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ABSTRACT: DNA tandem lesions are comprised of two contiguously damaged nucleotides. This subset of
clustered lesions is produced by a variety of oxidizing agents, including ionizing radiation. Clustered
lesions can inhibit base excision repair (BER). We report the effects of tandem lesions composed of a
thymine glycol and a 5’-adjacent 2-deoxyribonolactone (LTg) or tetrahydrofuran abasic site (FTg). Some
BER enzymes that act on the respective isolated lesions do not accept the tandem lesion as a substrate.
For instance, endonuclease III (Nth) does not excise thymine glycol (Tg) when it is part of either tandem
lesion. Similarly, endonuclease IV (Nfo) does not incise L or F when they are in tandem with Tg. Long-
patch BER overcomes inhibition by the tandem lesion. DNA polymerase 8 (Pol f3) carries out strand
displacement synthesis, following APEI incision of the abasic site. Pol 5 activity is enhanced by flap
endonuclease (FEN1), which cleaves the resulting flap. The tandem lesion is also incised by the bacterial
nucleotide excision repair system UvrABC with almost the same efficiency as an isolated Tg. These data
reveal two solutions that DNA repair systems can use to counteract the formation of tandem lesions.

Isolated damaged nucleotides are believed to be the most
common lesions resulting from DNA oxidation. As a result
of efforts by many researchers, a great deal has been learned
about how DNA lesions are repaired by base excision repair
(BER)! and nucleotide excision repair (NER) (/-3). Re-
cently, clusters of DNA lesions have been identified as
significant components of radiation-induced damage. Clus-
tered lesions consist of two or more damaged nucleotides
within ~1.5 turns of duplex DNA and are attributed to
multiple ionization events by a single radiation track. In
principle, clustered lesions can contain modified nucleotides
on a single strand, but biochemical studies have focused on
bistranded lesions, which are possible progenitors to double
strand breaks (/—71). Numerous studies have revealed the
effects of clustered lesions on BER. The effects are depend-
ent upon the nature of the lesions, as well as their proximity
to one another in duplex DNA. Clustered lesions consisting
of two contiguously damaged nucleotides are referred to as
tandem lesions (/2, 13). Unlike other examples of clustered
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FIGURE 1: Chemical structures of the tandem lesions. These
constructs were incorporated in the corresponding duplexes that
are listed in Table 1.

damage, tandem lesions can result from a single DNA
damaging event, in which a reactive intermediate on one
nucleotide reacts with an adjacent nucleotide. Hence, their
formation is not limited to ionizing radiation and can be
formed by a variety of reagents that produce the diffusible
species hydroxyl radical. Studies on the repair of tandem
lesions are more limited (/4—16). Tandem lesions that contain
a covalent link between the adjacent nucleobases are
substrates for nucleotide excision repair (/7, 18). Herein we
describe the repair of a tandem lesion (LTg) produced in
DNA that is comprised of an oxidized abasic lesion previ-
ously shown to inhibit DNA repair and thymine glycol, as
well as an analogue containing a tetrahydrofuran abasic site
and thymine glycol (FTg) (Figure 1).

Tandem lesions are produced from nucleobase radicals, which
are the major family of reactive species produced from the
reaction of DNA with hydroxyl radical, or its direct ionization (12,
19-23). Nucleobase reactive intermediates account for as much
as 90% of the reactions between hydroxyl radical and DNA
(24). Tandem lesions arise from reactions between nucleobase
radicals and/or their respective peroxyl radicals with the 5’- or
3’-adjacent nucleotides (21, 22, 25-27). In studies on one

© 2008 American Chemical Society

Published on Web 03/15/2008



Repair of a DNA Tandem Lesion

Scheme 1: Formation of the 5"-LTg Tandem Lesion from a
Nucleobase Radical
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pyrimidine radical, it was revealed that tandem lesions account
for more than 80% of the modified DNA (25). The reactivity
of the nucleobase peroxyl radicals is influenced by the helical
twist of the DNA, which affects the accessibility of certain
positions within the adjacent nucleotides. Consequently, a
nucleobase peroxyl radical selectively abstracts the Cl1’-
hydrogen atom of the 5’-adjacent nucleotide and also adds
to the respective nucleobase. However, the peroxyl radical
reacts only with the nucleobase of the 3’-adjacent nucleotide,
because the hydrogen atoms (e.g., C1’-hydrogen atom) of
the respective 2-deoxyribose are too far away. Abstraction
of the 5’-adjacent nucleotide’s C1’-hydrogen atom produces
a tandem lesion containing 2-deoxyribonolactone (L) at the
5’-position that accounts for ~11% of the product pool
(Scheme 1) (25). This mechanism for 2-deoxyribonolactone
formation provides an explanation for recently reported
observations that indicate that it is the major abasic lesion
produced by y-radiolysis and Fe-EDTA (which also produces
hydroxyl radical), despite the fact that the C1’-hydrogen atom
is inaccessible to diffusible species (28-30).

The tandem lesion containing 2-deoxyribonolactone is of
particular interest because of the isolated oxidized abasic
site’s effects on replication and repair. 2-Deoxyribonolactone
is an abasic lesion whose replication in Escherichia coli does
not adhere to the A-rule (37, 32). Instead, higher levels of
2’-deoxyguanosine, comparable to those of 2’-deoxyadenos-
ine, are incorporated opposite the lesion (33). In addition, L
presents an unusual challenge to BER. 2-Deoxyribonolactone
is one of two DNA lesions known to form cross-links with
repair proteins (34-36). The glycosylase endonuclease III
(Nth), which repairs pyrimidine lesions such as thymine
glycol (Tg), is a bifunctional enzyme that excises abasic sites
(AP) via a lyase mechanism. Nth is cross-linked to L through
the lysine side chain that it uses to form a Schiff base with
its AP site target (36). In addition, L produces DNA—protein
cross-links with DNA polymerase 3 (Pol ), following its
incision by APEI1 (37). In response, mammalian cells can
circumvent the challenges posed by L by using long-patch
BER (LP-BER) (38). In this study we show that incorpora-
tion of a modified nucleotide, thymine glycol (Tg), as part
of a tandem lesion with 2-deoxyribonolactone (L) diminishes
the ability of some BER enzymes to act on it, necessitating
alternative pathways for its removal.

