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RECOGNITION OF OXIDIZED THYMINE BASE ON THE

SINGLE-STRANDED DNA BY REPLICATION PROTEIN A
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Akira Ono � Department of Applied Chemistry, Faculty of Engineering, Kanagawa
University, Kanagawa-ku, Yokohama, Japan

Shunji Izuta � Faculty of Science, Kumamoto University, Kumamoto, Japan

� Replication protein A (RAP) is a eukaryotic single-stranded DNA binding protein involved in
DNA replication, repair, and recombination. Recent studies indicate that RPA preferentially binds
the damaged sites rather than the undamaged sites. Therefore, RPA is thought to be a member of repair
factories or a sensor of lesion on DNA. To obtain further information of behavior of RPA against
the oxidized lesion, we studied the binding affinity of RPA for the single-stranded DNA containing
5-formyluracil, a major lesion of thymine base yielded by the oxidation, using several synthetic
oligonucleotides. The affinity of RPA for oligonucleotides was determined by gel shift assay. Results
suggest that the surrounding sequence of 5-formyluracil may affect the affinity for RPA, and that
the 5-formyluracil on the purine stretch but not the pyrimidine stretch increases the affinity for RPA.
Results of affinity labeling experiment of RPA with the oligonucleotides containing 5-formyluracil
indicate that RPA1 subunit may directly recognize and bind to the 5-formyluracil on the single-
stranded DNA.

Keywords 5-Formyluracil; Affinity labeling; Recognition; Replication protein

INTRODUCTION

Several external or internal factors induce many types of lesions on
the chromosomal DNA. For example, ultraviolet light forms the thymine-
thymine dimer and pyrimidine(6-4)pyrimidone photoproduct, whereas
active oxygen yields several oxidized bases such as 8-oxoguanine, 2-
hydroxyadenine, or 5-formyluracil.[1−5] These lesions lead to mutations dur-
ing DNA replication with a high frequency. To avoid these mutations, the
lesions are recognized and repaired through the cellular repair pathways.
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The XPA or XPC, a member of the xeroderma pigmentosum gene prod-
ucts, is a well known protein factor that recognizes several DNA lesions,
such as pyrimidine(6-4)pyrimidone photoproduct or acetylaminofluorene
adduct.[6−13] Recently, it is reported that the replication protein A (RPA)
also shows a high affinity for the pyrimidine(6-4)pyrimidone or cisplatin
adduct.[14−20] Furthermore, Zou and Flledge have reported that RPA may
recruit ATR/ATRIP complex, an essential protein kinase for the cell cycle
checkpoint, to the lesion site.[21] Therefore, RPA has an important role on
the cell cycle checkpoint as a sensor of lesion on DNA. RPA was firstly found
as a protein factor required for the eukaryotic DNA replication by the analysis
of in vitro human DNA replication system.[22] RPA is a single-stranded DNA-
binding protein composed of three subunits, 70 kDa (RPA1), 32 kDa (RPA2),
and 14 kDa (RPA3). Among them, both RPA1 and 2 subunits have DNA bind-
ing activity.[22] Although several characteristics of RPA on the recognition of
DNA damages are reported, the behavior of RPA against the oxidized lesion
is not clarified.

The 5-formyluracil is a major lesion yielded by the oxidation of thymine
base.[4,5] Studies with the prokaryotic and eukaryotic cells have revealed
that the 5-formyluracil is a mutagenic nucleotide base.[23−29] Indeed, DNA
polymerase incorporates dGTP or dCTP, in addition to dATP, opposite 5-
formyluracil residue on the template.[30−34] Differently from the UV-damage
or cisplatin adduct, the 5-formyluracil is repaired by the base excision. Many
repair enzymes for the 5-formyluracil are reported.[35−41] To elucidate the
exact role of RPA on the recognition of oxidized bases, we studied the affinity
of RPA for 5-formyluracil by the gel shift assay using the synthetic oligonu-
cleotides containing 5-formyluracil at the defined site. Here, we demonstrate
that RPA may directly recognize and bind to the 5-formyluracil on the single-
stranded DNA with a high affinity.[42]

MATERIALS AND METHODS

Oligonucleotides

Oligonucleotides containing 5-formyluracil (18 mer, 19 mer, and 37 mer)
used in this study were chemically synthesized as described.[43] Other
oligonucleotides were purchased from Sigma Genosis. Sequences of each
oligonucleotide are shown below. These oligonucleotides are designated as
T18, FoU18, T19, FoU19, T37, and FoU37, respectively. When used as a
probe for gel shift assay, the 5′-end of each oligonucleotide was labeled with
32P. The 5′-end of competitor oligonucleotide was not phosphorylated.

