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Abstract

A number of endogenous and exogenous agents, and cellular processes create abasic (AP) sites in
DNA. If unrepaired, AP sites cause mutations, strand breaks and cell death. Aldehyde-reactive
agent methoxyamine reacts with AP sites and blocks their repair. Another alkoxyamine, ARP, tags
AP sites with a biotin and is used to quantify these sites. We have combined both these abilities
into one alkoxyamine, AA3, which reacts with AP sites with a better pH profile and reactivity than
ARP. Additionally, AA3 contains an alkyne functionality for bioorthogonal click chemistry that
can be used to link a wide variety of biochemical tags to AP sites. We used click chemistry to tag
AP sites with biotin and a fluorescent molecule without the use of proteins or enzymes. AA3 has a
better reactivity profile than ARP and gives much higher product yields at physiological pH than
ARP. It is simpler to use than ARP and its use results in lower background and greater sensitivity
for AP site detection. We also show that AA3 inhibits the first enzyme in the repair of abasic sites,
APE-1, to about the same extent as methoxyamine. Furthermore, AA3 enhances the ability of an
alkylating agent, methylmethane sulfonate, to kill human cells and is more effective in such
combination chemotherapy than methoxyamine.

Introduction

Abasic sites are created in cellular DNA through water-mediated depurination or
depyrimidination (1). About 10,000 abasic sites are generated in this way in a human cell
every day and these apurinic/apyrimidinic (AP) sites are considered to be the most
commonly generated lesions in DNA (2). AP sites are also created through the action of
agents that react with DNA. For example, alkylation of 7-nitrogen of guanine destabilizes
the glycosidic linkage and increases the rate of depurination (3). Furthermore, many
damaged bases are repaired via the base excision-repair (BER) pathway, which starts with
the excision of the damaged base by a glycosylase creating an AP site (4). Although the
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glycosylase action is normally coupled with other enzymes that process the AP sites, an
imbalance in the repair enzymes may cause the AP sites to persist.

Replicative DNA polymerases cannot copy AP sites and the progress of the replication fork
is blocked at AP sites causing single- and double-strand breaks. Alternately, AP sites may be
copied by error-prone translesion-synthesis polymerases that cause base substitution
mutations, but allow replication to continue (5). The strand breaks resulting from unrepaired
AP sites may be repaired error-free using homologous recombination, or may be repaired by
a non-homologous end-joining process that creates small addition/deletion mutations. If
unrepaired, the strand breaks lead to gross chromosome alterations such as translocations
and cause cell death (6). Thus creation of AP sites in the genome and their processing by
cellular machinery has profound implications to genome integrity.

Many different techniques have been used to label, identify and quantify AP sites (7-14). It
is difficult to use some of the techniques with a large number of samples because they either
use equipment such as HPLC or use radioisotopes that are incompatible with a clinical
setting. Consequently, the most commonly used method for the detection and quantification
of AP sites is based on the reaction of an alkoxyamine called aldehyde-reactive probe (ARP)
which reacts with the open form of deoxyribose sugar in AP sites forming an oxime and
tagging the site with a biotin [Fig. 1A; (8,10)]. An advantage of the use of ARP in labeling
AP sites is that multiple samples can be processed in parallel and the reaction products can
be spotted on a membrane to create an ELISA-like assay. The biotin is subsequently bound
with streptavidin that is linked with horseradish peroxidase (10) and incubated with
chemiluminescent substrate, or directly bound to fluorescently tagged streptavidin (15) to
obtain an optical readout. ARP has been used to determine AP sites in different mammalian
tissues (16), to monitor changes in AP sites during aging (17) and AP sites generated as a
result of treatment of cells with carcinogens (18). It has also been adapted to quantify
genomic uracils by excising uracils by uracil-DNA glycosylase to create AP sites followed
by ARP treatment (19-21). It has been used to determine uracil levels in normal and repair-
deficient Escherichia cali cells (20-22), in normal mammalian tissue (15,19) and in cancer
cells (15).

