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Abstract
DNA damage and repair is a fundamental process that plays an important role in cancer

treatment. Base excision repair (BER) is a major repair pathway that often leads to drug

resistance in DNA-targeted cancer chemotherapy. In order to measure BER, we have

developed a near infrared (NIR) fluorescent probe. This probe binds to a key intermediate,

termed apurinic/apyrimidinic (AP) site, in the BER pathway where DNA damage and repair

occurs. We have developed an assay to show the efficacy of the probe binding to AP sites

and have shown that it can distinguish AP sites in DNA extract from chemotherapy treated

cells. This probe has potential application in monitoring patient response to chemotherapy

and evaluating new drugs in development.

Introduction
As cancer continues to be a public health concern, tremendous efforts are being directed
toward the development of new chemotherapies, a popular strategy for cancer treatment since
Sidney Farber first introduced the antimetabolite aminopterin for use against leukemia [1].
Like aminopterin, many chemotherapeutic agents induce DNA damage ultimately leading to
cell death [2]. Under normal physiological conditions, multiple pathways exist for the repair of
damaged DNA. However, such pathways can subvert the effects of chemotherapy targeting
DNA in cancer cells and trigger drug resistance. These repair pathways include homologous
recombination, non-homologous end joining, nucleotide excision repair, mismatch repair, and
base excision repair (BER) [3,4,5,6]. While all these pathways repair DNA damage, the types of
damage they repair vary, with BER being particularly relevant to exogenous chemical damage
such as that caused by chemotherapy [7,8,9].

Damage to DNA can result from direct chemical modification of nucleotides or from accu-
mulation of aberrant bases, such as uracil [10]. Regardless of the type of damage, the first step
in the BER pathway is the excision of the damaged base by a glycosylase, which leaves the free
ribose sugar termed abasic or AP (apurinic/apyrimidinic) site [6]. For example, uracil DNA
glycosylase (UDG) [6,11,12,13] rapidly excises uracil from DNA to initiate the repair sequence
(Fig 1). AP sites are the most common lesions in DNA, and if left unrepaired, can be mutagenic
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[14,15]. AP sites are formed following oxidative damage of DNA by reactive oxygen species
(ROS) [16,17] and this oxidative damage is associated with cancer, heart disease, Parkinson
disease, and aging [18,19]. Therefore, tools that detect and quantify AP sites are of broad inter-
est to the medical and scientific communities.

Several research groups have developed tools to detect AP sites based on methods including
fluorescence [20,21], nanopore ion detection [22], mass spectrometry [23,24], atomic force
microscopy [25], electrochemistry [26], and electron paramagnetic resonance [27]. Some of
these techniques employ a variety of molecular probes targeted to the AP site through various
chemical features of the lesions [28]. Several probes containing an aminooxy moiety have been
developed that covalently bind to the AP site aldehyde and form an oxime ether [29,30].
Among them, aldehyde reactive probe (ARP), based on biotin tethered to an alkoxyamine,
detects AP sites in a colorimetric streptavidin-horseradish peroxidase in vitro assay [31]. Like-
wise, our research group has examined methoxyamine (MX) [32,33] and has pioneered in vivo
imaging of BER by radiolabelling MX with carbon-11 for use with positron emission tomogra-
phy (PET) in clinical research [30].

Previously developed aldehyde-reactive probe (ARP) and similar compounds that fluoresce
in the UV-visible range are commonly used for in vitro detection and quantification of AP
sites. Such assays have several drawbacks in studying DNA-targeted chemotherapies: 1) they
are often limited to the study of AP sites in DNA of circulating cells in plasma induced by che-
motherapeutic agents, which is only an indirect measure of AP site formation; 2) for direct
detection and quantification of AP sites in tumor regions, dissection and homogenization of
tumor tissues are required at each time point after therapeutic treatments, which make longitu-
dinal studies impossible; 3) these assays are not readily repeatable due to sophisticated

Fig 1. Molecular view of normal and interrupted BER. Path A: the short patch BER pathway following UDG removal of uracil in DNA. Path B: the proposed
mechanism for interception of the reactive aldehyde present in the AP site with an aminooxy-tagged probe, which blocks further repair by APE and prevents
the single strand break (SSB).

doi:10.1371/journal.pone.0131330.g001
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procedures. To overcome these drawbacks, we set out to develop novel probes with near-infra-
red fluorescence as represented by title compound 7. NIR is superior to UV-visible light due to
its deeper tissue penetration and less tissue scattering. It thus has the potential to be used for
longitudinal imaging in live animals.

For preclinical studies, near infrared (NIR) fluorescence imaging has been a popular modal-
ity that is capable of longitudinal studies in animal models. Compared to PET, NIR imaging is
cost-efficient, easy to operate, and has the advantage of multichannel imaging. Further, hepta-
methine cyanine dyes have been used extensively in NIR fluorescent imaging as contrast agents
for tumor imaging [34]. For these reasons, we developed a cyanine-based NIR probe, com-
pound 7, that exhibits promising properties of binding to AP sites for detection and quantita-
tion of DNA damage. Herein we report the design and synthesis of compound 7 and
evaluation of its physicochemical and binding properties for direct detection and quantification
of AP sites.

Results and Discussion

Chemistry
Synthesis of 7. The synthetic route used to prepare the fluorescent probe, 7, is shown in

Fig 2. Compound 3 was synthesized using a modified, two-step procedure, which afforded a
higher yield than previously reported [35]. Briefly, compound 2 was prepared by a substitution
reaction between N-(3-bromopropyl)phthalimide (1) and N-Boc-hydroxylamine in the pres-
ence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). The phthalimide protecting group was
removed with hydrazine to afford 3. We observed that the yield of this reaction nearly doubled

Fig 2. Synthesis of NIR probe 7. Reagents and conditions: a) N-Boc hydroxylamine, DBU, DCM, r.t., 68%;
b) hydrazine monohydrate, MeOH, r.t., 88%; c) 4-hydroxyphenylacetic acid, EDC�HCl, HOBt�H2O, DMF, r.t.
80%; d) 5, NaH, DMF, r.t. 55%; and e) TFA, DCM, r.t. 71%.

doi:10.1371/journal.pone.0131330.g002
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(49% vs. 88%) when the reaction mixture was diluted from 400 mM to 50 mM, possibly by
reducing intermolecular polymerization. An N-(3-dimethylaminopropyl)-N0-ethylcarbodii-
mide hydrochloride (EDC) and 1-hydroxybenzotriazole hydrate (HOBt) mediated amide cou-
pling reaction between 3 and hydroxyphenylacetic acid gave 4 in excellent yield. The
commercially available cyanine dye, 5, was then reacted with 4 in the presence of NaH to give
the substitution product, 6. A trifluoroacetic acid (TFA) mediated Boc deprotection of 6
afforded 7 with a 19% overall yield.

Fluorescence characterization of 7. The absorption and fluorescence properties of 7 were
then evaluated in relatively nonpolar (CHCl3), polar aprotic (MeCN), and polar protic (EtOH
and H2O) solvents. No solvatochromic shifts were observed between the spectra in these sol-
vents (Fig 3) with the absorption maximum near 770 nm and emission maximum near 790
nm. Likewise, the quantum yields of 7 in these solvents compare favorably with other cyanine
dyes (Table 1) [36,37].

SSB assay to evaluate AP site binding ability
After evaluating the fluorescence properties of 7, its ability to bind to AP sites was examined.
We developed an assay using a fluorescently tagged dsDNA (double stranded DNA) oligonu-
cleotide [38] with a single uracil incorporated into the labeled strand (Fig 4A). A green emitting
hexachlorofluorescein (HEX) label was incorporated at the 5’ end of the sense strand in order
to avoid overlapping with the NIR fluorecent emission of 7. We expected that treatment of this
oligomer with UDG would generate an AP site and subsequent treatment with APE would

Fig 3. Normalized absorbance and fluorescence emission spectra for 7. Absorbance (blue) and
fluorescence (red) measured in EtOH.

doi:10.1371/journal.pone.0131330.g003

Table 1. Comparison of the optical properties of 7 in various solvents.

Solvent ε (M−1cm−1) λabs (nm) λem (nm) Φ (%)

H2O 140,000 767 790 6.6

EtOH 127,000 770 796 39.3

MeCN 154,000 767 789 48.7

CHCl3 Not determined 770 791 38.2

doi:10.1371/journal.pone.0131330.t001

Quantification of DNA Damage and Repair

PLOS ONE | DOI:10.1371/journal.pone.0131330 August 26, 2015 4 / 21



produce a single strand break (SSB, Fig 1, path A). This break could be visualized by denaturing
gel electrophoresis to reveal a 16mer single strand DNA (ssDNA) instead of the 40mer parent
(Fig 4B). However, we hypothesized that if the oligomer were treated with 7 prior to APE treat-
ment, the covalent 7:AP site lesion would not be recognized by APE as a substrate and no SSB
would form (Fig 1, path B).

