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Abstract
Single strand breaks (SSBs) are one of the most frequent DNA lesions caused by endogenous and
exogenous agents. The most utilized alkaline-based assays for SSB detection frequently give false
positive results due to the presence of alkali-labile sites that are converted to SSBs.
Methoxyamine, an acidic O-hydroxylamine, has been utilized to measure DNA damage in cells.
However, the neutralization of methoxyamine is required prior to usage. Here we developed a
convenient, specific SSB assay using alkaline gel electrophoresis (AGE) coupled with a neutral O-
hydroxylamine, O-(tetrahydro-2H-pyran-2-yl)hydroxylamine (OTX). OTX stabilizes abasic sites
(AP sites) to prevent their alkaline incision while still allowing for strong alkaline DNA
denaturation. DNA from DT40 and isogenic polymerase β null cells exposed to methyl
methanesulfonate were applied to the OTX-coupled AGE (OTX-AGE) assay. Time-dependent
increases in SSBs were detected in each cell line with more extensive SSB formation in the null
cells. These findings were supported by an assay that indirectly detects SSBs through measuring
NAD(P)H depletion. An ARP-slot blot assay demonstrated a significant time-dependent increase
in AP sites in both cell lines by 1 mM MMS compared to control. Furthermore, the Pol β-null cells
displayed greater AP site formation than the parental DT40 cells. OTX use represents a facile
approach for assessing SSB formation, whose benefits can also be applied to other established
SSB assays.
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1. Introduction
Thousands of single strand breaks (SSBs) are believed to be produced in cellular DNA daily
from endogenous and exogenous sources as well as during DNA repair processes, such as
base excision repair (BER) [1]. If unrepaired, these lesions threaten genetic integrity through
their potential conversion to lethal double strand breaks during DNA replication. Therefore,
repair of SSBs is critical to the cell. BER is a primary response pathway for the repair of
deleterious DNA lesions including non-bulky DNA adducts, apurinic/apyrimidinic (AP)
sites, and SSBs. In its simplest form, BER proceeds as follows: 1) removal of a damaged
base through N-glycosylic bond cleavage by a mono-functional DNA glycosylase with AP
site formation; 2) incision 5’ to the AP site by a Type II AP endonuclease, resulting in a SSB
with 3’-hydroxyl and 5’-deoxyribosephosphate (5’-dRp) margins; 3) removal of the 5’-dRp
and synthesis of the missing nucleotide by DNA polymerase beta (Pol β); 4) and strand
ligation by a ligase [2]. Efficient BER is imperative because of the inadvertent generation of
SSBs as pathway intermediates. While SSBs are one of the most frequent DNA lesions,
well-characterized assays with a high specificity for SSBs are lacking.

The ability to detect SSBs has generated much interest for assessing genotoxicity. However,
many of these approaches can generate confounded SSB data. A specific example is the
single cell gel electrophoresis (comet) assay, which has gained much popularity throughout
the past decade due to its ease and relative inexpensiveness [3-4]. Similar to other SSB
assays, the comet assay usually employs alkaline conditions (pH > 13) to denature DNA.
The presence of alkali-labile sites (ALSs), such as AP sites, at high pH can lead to DNA
strand cleavage. The resulting overestimation of SSB formation compromises the reliability
of data obtained by the comet assay and other alkaline-based SSB assays [3]. The potential
for such variability has been observed in intra- and inter- laboratory studies [5-6]. The comet
assay performed at pH 12.1-12.5 has been reported to detect SSBs without the contribution
of artifactual SSBs from cleaved ALSs; however, this modification has also been reported to
reduce the sensitivity of that assay [7].

