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CHARACTERIZATION OF THE ALDEHYDE REACTIVE PROBE
REACTION WITH AP-SITES IN DNA: INFLUENCE OF AP-LYASE
ON ADDUCT STABILITY

Samuel E. Bennett o Department of Environmental and Molecular Toxicology, and
the Environmental Health Sciences Center, Oregon State University, Corvallis, Oregon, USA

Joshua Kitner o Department of Environmental and Molecular Toxicology, Oregon
State University, Corvallis, Oregon, USA

o Alkoxyamines react with the open-chain aldehyde form of AP-sites in DNA to produce open-chain
aldehyde oximes. Here we characterize the effect of AP-site cleavage by yeast AP-endonuclease 1
(APN1) or T4 pyrimidine dimer DNA glycosylase/AP-lyase (T4 Pdg) on the efficiency and stability
of the alkoxyamine aldehyde reactive probe (ARP) condensation reaction with AP-sites. The results
indicate that (1) reaction of ARP with the open-chain aldehyde equilibrium form of the AP-site
was less efficient than with the 3'-o,f-unsaturated aldehyde produced by T4 Pdg; (2) the dRP
motety was least reactive with ARP; (3) both the AP-site and 3'-o,B-unsaturated aldehyde were
stable with regard to reaction with ARP over a 30-min incubation period at 37 C; and (4) ARP
adducted to the open-chain aldehyde form of the AP-site could be replaced by methoxyamine, but the
3", B-unsaturated aldehyde ARP oxime was stable against methoxyamine attack.

Keywords AP-site; Aldehyde reactive probe; AP-lyase; AP-endonuclease; Uracil-DNA
glycosylase; Oxime

INTRODUCTION

Abasic or apurinic/apyrimidinic sites (AP-sites) in DNA are one of the
most common forms of DNA damage.!!! AP-sites arise from spontaneous
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base hydrolysis as well as from modification of bases by DNA-damaging
agents such as bleomycin,!?! alkylating agents,>* ionizing radiation,!! and
free radicals!®! that destabilize the N-glycosylic bond linking the DNA base
to deoxyribose. AP-sites also result from the actions of DNA glycosylases and
are toxic intermediates in the base excision DNA repair pathway. AP-sites
have been estimated to occur at a rate of 10,000[”! to 50,0001 per cell per
day. AP-sites inhibit DNA replication,[g] cause stalling of transcription,[lo]
and promote loss of genetic integrity.[!]

The AP-site is not a chemically unique species but exists as an equi-
librium mixture of the ring-closed cyclic hemiacetals and open-chain
aldehyde and hydrate forms.!'>!3] The transient open-chain aldehyde
form is reactive with aldehyde-specific reagents such as hydroxylamine, ¥
methoxyamine,!!'® and O-(4-nitrobenzyl) hydroxylamine.!'®! Aldehyde re-
active probe or ARP (N’-aminoxymethylcarbonylhydrazino p-biotin) was
first synthesized by Kubo et al.['”! Like other alkoxyamines, it reacts with
aldehydes in a condensation reaction to form an oxime.!!” ARP has been
used to quantify AP-sites in genomic DNA in Elisa!'8! and slot blot assays. ')
In this report, we examine the ARP-AP-site condensation reaction and
characterize the effect of AP-lyase-mediated cleavage of the AP-site on the
efficiency and stability of ARP adduction.

MATERIALS AND METHODS
Materials

Oligonucleotides U-24-mer (5-GATGACGCACGTAUAAGTGATGAC-
3’) and its complement A-24-mer (5-GTCATCACTTATACGTGCGTCATC-
3’) were purchased from Integrated DNA Technologies (Coralville, IA).
N’-aminoxymethylcarbonylhydrazino p-biotin (Aldehyde Reactive Probe)
was purchased from Dojindo Molecular Technologies (Gaithersburg, MD),
resuspended in 10 mM Tris-HCI pH 7.5 as a 20-mM stock solution, and
stored at 4°C. Methoxyamine was purchased from Sigma, resuspended in
10 mM Tris pH 7.5 as a 1.5-M solution, and stored at —80°C. The vector
pGST-APNI was obtained from Dr. D. Ramotar (Universite de Montreal),
and pRSET-8k, encoding amino acids 1-87 of the N-terminal 8-kDa domain
of DNA polymerase B, was provided Dr. S.H. Wilson (NIEHS). Purified
bacteriophage T4 pyrimidine-DNA glycosylase (T4pdg) was obtained from
Dr. R. S. Lloyd (Oregon Health Sciences University).

DNA Substrate Preparation

Oligonucleotide U-24-mer was 5-end 3*P-labeled in a reaction contain-
ing [y-**P]JATP and T4 polynucleotide kinase, annealed to 5-end phos-
phorylated oligonucleotide A-24-mer at a 1:1.5 molar ratio, and purified
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as previously described.[®” Terminal transferase and [&-*?P]Cordycepin
5'triphosphate were used according to the manufacturer’s directions
(Fermentas, Hanover, MD) to 3-end 2P label the U-24-mer oligonucleotide.
The resulting *P U-25-mer was annealed to A-24-mer and purified as
described above.

