigenetic modifications and exposure-induced DNA adducts in their native forms on the DNA
strand. We applied and evaluated the commercially available Oxford Nanopore Technology (ONT)
sequencing platform for site-specific detection of DNA adducts and for distinguishing individual
alkylated DNA adducts. Using ONT and the publicly available ELIGOS software, we analyzed a
library of 15 plasmids containing site-specifically inserted ©°- or A2-alkyl-2’-deoxyguanosine
lesions differing in sizes and regiochemistries. Positions of DNA adducts were correctly located,
and individual DNA adducts were clearly distinguished from each other.

Graphical Abstract

Sequencing _ Localization Characterization

cea

INTRODUCTION

Humans are constantly exposed to endogenous and exogenous sources of genotoxic
compounds, which can give rise to adducts with DNA directly or after metabolic activation.
1-4 The resulting DNA adducts, if not repaired in time, can induce mutations during DNA
replication and, ultimately, lead to cancer.® Detection and characterization of DNA adducts
provide an important foundation for elucidating the causal chain of events from exposure to
DNA adducts and from DNA adducts to mutations.6-8

Recent advances in mass spectrometry instrumentation and methods have enabled highly
specific and sensitive detection of DNA adducts, which allows for investigation of the
formation and repair of DNA adducts.12:? These methods, however, do not provide
information about the specific locations of DNA adducts within the genome. To overcome
this limitation, Burrows and colleagues pioneered the applications of nanopore technology to
detect DNA modifications. Using a/y-hemolysin-based nanopores, they demonstrated
detection, at single-nucleotide resolution, of DNA adducts and other types of DNA
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modifications, including AZ-benzo[4]pyrene diolepoxide-2’-deoxyguanosine,l? 8-oxo-7,8-
dihydro-2’-deoxyguanosine (8-oxo-dG),! abasic sites,12 5-guanidinohydantoin,3 2"-
deoxyinosine,14 and DNA mismatch sites.1® Laszlo et al. subsequently reported the
application of engineered nanopore porin protein to detect two epigenetic marks, 5-
methyl-2’-deoxycytidine and 5-hydroxymethyl-2’-deoxycytidine.1® In addition, mutant
forms of the nanopore porin proteins have been successfully used to discriminate signals
from five C5-modified 2’-deoxycytidine derivatives.1” Moreover, Wang et al. used a
Mycobacterium smegmatis porin A nanopore to correctly identify OB-carboxymethyl-2-
deoxyguanosine.18 Those studies provided concrete foundations for using protein-based
nanopores to detect individual preselected DNA modifications. The reported studies used
custom-engineered nanopores and mainly focused on short DNA molecules (synthetic
oligodeoxyribonucleotides) or a single DNA adduct type within the genome.

The principle underlying nanopore technology is that electrochemical forces are used to pull
single-stranded DNA in native form through the tiny pores (Scheme 1); the accompanying
change in electric current indicates the physiochemical properties of the DNA bases
transiting through the pore, revealing the DNA sequence and any DNA modifications, such
as DNA adducts.2® Oxford Nanopore Technology (ONT) developed and commercialized an
engineered protein nanopore for nucleic acid sequencing that has the capability to sequence
long to ultralong DNA molecules (>2 Mb) in their native form, which preserves positional
information on any DNA modifications.2® Moreover, it was recently demonstrated that some
epigenetic modifications, including 5-methyl-2”-deoxycytidine and AB-methyl-2-
deoxyadenosine, can be detected by ONT within the context of genome-wide investigation.
21-24

Herein, we report the application and evaluation of the commercially available ONT
sequencing platform for site-specific detection of DNA adducts and for distinguishing
alkylated 2”-deoxyguanosine adducts that differ in alkyl chain length, structure, and
regiochemistry. With a library of synthetic DNA plasmids that contain site-specific and
regioisomeric CP- or AR-alkyl-dG DNA adducts (Table 1), we demonstrated the suitability of
the ONT platform and the ELIGOS tool for locating, identifying, and distinguishing DNA
adducts at single-nucleotide resolution within a given sequence context.