O-Hydroxylamines have been documented to react with the aldehydic group of AP sites to
create very stable complexes that are refractory to β-elimination by enzymatic activity (i.e.
AP or dRp lyases) or by high pH [8-10]. Methoxyamine hydrochloride has been used ex vivo
as a BER inhibitor [11-13] and in vitro as a stabilizer of AP sites for the detection of
damaged bases (e.g. N7-methylpurines) [14,15] or AP sites [16,17]. However, the acidic
methoxyamine hydrochloride must be precisely neutralized [13,18-20] before the usage.
Furthermore, the neutralization of methoxyamine hydrochloride may lead to high salt
contamination. The presence of salt retards DNA migration during electrophoresis,
ultimately leading to an underestimate of SSB formation [21,22]. As an alternative to
methoxyamine hydrochloride, the O-hydroxylamine, O-(tetrahydro-2Hpyran-2-
yl)hydroxylamine (OTX), is available in a form that does not require neutralization, thus
avoiding the resulting salt contamination. Here we report the development of a novel OTX-
coupled alkaline gel electrophoresis (AGE) method for the specific detection of SSBs.
Furthermore, this newly developed OTX-coupled AGE analysis, combined with an aldehyde
reactive probe (ARP)-slot-blot analysis and NAD(P)H depletion assay allowed us to detect
an accumulation of DNA repair intermediate product during acute exposure of cells to the
methylating agent, methyl methanesulfonate (MMS).

2. Materials and Methods
2.1. Cell Culture and Chemical Exposure

DT40 cells and isogenic DT40-derived Pol β-null cells were cultivated as described
previously [23]. DT40 and Pol β-null cells were seeded in 10-cm dishes and allowed to
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divide overnight to reach a density of approximately 1×106 cells/mL. Cells were exposed to
a continuous treatment of 1 mM MMS (Aldrich) for up to 4 hours. Control cells received 1X
PBS for 0.5 hour. After incubation, cells were harvested, washed with chilled 1X PBS,
pelleted, and stored at -80 °C until DNA isolation. Using this protocol, DT40 cells were also
incubated in the absence of chemical to obtain a stock of untreated DNA.

2.2. DNA Isolation from Cells
DNA was extracted using a PureGene DNA extraction kit (Gentra Systems, Inc.) with
modifications as described previously [24].

2.3. AP Site Preparation and Alkali Treatment for Extracted DNA
AP sites were produced in stock DT40 DNA through exposure to heat/acid conditions.
DT40 DNA was incubated in sodium citrate buffer (10 mM sodium citrate, 10 mM
NaH2PO4, 10 mM NaCl, pH 5) for 5 minutes at 70 °C, followed by rapid chilling on ice to
stop the reaction [8]. Depurinated DNA was collected using microcon YM-3 centrifugal
filter devices (Amicon Bioseparations). This DNA was then washed several times with
HEPES buffer (50 mM, pH 7) supplemented with 1 mM 2,2,6,6-tetramethylpiperidine-N-
oxyl (TEMPO). DNA was finally resuspended in HEPES buffer containing 1 mM TEMPO.
Heat/acid-treated DT40 DNA was further exposed to various concentrations of NaOH
(0.1-250 mM) in HEPES buffer (50 mM) at 37 °C for 15 minutes. The samples were
isolated, washed, and resuspended as described above.

2.4. NAD(P)H Depletion Assay
SSB repair capacity was determined by a real-time colorimetric NAD(P)H depletion assay
described previously [25,26] using 1 × 105 cells/well . To confirm the activation of PARP-1
during continuous MMS exposure, cells were also co-exposed to PARP inhibitor 3-
aminobenzamide (3-AB, 20 mM, Sigma).

2.5. ARP-Slot Blot (ASB) Assay
AP sites were measured using an ARP (Dojindo Molecular Technology, Gaithersburg, MD,
USA) -coupled slot blot technique, previously described [8].