However, ARP-based assays for AP sites suffer from several drawbacks. ARP contains
biotin which is also present in cells, and hence fluorescent labeling of AP sites in living or
fixed tissues using ARP results in considerable background (unpublished results). ARP is
bulky (MW 331.4) and its reaction with AP sites is likely to be significantly hindered. The
presence of biotin within ARP also necessitates use of a protein like streptavidin making the
labeling scheme cumbersome and somewhat expensive. Finally, a detailed study of ARP
reactivity with AP sites has shown that the reaction creates side products in addition to ARP
linked to full-length DNA (23).

Another use of alkoxyamines is in combination chemotherapy. Alkylating agents such as
Temozolomide (TMZ) kill cancer cells by methylating DNA bases and backbone. However,
cells can excise products of TMZ treatment such as 7-methylguanine and 3-methyladenine
using DNA glycosylases, repair the resulting AP sites and suppress the effects of TMZ. The
alkoxyamine that has been used in combination chemotherapy is methoxyamine (MX; Fig.
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1A). MX potentiates the cytotoxic effects of TMZ by reacting with the AP sites created by
DNA glycosylases and inhibiting the cleavage of AP sites by the AP endonuclease, APE-1
(24). Multiple clinical trials using MX as one part of combination chemotherapy are
underway or have been completed (Clinical trials.gov identifiers NCT00892385,
NCT01658319 and NCT00692159).

To create a more versatile chemical for labeling AP sites, we synthesized a compound, AA3,
that couples alkoxyamine chemistry with chemistry of 1,3-dipolar cycloaddition (click
chemistry; (25)). The latter chemistry is a well-established bioorthogonal reaction that
creates stable triazoles and has been used to label sugars, proteins, DNA and other
biomolecules both in vitro and in situ (26-28). We show here that AA3 can be used for
labeling AP sites without the use of proteins or enzymes and for AP site quantification.
Furthermore, we show that AA3 inhibits APE-1 about as well as MX, and is better than MX
in a combination chemotherapy regimen.

Materials and Methods

Synthesis of O-2-Propynylhydroxylamine hydrochloride (AA3)

AAS3 was synthesized according to scheme 1

Propargyl bromide (11.3 mmol, Sigma Aldrich) was added drop wise into a mixture of tert-
butyl-N-hydroxycarbonate (3.7 mmol, Sigma Aldrich) and sodium carbonate (7.4 mmol) in
N,N-dimethylformamide. The reaction mixture was stirred overnight at 70°C, washed with
water and extracted with ethyl acetate three times. The combined organic solution was
washed with saturated aqueous sodium chloride (50 mL), dried over sodium sulfate and
concentrated. The crude residue was purified by silica gel column chromatography (hexane:
ethyl acetate = 10:1) to give the intermediate product tert-butyl N-(2-propynyloxy)-
carbamate. HCI solution (4 M in 1,4-dioxane, 2 mL, Sigma Aldrich) was added to a
concentrated solution of tert-butyl N-(2-propynyloxy)-carbamate (2.1 mmol) in
dichloromethane in an ice bath and stirred for approximately 20 minutes. The white
precipitate was filtered and recrystallized with diethyl ether and ethanol to give O-2-
propynylhydroxylamine hydrochloride (AA3, 0.08 g). Its structure was confirmed by 1H
NMR and 13C NMR. 1H NMR (400 MHz, CD30D) §8: 4.748 (s, 2H, CH5), 3.376 (t, 1H,
CCH, J= 2.4 Hz); 13C NMR (500 MHz, CD30D), §: 79.8 (CH,), 74.6 (C), 62.3 (CH).

AP site labeling reaction

A 6-carboxyfluorescein-(6-FAM-) labeled oligonucleotide U-17-mer (5’-6-FAM-
ATTATTAUCCATTTATT-3, Integrated Device Technology) was used for the AP site
labeling reaction. The oligomer (4 pmol) was incubated with E. coli uracil DNA glycosylase
(UDG, 1 unit, New England Labs) at 37°C for 30 minutes in reaction buffer containing 20
mM Tris-HCI (pH 8.0), 1 mM DTT and 1 mM EDTA to create AP site containing DNA.
The alkoxyamine [methoxyamine, MX (Sigma Aldrich); aldehyde reactive probe, ARP
(Dojindo Laboratories) or AA3] was added into the oligomer solution at indicated
concentrations, and incubated at 37°C for another 30 minutes. In some experiments, the pH
of the solution was adjusted with HCI or NaOH solution following removal of uracil and the
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pH was confirmed using pH paper. Following the reaction of alkoxyamine, unlabeled AP
sites were reduced by the addition of NaBH, (Sigma-Aldrich) to 100 mM and further
incubation for 5 minutes. If this step was omitted, we observed significant degradation of the
DNA (Supplementary Fig. S1 and data not shown). The reactions were stopped by the
addition of formamide, loading dye and heating to 95°C for 5 minutes. The DNAs were
electrophoresed in 20% polyacrylamide gels containing 7 M urea and scanned using a
Typhoon 9210 phosphorimager (GE Healthcare). Product bands in images were quantified
using ImageQuant software.