MATERIAL AND METHODS

Construction of Synthetic Plasmid DNA.

The DNA adduct-containing plasmids used in this study were constructed previously (Table
1).4:25-32 The DNA adduct of interest was inserted at position G640 in the sequence
TGGCGGGCTAT of the pTGFP-Hhal0 shuttle vector, which includes an SV40 replication
origin as described previously.33 In addition, 05-Me-dG* was inserted at position G1414
(G*) in the sequence TTATAMEG*CTATT of a pPtPBR11-derived vector (provided by Dr.
Robert Fuchs, Inserm, France). As a representative epigenetic mark, 5-formyl-2’-
deoxycytidine (5-Fm-dC) was inserted at position C638 in the sequence
GCGGGFMCTATTC of a slightly modified pTGFP-Hha10 shuttle vector (provided by Dr.
Natalia Tretyakova, University of Minnesota, Minnesota, USA).* Lastly, representative of
oxidative stress-derived DNA modification, 8-oxo-dG was inserted at position G6235 in the
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sequence CTTAAPXOGCTCGAG of an M13mp18 plasmid (provided by Dr. Colin Campbell,
University of Minnesota, Minnesota, USA).34 In this study, all adducts were located on the
negative strand, so nucleotide positions are shown clockwise from the 5" to 3 direction in
the figures.

DNA Sequencing and Data Acquisition.

Approximately 100 ng of adduct-containing plasmids was used as the input for preparing the
DNA sequencing library with the Rapid Sequencing Kit (SQK-RBKO004; Oxford Nanopore
Technologies [ONT], Oxford Science Park, UK), following the manufacturer’s protocol. The
constructed libraries were loaded onto the R9.5/FLO-MIN107 flow cell equipped on the
MinlON Mk1B (ONT). The sequencing and data acquisition were performed under
MinKNOW software v18.12.6 (ONT) to generate a .fast5 file containing raw ionic signal for
individual molecules (i.e., reads). All data generated in this study were deposited in the
NIH’s Sequence Read Archive database under Bioproject PRINA615636.

Data Analysis for Adduct Localization.

The workflow to analyze DNA adducts by using ELIGOS3® is summarized in Figure S1.
The first step in our analysis was to localize the adduct position by examining error
frequencies of the base caller script at each position. The statistical analysis and plots were
performed with R suite. We used the ELIGOS tool3® to compute the sequencing errors of
individual bases and to compare the differences in error fractions with Fisher’s exact test,
producing odds ratios for individual nucleotide positions. The odds ratios that were
significantly different from those of the corresponding positions in the control DNA were
calculated to identify the adduct locations (Figures S2 and S3). ELIGOS is available at
https://gitlab.com/piroonj/eligos2.

Adduct Localization.

To identify the position of a DNA adduct, the error at specific base (ESB) profiles was first
calculated using ELIGOS tool.3% ESB is defined as the frequency of the sum of
substitutions, insertions, and deletions of individual positions over the total mapped reads
obtained from read alignment results based on the reference sequence.3® The raw signal files
in .fast5 format (obtained from Minknow software, v18.12.6; ONT) were base-called with
the guppy software v3.2.4 (ONT) to generate raw .fastq files. The NanoFilt software v2.536
was used to filter out reads shorter than 200 bp. The resulting filtered .fastq files were
aligned to the plasmid reference sequences with Minimap2 v2.1637 and were converted to
BAM files with Samtools software v1.6.38 The BAM files were used to identify sequencing
errors, which included substitutions, insertions, and deletions and to calculate the
sequencing error rates of individual positions. Those in the adduct plasmid were compared
with those in the control plasmid by using Fisher’s exact test to generate odds ratios,
adjusted p values (i.e., Benjamini-Hochberg method),3° and ESB.

Adduct Characterization.