Biochemistry, Vol. 47, No. 14, 2008 4307
EXPERIMENTAL PROCEDURES

Materials and General Methods. Oligonucleotides were
prepared on an Applied Biosystems Inc. 394 DNA synthe-
sizer. The 50mer containing the fluoresceinylated thymidine
was obtained from Sigma-Genosys. Commercially available
DNA synthesis reagents, including the 5R,6S-thymine glycol
phosphoramidite, were obtained from Glen Research Inc.
Oligonucleotides containing the photolabile 2-deoxyribono-
lactone precursor were synthesized as previously described
(39). Oligonucleotides containing Tg were synthesized using
standard cycles as described by Iwai (40) and deprotected
as described below. All others were synthesized and depro-
tected using standard protocols. Synthetic oligonucleotides
containing Tg, L, and/or F were characterized by ESI-MS,
which are included in the Supporting Information. DNA
manipulations were carried out using standard procedures
(41). T4 polynucleotide kinase, T4 DNA ligase, Xth, Nfo,
APE]l, and terminal deoxynucleotide transferase were ob-
tained from New England Biolabs. FEN1 and Pol 3 were
from Trevigen Inc. Plasmid containing the nth gene was
obtained from Professor Yoke Wah Kow. Hexa-His-tagged
Nth was isolated using the Novagen bugbuster kit and
purified using a His*Bind column (Novagen). Its activity was
determined as previously described (42). Radionuclides were
obtained from Amersham Pharmacia. UvrABC was obtained
as previously described (43, 44). Analysis of radiolabeled
oligonucleotides was carried out using a Storm 840 phos-
phorimager and ImageQuant 5.1 software. Kinetic constants
were determined via nonlinear regression analysis of ex-
perimental data using Origin 6.1. The data presented in
Tables 2 and 3are the average of two to five experiments
(as noted below the tables). Each experiment consists of three
replicates.

Deprotection Method for Oligonucleotides Containing
Thymine Glycol (Tg). The resin was suspended in ammonia
at room temperature for 3 h. The resin was spun to the
bottom, and the supernatant was transferred to another tube.
The resin was washed with water (100 uL, 2x). The wash
was combined with the supernatant and concentrated. The
pellet was resuspended in 250 uL of a 1.4 M HF solution
(1.5 mL of N-methylpyrrolidinone, 750 uL. of TEA, 1.0 mL
of TEA-HF) at 65 °C for 3 h. The solution was quenched
with 3 M NaOAc (25 uL) and EtOH (1.0 mL), and the
solution was kept at —80 °C for 1 h. The solution was spun
at 13.2 rcf at 4 °C for 30 min. The supernatant was decanted
and the pellet dried. The pellet was resuspended in 100 uL
of formamide loading buffer (95% formamide, 10 mM
EDTA) and loaded on a 20% denaturing PAGE gel (1.5 mm
thick).

Kinetic Analysis of Thymine Glycol Excision by Nth. DNA
solutions were prepared as 2x solutions of 1 ([DNA] = 1,
2,6, 24, 50, 100, 200, 300 nM). A 2x enzyme solution was
prepared containing 20 mM Hepes—KOH buffer (pH 7.4),
200 mM KCI, 20 mM EDTA, and 0.5 nM Nth. The 2x
enzyme solution (5 L) was added to the 2x DNA solution
(5 uL) and allowed to react at 37 °C for 10 min and then
quenched with 20 uL. of formamide loading buffer (95%
formamide, 10 mM EDTA). The quenched reactions were
placed on ice. The solutions were denatured by heating at
90 °C for 90 s and immediately put on ice prior to loading
on a 20% denaturing PAGE gel.
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Table 1: Oligonucleotide Duplexes Used in This Study

5'-d(GAG CTA GCT CGA CCX YTA GGA CCT GCA GCT)
3-d(CTC GAT CGA GCT GGA AAT CCT GGA CGT CGA)
1 X=T,Y=Tg
2 X=LY=T
3 X=LY=Tg
4 X=F,Y=Tg
5'-d(GAG CTA GCT CGA CCT YTA GGA CCT GCA GCT)
3'-d(CTC GAT CGA GCT GGA AXT CCT GGA CGT CGA)
5 X=LY=Tg

5'-d(GAG CTA GCT CGA CCT YTA GGA CCT GCA GCT)
3'-d(CTC GAT CGA GCT GGX AAT CCT GGA CGT CGA)

6 X=L Y=Tg

HO OPO;2
5-d(GAG CTAGCT CGACC L TgTA GGA CCT GCA GCT)
3-d(CTC GAT CGAGCT GG A A AT CCT GGA CGT CGA)

7

HO OPO;2
5'-d(GAG CTA GCT CGA CC F TgTA GGA CCT GCA GCT)
3-d(CTC GAT CGA GCT GG A A AT CCT GGA CGT CGA)

5'-d(AGC TAC GTA CGA GCT AGC TCG ACC XYT AGG ACC TGC AGC TCC AGA TCT GT)
3'-d(TCG ATG CAT GCT CGA TCG AGC TGG AAA TCC TGG ACG TCG AGG TCT AGA CA)

9 X =F,Y=Tg
10X =T,Y=Tg

5'-d(GAC TAC GTA CTG TTA CGG CTC CAT CXC TAC CGC AAT CAG GCC AGA TCT GC)
3'-d(CTG ATG CAT GAC AAT GCC GAG GTA GAG ATG GCG TTA GTC CGG TCT AGA CG)

11 X =FIdT

Time Course for Nth Excision of Thymine Glycol. A 2x
DNA solution of 1 (100 nM) was prepared in a 1x buffer
solution (20 L) containing 10 mM Hepes—KOH buffer (pH
7.4), 100 mM KCI, and 10 mM EDTA. A 2x enzyme
solution (0.5 nM, 20 uL) was prepared in the same 1x buffer
solution. The enzyme solution (20 uL) was added to the
DNA solution (20 uL) and incubated at 37 °C for 20 min.
Aliquots (3 uL) were removed at 0.5, 1, 3, 5, 12, and 20
min and were quenched with 7 uL. of formamide loading
buffer (95% formamide, 10 mM EDTA).