In experiments involving competition between alkoxyamines, AP site containing DNA was
reacted with the first alkoxyamine at 37°C for 30 minutes. This was followed by the addition
of the second alkoxyamine and incubation for an additional 30 minutes. The reactions were
stopped and the products were analyzed as described above.

Click reaction

Biotin azide (29) or Cy5 azide (Lumiprobe) was added to a solution of AA3-linked 17-mer
to 0.5 mM followed by the addition of a freshly prepared solution of CuBr/TBTA (1:3in
DMSO/t-BUOH 3:1, 0.5 mM, Sigma-Aldrich). The mixture was shaken at 45°C for 1 Hr.
The DNAs were electrophoresed and analyzed as described above.

Genomic DNA isolation

HeLa cells were grown in DMEM with 10% fetal bovine serum (HyClone). The cells were
harvested by centrifugation and lysed by incubation for 1 Hr at 37°C in Tris-EDTA buffer
(TE) containing 2 pg/ml of RNase A and 0.5% SDS, followed by incubation with Proteinase
K (100 pg /ml, Qiagen) at 56°C for 3 hours. The DNA was isolated by phenol/chloroform
extraction and ethanol precipitation and dissolved in TE.

Creation of AP sites in genomic DNA by heat and acid treatment

HelLa genomic DNA was digested with Haelll (New England Biolabs) and endogenous AP
sites in DNA were reduced by the addition of NaBH,4 to 100 mM. The reducing agent was
removed by gel filtration with MicroSpin G-25 column (GE Healthcare) and this DNA was
incubated in sodium citrate buffer (10 mM sodium citrate, 10 mM NaH,PQO,4, 10 mM NacCl,
pH 5.0) at 70°C for various lengths of time (0, 15, 30, 45, or 60 minutes). The DNA was
rapidly chilled on ice and filtered by precipitation with ethanol.

AP site quantification assay using ARP and AA3

ARP or AA3 was added to solution of genomic DNA to 2 mM and the DNA was incubated
at 37°C for 30 minutes. In parallel, a 75 base pair duplex DNA with one uracil (5’-
T37UT37-3/5-A37GA37-3") was treated with UDG to create AP sites and was also treated
with ARP or AA3. This served as an AP site standard. All DNAs were purified by phenol/
chloroform extraction and ethanol precipitation, followed by MicroSpin G-25 column (GE
Healthcare).

The ARP tagged DNA was heated at 95°C for 5 minutes, prior to transfer to a positively
charged nylon membrane. The DNA was UV cross-linked to the membrane using a
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Beckman UV Stratalinker 1800. The membrane was then incubated with Starting Block
Blocking Buffer (Fisher) at room temperature for 1Hr, followed by the incubation of
streptavidin-conjugated horseradish peroxidase (HRP, Thermo Scientific) in blocking buffer
at room temperature for 30 minutes. Alternatively, ARP-DNA on the membrane was
incubated with 5x10~4 mg/ml of Cy5-streptavidin at room temperature for 1hr. After
washing with Tris-buffered Saline containing Tween-20 (TBS-T) for 15 minutes, the
membrane was incubated in SuperSignal West Dura Chemiluminescent Substrate (Thermo
Scientific) for five minutes (when HRP-Streptavidin was used). The emitted light was
captured by FluorChem Imaging System (Alpha Innotech). The resulting images were
analyzed using ImageQuant software. When Cy5-Streptavidin was used the fluorescence
was quantified using Typhoon 9210 phosphorimager (GE Healthcare).