The second step was to characterize the adduct-specific ion signals. Because the ion signal is
affected by all bases that pass through the pore at the time of measurement, we characterized
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the adduct-specific distortion in a region identified by the previous step that included the five
bases before and five bases after the DNA adduct. The raw squiggle signals were
resquiggled with Tombo software v1.5 (ONT), and the noise of the resquiggled signal was
subsequently reduced with Box-Cox transformation“ of the resquiggled signal for
individual positions at relevant loci. The transformed signals (denoised) derived from
adduct-containing plasmids were compared with the control plasmid to identify differential
ionic signals by using Student’s ¢test and fold-change for calculation of r statistical value
(following methods of Xiao et al.).*! Characteristic DNA adduct-induced distortions were
visualized as radar plots of the = values and called differential ionic signal (DIS) plots.

Assessments of Adduct Detection by ONT.

RESULTS

The resquiggle signals of reads mapped on 11 nucleotides of positions 635-645 of pTGFP-
Hhal0 as used in the DIS plots were used for the assessments of adduct discrimination by
ONT in three scenarios. (1) The discrimination between an individual adduct and its
corresponding unmodified nucleotide (control) was examined on the basis of the pattern of
signals. The results were then used to estimate false positive rate and false negative rate
using receiver operating characteristic curve (ROC) analysis. (2) The assessment of
discrimination between the pairs of regioisomeric A2- and CP-Et-dG and AZ- and CP-rBu-
dG were performed at different mixtures of reads of adduct- and dG-containing plasmids. (3)
We estimated the detection level of an individual DNA adduct using ELIGOS to calculate p
value based on Fisher’s exact test by comparing in silico mixtures (i.e., by mixing reads for
adduct-containing plasmids with those of the control) at different percentages of DNA
adduct in mixture with control reads. The analysis was performed based on 10,000 reads per
mixture. We conducted the analysis of the in silico mixtures for 30 random samplings for
each individual mixture, and the mean of them is presented Figure 5C.

Locations of DNA Adducts Are Revealed by Disturbances in lonic Signal.

Based on the ONT sequencing principle, double-stranded DNA is first unzipped by a DNA
helicase and is then translocated at a controlled speed through the nanopore. The
translocation of the DNA strand is driven by an ionic current passing through the nanopore
(Scheme 1).19 The transient DNA strand reduced, and sometimes temporarily blocked, the
ion current as it simultaneously passed through the pore. These changes in ion current lead
to alterations, known as squiggles, from the baseline signal (illustrated in Figure 1A), and
they are influenced by the size and chemical properties of the transitioning DNA. As a
result, the ion current is affected by modified nucleotide and two to three of its neighboring
nucleotides that are all present in the pore at the time of measurement (Scheme 1).1° In
Figure 1B, the resquiggled signals of an individual read derived from either control plasmid
(black lines) and an adduct-containing plasmid (red lines) are overlaid for comparison.

The signals obtained from ONT sequencing normally are fuzzy and even after resquiggle
preprocessing (Figure 1B). For this particular example, the reads obtained from the synthetic
F-Me-dG-containing plasmid had lower signal levels (red squiggle line) at G1414 than the
reads from the corresponding control plasmid. Furthermore, a distinctively different signal
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was observed for vicinal nucleotides of the (P-Me-dG adduct. The distinct signals typically
gave rise to a sequencing error during the standard base-calling algorithm, which is
generally derived from unmodified nucleotide sequences.

The ELIGOS tool3°42 (see Supporting Information for details and summary in Figure S1)
was used to calculate the sequencing error at specific base (ESB) from the profiles of reads
obtained at each position from the O8-Me-dG*-containing plasmids and the corresponding
unmodified dG-bearing control plasmids. Subsequently, odds ratios for all nucleotide
positions were computed with Fisher’s exact test, comparing the error of reads derived from
adduct-containing plasmid with that derived from the corresponding control plasmid (Figure
1C). The odds ratio for the error significantly increases at the position of the DNA adduct,
indicating that the signal diverges from that of the non-adducted bases, thereby correctly
locating the DNA adduct within the model sequence studied (see Supporting Information,
Figures S2 and S3).

Characterizing DNA Adduct-Specific Disturbances to lonic Signal.