The time course performed on the tandem lesions (3, 4)
was carried out in the same way as 1 except the 2x enzyme
concentration was 200 nM, the 2x DNA solution was 2 nM,
and aliquots were removed at 0, 10, 30, 60, 180, 300, 900,
1800, and 3600 s. The time course experiments for the
clustered lesion containing duplexes (5, 6) were run with a
2x DNA concentration of 2 nM and 2x enzyme concentra-
tion of 200 nM. Aliquots were removed at 0, 60, 180, 300,
900, 1800, and 3600 s.

Kinetic Analysis of 2-Deoxyribonolactone (L) Incision by
Nfo. A 2x enzyme solution (5 uL) containing 10% glycerol,
20 mM Hepes—KOH (pH 7.4), 200 mM KCl, 200 mg/mL
BSA, and 2 nM Nfo was added to 5 uL of a 2x DNA
solution containing 20, 100, 200, 400, or 600 nM 2. The
solution was incubated at room temperature for 3.5 min
before quenching with 20 uLL of formamide loading buffer
(95% formamide, 10 mM EDTA).

Time Course for Nfo Incision of 2-Deoxyribonolactone (L)
or Tetrahydrofuran (F). A 2x enzyme solution (10 uL)
containing 10% glycerol, 20 mM Hepes—KOH (pH 7.4), 200
mM KCI, 200 mg/mL BSA, and 2 nM Nfo was added to 10
uL of a 2x DNA solution containing 25 nM 2. The solution

was incubated at room temperature for 30 min. Aliquots (1.5
uL) were removed at 0, 60, 180, 300, 900, and 1800 s and
quenched with 10 L. of formamide loading buffer (95%
formamide, 10 mM EDTA).

Experiments using the tandem lesion (3 or 4) were carried
out in the same way as 2, except a 2 X enzyme concentration
of 200 nM and a 2x DNA concentration of 2 nM were used.
Aliquots (1.5 uL) were removed at 0, 10, 30, 60, 180, 300,
900, and 1800 s. Experiments using the clustered lesion
containing duplexes (5, 6) were carried out in the same way
as 2 except aliquots (1.5 4L.) were removed at 0, 10, 30, 60,
180, 300, 900, and 1800 s.

Kinetic Analysis of Xth Incision of 2-Deoxyribonolactone.
A 2x enzyme solution (5 4L) containing 20 mM Bis-Tris-
propane-HCl (pH 7.0), 20 mM MgCl,, 2 mM dithiothreitol,
and 25 pM Xth was added to 5 uL. of a 2x DNA solution
containing 10, 20, 50, 100, 150, or 200 nM 2. The reaction
was incubated at room temperature for 1 min and quenched
with 20 uL of formamide loading buffer (95% formamide,
10 mM EDTA).

For experiments with the tandem lesion (3), 2x DNA
concentrations used were 50, 100, 150, 250, 500, and 1000
nM, and the reaction time was 3 min. For experiments with
the clustered lesion containing duplexes (5, 6) the 2x DNA
concentrations used were 20, 50, 100, 150, 250, and 400
nM, and the reaction time was 1 min.

Kinetic Analysis of APEI Incision of 2-Deoxyribonolactone
(L) or Tetrahydrofuran (F). A 2x enzyme solution (5 uL)
containing 100 mM potassium acetate, 40 mM Tris—acetate,
10 mM magnesium acetate, ] mM dithiothreitol (pH 7.9),
and 50 pM APEI was added to 5 uL of a 2x DNA solution
of 2 (10, 20, 50, 100, 150, or 250 nM). The solution was
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incubated at 37 °C for 2 min and quenched with 20 uL of
formamide loading buffer (95% formamide, 10 mM EDTA).

Experiments with the tandem lesion (3, 4) were carried
out in the same way as 2 except using 2x DNA concentra-
tions of 50, 100, 150, 250, 500, and 1000 nM. The
experiments with the —1 and +1 cluster containing duplexes
5 and 6, respectively, were carried out in the same way as 2
except 2x DNA concentrations used were 10, 20, 50, 100,
150, and 250 nM, and for the +1 cluster containing duplex
6, the reaction time was 5 min instead of 2 min.

Nucleotide Excision Reaction by FENI. 3’-*P-4 (100 nM)
was treated with APE1 (10 nM) at 37 °C for 15 min. FEN1
(25 nM) was then added to the resulting 3’-3?P-8 (50 nM)
and incubated in a buffer (30 uL) containing 50 mM Tris-
HCI (pH = 7.5), 50 mM KCl, 0.2 mM EDTA, and 5 mM
MgCl; at 37 °C for 1 h. Aliquots (2 uL) were removed at 1,
3,5,7, 15, 30, and 60 min and were quenched with 95%
formamide loading buffer (8 uL). The reactions were
analyzed by 20% denaturing PAGE.

Time Course of Pol 3 Extension of Tandem Lesion. Duplex
57-32P-labeled DN A—substrate (4, 100 nM) was treated with
APEI (10 nM) at 37 °C for 15 min. Pol 5 (5 nM) was then
added to the resulting 5’-*’P-8 (50 nM) in the absence or
presence of FEN1 (25 nM) and incubated in a buffer
containing 50 mM Tris-HCI (pH = 7.5), 50 mM KCl, 0.2
mM EDTA, and 5 mM MgCl, at 37 °C for 1 h. Aliquots (2
uL) were removed at 1, 3, 5, 7, 15, 30, and 60 min and
were quenched with 95% formamide loading buffer (8 uL).
The reactions were analyzed by 20% denaturing PAGE.