AA3-tagged DNA was linked with Cy5 azide using the click reaction and purified by
ethanol precipitation and filtration through a MicroSpin G-25 column (GE Healthcare). The
Cy5-labeled DNA was heated at 95°C for 5 minutes prior to being transferred to a positively
charged nylon membrane. The membrane was scanned using a Typhoon 9210
phosphorimager. All the images from chemiluminescence or fluorescence were analyzed
using ImageQuant software. Alternately, the fluorescence of AA3/Cy5 tagged samples was
directly measured using Synergy H1 Hybrid Reader (BioTEK) and the fluorescence
intensities were obtained directly from the instrument.

AP endonuclease activity assay

The cleavage activity of AP endonuclease APE-1 (1 unit, New England Biolabs) was
assayed using a 6-FAM labeled oligomer (4 pmol) containing a single uracil. The uracil was
excised using UDG to create an AP site and the AP site was labeled with an alkoxyamine as
described above. The APE-1 reaction was performed in the reaction buffer (50 mM
potassium acetate, 20 mM Tris-acetate, 10 mM Magnesium acetate, 1 mM DTT, pH 7.9) at
37°C for 1 hour. DNA products were stabilized by incubation with NaBH,4 and analyzed by
gel electrophoresis as described above.

Killing of HeLa cells by a combination of MMS and MX or AA3

Methyl methanesulfonate (MMS, Sigma Aldrich) was diluted in phosphate buffered saline.
MX or AA3 was dissolved in sterile water, and the pH was adjusted to 7 using NaOH
solution. The solutions of all the chemicals were freshly prepared for each cytotoxicity
experiment. HeLa cells were seeded in 48-well tissue culture plates at 3x104 to 6x10%
cell/mL and grown overnight in DMEM with 10% fetal bovine serum (HyClone). Cells were
treated with MMS or as a combination of MMS with MX or AA3 at indicated
concentrations and harvested after 24 hours. The viability of the cells was assessed via
trypan blue (HyClone) exclusion assay performed using TC20 Automated Cell Counter
(Bio-Rad Laboratories).
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Results and Discussion

Design and Synthesis of AA3

Methoxyamine (MX) and aldehyde-reactive probe (ARP) are well-known chemicals that
react with AP sites (Fig. 1A). While MX does not allow tagging of AP sites, ARP is bulky,
contains biotin as the only tag and requires proteins and enzymes for its use (8,10). To create
a more versatile agent for labeling AP sites with good reactivity, we synthesized a small
alkoxyamine with alkyne functionality (see Materials and Methods). This chemical, AA3
(Fig. 1A) should react with AP sites in the same manner as MX, but should allow facile
labeling of the sites with different biochemical tags using copper-catalyzed azide-alkyne
cycloaddition reaction (click chemistry; Figure 1B). AA3 should be useful for intracellular
labeling of AP sites in addition to in vitro DNA labeling, because click chemistry is
considered bioorthogonal (30,31).

Labeling of AP sites using AA3

To demonstrate that AA3 reacts with AP sites we showed that it inhibits the ability of ARP
to label AP sites. AP sites were created by the excision of uracils by uracil-DNA glycosylase
(UDGQ) in a synthetic oligomer. They were reacted with ARP and the products separated on
a denaturing gel. The linking of ARP to DNA caused a shift in mobility of oligomer [Fig.
2A; lane 3; (23)]. This shift was eliminated completely if the AP sites were pretreated with
AA3 (Fig. 2A; lane 6). This shows that AA3 forms a stable adduct at AP sites and blocks the
reaction of ARP. Treatment of the oligomer with AA3 alone did not create an observable
shift in oligomer mobility (Fig. 2A; lane 5) probably because of the small size of AA3
compared to ARP (MW 71.0 vs. 331.4). However, treating the oligomer with the two
chemicals in the reverse order still created the mobility shift (Fig. 2A; lane 4) suggesting
that ARP-DNA adducts are stable and cannot be replaced with AA3.