The positions of DNA adducts can be identified by examining the mean ESB profile across
the 11 nucleotide sequence (i.e., the adducted nucleotide and 5 nucleotides each on its 5
and 3’ sides) in the region with high odds ratio (Figure 1C). The signal shown in the radar
plot around the site of (P-Me-dG in the adduct-containing plasmid is higher than that in the
control plasmid, especially at the 0F-Me-dG position and one or two neighboring 3" bases
(Figure 1D). To investigate the pattern of signal alterations at the loci that elicit sequencing
errors, we first transformed the resquiggle signals of individual positions by using the Box-
Cox method to reduce the noisy signal behaviors obtained from ONT.40 We then used the
statistics*! to evaluate differential ionic signal (DIS), that is, differential changes in the
direction of ionic signal between adducted and control plasmids (Figure 1E).

Disturbances in lonic Signal by Adducts Are Dependent on Sequence Context.

To determine the potential effects of the DNA sequence context, we used the ONT/ELIGOS
platform,3%42 to analyze plasmids containing the simplest Of-alkyl-dG adduct, C°-Me-dG,
in two different sequences, TTATAMEG*CTATT and TGGCG™MEGGCTAT. Interestingly,
even though the two synthetic plasmids contained the same OP-Me-dG, the characteristic
disturbances in signal had different patterns and also were in opposite directions (Figures 1D
and E). The patterns of DIS plots and ESB profiles were not exactly at the same position due
to the base-calling algorithm, which harnesses the information on neighboring nucleotides
for interpretation.

Structural Isomers of Adducts Had Similar ESB Profiles and DIS Plots.

The ESB profile and the DIS plot shown as radar plots of the three larger Et, Pr, and Bu
adducts were compared, as illustrated in Figure 2, to evaluate the impact of alkyl chain
lengths and structural isomers on the alterations to ion signal of the ONT platform. The ESB
profile of the OF-Et-dG adduct (Figure 2A, left panel) shows an error that spans three
nucleotides, including the adduct position (G640) and the two neighboring nucleotides in the
3’ direction (G639 and C638). In contrast, (P-hydroxyethyl-dG (CP-HE-dG) showed a
higher ESB fraction only at the G639 position. As DNA containing the OB-Et-dG adduct
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moved through the pore, the ionic current increased at G639 and eventually decreased at
G640 and G642 (Figure 2A, right panel). In comparison, however, the Of-HE-dG adduct
elicited a much more pronounced reduction in ion signal at G640. The difference in ionic
currents might be attributed to the presence of the hydrophilic hydroxyl group in the CB-Et-
dG adduct, which modulates the ion current as the lesion transits through the nanopore
(Scheme 1).

We next investigated the effects of structural isomers of (P-alkyl-dG adducts that have
longer alkyl chains, such as (P-Pr-dG and (P-Bu-dG. Introduction of CP-Pr-dG led to an
ESB fraction (Figure 2B, left panel) and ion blockage at C638 and C643 (Figure 2B, right
panel) that were greater than those for CP-Pr-dG, possibly because 7Pr has a longer alkyl
chain than /#r. Similarly, different structural isomers of O°-Bu-dG adducts (i.e., C°-rBu-dG,
OP-Bu-dG, and P-sBu-dG) exhibited unique signal profiles. The results demonstrated a
strong adduct-dependent blockage at C642 and, to a lesser extent, at C638 (Figure 2C, left
panel). At the other two positions, G639 and G640, the ESB fractions were similar for the
different butyl isomers. The changes in ionic signal pattern for CP-Bu-dG were distinct
from those for the other two structural isomers, (F-/Bu-dG and CP-sBu-dG, at G640 and
G641 (Figure 2C, right panel). Notably, the latter two branched chain lesions demonstrated a
common ionic blockage signature at G642 (Figure 2C, right panel).

Differential Impacts of Regioisomeric Lesions on the lonic Current through the Nanopore.