2.6. AGE
An AGE protocol [27] with modifications was used to assess SSBs and ALSs in DNA from
exposed cells. Agarose gel (0.7%) was prepared in 50 mM NaCl containing 1 mM EDTA,
pH 7.0. After casting, the gel was soaked in mild alkaline running buffer (30 mM NaOH, 1
mM EDTA, pH 12.4) for at least 30 minutes. Equal amounts of DNA (3-5 μg) were
incubated for 1 hour at 37 °C in the presence or absence of OTX (Aldrich) in 50 mM
HEPES buffer (pH 7.0). OTX does not require titration to neutral pH by NaOH before or
during incubation with DNA. Following OTX exposure, the samples were denatured
through treatment with an alkaline buffer (100 mM NaOH, 30 mM OTX, 50 mM HEPES,
pH 12.8) for 20 minutes at 37 °C. Samples were mixed with loading buffer (10 mM NaOH,
95% formamide (Fluka), 0.05% bromophenol blue, 0.05% xylene cyanol) and were loaded
onto the agarose gel. The gel was electrophoresed at a constant voltage (30 V) for 16 hours
at 4 °C. At the completion of electrophoresis, the gel was placed in neutralization buffer
(400 mM Tris, pH 7.5) for 20 minutes at room temperature. Gels were stained with acridine
orange (Sigma) (5 μg/mL) for 1 hour or with SYBR Gold (10,000X; Invitrogen) for 40
minutes followed by destaining in deionized water. DNA migration was visualized using an
Image Station 440CF system (Kodak). The extent of DNA migration was determined using
the AlphaEaseFC (Alpha Innotech Inc.) gel documentation software. A profile of intensity
values was generated for each lane with automatic correction for background intensity. In
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addition, the integrated intensity values from a blank lane were also subtracted as
background. DNA remaining in the region ≥ 23.1 kb was considered intact while DNA in
the region < 23.1 kb was considered fragmented [28]. The percent fragmented compared to
total lane integrated intensity value were determined for each lane.

2.7. SSB Formation at N7-Methylguanine Adducts through Heat/Piperidine Displacement
To visualize the conversion of MMS-induced N7-methylguanine (N7-meG) adducts into
SSBs, the AGE assay described above was modified with a piperidine treatment [29]. Equal
amounts of DNA (25 μg) were incubated for 1 hour at 37° C in the presence of MMS (0 or 1
mM) and 30 mM OTX (Aldrich) in 50 mM HEPES buffer (pH 7). Treated DNA was
washed and collected using microcon YM-3 centrifugal filter devices . The treated DNA
was incubated with alkaline buffer (pH ≥ 12.8) containing either 100 mM NaOH or 1 M
piperidine for 20 minutes at 37 °C. This DNA was washed, collected by centrifugal filter
devices, and the concentration determined by UV. DNA (3-5 μg) from each sample was
mixed with loading dye and was loaded onto a 0.7% agarose gel prepared as previously
described. Electrophoresis, neutralization, staining, and image analysis were performed as
described above.

2.8. Statistical Analyses
A student’s t-test was utilized to determine the significant differences (p<0.05) between
groups for absorbance of medium containing formazan dye, extent of NAD(P)H depletion
and DNA fragmentation, and the number of AP sites.

3. Results and Discussion
3.1. Affect of pH on Cleavage of AP Sites

The use of alkaline conditions in established SSB assays has been shown to be an efficient
means to denature and unwind DNA for the detection of the lesions. However, during DNA
denaturation at high pH, DNA is cleaved the sugar/phosphate chain at 3’ the intact AP sites
(i.e., AP sites without an adjacent nick) are nicked by β-elimination [30]. Because intact AP
sites appear to be one of the major ALSs present in genomic DNA, current AGE analysis
overestimate SSB content in genomic DNA, To establish the alkaline denaturation condition
for the AGE assay, we used freshly isolated, genomic DNA. The extracted DNA was treated
with heat/acid to generate intact AP sites, followed by exposure to various NaOH
concentrations ranging in pH from 10 to greater than 13. This alkaline treatment of the AP
site containing DNA was performed prior to mild alkaline (pH 12.4) agarose gel
electrophoresis. Samples in NaOH concentrations with pH below 11.9 displayed large
amounts of DNA just below the loading wells, similar to the control sample with no NaOH
exposure prior to electrophoresis (Figure 1A, Lanes 2-4 versus Lane 1). DNA denaturation
and unwinding relies on the disruption of hydrogen bonds at pH > 12 [31,32]. This data
shows that these concentrations of NaOH (pH < 12) were unable to denature the DNA for
efficient electrophoresis. With increasing NaOH concentration (pH > 12.2), the amount of
DNA just below the wells decreased due to enhanced DNA migration (Figure 1A, Lanes
5-12). While the increase in DNA migration may be partly due to cleavage of intact AP sites
by the increasing NaOH concentration, the decrease in the amount of DNA just below the
wells indicates that DNA denaturation was increasingly improved at these NaOH
concentrations. Based on these results, we selected 100 mM NaOH (pH 12.8; Figure 1A,
Lane 10) for DNA unwinding in subsequent experiments. Under these conditions, freshly
isolated, genomic DNA without heat/acid-treatment showed no major DNA fragmentation
(data not shown).
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It has been previously reported that AP sites are stable against alkaline cleavage at pH <
12.6 [31,32]. However, our findings suggest that AP sites generated by heat/acid conditions
are stable at pH ≤ 11.9 but may be increasingly cleaved at pH ≥ 12.2. This suggests that any
current SSB assay that relies on alkaline conditions at pH ≥ 12.2 for DNA denaturation may
be inducing artifactual SSBs through the cleavage of intact AP sites, resulting in an
overestimate of SSB formation. As the nearly complete denaturation of DNA requires
incubation of DNA at pH ≥12.7 (Figure 1A, Lane 10-12), we could not accomplish DNA
denaturation without stabilizing AP sites.