AA3 is both versatile and more efficient than ARP in labeling AP sites. AP sites reacted
with AA3 can be labeled with an appropriate azide using click chemistry. Following a
reaction with AA3, biotin azide was used to routinely convert greater than 70% of the AP
sites to biotinylated form (Fig. 2A, lane 7). It may be possible to increase the reaction yield
through further optimization of the click reaction (32-34). Prior treatment of the AP sites
with a reducing agent, sodium borohydride, eliminated labeling showing that AA3 reacts
with only the unreduced form of the AP site (Supplementary Fig. S2). AA3 reacted equally
well with AP sites in ssDNA and dsDNA converting overwhelming majority of substrate to
product (Fig. 2B). In contrast, ARP converted less than 20% of the substrate to biotinylated
product (Fig. 2A, lanes 3, Fig. 2B, lanes 2 and 6).

To show that AA3 can be also used to label AP sites with different tags, we replaced biotin
azide with Cy5 azide in the click chemistry. Using this strategy 67% of AP sites in the
oligomer were labeled with the fluorescent label (Fig. 2C, lane 4). As a large number of
fluorescent dyes and other molecules are commercially available in azide form, it should be
possible to choose appropriate labels for AP sites based on the intended application.
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AA3 has better reactivity profile than ARP

We were surprised that ARP labeled <20% AP sites under the standard conditions (Tris
buffer, pH 8.0). To investigate this, the pH of the reaction buffer was changed after uracil
excision, but prior to addition of ARP. When the products were quantified by gel
electrophoresis the gel showed that ARP reacts well with AP sites only at acidic conditions
(Fig. 3A). We consistently found that with 0.2 uM oligomer and 5 mM ARP, <20% of the
substrate was converted to product at pH 7 or 8 (Figs. 2 and 3A). In contrast, AA3 was much
more reactive with AP sites over the pH range of 4 to 8, and converted 57% or greater AP
sites to AP-AA3 adduct (Figs. 2 and 3B). Therefore, AA3 is more suitable for in situ
labeling of AP sites in cells than ARP.

Under physiological conditions, AA3 was more reactive towards AP sites than ARP even at
much lower concentrations. Increasing the ARP concentration from 5 to 10 mM resulted in
an increase in product formation from 13% to 20% (Fig. 4A), while AA3 converted greater
than that amount of substrate to product even at 1 mM (Fig. 4B). The results from three
independent experiments are presented in Fig. 4C. They show that AA3 was much more
reactive at pH 7 towards AP sites than ARP over a range of concentrations and AA3 was
about as reactive towards AP sites at 1 mM as ARP was at 10 mM (Fig. 4C).

AA3 can be used to quantify genomic aldehydic lesions and AP sites

As ARP has been used to quantify AP sites in genomic DNA of normal cells (11,16,17) and
cancer cell lines (16,35), we wished to compare the use of AA3 in a similar setting. The
comparison was done in three different ways. First, genomic DNA was extracted from HelLa
cells and the AP sites were quantified using ARP or AA3. When ARP was used, the DNA
adducts were quantified using streptavidin-conjugated horseradish peroxidase (16), and
when AA3 was used the adducts were tagged with Cy5 for quantification. In both cases, the
samples were spotted on a nylon membrane using a dot-blot apparatus and the light or
fluorescence from each dot was quantified. It should be noted that ARP and AA3 would
react with all aldehydic lesions in DNA including intact unoxidized AP sites, cleaved AP
sites and formamidopyrimidines which result from alkylation or oxidation of purines in
DNA (16,36). Such lesions occur routinely in cellular DNA, and hence the sites labeled by
ARP or AA3 in HeLa DNA are referred simply as aldehydic lesions in DNA.

The results from these experiments are shown in Figure 5. The ARP-based method gave
about twice as many aldehydic lesions in HeLa as AA3 (Fig. 5A). A previous study of HeLa
DNA using ARP reported (35) somewhat higher number of aldehydic sites (~20 per 10 bp).
The differences in those numbers and the numbers obtained in our study may be due to
methods of DNA preparation, age of DNA used and use of different AP site standards. The
Mendez et al study used depurinated pBR322 as the standard (35), while we used a synthetic
oligomer containing uracil that was treated with UDG as the AP site standard
(Supplementary figure S3).

In a second set of experiments, HeLa DNA was first treated with sodium borohydride to
reduce preexisting aldehydic lesions and make them resistant to ARP or AA3. The DNA
was then heated under acidic conditions to create new AP sites through depurination. The
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depurination reaction was terminated at various times and the AP sites were quantified using
the two chemicals as described above. The data showed there was a linear time-dependent
increase in the number of AP sites and the two methods gave comparable numbers for AP
sites at all time points (Fig. 5B, left panel).