Pairs of OF- and A2-conjugated Et and 7Bu adducts were used to investigate the ways in
which regioisomeric alkylation of guanine may affect ONT sequencing. The ESB profiles
for the two regioisomers are clearly different (Figure 3A and B, left panels), and compared
to the corresponding CP-alkyl-dG adducts, the A2-alkyl-dG adducts exhibited much larger
ESB factions at the two neighboring 3" nucleotides (C638 and G639). Furthermore, the O-
alkyl-dG adducts displayed a wider sequencing error than the corresponding A2-alkyl-dG
adducts by including the adduct position (G640). These characteristics were evident for both
pairs of Et-dG and 7Bu-dG adducts.

The DIS plots (Figure 3A,B, right panels) indicated that ion flow through the nanopore was
impeded more strongly by the A2-alkyl-dG adducts than by the corresponding CP-alkyl-dG
adducts, especially at the position of the adduct itself (G640). The DIS plots show that,
relative to the A2-alkyl-dG adducts, the (B-alkyl-dG lesions elicited a broader alteration in
the signals by increasing the ion current through the pore at G639. For the Et adduct, this
was accompanied by a reduction in current at G640 and C642 (Figure 3A, right panel) and,
for the nBu adduct, an augmented ion flow through the pore at G641 and a diminution at
C642 (Figure 3B, right panel). These results are consistent with those demonstrated by ESB
profiles.

We also investigated the effects of (P-aminocarbonylmethyl-2’-deoxyguanosine (Of-AMC-
dG) and a bulkier adduct, G8-pyridyloxobutyl-2’-deoxyguanosine (CP-POB-dG). As
illustrated in Figure 4A, CP-AMC-dG and (P-POB-dG can be clearly distinguished by both
ESB profile and DIS plot. The largest adduct in the present study, O°-POB-dG modified the
ionic blockage at three nucleotides, G640, G641, and C642. In addition, we analyzed
plasmids containing epigenetic mark 5-formyl-dC (Figure 4B) and oxidative stress-derived
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8-0x0-dG (Figure 4C). The radar plots suggest that, based on characteristic disturbances of
the ONT signal, these common DNA modifications can be easily detected and distinguished
from the other exposure-derived alkyl-dG adducts within a particular sequence context as
discussed above.

Lastly, we performed analyses to assess the discrimination and detection of dG adducts by
ONT based on the pTGFP-Hhal0 plasmid. Following the DIS plot, the signals of the 11
nucleotides at and near the DNA adduct site (i.e., the adduct and the five flanking
nucleotides each on the 5" and 3" sides) were used. The ROC analysis of discrimination
between individual dG adduct and control (Figure 5A) showed that we can discriminate
most dG adducts very well with AUC > 0.96, except that CP-Pr-dG and OP-sBu-dG had a
lower AUC < 0.91. We then extended our analysis to different in silico mixtures of (P-alkyl-
dG and A2-alkyl-dG adducts by ONT and found clear discrimination of both pairs of
regioisomeric A2-/ CP-Et-dG and mBu-dG adducts (Figure 5B). The limit of detection was
assessed using ELIGOS to calculate the pvalue on the different in silico mixtures by
comparing the individual in silico mixture of reads of an individual DNA adduct-containing
plasmid in the presence of reads of the control plasmid as reference (Figure 5C). We can
detect an adduct as low as 5% at the p value cutoff 0.05 for most adducts. We observed a
poorer limit of detection of O-Me-dG, possibly due to the smallest alkyl group that confers
less impact on signal alteration in ONT sequencing.

DISCUSSION

The open source ELIGOS tool3542 was developed to identify modifications to RNA
throughout the transcriptome by translating sequencing errors during ONT sequencing into
the corresponding RNA modifications.3242 Here, we report the first step toward extending
the ELIGOS tool to decode alkylated DNA adducts in native DNA sequences. Double-
stranded DNA plasmids containing a variety of alkylated guanine adducts at known
positions were used to provide proof of principle for detection and characterization.
Sequencing and base-calling results were compared to the expected sequence and between
the adduct-containing plasmids and control (i.e., parent plasmid). The ELIGOS tool
specifically uncovered each known adduct site as a result of increased (relative to control)
base-calling errors at the modified nucleotide and its surrounding nucleotides. The call error
rate was computed for each nucleotide position and was used to localize the DNA adduct
and to distinguish it from noise. Pairwise comparisons for the site-specific call error rate
identified sites in the adduct-containing plasmids that differed from corresponding sites in
the unmadified plasmid. After these analyses, the DNA adduct positions were correctly
identified in all plasmids (Supporting Information, Figures S2 and S3). These results
demonstrate that nanopore sequencing has the capability in identifying unknown
biomolecules.*3