3.2. O-(tetrahydro-2H-pyran-2-yl)hydroxylamine Optimization for Protection of AP Sites
We next assessed the usefulness of stabilizing AP sites prior to complete unwinding at high
pH for subsequent gel electrophoresis. It has been well characterized that O-
hydroxylamines, such as acidic methoxyamine hydrochloride, efficiently react with AP sites
to generate very stable complexes, which are resistant to β-elimination [8]. The acidic O-
hydroxylamines need to be titrated to neutral pH before usage, leading to high salt
contamination in DNA samples. This high salt contamination may hinder migration of DNA
during electrophoresis due to inefficient DNA denaturation. It also affects the electric field
in the gel. Of the different O-hydroxylamine compounds, we selected pH neutral OTX,
because of its commercial availability at reasonable cost and its simple preparation, which
requires no titration to neutral pH, thereby eliminating high salt contamination in DNA
samples. To optimize the concentration of OTX, DNA containing intact AP sites was
exposed to OTX (0.1 - 1000 mM) at 37 °C for 1 hour prior to denaturation. At
concentrations of OTX < 1 mM (Figure 1B, Lanes 3-4), DNA migration was unhindered
compared to the unprotected control (Figure 1B, Lane 2). At concentrations of OTX ≥ 1
mM, there was little or no DNA migration beyond the 23.1 kb size marker (Figure 1B,
Lanes 5-10). DNA that did not migrate past the 23.1 kb marker was considered to be intact
DNA [28]; therefore, 30 mM OTX (Figure 1B, Lane 8) was selected as the optimum
concentration to protect AP sites from alkaline cleavage and was utilized for the remainder
of the experiments in this study.

3.3. Accumulation of Single Strand Break Repair Intermediates in BER-Deficient DT40
Cells Exposed to MMS

The accumulation of SSBs leads to PARP-1 activation and consumption of NAD+. NAD+

can be indirectly monitored in living cells through the measurement of intracellular
NAD(P)H depletion as detected by the formation of formazan dye converted from
tetrazolium salts (e.g., XTT) during chemical exposure [25]. As with other SSB assays, we
could not exclude the contribution of double strand breaks from the results. However, even
in highly replicating Saccharomyces cerevisiae deficient in either RAD6 or RAD52, MMS
predominantly causes SSBs over double strand breaks [33,34]; therefore, most of the
NAD(P)H depletion in wild-type DT40 and Pol β ko cells caused by MMS is likely due to
SSBs. While the formazan products measured by absorbance at 450 nm increased in a nearly
linear manner with increasing time in DT40 cells exposed to PBS (Figure 2A), DT40 cells
exposed to 1 mM MMS for up to 4 hours displayed a slower rate of formation of formazan
products compared to the control group (Figure 2A). Formazan formation exhibited greater
suppression in Pol β-null cells exposed to MMS than in parental DT40 cells (Figure 2B).
Consequently, the Pol β-null cells displayed a time-dependent, more extensive NAD(P)H
depletion than parental DT40 cells by 1 mM MMS exposure (Figure 2C). NAD(P)H
depletion was prevented by the PARP inhibitor 3-AB (Figure 2C). Therefore, we can
conclude that NAD(P)H depletion in DT40 and Pol β-null cells exposed to MMS was due to
an accumulation of SSBs. These results are in good agreement with our previous reports
[35].
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If SSBs are actually being generated during the repair of MMS-induced DNA damage as
indicated by the NAD(P)H depletion assay mentioned above, then we should be able to
detect the formation of these SSBs using our OTX-AGE assay. We first exposed DT40 cells
to PBS (1-4 hours) as a control. No difference in DNA migration in the cells exposed to PBS
for 4 hours was found, which indicates that no significant SSB accumulation under 4-hour
cultivation conditions (data not shown). To determine the extent to which SSBs were being
generated, DNA was isolated from DT40 and Pol β-null cells exposed to 1 mM MMS (1-4
hours) for the direct detection of SSBs by OTX-AGE. Visually, the gel-based assay showed
a slight time-dependent increase in DNA migration induced by MMS (1 mM) in DT40 cells
(Figure 3A, Lanes 4, 6, 8 and 10). The ratio between the amount of DNA fragmented to less
than 23.1 kb and the total amount of DNA for each treated sample was compared to the PBS
control value (Figure 3B). The data suggest that an accumulation of BER intermediate
product starts even after a 30-min exposure to MMS in DT40 cells.