Sensitivity and ease of use of AA3

To determine whether AA3-based quantification of AP sites was as sensitive as ARP-based
quantification, we treated different amounts of a DNA oligomer containing AP sites with
ARP or AA3 and quantified the products. The membrane images from the two parallel
experiments are shown in Figure 6A. The sample containing 10° AP sites was visible using
ARP-chemiluminescence assay, but the sample with 108 sites could not be detected above
background. In contrast, 108 AP site sample could be detected in the image from AA3-
fluorescence assay. Adjusting the image brightness did not change the relative sensitivities
of AA3 and ARP. The membrane containing ARP-labeled samples has much higher
background than the membrane with AA3-labeled samples (Supplementary figure S4). Thus
under these conditions, AA3-based detection of AP sites has lower background and greater
sensitivity than ARP.

However, the readout for the comparison of two techniques used to quantify AP sites in Fig.
6A were different, and we wanted to eliminate this variable in the comparison. To
accomplish this we labeled different amounts of the AP site-containing DNA duplex with
ARP and then bound it to Cy5-streptavidin. In parallel reactions the DNA was reacted with
AAS3 followed by reaction with Cy5 azide. Both sets of samples were spotted on nylon
membranes and Cy5 fluorescence was quantified. The results show that both methods result
in a linear relationship between the number of AP sites and Cy5 fluorescence (Fig. 6B), but
the use of AA3 results in lower background and hence greater signal-to-noise ratio (Fig. 6B,
inset).

One problem of using ARP to quantify AP sites is the difficulty of separating unbound
protein (HRP or streptavidin) from protein that is bound to DNA. This is the likely source of
the high background seen in membranes with ARP-DNA (Fig. 6). In contrast, AA3-based
method does not use a protein and hence it is possible to eliminate unreacted Cy5 azide from
the much larger Cy5-AA3-DNA using a G-25 mini-column. The Cy5 fluorescence can then
be directly measured using a microplate fluorometer (Supplementary Fig. S5). We
performed this simplified procedure on endogenous aldehydic lesions in HeLa DNA and on
AP sites created by heat and acid treatment, and the results were comparable to those
obtained by the other two methods (Fig. 5A, and 5B, right panel). Thus use of AA3
simplifies AP site quantification (Supplementary Fig. S5).

AA3 inhibits APE-1

The reaction of MX with AP sites is known to inhibit its repair by AP endonuclease (37) and
this is the basis of its proposed use as part of anti-cancer combination chemotherapy (24).
To find out whether ARP and AA3 similarly inhibit AP endonuclease APE-1, we reacted an
oligomer containing an AP site with MX, ARP or AA3 and then challenged the DNA with
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APE-1. The results showed that while MX and AA3 were very effective in blocking action
of APE-1, ARP was a poor inhibitor of the enzyme under physiological condition.

When AP sites were reacted with ARP at pH 7 and the DNA was then treated with APE-1,
about 90% of the DNA was cleaved by the enzyme showing poor protection of AP sites by
ARP (Fig. 7A, lane 8). This is probably because of the poor reactivity of ARP at pH 7 (Fig.
4A). In contrast, both MX and AA3 protected an overwhelming majority of AP sites at pH 7
(Fig. 7A, respectively lanes 4 and 6). When the pH of ARP reaction was lowered to 5,
protection of AP sites against cleavage by APE-1 increased to 74% (Fig. 7B, lane 8). Under
the same conditions, the protection by MX and AA3 was ~100% (Fig. 7B, lanes 4 and 6).
Thus, MX and AAS3 protect AP sites against APE-1 cleavage equally well at both pH
conditions.

AA3 Kills Cells containing DNA base damage

Inhibition of base-excision repair has been proposed as a strategy for anti-cancer
chemotherapy (38,39). In particular, it has been shown that coupling treatment of cancers
with alkylating agents such as MMS or temozolomide with BER inhibitor MX increases
killing of tumor cells (24,40). To determine whether AA3 is also able to enhance killing
cells treated with an alkylating agent, we combined MMS treatment of HeL a cells with AA3
treatment. The results are shown in Fig. 8.