5′-GAGAXGGAGCGAAAGCTG -3′ (18 mer)

X = T (T18)

X = 5-formyluracil (FoU18)
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Recognition of Oxidized Thymine Base by RPA 441

5′-GATCCYCTAGAGTCGACCG -3′ (19 mer)

Y = T (T19)

Y = 5-formyluracil (FoU19)

5′-TCTCGATTAGTCCTGAZCTAGAGTCGACCGTCTCAGG -3′

(37 mer)

Z = T (T37)

Z = 5-formyluracil (FoU37)

Preparation of Replication Protein A

Replication protein A (RPA) was purified from the egg extract derived
from Xenopus laevis. The egg extract (5 ml) was applied onto a column of
single-stranded DNA-cellulose (1-ml bed volume). The column was washed
with 40 ml of Hepes-KOH buffer (40 mM Hepes-KOH, pH 7.5, 1 mM
2-mercaptoethanol, 1 mM EDTA and 10% glycerol) containing 1 M NaCl,
then eluted with 10 ml of Hepes-KOH buffer containing 2 M NaCl. Frac-
tions (1 ml each) were collected, and the proteins containing each frac-
tion were detected by SDS-polyacrylamide gel electrophoresis. The fractions
containing RPA were combined and dialyzed against the buffer containing
0.1 M NaCl and applied on a column of Hitrap Q (1 ml bed volume). The
column was washed with 20 ml of the buffer containing 0.1 M NaCl, followed
by elution with a linear gradient of NaCl from 0.1 to 0.5 M in the buffer
(30 ml). Fractions (1 ml each) were collected, and the proteins containing
each fraction were detected by SDS-polyacrylamide gel electrophoresis. RPA
was eluted at 0.2 to 0.3 M NaCl. The fractions containing RPA were combined
and dialyzed against 1 l of the buffer containing 60% glycerol and stored at
−20◦C until use. Purified RPA was composed of three polypeptides having a
molecular weight of 70 kDa, 32 kDa, and 14 kDa, respectively, as judged by
SDS-polyacrylamide gel electrophoresis.

Gel Shift Assay

Binding affinity of the purified RPA for several synthetic oligonucleotides
was determined by the gel shift assay. The reaction mixture (10 µl) contain-
ing 10 ng of purified Xenopus RPA, 40 mM Hepes-KOH, pH 7.5, 1 mM EDTA,
and 1 pmol 5′-32P labeled oligonucleotide was incubated on ice for 10 min,
then subjected to 8% polyacrylamide gel electrophoresis. RPA bound and
unbound oligonucleotides were detected by phosphor image analyzer with
Fuji BAS 1500. The amount of RPA bound oligonucleotide was determined.
When the competition assay was performed, the indicated amount of com-
petitor oligonucleotide was added to the reaction mixture.
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Scatchard Plots

Gel shift assay was performed with 10 ng of purified RPA and several
amounts (0.1 fmol-2 pmol) of 5′-32P labeled oligonucleotide as described
above. The amounts of RPA bound and unbound oligonucleotides were de-
termined. Based on these results, Scatchard plots were made. The Kd values
for each oligonucleotide was obtained from the slope of the graph.

Affinity Labeling of RPA with Oligonucleotide Containing

5-Formyluracil

The mixture (10 µl) containing 10 ng of RPA, 40 mM Hepes-KOH,
pH 7.5, 1 mM EDTA and 1 pmol 5′-32P labeled oligonucleotide containing
5-formyluracil (FoU18, FoU19 or FoU37) was incubated on ice for 10 min. To
this mixture, 1 µl of 1 M NaBH4 was added (final concentration was 100 mM).
The mixture was further incubated at 37◦C for 30 min, and subjected
to SDS-15% polyacrylamide gel electrophoresis. The 32P-oligonucleotide
crosslinked with RPA was detected by phosphor image analyzer with Fuji
BAS 1500.