Similarly, the Pol β-null cell line also displayed a time-dependent increase in DNA
migration during the 1 mM MMS exposure (Figure 3A, Lanes 5, 7, 9 and 11). Significant
differences were observed in accumulation of SSBs in comparison to the PBS control at the
2 and 4 hour time points (Figure 3B). Comparison of the Pol β-null cells to the DT40 wild-
type cells showed significant increases in fragmented DNA during exposure to 1 mM MMS
indicating greater SSB formation in the repair deficient cell line (Figure 3B). Though the
numerical data did not show a significant difference in SSB accumulation at the shorter
MMS exposure times compared to PBS control, this could be partly explained by the
presence of a higher background of endogenous SSBs in the Pol β-null cells than in parental
DT40 cells (Figure 3A and B, PBS control). Overall, there is a good agreement between the
NAD(P)H depletion assay and OTX-AGE analysis. We also conclude that the combination
of a robust NAD(P)H depletion assay and the specific, direct OTX-AGE analysis provides a
more precise demonstration of SSB formation.

3.4. AP Site Formation in BER-Deficient DT40 Cells during MMS Exposure
BER of alkylated bases leads to the formation of AP sites as pathway intermediates. The
accumulation of AP sites during acute MMS exposure was examined in DNA not exposed to
OTX, which was extracted from DT40 and Pol β-null cells using the ASB assay. Both cell
lines displayed a significant time-dependent increase in AP sites by 1 mM MMS compared
to control. Furthermore, the Pol β-null cells displayed greater AP site formation than the
parental DT40 cells (Figure 4). While the number of AP sites significantly increased by 1
mM MMS treatment for 1 hour in this study, our previous study showed no increase in the
number of AP sites in mouse embryonic fibroblasts deficient or proficient in Pol β after 1-
hour exposure to 1 mM MMS [36]. This discrepancy can be explained by an improvement
in DNA extraction through the use of the free radical scavenger TEMPO [24]. TEMPO
reduces the artifactual induction of aldehydic sites in DNA (e.g., AP sites) that are detected
by the ASB assay. This discrepancy may also be explained by inherent differences between
mammalian and avian cell lines. Interestingly, there was an increase in the number of AP
sites induced by 1 mM MMS in Pol β-null cells as compared to parental DT40 cells in the
present study; whereas, we recently reported that 1 mM MMS induced similar numbers of
AP sites in DT40 cells and their PARP-1 null cells [25]. This difference in the extent of AP
site accumulation could be explained by a greater ability of the PARP-1 null cells than the
Pol β-null cells to remove 5’-dRp.