When the cells were treated with a low concentration of MMS (50 uM, Fig. 8A) or 10 mM
AA3 (Fig. 8B), very little loss of viability was observed after one day. In fact, even 20 mM
AA3 killed only ~10% of HeLa cells (Supplementary Fig. S6). However, when HelL a cells
were treated with 50 yM MMS and different concentrations of AA3, cell viability decreased
with increasing concentration of AA3 dropping to about 50% survival at 10 mM AA3 (Fig.
8A). We then directly compared the ability of MX and AA3 to enhance killing by MMS at
this concentration using six independent cultures for each chemical. The results showed that
while MX did enhance killing by MMS, AA3 had a stronger lethal effect (Fig. 8B). The
difference between the killing enhancement caused by MX and AA3 was statistically
significant and suggests that AA3 would be better than MX as a component in anti-cancer
combination chemotherapy regimen. It is unclear why AA3 kills MMS treated cells better
than MX, despite the fact that both chemicals appear to be equally effective at inhibiting
APE-1 and we are investing this phenomenon further.

In summary, we have designed a small molecule, AA3, that can be used to quantify
aldehydic lesions and AP sites in DNA in multi-titer plate format without the use of
proteins. AA3 has much higher reactivity towards AP sites at physiological pH than ARP
and this opens up the possibility that AA3 may be more effective at labeling AP sites in live
cells. The use of click chemistry allows introducing a variety of fluorescent tags at AP sites
and the biorthogonal nature of click chemistry should allow the fluorescent labeling reaction
to be performed in permeabilized or fixed cells. AA3, like MX, is an efficient inhibitor of
mammalian APE-1 and works better than the latter in killing cells treated with the alkylating
agent MMS. Therefore, AA3 is more sensitive and versatile than ARP for labeling and
quantifying AP sites, and is more effective than MX in combination chemotherapy against
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HelLa cells. Experiments are underway to determine whether AA3 is more effective in
killing other types of cancer cells in combination with known anticancer agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Labeling AP sites with alkoxyamines. (A) The open-chain aldehyde of an AP site in DNA
reacts with alkoxyamines (Methoxyamine, AA3 or ARP). (B) Use of click chemistry to label
AA3 adducted DNA (5 can be biotin, a fluorophore or any other molecule).

DNA Repair (Amst). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wei et al.

ql'l"'l'r UDG AA3 ARP
U —TT1'T1] > >
OR
ql"l"'l'l' UDG ARP AA3
U — " TT1'T1] > >
UDG - + + + 3 s
AA3 - - . 2nd + 1st
ARP - - + 1st - 2nd
Biotin azide - . - - - -
Percent Product 19 19
Percent Product
1 2 3 4 5 6

Page 15

> Electrophoresis

> Electrophoresis

+
+

+

—

—
h-*ﬁ———"

Figure 2A

DNA Repair (Amst). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wei et al.

Page 16

Biotin azide
L|-|-4-|' —_— H‘Fﬁ'

ST oS &

ARP
AA3 - S+ o+ - -4
ARP - A
Biotin azide - - - + . . - o
Percent Product 16 13
Percent Product 75 75
1 2 3 4 5 6 7 8
17-mer+ARP —> , < 17-mer+AA3+Biotin
dsDNA ssDNA
Figure 2B
Cy5
azide
{:ﬁ UDG AA3
U E— _— >
Biotin
azide
AA3 - $ 5 +
Biotin azide - - + .
Cy5 azide - - - +
Percent product 71
Percent product 67

Lo €—17-mer+AA3+Cy5
17-mer+AA3+Biotin —> -

17-mer+AA3 —> Wiie D

Figure 2C

DNA Repair (Amst). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wei et al.

Page 17

Figure 2.
Reactivity of AA3 towards AP sites in DNA. A scheme for each experiment is shown at the

top of each part of the figure. (A) Inhibition of ARP reaction by AA3. Briefly, a 5-6-FAM
labeled DNA was incubated with UDG to create AP sites and reacted with AA3 and ARP in
the indicated order. For the reaction in lane 7, DNA was incubated with UDG and AA3,
followed by reaction with biotin azide using click chemistry. Asterisks (*) mark both the 17-
mer+ARP and 17-mer+AA3+Biotin bands. (B) Comparison of reactions of AA3 with AP
sites in double-stranded DNA (lane 3 and 4) and single-stranded DNA (lane 7 and 8).
Reactions of ARP with double- and single- stranded DNA are shown in lanes 2 and 6,
respectively. (C) Labeling of AP sites with Cy5 using AA3. AP sites were reacted with AA3
followed by click reaction with biotin azide (lane 3) or Cy5 azide (lane 4).
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Figure 3.
pH dependence of reaction of ARP and AA3 with AP-sites. A scheme for each experiment