Furthermore, we characterized the signal disturbance relative to the standard canonical
signal of individual adducts. A DNA modification or DNA adduct also may alter the signal
of its neighboring 3" and 5" nucleotides because the ionic current signal results from all
nucleotides in the pore during the measurement (Scheme 1); a pore can accommodate
approximately seven nucleotides. The complex alterations to ion signals that are elicited by
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DNA adducts and the corresponding unmodified nucleotides are visualized in radar plots of
DIS, with the adduct position at the top vertical position. The plots clearly illustrate that the
DNA adducts significantly altered ion signals for up to three nucleotides on each side of the
adduct (Figures 1-4). Unfortunately, at this time our library of plasmids containing DNA
adducts is limited and insufficient to build models to predict structures of other DNA
adducts within the model sequence or within other sequences.

Both the ESB profile and the DIS pattern can be used to discriminate the adduct-containing
plasmids from each other and from control plasmids (Supporting Information, Figure S4).
The DIS pattern seems to explain the behavior of ionic current derived from an adducted
nucleotide within a certain sequence transiting through the nanopore; however, this requires
processing of resquiggle signals from the raw signals, which is computationally intensive. In
contrast, calculation of ESB profiles across all nucleotides is less intensive and more
feasible. Therefore, a genome-wide analysis is expected to be more efficiently achieved by
first using ESB profiles to flag, with high confidence, the locations of possibly modified
bases throughout the genome and then using DIS patterns to refine analysis and
identification of epigenetic DNA modification or exposure-induced DNA adduct at these
positions.

The sequence context surrounding the DNA adduct site had a strong impact on the patterns
of ESB profiles in both the synthetic adduct plasmid and control, indicating the sequence
dependence of the nanopore signal (Figure 1D and E). The radar plots are simplified
representations of the complex structure and fluid dynamics measured as ion current while
the DNA transits through the nanopore (Scheme 1). Effects on the ion current may occur
when the modified base enters (Scheme 1A), passes through (Scheme 1B), or exits (Scheme
1C) the pore. Notably, we observed the characteristic differences in ESB profiles and DIS
plots among the different DNA adduct-containing plasmids studied. One challenging aspect
of the ONT sequencing method is that the sequence context of the adduct significantly
affected the readout and subsequent identification of the adduct. Development of a predictive
model based on a statistical model or machine learning will require a comprehensive
training set that covers all possible sequence compositions. Theoretically, each DNA adduct
of interest requires a set of DNA standards comprised of all possible sequences of the three
adjacent 3" and 5” nucleotides (4% = 4096 standards per adduct of interest). This seems to be
an astronomical task unless a prediction algorithm can be established based on structure-
fluid dynamic models. An alternative would be to focus on DNA sequences that are
important in disease development. For example, preparing standards that contain the DNA
adduct of interest within the sequence context of known hotspots of cancer driver mutations
would enable us to specifically examine formation and repair of DNA adducts at positions
already known to be clinically important. Such an approach, while very important, will,
however, limit the analysis to preselected regions and prohibits unbiased genome-wide
investigations.

The ONT/ELIGOS platform detects signal disturbances while the DNA transits through the
pore. The measurement of the interaction between the nanopore channel/motor protein and
the molecule of DNA sequence is in contrast to other detection approaches that measure
specific chemical characteristics of the DNA adduct itself. Unlike conventional adduct

Chem Res Toxicol. Author manuscript; available in PMC 2021 December 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nookaew et al.