N7-meG, which is considered an ALS, is the predominate lesion formed by SN2 methylating
agents, such as MMS [37]. Therefore, NaOH treatment might contribute SSB formation
derived from alkaline-labile N7-meG during AGE. To assess this phenomenon, we
simultaneously exposed isolated genomic DNA to MMS (0 or 1 mM) and 30 mM OTX for 1
hour at 37°C to induce N7-meG formation and protect pre-existing or endogenous aldehydic
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sites from alkaline strand scission during subsequent AGE. As a positive demonstration of
the contribution of ALSs to the SSBs detected, we incubated treated DNA with piperidine
instead of NaOH during DNA denaturation. The introduction of heat/piperidine and
resulting alkaline pH induced SSBs at N7-meG adducts through a series of chemical events
involving imidazole ring opening of N7-meG, displacement of the resulting formamido-
pyrimidine from the deoxyribose backbone with AP site formation, and β-elimination of the
AP site with concurrent SSB formation [29]. In addition, Greenberg and his colleagues
beautifully demonstrated that FAPy-G sites in 2‘-deoxyoligonucleotides at a defined site in
oligonucleotides are only partially cleaved by exposure to 1 M piperidine at 37 °C for 20
min at 6.15% [38]. When the MMS-treated DNA received piperidine treatment, a notable
increase in DNA migration was observed (data not shown) due to the presence of the N7-
meG lesions in the sample. However, the increase in DNA migration was not seen in the
PBS control that also received piperidine treatment (data not shown). In MMS-treated and
control DNA subjected to NaOH-induced DNA denaturation there was no difference in the
amount of DNA migration (data not shown). In contrast to piperidine treatment, the lack of
migration observed in the MMS-exposed DNA treated with NaOH indicates that this
denaturation condition cleaves the N7-meG lesions only sparingly; thus, these lesions did
not contribute to artifactual SSB detection.

3.5. Comprehensive analyses for characterization of an accumulation of BER intermediate
product

BER pathways consist of a series of steps, leading to the generation of repair intermediate
products within the pathway, such as AP sites and SSBs. These BER intermediates are more
toxic and mutagenic than some of the initial base damage (e.g., N7-meG). Therefore, it is
important to characterize the extent of the accumulation of BER intermediate product with
high specificity and sensitivity in cells and tissues. Our comprehensive analyses using a
combination of the newly developed OTX-AGE assay, the previously developed NAD(P)H
depletion analysis along with the ASB for AP sites allow us to better characterize an
accumulation of BER intermediate product in cells exposed to MMS. The NAD(P)H
depletion assay provides indirect evidence of PARP-1/2 activation with very high sensitivity
and reproducibility, but somewhat low specificity. This assay has been utilized in cultured
cell experiments to understand both when and to what extent DNA damaging agents cause
SSBs in a real-time scenario [25,26,39-41]. Once we identify the starting point of PARP
activation, we have a much better chance to understand the accumulation of BER
intermediate product using more specific biomarkers. Based on the results obtained by the
NAD(P)H depletion assay, we selected a 1 mM MMS exposure for 0.5 to 4 hours. The ASB
assay can measure the number of AP sites in genomic DNA. In the present study, a
significant increase in AP sites was detected slightly earlier than PARP activation as
detected by the NAD(P)H depletion assay. Furthermore, the Pol β-null cells showed greater
AP site formation than the parental DT40 cells. These results suggest that, in the absence of
Pol β, 5’-dRp may accumulate in the cells. An alternative possibility is that APE1 may
inefficiently incise DNA strand at AP site generated from N7-meG and N3-methyladenine in
DT40 cells deficient in Pol β. Previously, during in vitro experiments, Pol β has been shown
to displace APE1 from the damaged site during BER [42]. Therefore, in Pol β-null cells, the
efficiency of APE1 may be expected to decrease as less APE1 is released from the site of
repair. The resulting product inhibition of APE1 could further lead to an increase in AP sites
in the Pol β-null cells.

3.6. Advantages of the OTX-Coupled AGE Assay and Application to Other SSB Assays
In addition to being a specific means to detect SSBs, the OTX-AGE assay offers a number
of advantages. This approach is a relatively easy, time efficient assay based on common
electrophoresis techniques. Because it is an electrophoretic method, the equipment used in
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the assay is often available in laboratories and the chemicals are readily available from
commercial sources. Since the OTX-AGE assay uses very little DNA (3-5 μg per sample),
this method can be used in situations where DNA sample amounts are limited. This assay is
also versatile because samples analyzed by OTX-AGE may represent either DNA isolated
from various tissues or cells after in vivo exposures, or DNA purified after in vitro exposures
to genotoxicants; this latter experimental design would not be applicable to the comet assay.
The simple method of OTX-AGE analysis is also very attractive. This method serves as a
valuable means to screen the ability of exogenous and endogenous agents to induce SSBs
prior to assessing additional measures of DNA damage.