is shown at the top of each part of the figure. (A) Reactions of ARP (5 mM) with AP sites at
pH 4,5, 6 and 7 (lanes 3 through 6). (B) Reactions of AA3 (5 mM) with AP sites at pH 4, 5,
6 and 7 (lanes 3 through 6) followed by the addition of biotin azide.
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Figure 4.
Concentration dependence of reactivity of ARP and AA3 with AP sites at pH 7. (A) DNA

was incubated with UDG to create AP sites and reacted with 2, 1, 5, or 10 mM ARP (lanes 2
through 5). (B) DNA was incubated with UDG to create AP sites and reacted with 1, 2, 5, or
10 mM AA3 (lanes 2 through 5) followed by click reaction with biotin azide. (C)
Quantification of the reaction products of different concentrations of ARP and AA3 with AP
sites at pH 7. Mean and standard deviation of triplicate samples are shown.
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Figure 5.

Quantification of aldehydic lesions and AP sites using ARP and AA3. (A) HeLa DNA was
labeled with ARP and vacuum-spotted onto a nylon membrane. Aldehydic lesions in this
DNA were quantified using streptavidin-conjugated horseradish peroxidase (HRP) and
detected using a chemiluminescent substrate (open bar). In parallel, aldehydic lesions in
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HeLa DNA were also labeled with AA3 followed by reaction with Cy5 azide and
quantification of fluorescence on a nylon membrane (black bar). AA3-labeled aldehydic
lesions reacted with Cy5 azide were also quantified in solution using a microplate reader
(gray bars). Mean and standard deviation of triplicate samples is shown. (B) HeLa DNA was
pre-treated with NaBHy to reduce endogenous aldehydic lesions and AP sites were
generated by heat and acid treatment for different lengths of time. The AP sites were labeled
using ARP or AA3 for labeling and the DNA was spotted onto a nylon membrane and the
membranes scanned to quantify AP sites (Left). AP sites in the same DNAs were also
quantified by reacting them successively with AA3 and Cy5 azide, and measuring
fluorescence intensity directly using a microplate reader (right). Mean and standard
deviation of triplicate samples is shown for each time point.
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Figure 6.
Sensitivity of detection of AP sites using ARP and AA3. (A) Image of the nylon membranes

where different amounts of DNA containing a synthetic oligomer with one AP site were
labeled using either ARP-HRP (top) or AA3-Cy5 (bottom). (B) Synthetic duplex containing
one AP site was labeled with either ARP or AA3. Different dilutions of ARP-labeled DNA
was spotted on a membrane and bound with Cy5-streptavidin. AA3-labeled DNA was
reacted with Cy5 azide and different dilutions were spotted on a membrane. Cy5
fluorescence was quantified in each case and is plotted against the number of AP sites in
each spot. (Inset) Image of the membrane in each case.
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Figure 7.

Inhibition of APE-1 activity by MX, ARP or AA3. A scheme for each experiment is shown
at the top of each part of the figure. (A) DNA containing an AP site was reacted with MX,
AA3 or ARP at pH 7. This was followed by incubation of DNA with APE-1. (B) DNA
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containing an AP site was reacted with MX, AA3 or ARP at pH 5. This was followed by
incubation of DNA with APE-1.
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Killing of HeLa cells by combining MMS with MX or AA3. (A) HeLa cells were treated
with 50 uM MMS and different concentrations of AA3 and cell killing was determined by
Trypan Blue exclusion assay. Each circle represents the result from one independent culture
and the broken line connects median values at each AA3 concentration. (B) HelLa cells were
treated with only AA3 (10 mM) or MMS (50 uM); or treated together with MMS and MX
(10 mM) or AA3 (10 mM), and cell killing was quantified. The results are from six
independent cultures and the mean and standard deviation is shown in each case.
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Synthesis of AA3
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