RESULTS

Affinity of RPA for Oligonucleotide Containing 5-Formyluracil

To study the binding affinity of RPA for oligonucleotide containing
5-formyluracil, the gel shift assay was performed with the 5′-32P-labeled un-
damaged 18 mer oligonucleotide (T18) as a probe. RPA was purified from
Xenopus egg extract. Typical result is shown in Figure 1A. The 32P-labeled
oligonucleotide was retarded on polyacrylamide gel electrophoresis by the
addition of RPA (lanes 1 and 2). The competition analysis with the unla-
beled oligonucleotides was then performed. The amount of 32P-labeled T18
and RPA complex was decreased according to the increasing amount of un-
labeled T18 (lanes 3–6) or the oligonucleotide containing 5-formyluracil
(FoU18) (lanes 7–10). The amount of 32P-oligonucleotide-RPA complex in
the absence or presence of competitors was measured. The amount of com-
plex without competitor was taken as 100% and that with the several amount
of competitor was determined. Resulting graph of the average of three inde-
pendent experiments is shown in Figure 1B. As can be seen in this figure, the
FoU18 oligonucleotide showed the stronger competition effect on the forma-
tion of 32P-labeled T18 and RPA complex rather than T18 oligonucleotide.
To confirm this result, the same experiment was carried out with the 5′-32P-
labeled FoU18 oligonucleotide as a probe. RPA also bound FoU18 oligonu-
cleotide and the retarded band on polyacrylamide gel electrophoresis was
appeared (Figure 1C, lane 2). Competition experiment with the unlabeled
T18 and FoU18 was also performed (lanes 3–10). The average amount of
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Recognition of Oxidized Thymine Base by RPA 443

FIGURE 1 Gel shift assay of RPA binding to 18 mer oligonucleotides. Competition experiments for
the formation of RPA and 1 pmol 32P-labeled T18 (A) or 32P-labeled FoU18 (C) was performed in the
absence or presence of several competitors. The 32P-labeled band was detected and analyzed with Fuji
BAS 1500. Amount of competitor was 1 pmol (lanes 3 and 7), 10 pmol (lanes 4 and 8), 50 pmol (lanes
5 and 9), or 100 pmol (lanes 6 and 10). Kinds of competitors are shown above the panel. Position of
bound and unbound 32P-labeled probe is left of panel. The average of amount of RPA-32P-labeled T18
(B) or RPA-32P-labeled FoU18 (D) complex with or without the competitors from three independent
experiments was determined as percent, and represented as a graph.

32P-oligonucleotide-RPA complex in the absence or presence of competi-
tors from three independent experiments was determined and shown in
Figure 1D. Similar to the case of T18 probe, the FoU18 oligonucleotide
had the stronger competition effect than T18 oligonucleotide. These results
suggest that RPA may preferentially bind to the oligonucleotide containing
5-formyluracil than the undamaged single-stranded DNA.

To compare the affinity of RPA for these oligonucleotides, the dissocia-
tion constant (Kd value) was determined by Scatchard plots. The gel shift as-
say was again performed with the several concentrations of oligonucleotides
and the amounts of RPA bound and unbound oligonucleotides were deter-
mined. Based on these data, Scatchard plots were made. The Kd values were
obtained from the slop of graph and summarized in Table 1. The Kd value
of T18 was 5.0 nM, whereas that of FoU18 was 0.45 nM. The affinity of RPA
for FoU18 was 11-fold higher than for T18.
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TABLE 1 RPA Binding to Oligonucleotides

Oligonucleotide Kd (nM) Kd for T/Kd for FoUa

T18 5.0
FoU18 0.45 11
T19 0.45
FoU19 0.45 1
T37 0.45
FoU37 0.10 4.5

aRatio of Kd value for undamaged oligonucleotide/Kd value for
oligonucleotide containing 5-formyluracil.

Effects of Surrounding Sequence of 5-Formyluracil

on the Affinity for RPA

To examine the effect of surrounding sequence of 5-formyluracil on
the affinity for RPA, the gel shift assay was further performed with the
other oligonucleotides, T19 and FoU19. The surrounding sequence of
5-formyluracil in FoU19 is pyrimidine rich, whereas that of FoU18 is purine-
rich (sequences are shown in Materials and Methods). RPA also bound to
the 32P-labeled T19 or FoU19 and gave the retarded bands (Figures 2A and
2C). The amount of 32P-labeled T19 and RPA complex was decreased accord-
ing to the increasing amount of unlabeled T19 or FoU19 (Figure 2A, lanes
3–10). However, contrary to the case of 18 mer oligonucleotides, no signif-
icant difference on the competition effect was observed between T19 and
FoU19 (Figure 2B). Similar result was obtained when the 32P-labeled FoU19
was used as a probe (Figures 2C and D). The Kd values of T19 and FoU19
were also determined and summarized in Table 1. Both Kd values of T19 and
FoU19 were almost the same. Therefore, RPA may have the same affinity for
both T19 and FoU19. Combined with the results of 18 mer, it is suggested
that the affinity of RPA for the oligonucleotide containing 5-formyluracil may
vary according to the surrounding sequence of 5-formyluracil.