Page 10

detection methods, for example, LC-MS/MS, that measure DNA adduct concentration,
expressed as DNA adduct per total nucleosides, ONT employs count of reads as a proxy,
representing a population of sequencing reads containing the DNA adduct per total reads
sequenced at same base position. Notably, the limit of detection of a particular DNA adduct
by ONT sequencing may not be comparable with traditional values due to site specificity of
the ONT measurement. Future investigation of the association between site-specific
detection by ONT and quantification by LC-MS/MS is warranted. Furthermore, there were
some DNA adducts, within a certain sequence context, that showed a strong effect on the ion
current, like the A2-alkyl-dG studied herein, and others with minor effect on the ion current
(e.g., P-Me-dG, CF-Pr-dG, and CP-sBu-dG). This leads to the different levels of false
positive rate between DNA adducts and between the same DNA adduct at different positions
(Figure 5). It will be important to systematically examine how sequence context affects ONT
sequencing of DNA adducts in the future.

In general, the DNA adduct increased error calling on neighboring 3" and 5" nucleotides.
Qualitative comparison of ion signal perturbations of (-Me-dG, CP-rPr-dG, and CP-rBu-
dG within the sequence context of the pTGFP-Hhal0 plasmid revealed more pronounced
effects on G640, G639, and C638 with increasing lengths of the alkyl chain (Figure 1). In
contrast, (P-HE-dG has a much less pronounced effect on G640 and C639. As illustrated by
the counterclockwise radar plots, the adduct at position G640 affected the signal of the
preceding nucleotide read. This suggests that the increase in error calling may be due to
hydrophilic interactions between the DNA adduct and the helicase, possibly slowing
unwinding of the DNA, thereby perturbing the signal in a way that depends on alkyl chain
length. This is supported by the observation of less disturbance by (f-HE-dG, which is
more polar than, albeit similar in size to, CP-Pr-dG. The A2-Et-dG and A2-Bu-dG showed
even more disturbance than the corresponding CP-alkyl-dG adducts. In simple terms,
alkylation at the CP-position elongates the nucleotide, while alkylation at the A2 position
widens the nucleotide and is more effective in blocking the ion current traveling through the
nanopore, which leads to stronger signal disturbance.

In summary, we demonstrated that the commercially available ONT, combined with our
ELIGOS software, is a suitable platform to qualitatively localize DNA adducts at nucleotide
resolution. In addition, the signal disturbances can be characterized and used to distinguish
DNA adducts that differ in size, regiochemistry, and functional group. The current limitation
is the sequence specificity of the read, preventing genome-wide localization and
characterization of DNA modifications. Current efforts by us and others are underway to
expand ONT sequencing to include detection of other DNA modifications, and it is expected
that the ONT/ELIGOS platform will be suitable for genome-wide analyses of epigenetic
modifications and exposure-induced DNA adducts in the near future. This will enable us to
better understand the mechanism of mutagenesis and carcinogenesis.
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(A) Representative ONT raw squiggle signal of a read. (B) Comparison of the raw signal and
region of a dG adduct-containing plasmid (red) with the control, unmodified dG-containing
plasmid (black). Each squiggle line represents an individual read on the (=) strand from right
to left. (C) ELIGOS-computed odds ratios at each base position determined the position with
the highest probability for harboring the DNA adduct. (D) Radar plots display error at
specific base (ESB) profiles, comparing sequences of two (P-Me-dG-containing plasmids
(TTATAMEG*CTATT, left; TGGCGMEGGCTAT, right; unpublished) with the corresponding
control plasmid (pTGFP-Hhal0). (E) Radar plots display DIS plots for sequences of the two
P-Me-dG-containing plasmids and control plasmid.
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Figure2.
Radar plots display adduct-specific ESB profiles (left) and DIS plots (right) of the adduct-

containing plasmids and control plasmid in counterclockwise direction (i.e., (=) strand).
Shown are characteristic plots of (P-alkyl-dG adducts: (A) CP-Et-dG, (B) OP-Pr-dG, and (C)
P-Bu-dG. All adducts were at the same sequence position (G640) in the same parent
plasmid. The plots display signal disturbance for five bases before and after the adduct
position. Different scales are used for visualization purposes.
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Figure 3.
Radar plots display adduct-specific ESB profiles (left) and DIS plots (right) of the adduct-

containing plasmids and control plasmid in counterclockwise direction (i.e., (=) strand).
Shown are characteristic plots of (A) Et-dG and (B) Bu-dG variants of (P-alkyl-dG and A2-
alkyl-dG adducts. All adducts were at the same sequence position (G640) in the same parent
plasmid. The plots show signal disturbance for five bases before and after the adduct
position. Different scales are used for visualization purposes.