Protein Purification

Escherichia coli uracil-DNA glycosylase (fraction V) was purified as
previously described by Bennett et al.'?") Saceharomyces cerevisiae apurinic
endonuclease I (APN1) and the 8kDa domain of rat DNA polymerase B
were purified using published protocols.

Uracil-DNA Glycosylase Reactions

Reactions (10 ul) to detect uracil and AP-site-metabolizing enzyme
activities contained 2 pmol of 3*P U.-A DNA and 50 mM Tris-HCI (pH
7.5), 50 mM KCl, and 0.02% NP-40. Following incubation at 37°C for 30
min, reactions were stopped on ice by the addition of an equal volume of
formamide sample dye and stored at —80°C. ARP and/or methoxyamine
(MX) were added as indicated in the figure legends. In reactions containing
3'-end **P-labeled DNA, the 5-dRP moiety was reduced by the addition
of 1.76 ul of 2 M NaBHy in ice-cold dH»O (pH 11.5) and incubation on
ice for 30 min. The reactions were then neutralized with 1.3 ul of 1 M
HCI, incubated on ice 10 min, supplemented with 7 ul of ice-cold 150 mM
Tris-HCl (pH 7.5) and 20 pl of formamide sample dye. Reaction samples
were heated at 90°C for 2 min prior to resolution by 20% denaturing poly-
acrylamide electrophoresis. Following electrophoresis, gels were wrapped in
plastic wrap, cooled to 4°C, and subjected to autoradiography at 4°C.

RESULTS
Detection of Uracil Excision and AP Site Incision Activities

Prior to detection of the uracil and AP-site-metabolizing activities of
Ung, APNI, T4pdg, and the 8-kDa protein, each protein was purified to
apparent homogeneity as described in Materials and Methods. A sample of
each preparation was analyzed by SDS-PAGE and the results are shown
in Figure 1A. Each protein preparation was judged to be >95% pure by
Coomassie Blue staining. A flowchart of the anticipated enzymatic digestion
products of %P U-A-24-mer DNA is shown in Figure 1B. The reaction
sequence is initiated by Ung, which excises the uracil base at position
14 of double-stranded DNA substrate to create an AP-site. If the AP-site
is reacted with an AP endonuclease such as APNI, it is cleaved on the
5'-side of the baseless deoxyribose to yield a 3-OH and a 5'-deoxyribose
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phosphate (dRP) moiety. However, if the AP-site is reacted with an AP
lyase such as T4pdg, it is cleaved on the 3'sside to yield a 3'-4-hydroxy-2-
pentenal-5>-phosphate group (P-4H2Pe) and a 5-phosphate (P). To verify
that the purified protein fractions were free of contaminating activities,
each preparation was reacted separately with the 3*P U-A-24-mer DNA
substrate as described under Materials and Methods and the results are
shown in Figure 1C. Inspection of the autoradiograph, lanes 1-5, attests
to the absence of nuclease activity in either the DNA substrate preparation
or the purified protein fractions. Following the reaction of Ung with the
2P U.A-24-mer (Figure 1C, lane 2), a portion of the AP-site—containing
DNA product underwent B-elimination (see Figure 1D) during sample
preparation and denaturing gel electrophoresis to yield a *P 13-mer-3'-P-
4H2Pe oligonucleotide and, not visible, a 5-P-10-mer. When the 32p U.A-24-
mer DNA substrate was reacted with Ung and APN1, all of the substrate was,
as expected, converted to *P-13-mer-3-OH (Figure 1C, lane 6). Similarly,
when the 3P U-A-24-mer DNA was reacted with Ung and T4pdg, all of the
substrate was converted to 3*P 13-mer-3'-P-4H2Pe (Figure 1C, lane 7). The
electrophoretic mobility of the **P 13-mer -3'-P-4H2Pe reaction product was
slightly slower than that of **P-13-mer-3'-OH, although the former contained
an additional phosphate group. Reaction of the DNA substrate with UNG
and the 8-kDa domain of DNA polymerase f, a 5-dRPase, did not alter the
mobility of the expected Ung 3*P-labeled reaction product ((Figure 1C, lane
8), nor did the order of addition of APN1 and T4pdg to the incision reaction
alter the expected product, **P-13-mer-3-OH. Since APN1 possesses a 3'-
diesterase activity,?!l it cleaved the 3-P-4H2Pe reaction product created
by T4pdg to leave a 3-OH; however, a 3-OH is not substrate for T4pdg.
The weak exonuclease activity of APNI at the incised AP-site (D. Ramotar,