To validate the assay, we first ran a series of controls. As the U:A base pair is most likely to
occur when dUTP is incorporated in place of dTTP [10], we used this as our primary substrate.
As expected, we observed no SSB activity when UDG and/or APE were omitted or when a T:A
substrate oligomer was used. Likewise, U:A-paired DNA treated with 7 alone (no enzymes) did
not lead to a SSB, indicating that the probe itself has no SSB activity. Instead, when the oligo-
mer was treated with both UDG and APE in the absence of 7, we saw nearly quantitative break-
ing (Fig 4B and 4C). When U:A-paired DNA was treated with 7 together with UDG and APE,
the SSB activity was reduced. When the NIR channel emission was overlaid with the green
channel (HEX) emission, colocalization is observed only in 40mer strands treated with 7 and
both enzymes but not in DNA treated with 7 alone, indicating that 7 is binding to the AP site
and not elsewhere along the DNA (Fig 4B). The base opposite to the uracil does not appear to
affect the binding of 7 to the AP site (Fig 4D and Fig 5).

We determined if 7 could inhibit the activity of the enzymes and thereby complicate the
results on the assay. While the order of reagent addition in the assay may be structured to

Fig 4. Summary of SSB activity assay. (A) 5’-HEX labeled dsDNA 40mer used for fluorescence-based
cutting assay; (B) SSB assay visualized by denaturing gel electrophoresis to separate intact 40mer from
16mer. HEX labeled DNA is shown in green and compound 7 is in red. (C) Analysis of the gel electrophoresis
controls with SSB activity % = (Fl 16mer)/(Fl 16mer + Fl 40mer) x 100. (D) Analysis of gel electrophoresis with
7 or vehicle control.

doi:10.1371/journal.pone.0131330.g004
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avoid enzyme inhibition, compound 7 is envisioned as an imaging agent in living cells where
the enzymes are constantly present. To test the possible inhibition of 7 towards APE, the probe
and enzyme were incubated together for a variable period of time then incubated for a fixed
period of time with AP DNA (U:A DNA pretreated with UDG). If the two species were only
competing for substrate, then the extent of cutting observed would be independent of the APE
+7 incubation time. Conversely, if 7 inhibits the action of APE, then the extent of cutting
would vary as a function of APE+7 incubation time. In either case, some baseline reduction in
cutting was expected as 7 and APE competed for substrate. As shown in Fig 6, there was a
change in cutting as APE and 7 incubation time increased, indicating that 7 did have inhibitory
effects on APE. However, this effect was only observed after 60 minuntes. Thus, the one hour
incubation of APE in the cutting assay is not expected to be negatively impacted by the pres-
ence of 7. An additional APE inhibition study using a tetrahydrofuran (THF) base in place of
the AP site were conducted and suggest moderate inhibition of APE by 7 for this substrate.
These data are described in S3 Fig and S1 File.

Likewise, the potential of 7 to inhibit UDG, either through direct interaction with the
enzyme or by binding to DNA and blocking the uracil substrate, was tested. To accomplish
this, U:A DNA was incubated with UDG for a fixed time prior to addition of 7 (Fig 7, UDG
(10min)+7). In this case, 7 could not interfere with the activity of UDG. These data were com-
pared to samples where U:A DNA was treated simultaneously with 7 and UDG (Fig 7, UDG
+7). No significant difference in cutting activity was observed between these conditions indi-
cating that 7 does not inhibit UDG activity.

Comparison of 7 to MX and ARP in SSB assay. We then compared 7 to two AP site-
binding probes that have previously been developed, ARP and MX [30,31,32]. Under the same
assay conditions of the control experiments (1 nmol probe, 5 pmol DNA, 1X APE), we
observed that 7 rapidly blocked the SSB activity of APE while ARP and MX failed to block
almost any relative to the control (Fig 8A). To ensure that this dramatic difference was not an
artifact of the assay, we determined conditions under which ARP and MX could be observed to
block APE activity. Therefore, we increased the amounts of ARP and MX (100x relative to 7)

Fig 5. Evaluation of base pairing on SSB activity. Time course represents incubation time of U:X DNA before APE addition with UDG and (A) compound 7
or (B) with vehicle control.

doi:10.1371/journal.pone.0131330.g005
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and decreased the amount of APE (0.1X), as the enzyme and probes compete for the AP site
substrate. Under these conditions, we observed that ARP and MX were able to block the SSB
activity of APE (Fig 8B). Thus, we concluded that 7 binds to AP sites more potently than ARP
and MX do in the reaction conditions employed here.

Characterization of AP site binding in calf thymus DNA
Having established the ability of 7 to recognize and bind AP sites, we also demonstrated that
the fluorescence is proportional to the quantity of lesions present in DNA. Following a

Fig 7. Evaluation of UDG inhibition by 7. Time course represents incubation time of U:A DNA before APE
addition with UDG alone, 10 minutes UDG pretreatment then 7, and UDG and 7 without pretreatment.

doi:10.1371/journal.pone.0131330.g007

Fig 6. Evaluation of APE inhibition by 7. APE shows mild inhibition by 7 when incubated together before
addition of AP-DNA. The SSB activity assay used 60 min APE incubation after treatment of AP-DNA with 7,
which here shows no detectable inhibition. APE is inhibited about 50% after 3 h incubation. The baseline
reduction in cutting is due to competition of APE and 7 for the AP-DNA substrate.

doi:10.1371/journal.pone.0131330.g006
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procedure described by Lindahl and Nyberg [39], calf thymus DNA was heated at 70°C in cit-
rate buffer (pH 5.0). This treatment generates a number of AP sites that increases linearly with
time. This DNA was incubated with 7 and subsequently purified by ethanol precipitation to
remove unreacted 7. A linear relationship was observed between the fluorescence intensity of 7
and DNA heat/acid treatment time, reflecting the increase of AP sites and indicating that 7 can
report on the quantity of AP sites in a genomic sample (Fig 9). When DNA was pretreated
with a large excess of MX (1000x), the fluorescent intensity was significantly reduced,

Fig 8. SSB activity assay comparison of ARP, MX, and 7. (A) ARP (1 nmol), MX (1 nmol), and 7 (1 nmol) with UDG (5 units) and U:A DNA (5pmol) as a
function of incubation time prior to APE (10 units) addition. (B) ARP (200 nmol), MX (200 nmol), and 7 (2 nmol) with UDG (5 units) and U:A DNA (5 pmol) as a
function of incubation time prior to APE (1 unit) addition.

doi:10.1371/journal.pone.0131330.g008

Fig 9. Fluorescence response andMX blocking of 7. Calf thymus DNA treated with heat and acid for
increments of 15 min to give a linear relative number of AP sites. AP DNA was then pretreated with MX (50
mM, +MX) or NaCl (50 mM, -MX) followed by incubation with 7 (0.05 mM). Fluorescence measures show a
linear response to 7 when not blocked by MX.

doi:10.1371/journal.pone.0131330.g009
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suggesting that MX was able to block the binding of 7. These studies indicated that 7 binds
selectively to AP sites in DNA.

The time course of heat/acid treated DNA was measured to determine directly the rate of 7
binding to AP sites. AP DNA and 7 were incubated at 37°C for a variable time then quickly
precipitated with purified cold ethanol. The fluorescence was measured and from these data
(Fig 10), we calculated reaction half-life (t1/2 = 2.6 min) and observed the reaction was com-
plete after approximately 10 min. In addition, a dose-response curve was generated by varying
the quantity of 7 and maintaining a constant quantity of AP DNA. The fluorescence was mea-
sured and from these data (Fig 11), we calculated ED50 = 2.3 nmol.

Fig 10. Time course of 7 binding to calf thymus AP DNA.

doi:10.1371/journal.pone.0131330.g010

Fig 11. Dose-response of 7 in calf thymus AP DNA.

doi:10.1371/journal.pone.0131330.g011
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Comparison of 7 to MX and ARP calf thymus binding. To verify the results of the SSB
assay (Fig 8), we performed a competition assay between 7 and either ARP or MX. Keeping the
molar concentration of 7 constant, the molar concentration of ARP/MX was adjusted so that
the MX or ARP:7 ratio ranged from 0.01 to 75,000. These solutions of MX or ARP/7 were
added to the DNA for 1 h at 37°C. Fluorescence was measured following ethanol precipitation
to remove unbound probes. These results (Fig 12) indicate that the ED50 of 7 was at 3000x
excess of MX and 2600x excess of ARP. We presume the increased hydrophobicity of 7 over
MX and ARP as well as a mild Coulombic interaction may favor an association of 7 with DNA
over bulk solution and contribute to this drastic difference.