Chem Res Toxicol. Author manuscript; available in PMC 2021 December 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nookaew et al. Page 17

| —Control ——O*-AMC-dG —— O°-POB-dG |

B C638 C638

Cé4

G643 Y C633 G643 i C633
| —Control =——5-Fm-dC |
C G6235
C6236 | AB234 C6236 ‘ AB234
T6237 AB233 T6237 /A6233
c623 6232 C623 / \ __Tezs2
0.2 0.4 06 08 1 -40_-20 = 20 40
G623 6231 G6239/ \ \ J Tezat
¢ Il / ¢ Il
AB6240 h "J‘N“: C6230 AB240 h o C6230
| —Control 8-Ox0-dG |

Figure 4.
Radar plots display adduct-specific ESB profiles (left) and DIS plots (right) of the adduct-

containing plasmids and control plasmid in counterclockwise direction (i.e., (=) strand).
Shown are characteristic plots for (A) P-AMC-dG and (B-POB-dG, (B) epigenetic mark 5-
Fm-dC, and (C) oxidative stress-induced 8-oxo-dG. Adducts show herein are in different
plasmids and sequence context, see Table 1 for details. The plots show signal disturbance for
five bases before and after the adduct position. Different scales are used for visualization
purposes.
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Figureb.
Assessment of adduct detection and discrimination by ONT. Shown are the: (A) ROC curve

displaying the ability to discriminate between the adducts and control sequence based on the
11 position as the DIS plot. (B) Bar chart showing the results of analysis of an in silico
mixtures of the two regioisomeric A2-/ OP-ethyl-dG (cyan) and A2-/CP-rbutyl-dG (red). The
observed values are derived from the mean of 30 samplings (J~axis) of various mixtures
plotted against that of the expected ratio (x-axis). The analysis was performed based on the
mixture of 2000 reads. (C) The pvalue derived from ELIGOS for different in silico mixtures
of various percentages of reads from adduct-containing plasmids in the presence of 10,000
reads from the control dG-containing plasmid. The p values are derived from the mean of 30
samplings of individual percentage.
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Table 1.
DNA Adducts Considered in This Study
Adduct type Abbreviation Plasmid
CP-methyl-dG CP-Me-dG* unpublisheda
CP-methyl-dG F-Me-dG pTGFP-Hhal0
CP-ethyl-dG CP-Et-dG pTGFP-Hhal0
C-n-propyl-dG CP-rPr-dG pTGFP-Hhal0
C-i-propyl-dG OF-Pr-dG PTGFP-Hhal0
C*-n-butyl-dG CF-mBu-dG pTGFP-Hhal0
CP-i-butyl-dG CP-Bu-dG pTGFP-Hhal0
CP-s-butyl-dG C*-sBu-dG pTGFP-Hhal0
CP-hydroxyethyl-dG CP-HE-dG pTGFP-Hhal0
CP-aminocarbonyl-methyl-2"-dG ~ (*-AMC-dG ~ pTGFP-Hhal0
CP-4-0x0-4-(3-pyridyl)butyl-dG ~ CP-POB-dG pTGFP-Hhal0
N-ethyl-dG MN-Et-dG pTGFP-Hhal0
MN-r-butyl-dG MN-rBu-dG pTGFP-Hhal0
5-formyl-dC 5-Fm-dC pTGFP-HhalOb
8-0x0-2’-dG 8-ox0-dG M13mp18

aUnpuinshed plasmid provided by Dr. Robert Fuchs.

bThe plasmid is based on pTGFP-Hha with minor sequence modifications, as described in ref 4.
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