FIGURE 1 Detection of uracil and AP-site—-metabolizing enzyme activities. (A) E. coli Ung, S. cerevisiae
APNI1, T4pdg, and human 8 kDa domain proteins were purified as described in Materials and Methods.
Samples (1 ug) were analyzed by 12% SDS-polyacrylamide gel electrophoresis and visualized following
staining with Coomassie Brilliant Blue. Arrows indicate the mobility of SDS-PAGE low-range molecular
weight standards (Bio-Rad). (B) The double-stranded 5-end 32pJabeled oligonucleotide substrate was
constructed as described in Materials and Methods and contained a site-specific uracil residue at position
14 of the 3?P-labeled strand. The flowchart depicts the 3?P-labeled DNA fragments generated by the
successive actions of uracil-DNA glycosylase, T4pdg AP lyase, APN1, and heat. (C) Reactions (20 ul)
contained 2 pmol of [32P] U-A-24-mer DNA and various combinations of Ung (0.2 units), Apnl (0.2
pmol), T4pdg (0.2 pmol), or 8 kDa domain (1 pmol) as indicated, and were incubated at 37°C for
30 min. Reactions were stopped with formamide sample buffer and subjected to 20% denaturing
polyacrylamide gel electrophoresis followed by autoradiography as described in Materials and Methods.
Arrows indicate the mobility of the [3?P]oligonucleotides. The numbers 1 and 2 above lanes 9 and 10
refer to the order of addition of APN1 and T4pdg. (D) Reactions (10 ul) contained 2 pmol of [32P]
U-A-24-mer DNA and 0.2 units of Ung and 0.2 pmol of APN1 as indicated. The reactions were incubated
for 0-30 min, stopped on ice at the times indicated with freshly prepared NaBHy4, and analyzed by
denaturing polyacrylamide gel electrophoresis followed by autoradiography as described in Materials
and Methods.
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personal communication) can be noted in Figure 1C, lanes 9 and 10. These
results provided additional support regarding the purity of the Ung, APNI,
T4pdg, and 8-kDa domain preparations and demonstrated that the actual
reaction products detected were consistent with the predicted reaction
products. Lastly, in Figure 1D, treatment of the Ung reaction product,
32p AP=site 24-mer, with 300 mM NaBH, (lanes 4-7) stabilized the AP-site
DNA, as expected, and abolished the streaking and 32P 13-mer-3/-P-4H2Pe
band caused by heat-catalyzed B-elimination that occurs during sample
heating and denaturing polyacrylamide gel electrophoresis in the absence
of NaBH, addition (lane 3). The time course of NaBH, addition showed
that formation of a **P 13-mer-3'-P-4H2Pe band did not occur at any time
during the Ung incubation, indicating that the *?P AP-site-A-24-mer was
stabile during the reaction time period. Excision of uracil by Ung occurred
rapidly, since APN1-mediated cleavage of the Ung-treated 3*P 24-mer DNA
substrate produced **P 13-mer-3’-OH at the earliest time point (lane 8).

Reaction of ARP with AP Site DNA

ARP can react with the open-chain aldehyde form of the AP-site, adduct-
ing a biotin moiety to the DNA via the relatively stabile oxime linkage.!'8! As
illustrated in Figure 24, ARP adducts the open-chain aldehyde leaving the
phosphodiester chain intact to generate ARP-24-mer. Subsequent heating
during sample preparation and denaturing gel electrophoresis of ARP-24-
mer may promote a small degree of 3'-strand breakage to yield 13-mer-3'-
P-X-ARP (Figure 2A). Alternatively, a minor amount of ARP-24-mer may
degrade to 13-mer-3-P-X-ARP during the 37°C incubation. In order to
characterize the reaction of ARP with a freshly created AP-site in double-
stranded DNA, a uracil-containing oligonucleotide, U-24-mer, was 5"-end
32P-Jabeled and annealed to its A-containing complement. The resulting 3P
U-A-24-mer DNA substrate was reacted with E. coli uracil-DNA glycosylase