Cross-Linking of the LTg Tandem Lesion (7) with Pol 3. Du-
plex 3’-labeled DNA—substrate (1, 100 nM) was treated with
APEI1 (10 nM) at 37 °C for 30 min. Pol 8 (500 nM) was
then added to 3’-32P-7 (50 nM) and incubated in a buffer
(30 uL) containing 50 mM Tris-HCI (pH = 7.5), 50 mM
KCI, 0.2 mM EDTA, and 5 mM MgCl, at 37 °C for 24 h.
Aliquots (2 uL) were removed at 0, 0.5, 1, 3, 9, and 24 h
and were quenched with SDS loading buffer (8 uL). The
reactions were loaded onto a 12% SDS—PAGE (0.4 mm
thick), and the gel was run in TG buffer (25 mM Tris, 192
mM glycine, and 0.1% SDS) at 20 mA for 2.5 h.

Preparation of 9 and 10 by Enzyme Ligation. The
3’-terminal oligonucleotide (5 nmol) was treated with ATP
(850 nmol) and T4 polynucleotide kinase (200 units) in
kinase buffer (70 mM Tris-HCI, 10 mM MgCl,, 5 mM
dithiothreitol). The phosphorylation reaction was incubated
at 37 °C for 1 h. The reaction mixture was lyophilized, then
resuspended in water, and desalted using a G-25 Sephadex
spin column. The phosphorylated 3’-side oligomer (5.0 nmol)
was added to the 5’-side oligomer (7.5 nmol) and the
appropriate template (7.5 nmol) in ligase buffer (50 mM Tris-
HCI, 10 mM MgCl,, 10 mM dithiothreitol, 1 mM ATP, 25
ug/mL BSA). The oligonucleotides were hybridized at 65
°C for 5 min and slowly cooled to 4 °C. After annealing,
T4 DNA ligase (30000 units) was added, and the mixture
was incubated at 16 °C for 1 h, followed by 3 h at 4 °C.
The reaction was quenched by heating to 90 °C for 3 min
and lyophilized, and the product was purified by 12%
denaturing PAGE. The oligonucleotides used to construct 9
were 5-d(AGC TAC GTA CGA GCT AG) and 5-d(CTC
GAC CFTg TAG GAC CTG CAG CTC CAG ATC TGT).
The oligonucleotides used to construct 10 were 5-d(AGC
TAC GTA CGA GCT AGC TC) and 5’-d(GAC CTTg TAG
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GAC CTG CAG CTC CAG ATC TGT). In each instance,
the template used was 5’-d(TGG AGC TGC AGG TCC TAA
AGG TCG AGC TAG CTC GTA).

Time Course Analysis of UvrABC Incision. The DNA-
substrates (9—11, 2 nM) were incubated with UvrA (20 nM),
UvrB (100 nM), and UvrC (50 nM) in a 20 uL solution
containing 50 mM Tris-HCI (pH = 7.5), 10 mM MgCl,, 50
mM KCI, 1 mM ATP, and 5 mM dithiothreitol at 55 °C for
1 h. Just before the UvrABC solutions were added, the
proteins were activated at 65 °C for 10 min, and UvrC was
added last. Aliquots (2 uL) were removed at 0, 10, 30, 60,
180, 300, 900, 1800, and 3600 s and were quenched with
formamide loading buffer (10 uL; 95% formamide, 10 mM
EDTA).

RESULTS

Oligonucleotide Substrate Design and Synthesis. Tandemly
damaged oligonucleotides for base excision repair (BER)
experiments contained 2-deoxyribonolactone (L) or the
tetrahydrofuran abasic site model (F) bonded through their
3’-phosphates to thymine glycol (Tg). Thymine glycol was
chosen as the 3’-component of the tandem lesion because of
its high G-value for radiation-induced formation (24).
Moreover, Tg is formed via the same type of C6-peroxyl
radical, which was independently shown to produce tandem
lesions containing L (25). Six 30-nucleotide long duplexes
(1—6) were employed in BER experiments (Table 1). The
sequences differed only at the positions where L (or F) and/
or thymine glycol were (was) incorporated. Duplexes con-
taining an isolated Tg or 2-deoxyribonolactone were studied
in order to provide benchmarks for the results obtained with
the tandem lesion substrate(s). Thymidine was substituted
for either L or Tg in duplexes containing a single lesion. In
addition, clustered lesions consisting of L and Tg on opposite
strands were studied in order to compare to the tandem
lesions. The same local sequences were incorporated into
16-nucleotide long duplexes (12—19) in order to probe the
effects of the lesions on thermal stability.

Oligonucleotides containing Tg were prepared using a
commercially available phosphoramidite originally described
by Iwai (40). The Tg phosphoramidite consists of a single
diastereomer (5R,6S). However, the 6-positions of 6-hydroxy-
5,6-dihydropyrimidines epimerize in water following depro-
tection (45). Hence, the oligonucleotides containing Tg
consist of a mixture of 5R,6S and 5R,6R sterecoisomers.
Duplexes containing L were prepared from the photolabile
nitroindole derivative. Oligonucleotides containing the ni-
troindole were prepared as previously described (39). The
2-deoxyribonolactone was freshly prepared in duplex DNA
via photolysis immediately before carrying out experiments.
The extent of photoconversion was determined by treating
an aliquot of the photolysate with NaOH (0.1 M, 37 °C)
and was accounted for in all kinetic experiments.

Longer duplexes (50 nt) were constructed for nucleotide
excision repair (NER) experiments in order to accommodate
the UvrABC complex. A fluoresceinylated thymidine containing
duplex was included as a control to compare to test the activity
of the NER system (46). Duplexes containing thymine glycol
or the FTg tandem lesion were prepared. The requisite 50-nt
oligonucleotides containing FT'g or Tg were prepared by ligating
two shorter oligonucleotides on a 36-nt template. The yields
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of the oligonucleotides in 9 and 10 were 21% and 18%,
respectively. The purity of the oligonucleotides was deter-
mined by enzymatic digestion (Supporting Information). The
duplex containing Tg was treated with Nth, whereas the
duplex containing the FTg tandem lesion was digested with
APEL. In each instance 100% of the duplex was digested
(see Supporting Information).