Detection of AP sites in colon cancer cells
Finally, we sought to demonstrate that 7 can report on physiologically relevant quantities of
AP sites. To this end, we prepared a shRNA UDG knockdown in the DLD1 colon cancer cell
line. DLD1 cells (ATCC #CCL-221) were obtained from the laboratory of Sanford Markowitz
at Case Western Reserve University. This knockdown cell line (KD) and its matched, shRNA
scrambled control line (WT) were treated with the antimetabolite, 5-fluoro-20-deoxyuridine
(FUDR or floxuridine), for 24, 48, and 72 hours. An antimetabolite like aminopterin, FUDR is
used clinically to treat colon cancer [40]. FUDR induces DNA damage in two ways: first, by
inhibiting thymidylate synthase [41,42] and decreasing the thymine pool leading to uracil mis-
incorporation; and second, by cellular activation then direct incorporation of 5-fluorodeoxyur-
acil (FUra) into the DNA chain [43,44]. Both uracil and FUra lesions are repaired by UDG
[43,45,46,47]. Therefore, we hypothesized that following FUDR treatment the KD would accu-
mulate lesions while the WT would repair them effectively. Isolation of DNA from a cell lysate
followed by in vitro treatment with purified UDG enzyme (or vehicle control) and 7 would
allow us to visualize DNA damage and repair in the DLD1 cell line. Fluorescence measure-
ments of 7 revealed that the KD cells did accumulate damage that was repaired in vitro while
WT cell lines did not (Fig 13). After 72 h of continuous FUDR exposure, the UDG treated KD

Fig 12. Competition studies between 7 andMX or ARP in genomic DNA. (A) MX or (B) ARP for AP sites in calf thymus DNA treated with heat and acid for
45 min are shown. The molar ratio of probe to 7 was increased by increasing [probe] and maintaining a constant [7]. ED50 values were calculated from the
fittings to be 2600-fold excess for ARP and 3000-fold excess for MX.

doi:10.1371/journal.pone.0131330.g012
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showed nearly a 9-fold increase in fluorescence intensity, indicating that 7 can report on physi-
ologically relevant concentrations of AP sites. Additionally, this experiment demonstrates a
tool that can be used to quantify uracil lesions in DNA. This could be useful to understand the
mechanism and response of drug treatment in cancer cells.

Aliquots of each sample were set aside following exogenous UDG treatment but before addi-
tion of 7. These samples were analyzed by the ARP-based DNA Damage Quantification Kit by
Dojindo (S1 Fig). The results of this assay showed a larger background and lower sensitivity
than compound 7, but confirmed the trends observed in Fig 12. One advantage of 7 over ARP
is that 7 contains both the AP site-binding moiety and the detection tool. ARP binds to AP
sites but relies on two additional reagents, HRP-streptavidin and a substrate solution, for detec-
tion. Further, in the ARP assay, ten steps that require transfer or dilution of the DNA, which
introduce error in the final DNA concentration, follow DNA concentration adjustment to
100 μg/mL (S2 Fig). In the assay with 7, DNA concentration can be adjusted just before analy-
sis to minimize error. The ARP assay takes at least two days to complete but must be analyzed
within one hour of addition of the final substrate solution. Conversely, the assay with 7 takes
approximately 3 hours and samples are stable for at least two days when stored in the dark (we
did not examine stability longer than two days). Therefore, we believe that compound 7 is an
attractive alternative to ARP for AP site quantification.

FUDR and DLD1 KD cells were able to elucidate the accumulated effect of a DNA damag-
ing drug over time. However, UDG KD cell lines are not expected in nature. Measurement of
the accumulated effect of a drug may not be possible for all purposes. Thus, the ability of 7 to
measure AP sites at a single time point was explored.

Methyl methanesulfonate (MMS) is a methylating agent used to induce AP sites in cells. An
MMS dose-response in DLD1WT cells was performed for a 3 h treatment time. The WT cell
line has normal BER and is expected to actively undergo repair in response to the drug. Follow-
ing drug treatment, DNA was extracted by phenol-chloroform and incubated with 7 for 1 h.
Fluorescence was measured following ethanol precipitation purification.

The data indicate that 7 was sensitive to the quantity of AP sites induced by mM concentra-
tions of MMS (Fig 14). These results suggest that 7 can detect physiological concentrations of
AP sites at a single time point.

Fig 13. Detection of AP sites in DNA isolated from FUDR treated DLD1 cells.DNA extracted from UDG knockdown (KD) and control (WT) cells after (A)
24 h, (B) 48 h, and (C) 72 h of continuous FUDR exposure. Purified DNA was treated in vitro with UDG (+ UDG) or vehicle control (-UDG). * Indicates
significance (p<0.001) using a one-way ANOVA test.

doi:10.1371/journal.pone.0131330.g013
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Conclusions
In conclusion, we have developed a fluorescent probe for evaluating DNA damage and repair.
We have demonstrated the use of this probe to quantify AP site and uracil lesions in DNA.
Based on our findings, our probe binds to AP sites with higher potency than MX and ARP. A
side-by-side comparison of our assay and the commercialized ARP assay (see S2 Fig) shows
our method as a simplified and straightforward alternative to ARP with less potential to intro-
duce error. A distinct advantage over ARP in that 7 has the potential to be used directly to
detect DNA damage in vivo. While near infrared fluorescence is a prerequisite to in vivo imag-
ing, additional pharmacokinetic properties such as metabolic activity, tumor uptake, retention,
and clearance, also need to be considered as various attributes of in vivo studies. The studies of
these properties are on the way and will be reported separately.

Materials and Methods

Chemistry
Synthesis. Compound 7 was synthesized according to Fig 2 tert-Butyl 3-(1,3-dioxoisoin-

dolin-2-yl)propoxycarbamate (2) and tert-butyl 3-aminopropoxycarbamate (3) were prepared
according to a literature procedure [35].

tert-butyl 3-(2-(4-hydroxyphenyl)acetamido)propoxycarbamate (4). 4-hydroxyphenylace-
tic acid (350 mg, 2.30 mmol, 1.05 eq), 3 (416 mg, 2.19 mmol, 1.00 eq), EDC�HCl (629 mg, 3.28
mmol, 1.50 eq), and HOBt�H2O (503 mg, 3.28 mmol, 1.50 eq) were added to an oven-dried 50
mL round bottom flask fitted with a magnetic stir bar. The solids were dissolved in dry
dimethylformamide (DMF, 20.0 mL) and the reaction was stirred at room temperature under
argon for 24 h. The reaction was then diluted with water (100 mL) and ethyl acetate (EtOAc,
50 mL) and extracted. The aqueous layer was extracted twice more with EtOAc (25 mL). The

Fig 14. Detection of AP sites in DNA isolated fromMMS treated DLD1 cells.DNA extracted from DLD1
WT cells after 3 h of continuous MMS exposure. Purified DNA was treated with 7 without enzyme
pretreatment. * Indicates significance (p<0.001) using a one-way ANOVA test.

doi:10.1371/journal.pone.0131330.g014
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combined organic layers were washed with water (2 x 40 mL) and brine (40 mL) then dried
over MgSO4, filtered, and concentrated. The crude residue was diluted in a trace amount of
dichloromethane (DCM) and purified by silica gel chromatography with a mobile phase of
pure DCM then gradually increasing polarity to 3:2 DCM/acetonitrile (MeCN). This product
was then further purified by diluting it in EtOAc (25 mL) and washing with sat. NaHCO3 (3 x
25 mL) and brine (1 x 25 mL). The organic layer was dried over MgSO4, filtered, and concen-
trated to afford pure 4 as a white solid (527 mg, 74%). Rf = 0.23 (DCM/MeCN, 3:2); 1H NMR
(400 MHz, CDCl3): δ = 8.64 (br s, 1H), 8.21 (br s, 1H), 7.34 (br s, 1H), 7.07 (d, J = 8.6 Hz, 2H),
6.74 (d, J = 8.6 Hz; 2H), 3.84 (t, J = 5.6 Hz, 2H), 3.46 (s, 2H), 3.35 (dt, J = 6.0, 12 Hz, 2H), 1.71
(tt, J = 6.0, 5.6 Hz, 2H), 1.47 (s, 9H); 13C NMR (100 MHz, CDCl3): δ = 172.8, 157.3, 155.7,
130.0, 125.7, 115.6, 81.6, 74.6, 42.4, 37.0, 28.0, 26.8;