FIGURE 2 Reaction of ARP with AP-site DNA. (A) Scheme depicting ARP adduction to an AP-site
created by Ung-mediated excision of a uracil residue. (B) Reactions containing 10 pmol of 32P U.A-24-
mer DNA, 0.2 units of Ung, and 0, 0.25, 0.5, 1, 2, 3, or 5 mM ARP (lanes 1-7, respectively) were incubated
at 37°C for 60 min, stopped on ice by the addition of formamide sample buffer, and analyzed by 20%
denaturing polyacrylamide gel electrophoresis followed by autoradiography as described in the legend to
Figure 1. Arrows indicate the mobility of the 3P oligonucleotides. (C) Densitometric quantification of the
autoradiogram shown in (B). Filled circles represent 3P ARP-24-mer, open circles 3P 18-mer-8'-P-X-ARP.
(D) Effect of preincubation time on AP-site reactivity with ARP. Reactions contained 10 pmol of 2P
U-A-24-mer DNA, and 0.2 units of Ung were added 30, 20, 15, 10, 5, 2, or 1 min (lanes 2-8) prior to
the addition of 5 mM ARP for 30 min. ARP was not added to the reaction shown in lane 1. Reactions
were analyzed by denaturing polyacrylamide gel electrophoresis and autoradiography as outlined in the
legend to Figure 1. (E) Densitometric quantification of the autoradiogram presented in (D). Filled circles
represent 2P ARP-24-mer, open circles *P 13-mer-3'-P-X-ARP. ARP-adducted 2P DNA is expressed as a
percentage of total 3P DNA detected.
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(Ung) to create an AP-site, and the reaction mixtures were titrated with
increasing concentrations of ARP (0-5 mM); subsequently, the reaction
products were resolved by denaturing polyacrylamide gel electrophoresis
and visualized by autoradiography (Figure 2B). Adduction to ARP retards
the electrophoretic mobility of the DNA, allowing for ready identification of
the adducted species by denaturing polyacrylamide gel electrophoresis and
autoradiography. Examination of the autoradiograph in Figure 2B shows
the mobility of AP-site 24-mer, ARP-24-mer, 13-mer-3'-P-X-ARP, and the 13-
mer-3"-P-X-4H2Pe moiety, which is produced from an unadducted AP-site
24-mer by sample heating and gel electrophoresis (see Figure 1D). The
amount of ARP-24-mer formed during the 60-min reaction period increased
as the concentration of the ARP reagent increased (Figure 2B, lanes 2-7).
Densitometric quantification of the autoradiograph revealed a hyperbolic
dependence of ARP-24-mer formation on ARP concentration (Figure 2C).
At 3 mM ARP, 48% of the 3*P 24-mer was detected in the mobility-
shifted ARP-24-mer band. Degradation of ARP-24-mer to the smaller 13-
mer-3-P-X-ARP adduct remained more or less constant regardless of ARP
concentration, representing 8-12% of the radiolabeled DNA. Next, the
stability of the freshly produced AP-site was investigated by extending the
pre-incubation with Ung from 1 to 30 min prior to adding 5 mM ARP
(Figure 2D). The amount of Ung (0.2 units) in the reaction was sufficient to
excise the uracil residues in 10 pmol of *P U-A-24-mer DNA in less than
1 min (Figure 1D). The extent of ARP adduction to AP-site 24-mer was
about the same (48%) regardless of the pre-incubation time period, as was
the amount of 13-mer-3'-P-X-ARP formed (12-16%) (Figure 2E). Thus, the
AP-site remained reactive toward ARP for at least 30 min at 37°C.

Reaction of ARP with T4pdg-Incised AP Site DNA

The reaction of ARP with AP-site 24-mer DNA shown in Figure 2B
revealed that the electrophoretic mobility of the 13-mer-3'-P-X-ARP prod-
uct was retarded relative to the mobility of 13-mer-3-P-4H2Pe, the pB-
elimination product created by heating during analysis. These results sug-
gested that more slowly migrating form was 13-mer-3'-P-X-ARP, where X
stands for the 4-hydroxy-2-pentenimine moiety of the oxime. In order to
investigate the reactivity of the 13-mer-3’-P-4H2Pe B-elimination product
toward ARP, the P U-A-24-mer DNA substrate was co-incubated with
Ung and T4pdg, which possesses a robust AP-lyase activity. A scheme of
the reaction course is presented in Figure 3A. When the Ung-mediated
AP-site DNA was incubated with T4pdg, the 24-mer DNA substrate was
cleaved to produce *?P 13-mer-3'-P-4H2Pe (Figure 3B, lane 2). Inclusion of
ARP (0.25-5 mM) in the reaction resulted in a concentration-dependent
increase in the amount of ARP-adducted 13-mer produced (Figure 35,
lanes 3-8). Quantification of the autoradiograph revealed that the extent of
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ARP adduction displayed a hyperbolic dependence on ARP concentration
that saturated at about 2 mM, and that >95% of the 32P-labeled DNA
was adducted at saturation. Thus, the T4pdg-cleaved AP-site 24-mer DNA
was more reactive toward ARP than the intact AP-site DNA. At low ARP
concentrations (0-0.5 mM), a small amount of §-elimination product, 13-
mer-P, was observed, which was most likely created by heating during sample
preparation and denaturing gel electrophoresis, (Figure 3B, lanes 1 and
2, arrow). The stability of the T4pdg-produced 13-mer-3'-P-4H2Pe moiety
was investigated as outlined above for AP-site 24-mer; that is, by extending
the pre-incubation time with Ung from 1 to 30 min prior to adding ARP
(Figure 3D). The results show that the 13-mer-3'-P-4H2Pe «,B-unsaturated
aldehyde moiety was remarkably stable with respect to ARP adduction over
the 30-min time period, and that the amount of adduct formed relative to
total 3P DNA detected approached 100% (Figure 3E). To investigate the
kinetics of ARP adduction to the T4pdg-incision product 13-mer-3'-P-4H2Pe,
a time course experiment was conducted (Figure 4A). The results show
that ARP adduction to the «,B-unsaturated moiety occurred quite rapidly, as
over 50% of the 13-mer-3-P-4H2Pe DNA was adducted in the time required
to process the sample at the 0 min time point. By 10 min, the adduction
reaction had plateaued at >96% adduct formation (Figure 4B).