Effects of Position of 5-Formyluracil on the Affinity for RPA

We then asked the effect of position of 5-formyluracil in the oligonu-
cleotide on the affinity to RPA using 37 mer (T37 and FoU37). The location
of 5-formyluracil in FoU37 is near the center of oligonucleotide, whereas that
in FoU18 or FoU19 is near the 5′-end. The results of gel shift assay showed
that RPA also bound to both T37 and FoU37 (Figures 3A and C). Similar
to the case of 18 mer, the competition effect of FoU37 on the formation of
32P-labeled T37 and RPA complex was stronger than that of T37 (Figure 3B).
The same result was obtained when the 32P-labeled FoU37 was used as a
probe (Figure 3D). The Kd values of T37 and FoU37 were also determined
by Scatchard plots and summarized in Table 1. The Kd value of FoU37 for
RPA was 4.5-fold lower than that of T37. This suggests that the position of
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Recognition of Oxidized Thymine Base by RPA 445

FIGURE 2 Gel shift assay of RPA binding to 19 mer oligonucleotides. Competition experiments for
the formation of RPA and 1 pmol 32P-labeled T19 (A) or 32P-labeled FoU19 (C) was performed in the
absence or presence of several competitors. The 32P-labeled band was detected and analyzed with Fuji
BAS 1500. Amount of competitor was 1 pmol (lanes 3 and 7), 10 pmol (lanes 4 and 8), 50 pmol (lanes
5 and 9), or 100 pmol (lanes 6 and 10). Kinds of competitors are shown above the panel. Position of
bound and unbound 32P-labeled probe is left of panel. The average of amount of RPA-32P-labeled T19
(B) or RPA-32P-labeled FoU19 (D) complex with or without the competitors from three independent
experiments was determined as percent, and represented as a graph.

5-formyluracil on the oligonucleotide may have little effect on the affinity
for RPA.

Affinity Labeling of RPA with Oligonucleotide

Containing 5-Formyluracil

The substrate containing the formyl residue is often used as a crosslink-
ing reagent for its target protein, since this residue is highly reactive with
the primary amino residue and forms a stable C-N bonding in the presence
of reducing reagent such as NaBH4 through the formation of Shiff’s base.
To study which subunit of RPA recognizes and binds to the 5-formyluracil,
we examined the crosslinking reaction with the oligonucleotides contain-
ing 5-formyluracil and RPA. The mixture of RPA and 32P-labeled T18 or
FoU18 was treated with NaBH4, then subjected to SDS-polyacrylamide gel
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FIGURE 3 Gel shift assay of RPA binding to 37 mer oligonucleotides. Competition experiments for
the formation of RPA and 1 pmol 32P-labeled T37 (A) or 32P-labeled FoU37 (C) was performed in the
absence or presence of several competitors. The 32P-labeled band was detected and analyzed with Fuji
BAS 1500. Amount of competitor was 1 pmol (lanes 3 and 7), 10 pmol (lanes 4 and 8), 50 pmol (lanes
5 and 9), or 100 pmol (lanes 6 and 10). Kinds of competitors are shown above the panel. Position of
bound and unbound 32P-labeled probe is left of panel. The average of amount of RPA-32P-labeled T37
(B) or RPA-32P-labeled FoU37 (D) complex with or without the competitors from three independent
experiments was determined as percent, and represented as a graph.

electrophoresis. The result is shown in Figure 4. The mixture without RPA
gave no 32P-labeled band on the gel even if treated with NaBH4(lanes 1–4).
On the other hand, when the mixture of RPA and 32P-labeled FoU18 was
treated with NaBH4, the distinct band of 70 kDa corresponding to RPA1 sub-
unit was appeared (lane 8). This band was not observed from the mixture with
32P-labeled T18 (lanes 5 and 6) or without NaBH4treatment (lane 7). Other
oligonucleotides containing 5-formyluracil, FoU19, and FoU37, also reacted
with RPA and the crosslinked complex of oligonucleotide-RPA1 subunit was
appeared only when the mixture was treated with NaBH4 (lanes 11, 12, 15,
16). Neither T19 nor T37 did not react with RPA (lanes 9, 10, 13, 14). This
indicates that the formyl residue of 5-formyluracil on the oligonucleotide
may efficiently crosslink with RPA1 subunit, and that the surrounding se-
quence or position of 5-formyluracil in the oligonucleotide may not affect
the efficiency of crolinking reaction.
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FIGURE 4 Crosslinking of RPA with oligonucleotides containing 5-formyluracil. The mixture of RPA
and 1 pmol 32P-labeled oligonucleotide was treated with NaBH4 and subjected to SDS-polyacrylamide
gel electrophoresis. The 32P-labeled band was detected and analyzed with Fuji BAS 1500. Kinds of
32P-labeled oligonucleotides and NaBH4 treatment are shown above the panel. Position of RPA1 sub-
unit and the standard molecular weight maker are left and right of panel, respectively.