2-((E)-2-((E)-3-((E)-2-(3,3-dimethyl-1-propylindolin-2-ylidene)ethylidene)-2-(4-
(2,2-dimethyl-4,11-dioxo-3,6-dioxa-5,10-diazadodecan-12-yl)phenoxy)cyclohex-1-en-1-yl)
vinyl)-3,3-dimethyl-1-propyl-3H-indol-1-ium chloride (6). NaH (14.1 mg, 0.588 mmol, 1.70
eq) and 4 (129 mg, 0.398 mmol, 1.15 eq) were added to an oven-dried 25 mL round bottom
flask fitted with a magnetic stir bar. Dry DMF (3.0 mL) was added and the mixture was stirred
under argon at room temperature for 30 min. Meanwhile, IR 780 iodide (5, 230.1 mg, 0.345
mmol, 1.00 eq) was added to a 15 mL oven-dried heart-shaped flask fitted with a magnetic stir
bar. DMF (5.0 mL) was added and 5 was stirred under argon at room temperature shielded
from light. After 30 min, the solution of 5 was transferred to the NaH mixture via syringe. The
heart-shaped flask was rinsed with dry DMF (4 x 2 mL) and the rinsate was added to the reac-
tion mixture via syringe. The reaction was stirred at room temperature under argon in the dark
for 5 h. The reaction was quenched with water (100 mL) and 10% NH4Cl (aqueous, 50 mL).
The aqueous mixture was extracted with DCM (1 x 100 mL, 1 x 25 mL) until the aqueous layer
remained colorless. The combined organic layers were washed with water (2 x 50 mL) and
brine (1 x 50 mL), dried over MgSO4, filtered, and concentrated. The crude residue was diluted
in a minimal amount of eluent and purified by silica gel chromatography with a mobile phase
of 1:4:35 methanol (MeOH)/MeCN/DCM gradually increasing to 2:3:15 MeOH/MeCN/DCM.
Impure fractions were concentrated and this chromatographic method was repeated one time.
Pure fraction were combined and concentrated to afford 6 as an emerald solid (163 mg, 55%).
Rf = 0.15 (MeOH/MeCN/DCM, 1:3:16); 1H NMR (400 MHz, CDCl3): δ = 8.94 (br s, 1H), 8.78
(br t, J = 5.6 Hz, 1H), 7.94 (d, J = 14.0 Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.35–7.28 (m, 4H), 7.19
(dd, J = 7.6, 7.2 Hz, 2H), 7.05 (d, J = 8.0 Hz; 2H), 6.95 (d, J = 8.8 Hz, 2H), 5.95 (d, J = 14.0 Hz,
2H), 3.96 (t, J = 7.2 Hz, 4H), 3.92 (t, J = 5.6 Hz, 2H), 3.62 (s, 2H), 3.28 (dt, J = 6.0, 6.0 Hz, 2H),
2.67 (dd, J = 6.0, 5.6 Hz, 4H), 2.04 (dd, J = 6.0, 5.6 Hz, 2H), 1.86 (tq, J = 7.6, 7.2Hz, 4H), 1.70
(tt, J = 6.0, 5.6Hz, 2H), 1.45 (s, 9H), 1.32 (s, 12H), 1.04 (t, J = 7.6 Hz, 6H); 13C NMR (75 MHz,
CDCl3): δ = 172.1, 171.6, 164.8, 158.3, 156.8, 142.3, 141.9, 140.8, 131.3, 131.2, 128.3, 124.9,
122.1, 121.7, 114.1, 110.2, 99.2, 80.3, 73.5, 48.9, 45.6, 42.3, 35.7, 28.1, 27.6, 27.2, 24.1, 20.9, 20.5,
11.4; MS-ESI: m/z [M]+ calculated for C52H67N4O5

+: 827.51, found: 827.47.
2-((E)-2-((E)-2-(4-(2-((3-(aminooxy)propyl)amino)-2-oxoethyl)phenoxy)-3-((E)-2-

(3,3-dimethyl-1-propylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-3,3-dimethyl-
1-propyl-3H-indol-1-ium 2,2,2-trifluoroacetate (7). 6 (23.0 mg, 0.027 mmol, 1.00 eq) was dis-
solved in DCM (1.0 mL). TFA (1.0 mL, 13.0 mmol, 1.48 g/mL, 480 eq) was added and the solu-
tion immediately turned from dark green to dark red. The reaction was stirred for 1 h in the
dark. The solvents were removed by rotary evaporation to afford pure 7 as an emerald green
solid (16 mg, 71%). Rf = 0.21 (MeOH/DCM, 1:9); 1H NMR (600 MHz, CDCl3): 8.93–8.20 (br s,
2H), 8.0–7.87 (m, 3H), 7.37–7.26 (m, 6H), 7.19 (dd, J = 7.8, 7.2 Hz, 2H), 7.02 (d, J = 7.8 Hz,
2H), 6.97(J = 8.4 Hz, 2H), 5.93 (bs d, J = 12.6 Hz, 2H), 4.09 (br s, 2H), 3.91 (bs t, J = 7.2 Hz,
4H), 3.48 (br s, 2H), 3.23 (br m, 2H), 2.65 (br s, 4H), 2.02 (br m, 2H), 1.83 (tq, J = 7.2, 7.2, 4H),
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1.67 (br s, 2H), 1.30 (s, 12H), 1.02 (t, J = 7.2 Hz, 6H); 13C NMR (150 MHz, CD2Cl2, -10°C): δ =
174.2, 172.4, 164.7, 161.0, 159.2, 142.5, 141.3, 131.2, 129.6, 128.7, 125.3, 122.6, 122.1, 115.1,
110.7, 99.8, 72.2, 49.3, 46.0, 41.9, 35.8, 27.7, 27.6, 24.4, 21.3, 20.9, 11.7; UV/Vis (EtOH): λmax

(ε) = 705 nm (29200 L�mol−1�cm−1), 770 nm (127000 L�mol−1�cm−1); HRMS-ESI: m/z [M]+

calculated for C47H59N4O3
+: 727.4587, found: 727.4615.

Fluorescence quantum yield measurements. Fluorescent quantum yields determined by
a comparative method to an indocyanine green (ICG) standard (F = 0.132 in EtOH) [36] with
refractive index correction according to the equation:

F ¼ FR

m
mR

� �
n2

nR
2

� �

where F is the quantum yield; m is the slope of the integrated fluorescence intensity as a func-
tion of absorbance maxima; n is the refractive index of the solvent (EtOH, 1.3611; MeCN,
1.3442; H2O, 1.333; and CHCl3, 1.4459) [48]; and R is the reference sample, ICG in EtOH.
Data were collected in a quartz cuvette with a 1 cm path length. Absorbance maxima for each
sample were kept at or below 0.2 absorbance units to avoid inner filter effects. Fluorophores
were excited at 700 nm and emission spectra integrated from 705 to 1000 nm. Solvents used
were spectroscopic grade ethanol and HPLC grade acetonitrile, HPLC grade chloroform, and
HPLC grade water. For the water solution, 7 was first dissolved in MeCN and diluted at least
200 fold.

SSB activity assay
General procedures. SSB activity assays were performed on a 40-mer duplex DNA synthe-

sized by IDT with the sequence:
5’-[HEX] TCCTGGGTGACAAAGCXAAACACTGTCTCCAAAAAAAATT
3’-AGGACCCACTGTTTCGYTTTGTGACAGAGGTTTTTTTTAA
where X = uracil or thymine and Y = adenine, cytosine, guanine, or thymine. DNA was

diluted in dH2O to 500 nM and 5 pmol (10 μL) aliquots were used in each sample. APE
(10,000 Units/mL) and UDG (5,000 Units/mL) enzymes and corresponding buffers were pur-
chased from New England BioLabs. UDG storage buffer (10 mM Tris-HCl, 50 mM KCl, 1 mM
DTT, 0.1 mM EDTA, 0.1 mg/ml BSA, 50% Glycerol, pH 7.4) and APE storage buffer (10 mM
Tris-HCl, 50 mM NaCl, 1 mM DTT, 0.05 mM EDTA, 200 μg/ml BSA, 50% Glycerol, pH 8.0)
were prepared according to formulation provided by New England BioLabs to use as blanks,
where necessary. The enzymes were not heat inactivated as this was observed to give rise to
artifacts. Reaction products were resolved on denaturing 20% polyacrylamide gels (5.3 g urea,
5.0 mL 40% acrylamide, 2.3 mL 5X TBE buffer, 200 μL 10% APS, and 20 μL TEMED). 5X TBE
buffer was prepared with tris base (54 g), boric acid (27.5 g), and EDTA (4.65 g) diluted to 1 L
in water. Loading dye was prepared (300 μL 10M NaOH, 20 mg bromophenol blue, 9.7 mL
formamide) and was added to samples (~ 5 μL) to aid loading and visualization of gel progres-
sion. Gel were developed at 300 V for 45 min in the dark and imaged based on the DNA tag on
Typhoon Trio + Variable Mode Imager (Amersham Biosciences) in fluorescent mode with 532
nm excitation and 555 nm emission with a 20 nm band pass, PMT set to 400, and pixel size res-
olution of 100 μm. Gel data were analyzed using ImageQuant software (Amersham Biosci-
ences). DNA cutting was defined as the fluorescence intensity of the 16-mer strand divided by
the sum of the fluorescence intensities of the 16- and 40-mer strands. The fluorescence of 7 on
the gels was imaged on a Syngene scanner. The image in Fig 4 was modified in Adobe Photo-
shop from the original in the following ways: 1) green and red photo filters were applied to cor-
responding monochrome images for clarity; 2) the HEX image from the Typhoon scanner

Quantification of DNA Damage and Repair

PLOS ONE | DOI:10.1371/journal.pone.0131330 August 26, 2015 14 / 21



(green) was scaled to same size as the 7 image from the Syngene G:Box Chemi XT4 scanner
(red) to account for different image resolutions and to facilitate co-registration; 3) a levels
adjustment filter was applied uniformly to the red image to increase signal-to-noise and
improve contrast; 4) the images were cropped to the region of interest; and 5) a "screen" blend-
ing mode was applied to the green layer to allow the red layer to be observed beneath it without
changing opacity settings. No quantitative measurements were taken from the modified
images.