Effect of APN1 on ARP Adduction

When APNI was added to the ARP reaction prior to the addition of
T4pdg, a mobility-shifted band associated with ARP adduction was not
observed (data not shown). This result is consistent with the known cleavage
specificity of APN1. APN1 cleaves 5" to the AP-site to leave a 3-OH, which
does not react with ARP. When T4pdg was added to the ARP reaction
followed by APN1 addition, the mobility-shifted 13-mer-3'-P-X-ARP band was
absent (data not shown). Since the ARP adduction reaction to 13-mer-3'-P-
4H2Pe was observed to be rapid (Figure 4), the absence of a 13-mer-3'-P-
X-ARP band suggests that the 3'-diesterase activity of APN1 removed the 3’
ARP adduct.

Effect of Methoxyamine on ARP Adduction

Methoxyamine (MX) is a small alkoxyamine that shares the same
reactive group (NHoO-R) as ARP. To investigate the effect of MX on ARP
adduction, a competition experiment was conducted (Figure 5). Control
reactions show the positions of the AP-site 24-mer, ARP-24mer, 13-mer-3-
P-4H2Pe, and 13-mer-3'-P-X-ARP bands (Figure 5, lanes C, 1, S, and 5,
respectively). When MX was added to AP-site 24-mer, no shift in the mobility
of the AP-site 24-mer band was observed (Figure 5, lane 2). Similarly,
addition of MX to 13-mer-3-P-4H2Pe did not result in a noticeable band
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mobility shift (Figure 5, lane 6). Since MX is a small molecule (FW 47.06),
adduction of MX to 24- or 13-mer DNA (MX-24-mer or 13-mer-3-P-X-
MX) apparently did not affect the electrophoretic mobility of the DNAs.
Talpaert-Borle and Liuzzi''® observed that AP-sites in calf thymus could be
readily tagged with '*C-MX. However, they determined that the DNA lost
G radioactivity when reacted with unlabeled MX, indicating a replacement
reaction had occurred. To determine whether ARP-adducted DNA would be
subject to replacement by MX, AP-site 24-mer DNA was reacted with ARP
(b mM) for 30 min, then supplemented with MX (5 mM), and incubated
for an additional 30-min period (Figure 5, lane 3). Quantification of the
autoradiograph showed that one-half of the mobility-shifted ARP-24-mer
band now migrated at the same position as MX-24-mer, suggesting that half
of the ARP adduct was replaced by MX during the 30-min period. When
AP-site 24-mer DNA was first incubated with MX (5 mM) for 30-min, and
then supplemented with ARP (5 mM) for 30 min, no band other than
MX-24-mer was observed. We interpret this result to signify that the larger
ARP molecule was unable to replace MX-adducted to AP-site DNA. The
same experiment was conducted with ARP and MX using 13-mer-3'-P-4H2Pe
DNA; however, in this case, the results were significantly different (Figure 5,
lanes 5-8). As observed previously (Figure 3), the electrophoretic mobility
of the 13-mer-3'-P-4H2Pe band was characteristically shifted when reacted
with ARP (Figure 5, lane 5); reaction with MX did not alter the relative
mobility of the 13-mer-3’-P-4H2Pe band. When 13-mer-3’-P-4H2Pe DNA
was first incubated with ARP for 30 min, followed by MX for 30 min, no
change in the retarded mobility of the 13-mer-3'-P-X-ARP band was observed
(Figure b, lane 7). This result indicated that MX could not replace ARP in
the 4-hydroxy-2-pentenal oxime. Lastly, as was the case with AP-site 24-mer,
reaction of 13-mer-3-P-4H2Pe with MX followed by ARP did not result in
replacement (Figure 5, lane 8).

FIGURE 3 Reaction of ARP with T4pdg-incised AP-site DNA. (A) Scheme showing ARP adduction
to the 3-4H2Pe o,B-unsaturated aldehyde created by T4pdg incision of the Ung-mediated AP-site.
(B) Reactions consisted of 10 pmol of 32p U.A-24-mer DNA, 0.2 units of Ung, 2 pmol of T4pdg, and
0, 0.25, 0.5, 1, 2, 3, or 5 mM ARP (lanes 2-8, respectively). The control reaction shown in lane 1 did
not contain T4pdg or ARP. The reaction conditions and subsequent analysis were the same as outlined
in the legend to Figure 2B. (C) Densitometric quantification of the autoradiogram shown in (B). Filled
circles represent [32P] 13-mer-3'-P-X-ARP. (D) Effect of preincubation time on 3-4H2Pe reactivity with
ARP. Reactions contained 10 pmol of *2P U-A-24-mer DNA and 0.2 units of Ung, and 2 pmol of T4pdg
was added 30, 20, 15, 10, 5, 2, or 1 min prior to the addition of 5 mM ARP for 30 min (lanes 3-9,
respectively). Control reactions consisting of 3*P U-A-24-mer DNA and Ung (lane 1), and 2P U-A-24-mer
DNA, Ung, and T4pdg (lane 2), were conducted in the absence of ARP for 30 min at 37°C. Reactions
were analyzed by denaturing polyacrylamide gel electrophoresis and autoradiography as outlined in
the legend to Figure 1. (E) Densitometric quantification of the autoradiogram presented in (D). Filled
circles represent 32P 18-mer-8'-P-X-ARP. ARP-adducted 3P DNA is expressed as a percentage of total 2P
DNA detected.
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FIGURE 4 Time dependence of ARP adduction to T4pdg-incised AP-site DNA. (A) An autoradiogram
is shown of reactions containing 3P U-A-24-mer DNA (10 pmol), Ung (0.2 units), T4pdg (2 pmol), and
ARP (5 mM). In a control reaction, ARP was omitted (lane 1). Reactions were incubated at 37°C for
0, 2, 5, 10, 20, 30, and 60 min (lanes 3-9, respectively), and analyzed by denaturing polyacrylamide
gel electrophoresis and autoradiography as described in the legend to Figure 1. (B) Densitometric
quantification of the autoradiogram presented in (A). Filled circles represent 2P 13-mer-3'-P-X-ARP.
ARP-adducted DNA is expressed as a percentage of total P DNA detected. Arrows indicate the mobility
of the 3P oligonucleotides during electrophoresis.

