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ABSTRACT

Endonuclease III from Escherichia coli, yeast
(yNtg1p and yNtg2p) and human and E.coli endo-
nuclease VIII have a wide substrate specificity, and
recognize oxidation products of both thymine and
cytosine. DNA containing single dihydrouracil (DHU)
and tandem DHU lesions were used as substrates for
these repair enzymes. It was found that yNtg1p
prefers DHU/G and exhibits much weaker enzymatic
activity towards DNA containing a DHU/A pair.
However, yNtg2p, E.coli and human endonuclease III
and E.coli endonuclease VIII activities were much
less sensitive to the base opposite the lesion.
Although these enzymes efficiently recognize single
DHU lesions, they have limited capacity for
completely removing this damaged base when DHU
is present on duplex DNA as a tandem pair. Both
E.coli endonuclease III and yeast yNtg1p are able to
remove only one DHU in DNA containing tandem
lesions, leaving behind a single DHU at either the 3′-
or 5′-terminus of the cleaved fragment. On the other
hand, yeast yNtg2p can remove DHU remaining on
the 5′-terminus of the 3′ cleaved fragment, but is
unable to remove DHU remaining on the 3′-terminus
of the cleaved 5′ fragment. In contrast, both human
endonuclease III and E.coli endonuclease VIII can
remove DHU remaining on the 3′-terminus of a
cleaved 5′ fragment, but are unable to remove DHU
remaining on the 5′-terminus of a cleaved 3′ fragment.
Tandem lesions are known to be generated by
ionizing radiation and agents that generate reactive
oxygen species. The fact that these repair glyco-
sylases have only a limited ability to remove the DHU
remaining at the terminus suggests that participation
of other repair enzymes is required for the complete
removal of tandem lesions before repair synthesis
can be efficiently performed by DNA polymerase.

INTRODUCTION

Ionizing radiation produces a wide spectrum of DNA damage
including AP sites, base damage, single and double strand
breaks (DSB), multiply damaged sites (MDS) and DNA–protein
and DNA–DNA crosslinks (1,2). MDS are small regions in
which multiple lesions are clustered, usually within a single
helical turn of the DNA (3,4). DNA containing tandem base
modification, closely opposed lesions and crosslinks between
bases or the sugar–phosphate backbone are other examples of
DNA containing MDS. It is important to point out that DNA
DSB are a form of MDS that are comprised of closely opposed
single strand breaks and have been estimated to contribute to
~10% of the total MDS generated per lethal dose of ionizing
radiation (5). DSB are thought to be repaired primarily by the
homologous recombination pathway in yeast (6–9) and
bacteria (9–11), whereas in mammalian cells, DSB are
repaired primarily by a non-homologous end-joining process,
mediated by the Ku70/80/DNA-PK complex (9,12–15).

DNA lesions such as abasic (AP) sites, single strand breaks
and base damages are repaired via the base excision repair
(BER) pathway (9,16–18). It is most likely that individual
lesions within MDS, in particular the base lesions and single
strand breaks, are recognized by repair enzymes of the BER
pathway (9). However, whether the presence of multiple
lesions in close proximity will affect the efficiency of repair by
these enzymes has not been well addressed. For example,
inappropriate processing of closely opposed base lesions could
lead to the production of DSB and thus an increase in cellular
lethality and/or mutagenesis. Recently, the in vitro processing
of closely opposed base lesions by bacterial repair enzymes was
examined. BER enzymes such as endonucleases III (19–21),
IV (22) and VIII (20), exonuclease III (22) and formamido-
pyrimidine N-glycosylase (21,23) are inhibited in vitro by
strand breaks formed by nicking at oppositely placed base
lesions. In contrast, prolonged incubation or the addition of
excess amounts of repair enzymes to DNA containing closely
opposed lesions leads to the formation of DSB (19,20).

MDS such as tandem base lesions have been shown to be
readily formed by ionizing radiation (24–27) as well as by photo-
sensitization reactions (28,29). Tandem base lesions consisting
of N-(2′-deoxy-β-erythro-pentofuranosyl)-formamide (dβF)
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and 8-oxo-deoxyguanosine (8-oxoG) have been identified in
irradiated dinucleotides of d(TpG), d(CpG), d(GpT) and
d(GpC) as well as in calf thymus DNA (24,25). Fpg was shown
to recognize DNA containing tandem dβF–8-oxoG, and its
ability to fully remove both lesions was found to be dependent
on the arrangement of these two base damage within MDS
(23). Since 8-oxoG is not a substrate for endonuclease III, the
enzyme can only remove dβF in tandem dβF–8-oxoG lesions,
leaving behind 8-oxoG at the nicked terminus. In this
manuscript we describe the in vitro recognition of tandem
dihydrouracil (DHU) lesions by Escherichia coli, yeast and
human endonuclease III as well as E.coli endonuclease VIII.
We demonstrate that these enzymes can efficiently remove
only one of the two DHU lesions. Once DNA is nicked either
5′ or 3′ to a DHU site, subsequent recognition of the remaining
DHU by these enzymes was inhibited. These results suggested
additional repair enzymes are needed to complete the repair of
these tandem lesions initiated by DNA N-glycosylases before
repair synthesis can be efficiently carried out by DNA
polymerase. Alternatively, these lesions may not be efficiently
repaired at all by cells, thus leading to increased cellular lethality.