SSB activity assay control reactions. Samples were prepared in triplicate. To a 0.6 mL
Eppendorf tube were added dsDNA (10 μL, 5 pmol), 10X UDG reaction buffer (1 μL), 10X
APE reaction buffer (1 μL), H2O (5 μL), 7 or vehicle control (2 μL, 1 nmol; vehicle = 1%
DMSO in H2O), and UDG or UDG storage buffer (1 μL, 5 Units). Samples were incubated at
37°C for 1 h in the dark. Then APE (1 μL, 10 Units) or APE storage buffer (1 μL) was added
and samples were again incubated at 37°C for 1 h in the dark.

SSB activity assay with base pairs. Reaction samples were prepared in triplicate; control
samples were prepared singly. To a 0.6 mL Eppendorf tube were added dsDNA (10 μL, 5
pmol), 10X UDG reaction buffer (1 μL), 10X APE reaction buffer (1 μL), H2O (5 μL), 7 or vehi-
cle control (2 μL, 1 nmol; vehicle = 1% DMSO in H2O), and UDG (1 μL, 5 Units). Samples
were incubated at 37°C for 10 min, 30 min, 1 h, 2 h, or 3 h in the dark. Then APE (1 μL, 10
Units) was added and samples were again incubated at 37°C for 1 h in the dark.

SSB activity assay UDG inhibition. Method UDG (10 min) +7: All samples were pre-
pared in triplicate. To a 0.6 mL Eppendorf tube were added dsDNA (U:A, 10 μL, 5 pmol), 10X
UDG reaction buffer (1 μL), 10X APE reaction buffer (1 μL), H2O (5 μL), and UDG (1 μL, 5
Units). Samples were incubated at 37°C for 10 min. Compound 7 (2 μL, 1 nmol) was added
and the samples were incubated at 37°C in the dark for 2 min, 10 min, 30 min, 60 min, or 180
min. Then APE (1 μL, 10 Units) was added and samples were again incubated at 37°C for 1 h
in the dark.

Method UDG+7: All samples were prepared in triplicate. To a 0.6 mL Eppendorf tube were
added dsDNA (U:A, 10 μL, 5 pmol), 10X UDG reaction buffer (1 μL), 10X APE reaction buffer
(1 μL), H2O (5 μL), 7 (2 μL, 1 nmol), and UDG (1 μL, 5 Units). Samples were incubated at
37°C in the dark for 2 min, 10 min, 30 min, 60 min, or 180 min. Then APE (1 μL, 10 Units)
was added and samples were again incubated at 37°C for 1 h in the dark.

Method UDG: As in method UDG+7 except substitute DMSO (2 μL) for 7.
SSB activity assay APE inhibition. APE (2 μL, 20 Units) and 7 or vehicle (4 μL, 2 nmol;

vehicle = 1% DMSO in H2O) were mixed and incubated at 37°C for 0.5 h, 1 h, 1.5 h, 2 h, or 3 h
in the dark. Meanwhile, five samples of each DNA reaction were prepared. To a 0.6 mL Eppen-
dorf tube were added dsDNA (U:A, 10 μL, 5 pmol), 10X UDG reaction buffer (1 μL), 10X APE
reaction buffer (1 μL), H2O (5 μL), and UDG (1 μL, 5 Units). Samples were incubated at 37°C
for 1 h in the dark. Then APE/7mixtures (3 μL) were added and samples were again incubated
at 37°C for 1 h in the dark.

SSB activity assay ARP and MX comparison. Method 1: Stock solutions of probes were
prepared at 50 mM. Compound 7 was dissolved in DMSO, MX was dissolved in H2O (pH 7),
and ARP was dissolved in H2O. Stock solutions were further diluted with H2O to 500 μM.
Water was used as a blank. All samples were prepared in triplicate. To a 0.6 mL Eppendorf
tube were added dsDNA (U:A, 10 μL, 5 pmol), 10X UDG reaction buffer (1 μL), 10X APE reac-
tion buffer (1 μL), H2O (5 μL), probe or blank (2 μL, 1 nmol), and UDG (1 μL, 5 Units). Sam-
ples were incubated at 37°C for 10 min, 30 min, 1 h, 2 h, or 3 h in the dark. Then APE (1 μL, 10
Units) was added and samples were again incubated at 37°C for 1 h in the dark.

Method 2: Stock solutions of 50 mM ARP and MX were used without further dilution.
Compound 7 was diluted to 500 μM. APE was diluted 10-fold in APE storage buffer. Water
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was used as a blank. All samples were prepared in triplicate. To a 0.6 mL Eppendorf tube were
added dsDNA (U:A, 10 μL, 5 pmol), 10X UDG reaction buffer (1 μL), 10X APE reaction buffer
(1 μL), H2O (5 μL), probe or blank (4 μL; 2 nmol 7, 200 nmol ARP and MX), and UDG (1 μL, 5
Units). Samples were incubated at 37°C for 10 min, 30 min, 1 h, 2 h, or 3 h in the dark. Then
APE (1 μL, 1 Unit) was added and samples were again incubated at 37°C for 1 h in the dark.

Heat/acid treatment of calf thymus DNA
Calf thymus DNA was purchased from Sigma and was reconstituted overnight at 4°C in either
H2O or 500 mMMX (to eliminate basal AP sites) with gentle shaking (1.5 mL water or solution
per 5 mg DNA). For samples reconstituted in MX solution, an ethanol precipitation was per-
formed twice before heat and acid treatment (vide infra) then reconstituted in water. The
DNA-water solution was aliquoted to 1.5 mL Eppendorf tubes (360 μL) and 10X Citrate buffer
(1M NaCl, 100 μMmonosodium phosphate, 100 μMmonosodium citrate, pH 5.0) was added
to a final concentration of 1X. For t = 0 min samples, ice-cold 100% EtOH (1.0 mL) was added
immediately and the Eppendorf tubes stored at -20°C. Other samples were placed in a 70°C
heating block for 15–90 minutes in 15-minute increments. Samples were removed from heat,
precipitated in ice-cold 100% EtOH (1.0 mL), and then chilled at -20°C for at least 20 minutes.
Samples were centrifuged at 12,000 x G for 10 min. at 4°C. The supernatant was discarded. The
process was repeated once beginning with the addition of EtOH (1.0 mL). The DNA pellet was
dissolved in 700 μL H2O or TE buffer. Aliquots of 80 μL were put in 1.5 mL Eppendorf tubes.
Any samples not used immediately were stored at -80°C.

Genomic DNA time course of 7 binding. A 100 mM stock solution of 7 in DMSO was
diluted to 25 μM in H2O. Heat/acid treated DNA (t = 45 min, 80 μL) were warmed to 37°C. In
triplicate, 7 (20 μL) was added to the DNA pipetting up and down to mix. Samples were kept at
37°C in the dark for the following incubation times (min): 0.5, 1, 2, 5, 10, 15, 30, and 60. Imme-
diately after the incubation time, ice-cold EtOH (1.0 mL) was added. Samples were quickly
inverted to mix then stored in the dark at -78°C in a dry ice-EtOH bath. The DNA was then
purified by EtOH precipitation three times as described in the heat/acid treatment of genomic
DNA. The purified DNA pellets were suspended in 150 μL H2O. Aliquots (125 μL) of the sam-
ples were added to a black, clear-bottom 96 well plate (Corning) and analyzed with 750 nm
excitation and 800 nm emission. Fluorescence was adjusted to DNA concentration.

Genomic DNA dose-response of 7. Samples were prepared in triplicate. To 90 μL aliquots
of heat/acid treated DNA (t = 20 min), was added 7 (10 μL) in the following quantities (pmol):
0, 0.05, 0.5, 5, 50, 250, 500, 2500, 5000, 12500, 25000, and 50000. Solutions were kept in the
dark. Samples were incubated for 1 h at 37°C in the dark. Ice-cold EtOH (1.0 mL) was added
and the DNA was purified by EtOH precipitation three times as described in the heat/acid
treatment of genomic DNA section. DNA was dissolved in 120 μL H2O. Aliquots (100 μL) of
the samples were added to a black, clear-bottom 96 well plate (Corning) and analyzed with 750
nm excitation and 800 nm emission. Fluorescence was adjusted to 300 μg/mL DNA
concentration.