The use of OTX may also benefit other established alkaline-based SSB assays, such as the
comet assay. Inclusion of OTX in the cell washing, lysis, and denaturation buffers for the
comet assay should protect AP sites within cells during processing and electrophoresis.
Lysis of the cells followed by complete DNA denaturation could then be achieved with high
alkaline conditions without a reduction in assay sensitivity or specificity.
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Figure 1. Establishment of OTX-coupled AGE assay
(A) Examining pH effect on DNA alkaline denaturation. Genomic DT40 DNA was exposed
to heat/acid conditions for 5 minutes to induce intact AP sites. The DNA was then exposed
to various concentrations of NaOH to create a pH gradient (pH 10-13+) prior to being
loaded into an agarose gel and electrophoresed under alkaline conditions (pH 12.4). The gels
were stained with acridine orange and the image was obtained with a Kodak Image Station
440CF system. Lane 1 – No NaOH (Ø); Lanes 2-4 – pH ≤ 11.9; Lanes 5-8 – pH 12.2-12.6;
Lanes 9-12 – pH ≥ 12.7. (B) OTX optimization for the protection of AP sites. Genomic
DT40 DNA was exposed to heat/acid conditions for 5 minutes to induce intact AP sites. The
DNA was then exposed to a concentration gradient of OTX (0.1-1000 mM) prior to
denaturation with 100 mM NaOH (pH 12.8) and electrophoresed under alkaline conditions
(pH 12.4) in an agarose gel. The gel was stained with acridine orange and the image was
obtained with a Kodak Image Station 440CF system. Lane 1 – Marker; Lane 2 – No OTX
(Ø); Lanes 3-10 – Heat/acid DNA + OTX (0.1, 0.3, 1, 3, 10, 30, 100 and 1000 mM).
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Figure 2. Intracellular NAD(P)H depletion in DT40 and Pol β-null cells exposed to 1 mM MMS
or 1x PBS
Intracellular NAD(P)H levels were detected by formation of formazan dye converted from
tetrazolium salt in cells continuously exposed to 0 or 1 mM MMS for up to 4 hours. The
amount of formazan dye in the culture medium was detected by absorbance at 450 nm using
a plate reader. The intracellular NAD(P)H depletion is an indicator of PARP activation
caused by accumulation of SSBs in the cell lines exposed MMS. (A-B) Absorbance
measurements in the DT40 and Pol β-null cells, respectively. (C) DT40 and Pol β-null cells
were continuously exposed to 1 mM MMS in the presence or absence of 3-AB (20 mM).
Absorbance data plotted as percent control. The mean values represent three independent
measurements. Bars indicate SD. Statistical Significance: * p < 0.05, ** p < 0.01, compared
to PBS control (A-B) and DT40 cells (C) for the experiments in the absence of 3-AB.
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Figure 3. SSB detection in DT40 and Pol β-null cells exposed continuously to 1 mM MMS for up
to 4 hours
(A) Visualization of SSB formation in the cell lines through OTX-coupled AGE analysis.
Images obtained using SYBR Gold and the Kodak Image Station 440CF system. Even lanes
- DT40 cells; Odd lanes (with underline) - Pol β-null cells; Lane 1 - Marker; Lanes 2-3 –
PBS control; Lanes 4-11 - 1 mM MMS exposure for 0.5-4 hours; Lane 12 - Blank. (B)
Graphic representation of fragmented DNA in each sample as determined by the
AlphaEaseFC gel documentation software. The mean values represent four independent
measurements. Bars indicate SD. Statistical significance: ++ p < 0.01, +++ p < 0.001,
compared to PBS control of the cell line; * p < 0.05, ** p < 0.01, compared to the
corresponding treatment in the wild-type cell line.
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Figure 4.
AP site detection in DT40 and Pol β-null cells exposed continuously to 1 mM MMS for up
to 4 hours. The number of AP sites was determined by the ASB assay. The mean values
represent four independent measurements. Bars indicate SD. Statistical significance: ** p <
0.01, compared to DT40 cells.
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