Nth Excision of Thymine Glycol (Tg). Nth is a primary
BER enzyme in E. coli responsible for excising Tg and a
variety of other pyrimidine lesions. It is a bifunctional
enzyme possessing glycosylase activity and a relatively
robust lyase activity. The suitability of the 30mer duplexes
as substrates for Nth was verified using DNA containing a
single isolated Tg lesion (2). The kinetic parameters for
excision (K = 55.5 £ 5.0 nM, keye = 8.2 = 1.9 min™ !, keo/
Kn = 0.15 £ 0.03 nM~! min~!) are comparable to those
reported in the literature (47). In contrast, attempts to carry
out Tg excision when it is part of a tandem (3, 4) or clustered
lesion (5, 6) under Michaelis—Menten conditions were
unsuccessful. Little if any excision was detected. NaOH
treatment of 3’-32P-labeled substrates after incubation with
Nth also failed to show any cleavage at the Tg lesion (data
not shown). This indicated that the apparent lack of Nth
activity was attributable to the tandem or clustered lesions’
effects on the enzyme’s glycosylase activity. In addition,
cross-links were not observed between Nth and 3 even when
the protein was present in large excess (data not shown).
Evidence for binding of the clustered lesion was sought by
questioning whether 3 inhibited excision of Tg from a duplex
containing only this lesion (1). Addition of 3 (30 nM) to
otherwise identical solutions as those used for determining
Nth excision of Tg did not result in a diminution in the
observed specificity constant, indicating that Tg in the tandem
lesion is not strongly bound by the enzyme.

Reproducibly measurable amounts of Tg excision by Nth
were only detectable when the lesion was a part of a clustered
(5, 6) or tandem lesion (3) when the enzyme was present in
large (100-fold) excess relative to substrate (Figure 2A).
However, even then the amount of cleavage is modest and
considerably smaller than that observed in DNA containing
an isolated Tg lesion treated with a catalytic amount of
enzyme. This behavior indicates that excision of Tg when
part of a tandem or clustered lesion with 2-deoxyribonolac-
tone is not limited by turnover. Comparable behavior was
observed when Tg was flanked on the 5-side by the
tetrahydrofuran abasic site analogue (F, 4) in which several
percent of 4 was cleaved after 10 min in the presence of a
100-fold excess of Nth (Figure 2B). This observation
indicates that the alkali-labile and chemically stable abasic
lesions, L and F, respectively, affect Nth excision of Tg
comparably.

Phosphodiesterase Incision of Abasic Sites. The first step
in BER of abasic sites is incision by a 5’-phosphodiesterase.
Nfo and Xth carry out this process in E. coli, with the latter
being the primary enzyme responsible for this activity (48).
These enzymes were reacted with the 30mer duplexes
containing an isolated 2-deoxyribonolactone (2), as well as
those containing tandem (3, 4) or clustered lesions (5, 6).
Incision of L (2) by Nfo was carried out under Michaelis—
Menten conditions. The kinetic constants [K;, = 60.5 & 19.4
nM, key = 2.4 + 0.5 min~!, keo/K = (4.3 £ 1.5) x 1072
nM~!" min~'] determined for this reaction were comparable
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FIGURE 2: Excision of thymine glycol (Tg) by Nth as a function of
time. (A) Tg (1), circle; LTg (3), triangle; —1 cluster (5), square;
+1 cluster (6), diamond. (B) LTg (3), circle; FTg (4), square. Note:
[Nth] = 0.25 nM when acting on 1 and 100 nM for reactions with
3—-6.

to those previously reported in a different sequence (49).
However, Nfo incision of L that is part of a tandem (3) or
clustered (5, 6) lesion was extremely inefficient. A large
excess (100-fold) of enzyme was required to induce measur-
able amounts of incision (Figure 3A). As was the case for
Nth, a tandem lesion containing F adjacent to Tg (4) was
also a poor substrate and required 100-fold equivalents of
Nfo to produce significant levels of incision (Figure 3B).
The amount of incision of the tandem and clustered lesions
was comparable to that observed in the duplex containing
isolated lactone (2) (Figure 3A). However, the concentration
of Nfo was almost 10-fold less in the samples containing 2
than in those containing the tandem (3, 4) or clustered lesions
(S, 6).

In contrast, Xth incises L. when it is part of a tandem or
clustered lesion with comparable efficiency compared to
when the oxidized abasic site is part of an isolated lesion
(Table 2). The specificity constant measured for incision of
2 containing L is ~35-fold greater than in the sequence
previously reported (49). However, comparing the tandem
lesion (3) to an isolated L (2) in an otherwise identical duplex
indicates that the former is incised by Xth ~3-fold less
efficiently and that the differences in the Ki,’s are the primary
source of the disparate specificity constants (Table 2). The
2-deoxyribonolactone in the —1 (5) and +1 (6) clustered
lesions is incised even more efficiently than the isolated
lesion. In these substrates the higher specificity constant is
attributable to a much greater k., (Table 2).
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FIGURE 3: Incision of 2-deoxyribonolactone (L) or tetrahydrofuran
(F) by Nfo as a function of time. (A) L (2), circle; LTg (3), square;
—1 cluster (5), triangle; +1 cluster (6), diamond. (B) LTg (3), square;
FTg (4), circle. Note: [Nfo] = 5 nM when acting on 2 and 100 nM
for reactions with 3—6.

Incision by APE1 followed a similar pattern as Xth (Table
3). The duplex containing an isolated L (2) was incised ~5-
fold more efficiently than in the sequence that was previously
studied (50). The differences in the specificity constants
between 2 and the previously reported substrate are primarily
due to a lower K, in the former. The tandem lesion
containing L (3) is incised only slightly more poorly than
when the oxidized abasic site is isolated in the duplex (2).
The small difference is mostly attributable to an ~2-fold
smaller k.. In addition, the duplex containing an FTg tandem
lesion (4) is also a good substrate for APE1 (Table 3). The
specificity constant for F incision in 4 is approximately one-
half that for L when part of a tandem lesion with Tg in an
otherwise identical duplex. Incision of clustered lesions
containing L (5, 6) is also efficient, although slower than in
the duplex containing an isolated lesion.