To determine the effect of MX concentration on the ARP-DNA replace-
ment reaction, 32P U-A-24-mer was reacted for 30 min with Ung or Ung and
T4pdg in the presence of ARP (5 mM) to generate ARP-24-mer and 13-mer-
3'-P-X-ARP, respectively, after which a concentration course of MX (1-50
mM) supplementation was conducted (Figure 6). For ARP-24-mer DNA, the
results show a hyperbolic dependence of increasing MX concentration on
loss of ARP-DNA adduct that saturated at 10 mM MX (Figures 6A and B).
In contrast, for 13-mer-3’-P-X-ARP DNA, concentrations of MX as high as
50 mM did not measurably decrease the amount of ARP-adducted DNA.
These results reinforce the observation that the 4-hydroxy-2-pentenal ARP
oxime (13-mer-3’-P-X-ARP) was significantly more stable than the 2'-deoxy-
p-erythropentofuranose open-chain aldehyde ARP oxime (ARP-24-mer).

Reaction of ARP with 5’-dRP-DNA

In order to investigate the interaction of ARP with the 5-end deoxyri-
bose phosphate (dRP) moiety, the U-24-mer oligonucleotide was 3’-end
32PJabeled by the addition of [a-*P]Cordycepin and the 3'-end *?P-labeled
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FIGURE 5 Effect of methoxyamine on ARP adduction to DNA. (A) An autoradiogram is
shown of reactions that contained 3?P U.A-24-mer DNA (10 pmol), Ung (0.2 unit), and ARP
(5 mM), MX (5 mM), and T4pdg (2 pmol) as indicated; reactions were incubated at 37°C for 60 min. In
lanes 3,4, 7, and 8, a 30-min incubation with either ARP or MX, labeled “1” for first addition, was followed
by addition of either ARP or MX, labeled “2” for second addition and incubation for an additional 30-min
period. Reactions were analyzed by denaturing polyacrylamide gel electrophoresis and autoradiography
as described in the legend to Figure 1. (B) Densitometric quantification of the autoradiogram presented
in (A). Solid bars indicate ARP-adducted 32P DNA, striped bars indicate 32p DNA not adducted to ARP;
adducted and unadducted 3*P DNA are expressed as a percentage of total 3P DNA detected.

U-A-25-mer DNA constructed as described under Material and Methods.
If reacted with Ung and APN1, the double-stranded *?P-25-mer DNA sub-
strate would release a 3*P-labeled 11-mer with a 5'-deoxyribose phosphate
(dRP) moiety (Figure 7A). Loss of the 5-dRP group through the action
of the deoxyribophosphodiesterase (dRPase) activity associated with the
DNA polymerase 8 8-kDa domain or by heat would result in a 3*P-labeled
11-mer with a 5-phosphate terminus. To determine the relative activity
of the purified 8-kDa domain protein preparation, the 32P dRP-11-mer
(10 pmol) created by the actions of Ung and APN1 was titrated with 8-kDa
protein (0.03-50 pmol) and the reaction products analyzed by denaturing
polyacrylamide electrophoresis (data not shown). Quantification of the
results showed that virtually all the dRP moiety was removed by 0.4 or
more pmol of 8-kDa protein. Care was taken to terminate all reactions by
the addition of NaBH, in order to stabilize by reduction the open-chain
aldehyde form of the dRP moiety.