DISCUSSION

RPA has a multiple role in the eukaryotic cells on replication, repair, and
recombination. Among them, the recognition of DNA lesion is an impor-
tant role for recruiting the cell cycle checkpoint kinase, ATR/ATRIP.[21] In
the present article, we asked whether RPA could recognize the oxidized nu-
cleotide base on the single-stranded DNA and studied the behavior of RPA
against the 5-formyluracil, a major oxidized lesion of thymine base, using the
synthetic oligonucleotides. The affinity of RPA for several oligonucleotides
was studied by the gel shift assay. As shown in Figure 1, RPA showed the
higher affinity for the 18 mer containing 5-formyluacil (FoU18) than for
that without 5-formyluraci (T18), and the Kd value of FoU18 was 11-fold
lower than that of T18 (Table 1). This indicates that RPA may have a high
affinity for 5-formyluracil residue on the single-stranded DNA. However, in
the case of 19 mer, no difference of affinity for RPA was seen between T19
and FoU19 (Figure 2 and Table 1). The 18 mer used in this study is purine
rich (14 purine bases and 4 pyrimidine bases), whereas the 19 mer is not
(9 purine bases and 10 pyrimidine bases). It has been reported that RPA
prefers the pyrimidine stretch rather than the purine stretch,[19,22] and RPA
displays an increased affinity as DNA length increased.[44] Indeed, the affinity
of RPA for purine-rich T18 was much lower than for T19 (Table 1). Our result
indicates that the 5-formyluracil residue in the purine-rich single-stranded
DNA may greatly increase the affinity to RPA. On the other hand, the sur-
rounding sequence of 5-formyluracil in the 19 mer is pyrimidine-rich such as
5′-TCCYCT-3′ (Y=5-formyluracil). Thus, the 5-formyluracil in the pyrimidine
stretch may not affect the affinity for RPA since the pyrimidine stretch itself
has a high affinity for RPA. The affinity of 37 mer containing 5-formyluracil
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(FoU37) to RPA was 4.5-fold higher than that of T37 (Figure 3 and Table 1).
The surrounding sequence of 5-formyluracil in FoU37 is neither purine-
rich nor pyrimidine-rich, and the 5-formyluracil locates near the center of
oligonucleotide (17th from 5′-end and 21st from 3′-end). Taken together, it
is suggested that the affinity of RPA for the single-stranded DNA containing
5-formyluracil may basically higher than for the undamaged DNA, although
that varies according to the surrounding sequence of 5-formyluracil but not
the position in oligonucleotide.

We also performed the crosslinking reaction of RPA with the oligonu-
cleotides. All 5′-32P-labeled oligonucleotides containing 5-formyluracil were
reacted with RPA, and the distinct band around 70 kDa on the SDS-
polyacrylamide gel electrophoresis was appeared (Figure 4). The appar-
ent molecular weight of labeled band with FoU37 was slightly larger than
that with FoU18 or FoU19 since FoU37 was somewhat longer than FoU18
or FoU19. This indicates that RPA1 subunit but not RPA2 subunit may
bind to the oligonucleotide containing 5-formyluracil. Schweizer et al. have
also performed the crosslinking of RPA1 subunit with a cisplatin-modified
oligonucleotide carrying 5-iodo-2′-deoxyuridine, and reported that RPA may
have a specific positioning with respect to the platination site.[45] The
RPA1 subunit has three DNA binding domains (DBD), DBD-A, -B, and -C,
respectively.[46−52] Analysis of the 5-formyluracil-crosslinked product may
provide the useful information for the molecular mechanism of RPA on
the recognition of DNA lesion.

Mu et al. have reported that RPA is involved in the nucleotide exci-
sion repair factory for the UV-damaged site.[53] Many repair enzymes for
5-formyluracil are reported.[35−41] Among them, the single-strand selective
monofunctional uracil-DNA glycosylase (SMUG1) excises the 5-formyluracil
on the single-stranded DNA.[35−37] However, at present, the interaction be-
tween SMUG1 and RPA has not been found. RPA may work as a sensor for
5-formyluracil to recruit ATR/ATRIP rather than a member of 5-formyluracil
repair factory.
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