Strand Displacement Synthesis and Cross-Linking by DNA
Polymerase f5 (Pol ). Although Nth is a prokaryotic BER
enzyme, the observations made regarding its interactions with
a LTg-containing duplex and those of APE1 led us to
investigate tandem lesion repair by strand displacement
synthesis in conjunction with FEN1. These experiments were
carried out on the tandem lesion containing the stable
tetrahydrofuran abasic site (F) because the DNA containing
a 2-deoxyribonolactone 5-phosphate terminus formed upon
APE] incision is chemically unstable. The facile elimination
(data not shown) is consistent with the previously described
behavior of DNA containing a 2-deoxyribose 5-phosphate

Biochemistry, Vol. 47, No. 14, 2008 4311

Table 2: Steady-State Analysis of Xth Incision

substrate
(duplex no.) K (nM) kear (min™Y)  key/ Ky (AM~! min~1)
L 2)¢ 83+ 15 171.6+9.3 21.5+4.0
LTg tandem (3)“ 253 +£3.0 207.7 +26.1 75+25
LTg -1 cluster (5)[’ 148 £8.0 5314 +£117.5 43.1 +14.8
LTg +1 cluster (6)° 12.7 £3.0 713.9 & 206.0 564+ 12.5

“Data are the average + SD of three experiments. ” Data are the
average £ SD of four experiments.

Table 3: Steady-State Analysis of APE] Incision

substrate
(duplex no.) Kn (nM) keag (min™") ke Ky (@M1 min~")
L) 139+ 1.1 122.1+3.6 87+1.6
LTg tandem (3)” 126+14 6534155 52407
FTg tandem (4)° 93+45 18.1+1.3 25+ 1.1
LTg -1 cluster (5)° 60.9 £17.3 228.1 £57.6 41+14
LTg +1 cluster (6)* 37.0+ 140 623 +7.2 19+0.5

“Data are the average & SD of three experiments ” Data are the
average = SD of two experiments. © Data are the average £ SD of five
experiments.

at its 5’-terminus (51, 52). The similarity in the behavior of
the FTg and LTg tandem lesions with respect to Nth, Xth,
and APE]1 activities suggested that the former would be a
suitable model substrate of the respective lactone containing
tandem lesion in strand displacement synthesis.

Utilizing the FTg-containing DNA in these experiments
also obviates a potential competing process. Previous studies
have shown that Pol  forms interstrand cross-links to L,
following its incision by APE1 (37). This reaction is not
possible when F is the substrate. Consequently, 3’-3?P-3 was
incised by APE1, and the resulting 3’-3?P-7 was immediately
reacted with Pol 8 in order to gauge whether DN A—protein
cross-links were a viable pathway. Only modest amounts
(1.2%) of cross-link were observed when Pol § was present
in very high concentration (see Supporting Information).
Moreover, the concentration of Pol S used in the cross-
linking experiments was considerably higher than in the
strand displacement experiments (see below). This indicated
that cross-linking does not compete with strand displacement
synthesis and substituting F for L in these experiments is
acceptable.

Strand displacement synthesis substrate (5’-?P-8), prepared
from 4 (100 nM) under conditions ([APE1] = 10 nM, 15
min, 37 °C) that resulted in complete incision at the
5’-phosphate of F, was evident in subsequent experiments
with DNA polymerase 8 (Pol ) and/or FENI. Strand
displacement synthesis by Pol S (5 nM) was examined in
the absence or presence of FENI1 as a function of time
(Figure 4). In the absence of FEN1 (Figure 4A,C) ~35% of
the 5’-fragment in 8 was extended after 1 h. The majority of
the strand displacement product was the result of the addition
of two thymidine nucleotides. Elongation of the 5’-fragment
was more rapid and more extensive in the presence of FEN1
(25 nM) (Figure 4B,C). The strand displacement synthesis
product reached a plateau of ~70% and had a faster rise
time than when FEN1 was absent (Figure 4C). In addition,
almost 100% of the primer-extended product corresponded
to 3-nucleotide addition (Figure 4B). These results were
corroborated in experiments using 3’-3?P-8 (Figure 5). Three
nucleotides were excised in the presence of Pol 3 and FEN1
(Figure 5A). There was no evidence of any intermediate



4312 Biochemistry, Vol. 47, No. 14, 2008

A rxn.

€ c
x X Time (0 — 60 min)
<

c
X Time (0 — 60 min)
-

e " ; i
[]

Imoto et al.
804

o B

304 i

204

% Product

103 g

ol @
T T T T T T T
0 10 20 30 40 50 60

Time (min)

— - —— +TTT

“«— +TT

— e enes = =

.- u
-
-—
— <« +TTT
- - - — +TT -
- —
—  eoetesestses e -
-
-

FIGURE 4: Strand displacement synthesis on 5’-32P-8 by Pol 3 (5 nM). (A) Extension as a function of time in the absence of FENI1. (B)
Extension as a function of time in the presence of FEN1 (25 nM). (C) Total product formation as a function of time with FEN1 (square)
and without FEN1 (circle). Sequencing reactions selective for T (T rxn) and A (A rxn).

B

60
Time (0 - 60 min) [}

s i

20 ¢

Arxn. >
i

' .
% Product
a
o
1
L]

Time (min)

pp—1 ]
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excision product, indicating that FEN1 cleaved a 3-nucleotide
flap exclusively. In addition, excision in 3’-3?P-8 was not
observed in the absence of FEN1 or Pol 5. The aggregate of
these results reveals that FENI1 is solely responsible for
cleaving the tandem lesion, but its ability to do so is
dependent on the creation of a flap resulting from Pol
B-mediated strand displacement synthesis.