MX and 7 genomic DNA competition assay. Solutions of MX and 7 were prepared in
H2O varying [MX] from 0–1.9 M and maintaining [7] at 25 μM. CAUTION: Solutions were
kept vigorously in the dark as MX was observed to decompose 7 rapidly (on the minute time
scale) in the presence of light. The ratios of MX:7 used in this study were: 0, 0.01, 0.1, 0.5, 1, 5,
10, 50, 100, 250, 500, 1000, 2500, 5000, 10000, 25000, 50000, and 75000. For visual clarity, the
data for the ratios 0.01, 0.1, 5, 10, 50, 250, and 500 were omitted from the Fig 12 as this did not
affect the analysis. The following samples were prepared in triplicate: 20 μL of MX/7 solution
was added to 80 μL aliquots of heat/acid treated DNA (t = 45 min). Samples were incubated for
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1 h at 37°C in the dark. Ice-cold EtOH (1.0 mL) was added and the DNA was purified by EtOH
precipitation three times as described in the heat/acid treatment of genomic DNA section.
DNA was dissolved in 150 μL H2O. Aliquots (125 μL) of the samples were added to a black,
clear-bottom 96 well plate (Corning) and analyzed with 750 nm excitation and 800 nm emis-
sion. Fluorescence was adjusted to DNA concentration.

ARP and 7 genomic DNA competition assay. As before (section 2.3.2) except solutions
of ARP and 7 were prepared in H2O varying [ARP] from 0–75 mM and maintaining [7] at
1 μM. The ratios of ARP:7 used in this study were: 0, 0.1, 1, 10, 100, 500, 1000, 5000, 10000,
25000, 50000, and 75000.

MX and 7 genomic DNA blocking assay. To 80 μL aliquots of DNA was added either
10 μL of MX (500 mM, pH 7) or vehicle control (500 mMNaCl). TE buffer was used as a-DNA
control. Samples were incubated at 37°C for 30 min. Then, either 10 μL of 7 (500 μM) or 10 μL
of 1%DMSO in water was added to samples. Samples were incubated at 37°C in the dark for 1
h before DNA was purified by ethanol precipitation three times as described in the heat/acid
treatment of genomic DNA. The purified DNA pellets were dissolved in 150 μL H2O. Aliquots
(125 μL) of the samples were added to a black, clear-bottom 96 well plate (Corning) and ana-
lyzed with 700 nm excitation and 790 nm emission. Fluorescence was adjusted to DNA
concentration.

AP site evaluation in FUDR treated cells
Preparation of KD andWT cells. DLD1 cells (ATCC #CCL-221) were obtained from the

laboratory of Sanford Markowitz at Case Western Reserve University. UDG directed shRNA
clones and scrambled targeted control shRNA clones were purchased from Sigma-Aldrich.
According to manufacturer’s instructions from Lipofectamine 2000 (Invitrogen), HEK293 cells
were transfected to produce lentiviral particles that were used to infect DLD1 cells. Forty-eight
hours after transfection, DLD1 cells were diluted for passage and selected with puromycin. The
UDG knockdown levels were verified by RT-PCR andWestern blot analysis.

FUDR Treatment, isolation, and compound 7 analysis of DLD1 DNA. DLD1 shUDG
(KD) or shControl (WT) cells were plated in Falcon brand 100x20 mm cell culture dishes in 10
mL medium (DMEM supplemented with 10% heat inactivated FBS, penicillin/streptomycin,
and nonessential amino acids) and incubated at least 16 h at 37°C and 5% CO2 to ensure adhe-
sion. To allow for cell proliferation, the following approximate numbers of cells were plated for
each time point given in parenthesis: 4 million (24 h), 1 million (48 h), and 0.3 million (72 h).
Two mL of medium were removed from each plate and replaced with 2 mL of FUDR solution
at a final concentration of 0, 10, 200, or 1000 nM in 10 mL. For each time point, six plates of
each FUDR treatment group were prepared for each cell line. Cells were incubated at 37°C and
5% CO2 with continuous FUDR exposure for 24, 48, or 72 h.

At the time points, the media was removed and cells were rinsed with PBS. Cells were disso-
ciated with 0.25% trypsin (1 mL) and transferred to 15 mL conical tubes in 5 mL PBS. The con-
ical tubes were centrifuged at 1,700 rpm to pellet the cells. The supernatant was removed and
discarded. Cell pellets were dissolved in TE buffer (2 mL) then treated with 10% SDS (240 μL)
and RNase A (10 μL, 20 mg/mL purchased from Invitrogen) for at least 15 minutes at 37°C.
Then, proteinase K (10 μL, 20 mg/mL purchased from Invitrogen) was added and cell lysates
were incubated for a least 15 minutes at 37°C. Cell lysates were transferred to Phase Lock Gel
Light 15 mL conical tubes purchased from 5Prime. Saturated phenol (2 mL, pH 6.6) was added
to the cell lysates and the mixture was shaken vigorously. Chloroform (0.5 mL) was then added
and the cell lysate mixtures shaken vigorously. The organic and aqueous phases were separated
by centrifuging the gel tubes at 2,000 rpm for 10 minutes. After a second round of phenol-
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chloroform addition and centrifugation, pure chloroform (2 mL) was added to the cell lysates,
shaken, and centrifuged at 2,000 rpm for 10 minutes. The aqueous layer containing the isolated
DNA was decanted into a clean 15 mL conical tube and precipitated with 100% EtOH (5 mL)
and 3M sodium acetate (100 μL) by gentle rocking at 4°C for at least 30 minutes. DNA was iso-
lated by centrifuging at 3,000 rpm for 10 minutes. The DNA pellets were washed once with
70% EtOH (1.5 mL) and centrifuged at 3,000 rpm for 10 minutes.

Pure DNA pellets were dissolved in 200 μL 1X UDG buffer. Samples were treated in tripli-
cate with either UDG (1 μL, 5 units) or UDG storage buffer (see SSB activity assay procedures)
and incubated at 37°C for 1 h. After UDG incubation, 10 μL of each solution was removed and
set aside for analysis with the ARP assay (Dojindo). A solution of 7 (10 μL, final = 25 μM) was
added to each sample, keeping the stock solution and all treated samples vigorously in the dark
until the final analysis. Samples were incubated with 7 for 1 h at 37°C in the dark. After incuba-
tion, ice cold 100% EtOH (1 mL) and 3M sodium acetate (5 μL) were added to each sample.
Samples were inverted to mix then chilled for at least 20 minutes at -20°C. Samples were centri-
fuged at 12,000 G and 4°C for 10 minutes. The supernatant was discarded. This EtOH wash
was repeated twice with 70% EtOH (1 mL) and no sodium acetate. DNA pellets were dissolved
in H2O (minimum 150 μL). DNA concentrations were measured and adjusted to a maximum
of 300 μg/mL. Aliquots (125 μL) of the samples were added to a black, clear-bottom 96 well
plate (Corning) and analyzed with 760 nm excitation and emission scan of 790–847 nm with a
3 nm step size. Integrated fluorescence intensities were adjusted to DNA concentration and
normalized to the FUDR untreated KD +UDG sample.

ARP analysis of FUDR treated DLD1 DNA. DNA aliquots (10 μL) from above were
diluted in TE buffer (10 μL). DNA concentrations were measured on a Nanodrop 1000 and
adjusted to 100 μg/mL in TE buffer. Samples were prepared for ARP analysis using the ARP
DNA Damage Quantification Kit (Dojindo #DK02-12). Samples were prepared and analyzed
according to the manufacturer’s instructions.

MMS Treatment, isolation, and compound 7 analysis of DLD1 DNA. DLD1 shControl
(WT) cells at a density of 3 million cells per dish were plated in Falcon brand 100x20 mm cell
culture dishes in 10 mL medium (DMEM supplemented with 10% heat inactivated FBS, peni-
cillin/streptomycin, and nonessential amino acids) and incubated 16 h at 37°C and 5% CO2 to
ensure adhesion. Solutions of MMS were prepared in serum free DMEMmedium at concentra-
tions of 0.05, 0.25, 1, 4, and 10 mM. Medium was removed from the cells and replaced with the
MMS or a serum free medium vehicle. Three plates were prepared per treatment group. Cells
were incubated at 37°C and 5% CO2 with continuous MMS exposure for 3 h. At the time
points, cells were collected and DNA isolated as described above (Treatment of DLD1 cells
with FUDR).

Pure DNA pellets were suspended in 190 μL water. A solution of 7 (10 μL, final = 25 μM)
was added to each sample, keeping the stock solution and all treated samples vigorously in the
dark until the final analysis. Samples were incubated with 7 for 1 h at 37°C in the dark. After
incubation, DNA was purified and analyzed as described above.

Supporting Information
S1 Fig. ARP analysis of AP sites in DNA isolated from DLD1 cells.
(TIF)

S2 Fig. Side-by-side comparison of ARP and 7 assays.
(TIF)
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S3 Fig. Analysis of APE inhibition with THF substrate.
(TIF)

S1 File. Additional experimental details and NMR spectra.
(DOCX)

S2 File. Raw electrophoresis data for main text Figs 4–8 and 13.
(DOCX)

Acknowledgments
The authors would like to thank the Case Comprehensive Cancer Center and the Training Pro-
gram in Cancer Pharmacology.

Author Contributions
Conceived and designed the experiments: AGC SLG YW. Performed the experiments: AGC
YY. Analyzed the data: AGC SLG YW. Contributed reagents/materials/analysis tools: AGC
YY. Wrote the paper: AGC SLG YW.

References
1. Miller DR. A tribute to Sidney Farber—the father of modern chemotherapy. Brit J Haematol. 2006; 134:

20–26.