To determine the relative reactivity of the dRP moiety toward ARP,
reactions containing the dRP-11-mer DNA created by Ung and APN1 were
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FIGURE 6 Effect of methoxyamine concentration on the ARP-DNA replacement reaction. (A) Autora-
diogram of reactions that contained %2p U.A-24-mer (10 pmol), Ung (0.2 unit), and ARP (5 mM).
Reactions were incubated at 37°C for 30 min, then 1, 2, 5, 10, 20, or 50 mM MX was added (lanes
3-8, respectively) and incubation continued for an additional 30-min period. Reactions were analyzed
by denaturing polyacrylamide gel electrophoresis and autoradiography as described in the legend to
Figure 3. Reactions in lanes 1 and 2 contained 3P U-A-24-mer and Ung, and 3P U-A-24-mer, Ung, and
ARP, respectively. (B) Densitometric quantification of the autoradiogram shown in (A). ARP-adducted
is expressed as a percentage of total 3>P DNA detected. (C). Autoradiogram of reactions that contained
32p U.A-24-mer (10 pmol), Ung (0.2 unit), T4pdg (2 pmol), and ARP (5 mM). Reactions were incubated
at 37°C for 30 min, then 1, 2, 5, 10, 20, or 50 mM MX was added (lanes 3-8, respectively) and incubation
continued for an additional 30 min period. Reactions were analyzed by denaturing polyacrylamide gel
electrophoresis and autoradiography as described in the legend to Figure 1. Reactions in lanes 1 and
2 contained 3*P U-A-24-mer, Ung, and T4pdg, and 3P U-A-24-mer, Ung, T4pdg, and ARP, respectively.
(D) Densitometric quantification of the autoradiogram shown in (C). ARP-adducted is expressed as a
percentage of total 3P DNA detected.



09: 44 26 January 2011

Downl oaded At:

Characterization of the Aldehyde Reactive Probe Reaction 837

supplemented with increasing concentrations of ARP (0.25-5 mM), and the
results are shown in Figure 7B. Inspection of the autoradiograph showed
that the dRP moiety was much less reactive toward ARP than either the open-
chain aldehyde or the «,-unsaturated aldehyde. At 3 mM ARP, 26% of the
32P dRP-11-mer migrated as ARP-X-11-mer (Figure 7C). The extent of ARP-
X-11-mer formation as a function of ARP concentration did not approach
saturation at 5 mM ARP, the highest concentration tested. The minor band
just above the dRP-11-mer band was most likely dRP-12-mer. This fragment
would result from Ung-APNIl-mediated cleavage of 3'-*P-26-mer, which
could be produced by terminal transferase if the Cordycepin 5'-triphosphate
stock were contaminated with 2'-deoxyadenosine triphosphate. The effect
of the 8kDa domain on ARP adduction to dRP-11-mer was examined
by supplementing the ARP reaction with 8-kDa protein at various times
(0-30 min) after reaction initiation (Figures 7D and E). When the 8-kDa
domain was added at the same time as ARP, no ARP-X-11-mer formation
was observed (Figure 7D, lane 3). However, when the 8kDa protein was
added 30 min after ARP, no effect on the amount of adduct formed was
observed (Figure 7D, lane 8). These results indicated that elimination of
the dRP moiety abolished ARP adduct formation and that the 8-kDa dRPase
could not remove an ARP-adducted dRP group.

DISCUSSION

In this report we have characterized the reactivity of the aldehyde
reactive probe ARP with a freshly produced AP-ite, the 3-4-hydroxy-
2-pentenal moiety produced from an AP-site by AP-lyase-catalyzed pB-
elimination, and the 5’-deoxyribose phosphate group resulting from AP-
endonuclease-catalyzed cleavage of AP-site DNA, during the first 30 to

FIGURE 7 Effect of 8-kDa domain on ARP adduction to dRP. (A) The flowchart depicts the 3'-end
32pJabeled DNA fragments produced by the successive actions of Ung, APN1, and ARP or 8kDa
proteins. (B) Concentration course of ARP adduction to dRP. An autoradiogram is shown of reactions
that contained 3'-*2P U-A-25-mer (1 pmol), Ung (0.2 unit), APN1 (1 pmol), and 0, 0.25, 0.5, 1, 2, 3,
and 5 mM ARP (lanes 3-9, respectively); lanes 1 and 2 contained %/32P U.A-25-mer, and 3/-32P U-A-25-
mer and Ung, respectively. Reactions were analyzed by denaturing polyacrylamide gel electrophoresis
and autoradiography as described in the legend to Figure 3. (C) Densitometric quantification of the
autoradiogram shown in (B). (D) Time course of 8-kDa protein addition to the ARP-dRP adduction
reaction. An autoradiogram is shown of reactions that contained %'-*2P U-A-25-mer (1 pmol), Ung (0.2
unit), APN1 (1 pmol), and ARP (5 mM). The 8-kDa protein (1 pmol) was added to the reactions at 0, 2, 5,
10, 20, and 30 min after ARP addition (lanes 3-8); reactions in lanes 1 and 2 contained $'-2P U-A-25-mer,
Ung, and APN1, and 3/32p U-A-25-mer, Ung, APN1, and ARP, respectively. Reactions were analyzed by
denaturing polyacrylamide gel electrophoresis and autoradiography as described in the legend to Figure.
1. (E) Densitometric quantification of the autoradiogram shown in (D). The extent of ARP adduction
to dRP is expressed as a percentage of the ARP-dRP-11-mer adduct observed in the absence of 8-kDa
protein addition (lane 2).
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60 min of formation. The experimental results show that (1) ARP ad-
duction to the open-chain aldehyde form of the AP-site was less efficient
than adduction to the 3'-w,f-unsaturated aldehyde produced by AP-lyase;
(2) that the dRP moiety was the least reactive toward ARP; (3) the reactivity
of both the AP-site and the 3'-o,B-unsaturated aldehyde moiety was relatively
stable over a 30-min incubation period at 37°C; and (4) ARP adducted
to the open-chain aldehyde form of the AP-site could be replaced by
MX, but the 3'-4-hydroxy-2-pentenal ARP oxime was stable against MX
attack. A possible mechanism to account for this difference in reactivity
is presented in Figure 8. Just as an AP-site is an equilibrium mixture
of open and closed forms, we hypothesize that the open-chain aldehyde
ARP oxime (Figure 8, II) can cyclize to form an «- and/or B-hemiaminal
(Figure 8, III). In the hemiaminal form, the C1’ anomeric carbon would
be vulnerable to a Sy2 nucleophilic substitution reaction with MX. The
converse reaction, nucleophilic attack by ARP on an open-chain aldehyde
MX oxime, was not observed, possibly because the larger ARP molecule was
sterically hindered from achieving the required reaction geometry.