Nucleotide Excision Repair of a Tandem Lesion. As an
alternative to the type of long-patch BER pathway observed
above, we investigated whether a tandem lesion was a
substrate for nucleotide excision repair. The bacterial UvrABC
NER system from Bacillus caldotenax was utilized (53).
Because the optimal operating temperature for this system
is 55 °C, and L is thermally unstable, the FTg tandem lesion
(9) was employed. The excision efficiency of the tandem
lesion was compared to an isolated thymine glycol (10), as
well as a duplex containing a 5-fluoresceinylated thymidine
(11) (46, 54). The latter was previously characterized using
this system and served as a standard for comparison. The

tandem lesion was a slightly poorer substrate than the duplex
containing an isolated Tg. After 15 min, 32.2 + 1.4% of the
duplex containing FTg was incised, whereas 41.3 + 2.2%
of the thymine glycol containing substrate was cleaved. This
differential was maintained throughout the course of the
reaction. For instance, 71.1 &£ 3.0% of the Tg substrate was
incised after 60 min, during which only 56.9 £ 5.4% of the
tandem lesion was cleaved. Either duplex was cleaved 2-3-
fold more slowly than the standard duplex containing
fluoresceinylated thymidine (Figure 6A). The positions at
which incision occurred in the Tg- and FTg-containing
duplexes were determined using the 5'-3?P- and 3’-3?P-labeled
duplexes. In each instance incision on the 5’-side of the lesion
occurred seven nucleotides upstream from the lesion (Figure
6B). 3’-Incision of the tandem lesion (9) occurred three
nucleotides downstream, whereas two incision sites three and
four nucleotides downstream from Tg (10) were observed
in the duplex containing the isolated lesion (Figure 6C).
UV Melting Temperatures of Modified DNA. Tsolated
lesions such as L and Tg are known to reduce duplex thermal
stability (55, 56). In the sequence context studied here each
lesion lowered the Ti, of a 16-nucleotide duplex 10-11 °C
(Table 4). Interestingly, the presence of the tandem lesion did
not reduce the Ty, any further. The lack of an effect on the T,
of adding a second lesion was unique to the tandem lesion, as
the T}, s of the clustered lesions were reduced relative to those
of the duplexes containing either isolated lesion. Examination
of duplexes containing L. and a mismatch (C) opposite either a
3’-adjacent T or Tg exhibits reduced T,,’s relative to those
containing an opposing A. This indicates that the thymine and
thymine glycol form Watson—Crick base pairs with the opposing
nucleotide. The lack of a difference in the T,,’s between the
tandem lesion and duplexes containing isolated lesions may
indicate that little or no additional structural perturbation is
introduced when the second lesion is incorporated. One could
imagine that when Tg is substituted for T in a duplex containing
L, the greater steric requirements of the nonplanar dihydropy-
rimidine (Tg) are readily accommodated due to the free space
created by the abasic site. The bulk of the penalty for loss of
m-stacking and hydrogen bonding was paid when the 2-deoxy-
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Table 4: Effects of Tandem and Clustered Lesions on Duplex Melting
Temperatures

5'-d(GCG GAC CXY TAG GCA G) 5'-d(GCG GAC CTY TAG GCA G)
3-d(CGC CTG GAN ATC CGT C) 3-d(CGC CTG GXA ATC CGT C)
Duplex X Y N Ty,(°C) Duplex X Y Tm (°C)
12 T T A 61.9%05 18 Tg L 475x06
13 T Tg A 51.9+03 19 L Tg 49.3x0.2
14 L T A 51.0x07
15 L Tg A 513%08
16 T T C 47101
17 L Tg C 459x0.1

ribonolactone was introduced. The dihydropyrimidine ring’s
substituents occupy some of the space left vacant by loss of
the nucleobase, reducing the disruption in base stacking typically
introduced when Tg is incorporated in a normal duplex.
Similarly, we speculate that the disruption in base stacking
resulting from substituting Tg for T is partially alleviated when
L replaces the 5’-adjacent thymidine. This partially compensates
for the loss of the heterocyclic base resulting in the observed
no net change in 7},,. The ultimate outcome of these substitutions
is that there is little difference in the melting temperatures of
duplexes containing LTg or either isolated lesion. The hypoth-
esis that tandem abasic and thymine glycol lesions help to offset
each other’s duplex destabilization is consistent with the effects
of clustered lesions (17, 18) on duplex Ti,’s. The Ti,’s of 17
and 18 in which the abasic site is not in a position to alleviate
the disruption in base stacking by Tg’s dihydropyrimidine ring
are lower than those of the comparable duplexes containing
isolated lesions.

DISCUSSION

Base excision repair enzymes that excise isolated damaged
nucleotides are inhibited when the modifications are part of

bistranded clustered lesions. The degree of inhibition depends
upon the proximity of the lesions to one another. Inhibiting
BER of bistranded lesions prevents the potential formation
of double strand breaks. Tandem lesions are not potential
sources of double strand breaks. Nonetheless, they can affect
BER (/4-16). The most common type of pyrimidine nucleo-
base radical generated by y-radiolysis produces the tandem
lesion containing 2-deoxyribonolactone adjacent to thymine
glycol (LTg). On the basis of the interaction of the isolated
individual modifications with repair enzymes, we anticipated
that the LTg tandem lesion would present a dilemma to Nth.
Thymine glycol is readily excised by Nth, but 2-deoxyri-
bonolactone cross-links this enzyme (35, 36). The outcome
of combining Tg and L into a tandem lesion was that Nth
excised Tg extremely inefficiently and L did not trap the
enzyme.