2. Woods D, Turchi JJ. Chemotherapy induced DNA damage response. Cancer Biol Ther. 2013; 14:
379–389. doi: 10.4161/cbt.23761 PMID: 23380594

3. Sancar A. DNA repair in humans. Annu Rev Genetics. 1995; 29: 69–105. doi: 10.1146/annurev.ge.29.
120195.000441

4. Schärer OD. Chemistry and biology of DNA repair. Angew Chem Int Ed. 2003; 42: 2946–2974. doi: 10.
1002/anie.200200523

5. Hoeijmakers JHJ. Genomemaintenance mechanisms for preventing cancer. Nature. 2001; 411: 366–
374. PMID: 11357144

6. Krokan HE, Bjørås M. Base excision repair. Cold Spring Harb Perspect Biol. 2013; 5: a012583. doi: 10.
1101/cshperspect.a012583 PMID: 23545420

7. Wyatt MD, Pittman DL. Methylating agents and DNA repair responses: Methylated bases and sources
of strand breaks. Chem Res Toxicol. 2006; 19: 1580–1594. PMID: 17173371

8. Trivedi RN, Almeida KH, Fornsaglio JL, Schamus S, Sobol RW. The role of base excision repair in the
sensitivity and resistance to temozolomide-mediated cell death. Cancer Res. 2005; 65: 6394–6400.
doi: 10.1158/0008-5472.CAN-05-0715 PMID: 16024643

9. Matuo R, Sousa FG, Escargueil AE, Soares DG, Grivicich I, Saffi J, et al. DNA repair pathways involved
in repair of lesions induced by 5-fluorouracil and its active metabolite FdUMP. Biochem Pharmacol.
2010; 79: 147–153. doi: 10.1016/j.bcp.2009.08.016 PMID: 19712668

10. Krokan HE, Drabløs F, Slupphaug G. Uracil in DNA—occurrence, consequences and repair. Onco-
gene. 2002; 21: 8935–8948. PMID: 12483510

11. Lindahl T. An N-glycosidase from escherichia coli that releases free uracil from DNA containing deami-
nated cytosine residues. Proc Natl Acad Sci USA. 1974; 71: 3649–3653 PMID: 4610583

12. Parikh SS, Putnam CD, Tainer JA. Lessons learned from structural results on uracil-DNA glycosylase.
Mutat Res. 2000; 460: 183–199. doi: 10.1016/S0921-8777(00)00026-4 PMID: 10946228

13. Pearl LH. Structure and function in the uracil-DNA glycosylase superfamily. Mutat Res. 2000; 460:
165–181. doi: 10.1016/S0921-8777(00)00025-2 PMID: 10946227

14. Schaaper RM, Kunkel TA, Loeb LA. Infidelity of DNA synthesis associated with bypass of apurinic
sites. Proc Natl Acad Sci USA. 1983; 80: 487–491 PMID: 6300848

15. Gentil A, Renault G, Madzak C, Margot A, Cabral-Neto JB, Vasseur JJ, et al. Mutagenic properties of a
unique abasic site in mammalian cells. Biochem Biophys Res Commun. 1990; 173: 704–710. doi: 10.
1016/S0006-291X(05)80092-0 PMID: 2124487

16. Brozmanová J, Dudás A, Henriques JA. Repair of oxidative DNA damage—an important factor reduc-
ing cancer risk. Minireview. Neoplasma. 2001; 48: 85–93 PMID: 11478699

Quantification of DNA Damage and Repair

PLOS ONE | DOI:10.1371/journal.pone.0131330 August 26, 2015 19 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131330.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131330.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131330.s005
http://dx.doi.org/10.4161/cbt.23761
http://www.ncbi.nlm.nih.gov/pubmed/23380594
http://dx.doi.org/10.1146/annurev.ge.29.120195.000441
http://dx.doi.org/10.1146/annurev.ge.29.120195.000441
http://dx.doi.org/10.1002/anie.200200523
http://dx.doi.org/10.1002/anie.200200523
http://www.ncbi.nlm.nih.gov/pubmed/11357144
http://dx.doi.org/10.1101/cshperspect.a012583
http://dx.doi.org/10.1101/cshperspect.a012583
http://www.ncbi.nlm.nih.gov/pubmed/23545420
http://www.ncbi.nlm.nih.gov/pubmed/17173371
http://dx.doi.org/10.1158/0008-5472.CAN-05-0715
http://www.ncbi.nlm.nih.gov/pubmed/16024643
http://dx.doi.org/10.1016/j.bcp.2009.08.016
http://www.ncbi.nlm.nih.gov/pubmed/19712668
http://www.ncbi.nlm.nih.gov/pubmed/12483510
http://www.ncbi.nlm.nih.gov/pubmed/4610583
http://dx.doi.org/10.1016/S0921-8777(00)00026-4
http://www.ncbi.nlm.nih.gov/pubmed/10946228
http://dx.doi.org/10.1016/S0921-8777(00)00025-2
http://www.ncbi.nlm.nih.gov/pubmed/10946227
http://www.ncbi.nlm.nih.gov/pubmed/6300848
http://dx.doi.org/10.1016/S0006-291X(05)80092-0
http://dx.doi.org/10.1016/S0006-291X(05)80092-0
http://www.ncbi.nlm.nih.gov/pubmed/2124487
http://www.ncbi.nlm.nih.gov/pubmed/11478699


17. Ide H, Kotera M. Human DNA glycosylases involved in the repair of oxidatively damaged DNA. Biol
Pharm Bull. 2004; 27: 480–485. doi: 10.1248/bpb.27.480 PMID: 15056851

18. Feig DI, Reid TM, Loeb LA. Reactive oxygen species in tumorigenesis. Cancer Res. 1994; 54: 1890s–
1894s PMID: 8137306

19. Ames BN, Shigenaga MK, Hagen TM. Oxidants, antioxidants, and the degenerative diseases of aging.
Proc Natl Acad Sci USA. 1993; 90: 7915–7922 PMID: 8367443

20. Lee SH, Wang S, Kool ET. Templated chemistry for monitoring damage and repair directly in duplex
DNA. Chem Commun. 2012; 48: 8069–8071. doi: 10.1039/C2CC34060G

21. WuW,Wang Y, Zhou Y, Shao Y, Zhang L, Liu H. Selective fluorescence lighting-up recognition of DNA
abasic site environment possessing guanine context. Sensor Actuator B 2015; 206: 449–455. doi: 10.
1016/j.snb.2014.09.090

22. An N, Fleming AM,White HS, Burrows CJ. Crown ether–electrolyte interactions permit nanopore detec-
tion of individual DNA abasic sites in single molecules. Proc Natl Acad Sci USA. 2012; 109: 11504–
11509. doi: 10.1073/pnas.1201669109 PMID: 22711805

23. Bowler FR, Diaz-Mochon JJ, Swift MD, Bradley M. DNA analysis by dynamic chemistry. Angew Chem
Int Ed. 2010; 49: 1809–1812. doi: 10.1002/anie.200905699

24. Chowdhury G, Guengerich FP. Tandemmass spectrometry-based detection of C40-oxidized abasic
sites at specific positions in DNA fragments. Chem Res Toxicol. 2009; 22: 1310–1319. doi: 10.1021/
tx900115z PMID: 19496605

25. Sun HB, Qian L, Yokota H. Detection of abasic sites on individual DNAmolecules using atomic force
microscopy. Anal Chem. 2001; 73: 2229–2232. doi: 10.1021/ac0013249 PMID: 11393845

26. Buzzeo MC, Barton JK. Redmond red as a redox probe for the DNA-mediated detection of abasic sites.
Bioconjugate Chem. 2008; 19: 2110–2112. doi: 10.1021/bc800339y

27. Jakobsen U, Shelke SA, Vogel S, Sigurdsson ST. Site-directed spin-labeling of nucleic acids by click
chemistry: Detection of abasic sites in duplex DNA by EPR spectroscopy. J Am Chem Soc. 2010; 132:
10424–10428. doi: 10.1021/ja102797k PMID: 20617829

28. Lhomme J, Constant J-F, Demeunynck M. Abasic DNA structure, reactivity, and recognition. Biopoly-
mers. 1999; 52: 65–83. doi: 10.1002/1097-0282(1999)52:2<65::AID-BIP1>3.0.CO;2-U PMID:
10898853

29. Boturyn D, Boudali A, Constant J-F, Defrancq E, Lhomme J. Synthesis of fluorescent probes for the
detection of abasic sites in DNA. Tetrahedron. 1997; 53: 5485–5492. doi: 10.1016/S0040-4020(97)
00235-4

30. Wang Y, Liu L, Wu C, Bulgar A, Somoza E, ZhuW, et al. Direct detection and quantification of abasic
sites for in vivo studies of DNA damage and repair. Nucl Med Biol. 2009; 36: 975–983. doi: 10.1016/j.
nucmedbio.2009.07.007 PMID: 19875055