We observed that approximately 40% of the open-chain aldehyde ARP
oxime was resistant to replacement by MX (Figure 6). A possible mechanism
to explain this resistance involves consideration of the steric restraints im-
posed on bulky adducts by double-stranded DNA and the influence of oxime
stereochemistry. DNA structure can have considerable influence on AP-site
dynamics. For example, Beger and Bolton!!¥! reported that whereas an
apyrimidinic site opposite A in a duplex oligonucleotide was an equal mix-
ture of the a- and B-hemiacetal forms of 2-deoxy-p-erythro-pentofuranose, an
apurinic site opposite C was predominantly a S-hemiacetal. If the syn and
anti configurations of the open-chain aldehyde ARP oxime (Figure 8, II)
were formed in approximately equal amounts, we speculate that cyclization
of the relatively bulky open-chain aldehyde ARP oxime to one particular
configuration of the hemiaminal may be hindered by neighboring nu-
cleotides within the duplex DNA oligonucleotide. In that case, about one-
half of the open-chain aldehyde ARP oxime would not cyclize and would be
resistant to replacement by MX. Alternatively, the a- and S-forms of the ARP
hemiacetal are likely to have different hydrogen bonding patterns within
the base stack. Weak intrahelical hydrogen bonding may facilitate rotation
of one form of the open-chain aldehyde ARP hemiaminal to an extrahelical
position where it would be vulnerable to MX replacement.

If we treat the amount of ARP-11-mer produced in the 60-min reactions
shown in Figure 7C as an apparent rate, then the rate constant kagp and
dissociation constant K4 that characterize ARP adduction to dRP-11-mer can
be estimated by fitting the dependence of the observed rate constant Kops
on ARP concentration to the equation kq,s = k [ARP]/[Kq + (ARP)]. The
results are karp = 729 £ 50 nmol/h and K; = 4.88 £+ 0.6 mM. The high K4
indicates that the affinity of the dRP-11-mer for ARP was low. The relatively
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low reactivity of the dRP moiety may indicate that nucleophilic attack by the
ARP alkoxyamine was sterically hindered by the 5-phosphate group or that
the open-chain aldehyde form of the 5-end abasic deoxyribose phosphate
occurred at a lower frequency compared to AP-site 24-mer. Estimates of kagrp
and K4 for the reaction of ARP with AP-site 24-mer and 13-mer-3'-4H2Pe
were not reliable since the amount of ARP product formed (Figures 2—4)
was large. However, we surmise that the karp for AP-site 24-mer was about
the same as for dRP-11-mer, but that the K4 for AP-site 24-mer was in the
low micromolar range. Determination of the karp for the reaction of ARP
with 13-mer-3'-P-4H2Pe will require rapid quench experiments.

The results presented here offer insight into the observation made
by Talpaert-Borle and Liuzzi"® that depurinated calf thymus DNA la-
beled with *C-methoxyamine lost radioactivity when reacted with non-
radioactive methoxyamine: In their experiments, the AP-site open-chain
aldehyde oxime containing '*C-methoxyamine underwent nucleophilic
attack by unlabeled methoxyamine, resulting in substitution of unlabeled
methoxyamine for *C-methoxyamine. In the absence of methoxyamine,
the *G-methoxyamine-labeled calf thymus DNA was stable.!!) As we have
shown here, the problem of oxime substitution can be avoided by first cleav-
ing AP-sites with AP-lyase and then adding the appropriate alkoxyamine
reagent, such as ARP or *C-methoxyamine. These results also suggest that
the 3"-o,f-unsaturated DNA aldehyde produced by AP-site B-elimination is
more toxic to cells than the AP-site itself, since it can readily form stable
adducts with less reactive intracellular nucleophiles.
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