Even if Tg in the tandem lesion was a substrate for Nth,
2-deoxyribonolactone would need to be removed by a
different enzyme, because of its known cross-linking to
lyases. Endonuclease incision of L, which is the first step in
the primary pathway for AP site repair, was a likely
alternative. Xth and APEl are the enzymes principally
responsible for the first step in AP lesion repair in E. coli
and mammalian cells, respectively (48). In E. coli, a second
enzyme, Nfo, accounts for ~10% of the total AP endonu-
clease activity. Although isolated L is a substrate for Nfo,
Xth, and APEI, incision of L by Nfo is inefficient when
part of the LTg (or FTg) tandem lesion (49, 50). In contrast,
Xth and APEI efficiently incise the tandem lesions (LTg,
FTg). Although the source of the differences in interactions
of the tandem lesions with Nfo versus Xth and APEL is
uncertain, possible explanations were considered. For in-
stance, it is interesting to note that Xth and APE1 share a
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common structural motif and magnesium-dependent mech-
anism, while Nfo utilizes zinc to activate water toward
nucleophilic attack on phosphate (48). Thermodynamics were
considered as a source for what makes the tandem lesion a
poorer substrate than DNA containing an isolated 2-deox-
yribonolactone. Nfo, Xth, and APEI are flippases. Hence,
one might expect there to be an inverse correlation between
duplex thermal stability and enzyme activity. However, T},
measurements indicate that duplexes containing the tandem
lesion and isolated 2-deoxyribonolactone (or thymine glycol)
are destabilized to a comparable extent. Diminution of Nfo
binding to the LTg tandem lesion relative to DNA containing
the lactone also does not explain inefficient incision. The
apparent binding of Nfo, as determined by nondenaturing
electrophoresis, is ~3-fold weaker for the tandem lesion than
for isolated 2-deoxyribonolactone (data not shown).
Single nucleotide excision of an abasic site analogue (F)
by APEI and Pol f is coordinated (57). However, the
combination of efficient incision of L. (or F) by Xth and
APEI1, Nth’s inability to excise Tg in a tandem lesion, and
previous knowledge that Pol  does not excise L led us to
investigate the viability of long-patch BER (LP-BER) (37).
Strand displacement synthesis by Pol f in the presence or
absence of FEN1 was examined using a tandem lesion
substrate containing tetrahydrofuran (F) in place of L. 5’-
Deoxyribose phosphate generated by incision of an AP lesion
rapidly undergoes elimination during gel electrophoresis.
Consequently, incised AP sites are reduced prior to electro-
phoresis analysis in order to correctly interpret kinetic
experiments (57, 52). This treatment cannot be utilized in
studies on incised L because the lactone is not reduced by
sodium borohydride. Substituting F for L prevents the
spontaneous elimination of the 5’-phosphorylated lactone.
Furthermore, kinetic studies showed that Nth and APE1
treated LTg and FTg tandem lesions comparably (Table 3,
Figure 2), indicating that the chemically stable tandem lesion
would be a suitable model for LP-BER of the true lesion.
Analysis of 5- and 3’-3?P-labeled substrates revealed Pol 3
and FENI activities, respectively. The substrate was designed
to contain three consecutive 2’-deoxyadenosines in the
opposing strand such that the presence of a single nucleotide
triphosphate (dTTP) would give rise to a maximum incor-
poration of three nucleotides. Indeed, three nucleotides were
incorporated in the oligonucleotide flanking the incised
tandem lesion strand in the presence of Pol 8 and FENI.
The incorporation of these nucleotides coincided with
cleavage of three nucleotides from the 5’-terminus of the
incised oligonucleotide containing the tandem lesion. Prod-
ucts resulting from cleavage of one or two nucleotides by
FEN1 were not detected. In the absence of FEN1 mostly
two nucleotides were incorporated, and the rate at which the
strand was extended was slower than in the presence of
FEN1. Buildup of single nucleotide extension product was
not observed, regardless of whether FEN1 was present,
indicating that addition of the first two nucleotides is faster
than the third. Although some of the third nucleotide is
incorporated in the absence of FENI, it is not possible to
determine from these data whether the third nucleotide is
only added before cleavage of the three-nucleotide flap
(Figure 7). These observations are consistent with reports
in which FEN1 was shown to stimulate strand displacement
synthesis repair of nicked DNA by Pol 5 (58-60). However,
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there is a difference in the synergism between Pol § and
FEN1 operating on the tandem lesion compared to a nicked
substrate containing F at the incision point (60). In contrast
to nicked DNA repair where FEN1 activity was comparable
in the absence or presence of Pol 3, FEN1 does not act on
the tandem lesion at all in the absence of the polymerase.

These data indicate that LP-BER overcomes the inhibition
of some repair proteins. However, it is not unusual for an
organism to employ redundant DNA repair pathways to
protect its genome (6/-63). Consequently, we examined
repair of the FTg tandem lesion by the UvrABC system.
Bacterial NER systems recognize thymine glycol, but not
dihydrothymine (54, 64). Presumably, this is because the
latter induces a modest perturbation in the duplex structure
by adopting a conformation in which the methyl group
occupies a pseudoequatorial orientation (65). Thymine glycol
exerts a more significant perturbation to base stacking
because it cannot avoid having one of the non-hydrogen atom
substituents on carbons 5 and 6 occupy a pseudoaxial
orientation. Although the lesions were not compared to one
another in similar substrates side by side, Tg is not as high
in the NER hierarchy of substrates as strongly helix distorting
lesions, such as cis-platin G-G intrastrand cross-links (66).
The incorporation of Tg into a tandem lesion adjacent to an
abasic site resulted in a modest (20%) reduction in nucleotide
excision repair activity compared to an isolated thymine
glycol after 15 and 60 min of reaction. We hypothesize that
this is due to a smaller distortion of the helix by the tandem
lesion than an isolated Tg because the space created by loss
of the adjacent nucleobase can be used to accommodate a
pseudoaxial substituent. This explanation is consistent with
the T}, studies (Table 4), which showed that the tandem lesion
containing duplex and those containing isolated L or Tg
lesions were of comparable thermal stability.

Summary. We have shown that a unique tandem lesion
that is produced in DNA as a result of oxidative stress
requires adaptation by the DNA repair system in vitro. The
presence of a 2-deoxyribonolactone (L) at the 5’-adjacent
position of thymine glycol (Tg) prevents Nth from excising
the modified pyrimidine nucleotide. Similarly, L incision by
Nfo is also hindered by the proximity of Tg, but the activities
of other phosphodiesterases (APE1, Xth) that are mechanisti-
cally distinct from Nfo are unaffected. The BER system
overcomes the challenge presented by the tandem lesion by
employing a LP-BER approach in which Pol f and FEN1
work together to remove the damaged DNA. LP-BER of the
tandem lesion is distinguishable from that of isolated abasic
lesions if the FENI is inactive in the absence of Pol f£.
However, as is the case with other reported lesions, fill-in
by Pol 3 is stimulated by FENI. This investigation also
reveals that redundancies in the DNA repair system will
enable an organism to protect the genome against the LTg
tandem lesion by excising the lesion via the NER pathway.
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Incision of a closely related model tandem lesion (FTg) is
only slightly less efficient than that of an isolated Tg.
Although the LTg tandem lesion has not yet been character-
ized in vivo, these studies reveal two potential pathways for
its repair. The tandem lesion effects on replication also have
not yet been reported. However, these studies suggest that
such investigations are warranted.
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