31. Kubo K, Ide H, Wallace SS, Kow YW. A novel sensitive and specific assay for abasic sites, the most
commonly produced DNA lesion. Biochemistry. 1992; 31: 3703–3708. doi: 10.1021/bi00129a020
PMID: 1567824

32. Liu L, Nakatsuru Y, Gerson SL. Base excision repair as a therapeutic target in colon cancer. Clin Can-
cer Res. 2002; 8: 2985–2991 PMID: 12231545

33. Taverna P, Liu L, Hwang H-S, Hanson AJ, Kinsella TJ, Gerson SL. Methoxyamine potentiates DNA sin-
gle strand breaks and double strand breaks induced by temozolomide in colon cancer cells. Mutat Res.
2001; 485: 269–281. doi: 10.1016/S0921-8777(01)00076-3 PMID: 11585361

34. Pandey RK, James N, Chen Y, Dobhal MP. Cyanine dye-based compounds for tumor imaging with and
without photodynamic therapy. Top Heterocycl Chem. 2008; 14: 41–74. doi: 10.1007/7081_2008_113

35. Salisbury CM, Maly DJ, Ellman JA. Peptide microarrays for the determination of protease substrate
specificity. J Am Chem Soc. 2002; 124: 14868–14870. doi: 10.1021/ja027477q PMID: 12475327

36. Rurack K, Spieles M. Fluorescence quantum yields of a series of red and near-infrared dyes emitting at
600–1000 nm. Anal Chem. 2011; 83: 1232–1242. doi: 10.1021/ac101329h PMID: 21250654

37. Licha K, Riefke B, Ntziachristos V, Becker A, Chance B, Semmler W. Hydrophilic cyanine dyes as con-
trast agents for near-infrared tumor imaging: Synthesis, photophysical properties and spectroscopic in
vivo characterization. Photochem Photobiol. 2000; 72: 392–398. doi: 10.1562/0031-8655(2000)
0720392HCDACA2.0.CO2 PMID: 10989611

38. Bulgar AD, Weeks LD, Miao Y, Yang S, Xu Y, Guo C, et al. Removal of uracil by uracil DNA glycosylase
limits pemetrexed cytotoxicity: overriding the limit with methoxyamine to inhibit base excision repair.
Cell Death Dis. 2012; 3: e252. doi: 10.1038/cddis.2011.135 PMID: 22237209

39. Lindahl T, Nyberg B. Rate of depurination of native deoxyribonucleic acid. Biochemistry. 1972; 11:
3610–3618. doi: 10.1021/bi00769a018 PMID: 4626532

Quantification of DNA Damage and Repair

PLOS ONE | DOI:10.1371/journal.pone.0131330 August 26, 2015 20 / 21

http://dx.doi.org/10.1248/bpb.27.480
http://www.ncbi.nlm.nih.gov/pubmed/15056851
http://www.ncbi.nlm.nih.gov/pubmed/8137306
http://www.ncbi.nlm.nih.gov/pubmed/8367443
http://dx.doi.org/10.1039/C2CC34060G
http://dx.doi.org/10.1016/j.snb.2014.09.090
http://dx.doi.org/10.1016/j.snb.2014.09.090
http://dx.doi.org/10.1073/pnas.1201669109
http://www.ncbi.nlm.nih.gov/pubmed/22711805
http://dx.doi.org/10.1002/anie.200905699
http://dx.doi.org/10.1021/tx900115z
http://dx.doi.org/10.1021/tx900115z
http://www.ncbi.nlm.nih.gov/pubmed/19496605
http://dx.doi.org/10.1021/ac0013249
http://www.ncbi.nlm.nih.gov/pubmed/11393845
http://dx.doi.org/10.1021/bc800339y
http://dx.doi.org/10.1021/ja102797k
http://www.ncbi.nlm.nih.gov/pubmed/20617829
http://dx.doi.org/10.1002/1097-0282(1999)52:2&lt;65::AID-BIP1&gt;3.0.CO;2-U
http://www.ncbi.nlm.nih.gov/pubmed/10898853
http://dx.doi.org/10.1016/S0040-4020(97)00235-4
http://dx.doi.org/10.1016/S0040-4020(97)00235-4
http://dx.doi.org/10.1016/j.nucmedbio.2009.07.007
http://dx.doi.org/10.1016/j.nucmedbio.2009.07.007
http://www.ncbi.nlm.nih.gov/pubmed/19875055
http://dx.doi.org/10.1021/bi00129a020
http://www.ncbi.nlm.nih.gov/pubmed/1567824
http://www.ncbi.nlm.nih.gov/pubmed/12231545
http://dx.doi.org/10.1016/S0921-8777(01)00076-3
http://www.ncbi.nlm.nih.gov/pubmed/11585361
http://dx.doi.org/10.1007/7081_2008_113
http://dx.doi.org/10.1021/ja027477q
http://www.ncbi.nlm.nih.gov/pubmed/12475327
http://dx.doi.org/10.1021/ac101329h
http://www.ncbi.nlm.nih.gov/pubmed/21250654
http://dx.doi.org/10.1562/0031-8655(2000)0720392HCDACA2.0.CO2
http://dx.doi.org/10.1562/0031-8655(2000)0720392HCDACA2.0.CO2
http://www.ncbi.nlm.nih.gov/pubmed/10989611
http://dx.doi.org/10.1038/cddis.2011.135
http://www.ncbi.nlm.nih.gov/pubmed/22237209
http://dx.doi.org/10.1021/bi00769a018
http://www.ncbi.nlm.nih.gov/pubmed/4626532


40. Kemeny N, Seiter K, Niedzwiecki D, Chapman D, Sigurdson E, Cohen A, et al. A randomized trial of
intrahepatic infusion of fluorodeoxyuridine with dexamethasone versus fluorodeoxyuridine alone in the
treatment of metastatic colorectal cancer. Cancer. 1992; 69: 327–334. doi: 10.1002/1097-0142
(19920115)69:2<327::AID-CNCR2820690209>3.0.CO;2-U PMID: 1303612

41. Langenbach RJ, Danenberg PV, Heidelberger C. Thymidylate synthetase: Mechanism of inhibition by
5-fluoro-20-deoxyuridylate. Biochem Biophys Res Commun 1972; 48: 1565–1571. PMID: 4263280

42. Santi DV, McHenry CS, Sommer H. Mechanism of interaction of thymidylate synthetase with 5-fluoro-
deoxyuridylate. Biochemistry. 1974; 13: 471–481. doi: 10.1021/bi00700a012 PMID: 4203910

43. Meyers M, Hwang A, Wagner MW, Bruening AJ, Veigl ML, Sedwick WD, et al. A role for DNAmismatch
repair in sensing and responding to fluoropyrimidine damage. Oncogene. 2003; 22: 7376–7388. doi:
10.1038/sj.onc.1206941 PMID: 14576845

44. Major PP, Egan E, Herrick D, Kufe DW. 5-Fluorouracil incorporation in DNA of human breast carcinoma
cells. Cancer Res. 1982; 42: 3005–3009 PMID: 6212116

45. Mauro DJ, De Riel JK, Tallarida RJ, Sirover MA. Mechanisms of excision of 5-fluorouracil by uracil DNA
glycosylase in normal human cells. Mol Pharmacol. 1993; 43: 854–857 PMID: 8316218

46. Ingraham HA, Tseng BY, Goulian M. Mechanism for exclusion of 5-fluorouracil from DNA. Cancer Res.
1980; 40: 998–1001 PMID: 6101994

47. Caradonna SJ, Cheng Y-C. The role of deoxyuridine triphosphate nucleotidohydrolase, uracil-DNA gly-
cosylase, and DNA polymerase α in the metabolism of FUdR in human tumor cells. Mol Pharmacol.
1980; 18: 513–520 PMID: 6110169

48. (2014) Physical constants of organic compounds. In: HaynesWM, editor. CRC Handbook of Chemistry
and Physics. 94 (Internet version) ed. Boca Raton, FL: CRC Press/Taylor and Francis

Quantification of DNA Damage and Repair

PLOS ONE | DOI:10.1371/journal.pone.0131330 August 26, 2015 21 / 21

http://dx.doi.org/10.1002/1097-0142(19920115)69:2&lt;327::AID-CNCR2820690209&gt;3.0.CO;2-U
http://dx.doi.org/10.1002/1097-0142(19920115)69:2&lt;327::AID-CNCR2820690209&gt;3.0.CO;2-U
http://www.ncbi.nlm.nih.gov/pubmed/1303612
http://www.ncbi.nlm.nih.gov/pubmed/4263280
http://dx.doi.org/10.1021/bi00700a012
http://www.ncbi.nlm.nih.gov/pubmed/4203910
http://dx.doi.org/10.1038/sj.onc.1206941
http://www.ncbi.nlm.nih.gov/pubmed/14576845
http://www.ncbi.nlm.nih.gov/pubmed/6212116
http://www.ncbi.nlm.nih.gov/pubmed/8316218
http://www.ncbi.nlm.nih.gov/pubmed/6101994
http://www.ncbi.nlm.nih.gov/pubmed/6110169