MATERIALS AND METHODS

Enzymes

Escherichia coli endonuclease III gene nth was cloned into the
NdeI restriction site of pET12(b)+ plasmid and transformed
into E.coli strain BL21(DE3). Cultures of E.coli strain
BL21(DE3) harboring the overproducing plasmid pET22b-nth
were grown to an absorbance of 0.6 at 600 nm, then induced
with 1 mM IPTG and harvested after 3 h. The collected cell
paste was then resuspended in 50 mM HEPES–KOH, pH 7.6,
250 mM KCl, 0.1% Triton X-100, 1 mg/ml lysozyme and
subjected to three freeze–thawing cycles. The DNA in the
crude extract was then removed by the addition of PEG8000
and E.coli endonuclease III (eNTH) was then purified using
MonoS, MonoQ and then Phenyl Sepharose chromatography
as described previously (30). Endonuclease VIII (eNEI) was
prepared from an E.coli strain BL21(DE3) host harboring the
expression plasmid pET22b-nei (Dr Zafer Hetahet, University
of Texas at Tyler). Similarly, logarithmic growing cultures
(OD600 = 0.5) were induced with 1 mM IPTG, and the over-
expressed endonuclease VIII was purified according to the
procedure described previously (31). Human endonuclease III
(hNTH) was purified by Dr Robindra Roy (32) and yeast endo-
nuclease III homologs, yNtg1p and yNtg2p were purified by
Dr Ho Jin You (33).

DNA substrates

All oligonucleotides were obtained from Operon and purified
by polyacrylamide gel (15%) electrophoresis as described
previously (34). Oligonucleotides containing DHU were 5′-end-
labeled with [γ-32P]ATP (Amersham Corp.) using T4 poly-
nucleotide kinase or 3′-end-labeled with [α-32P]cordycepin 5′-
triphosphate (Du Pont NEN) using deoxynucleotidyl terminal
transferase following instructions from the enzyme supplier
(US Biochemical Corp.). Labeled oligonucleotides containing
DHU were annealed to the appropriate complementary strands
at a 1:1.5 ratio in 10 mM Tris–HCl, pH 7.5, 0.1 M NaCl and
2 mM 2-mercaptoethanol by heating the mixture to 90°C and

cooling gradually to room temperature. The following oligo-
nucleotide duplexes were used in this study (Q is DHU):

5′-TTCCAGACTGTCCTTCGTQCCTTTCCTCTCAA DHU-19/A
AAGGTCTGACAGGAAGCAAGGAAAGGAGAGTT-5′;

5′-TTCCAGACTGTCCTTCGTCQCTTTCCTCTCAA DHU-20/A
AAGGTCTGACAGGAAGCAAGGAAAGGAGAGTT-5′;

5′-TTCCAGACTGTCCTTCGTQTCTTTCCTCTCAA DHU-19/G
AAGGTCTGACAGGAAGCAAGGAAAGGAGAGTT-5′;

5′-TTCCAGACTGTCCTTCGTTQCTTTCCTCTCAA DHU-20/G
AAGGTCTGACAGGAAGCAAGGAAAGGAGAGTT-5′;

5′-TTCCAGACTGTCCTTCGTQQCTTTCCTCTCAA DHU/AG
AAGGTCTGACAGGAAGCAAGGAAAGGAGAGTT-5′;

5′-TTCCAGACTGTCCTTCGTQQCTTTCCTCTCAA DHU/GA
AAGGTCTGACAGGAAGCAAGGAAAGGAGAGTT-5′.

DHU is a good model for thymine damage with ring saturation
at 5,6 double bond. Therefore, oligonucleotides containing
DHU opposite an A were used as a model for DNA substrate
containing thymine radiolysis damage, since thymine base
lesions such as thymine glycol and dihydrothymine are lesions
that paired with A. Similarly, oligonucleotides containing
DHU opposite G were used as a model for a DNA substrate
containing a cytosine radiolysis product. DHU is a stable
radiolysis product of cytosine under hypoxic conditions,
resulting from ring saturation followed by deamination.

Endonuclease assays

Endonuclease III from E.coli, human and Saccharomyces cere-
visiae (yNtg1p and yNtg2p proteins) and E.coli endonuclease
VIII were assayed in a standard reaction buffer (20 µl)
containing 100 mM KCl, 10 mM Tris–HCl, pH 7.5, 1 mM EDTA,
10 nM labeled substrate and 40 ng of protein. Reactions were
performed at 37°C for 30 min and then stopped by the addition
of 10 µl of loading buffer (90% formamide, 1 mM EDTA,
0.1% xylene cyanol and 0.1% bromophenol blue) followed by
heating at 90°C for 5 min. Reaction products were then
analyzed by denaturing PAGE (15%). Electrophoresis was
performed at a constant voltage of 2000 V for 4 h. The poly-
acrylamide gel was then dried under vacuum and exposed to
X-ray film or analyzed with a Fuji Bio-Imaging analyzer.

RESULTS AND DISCUSSION

Double-stranded oligonucleotides containing DHU as
substrates for yNtg1p and yNtg2p

Saccharomyces cerevisiae possesses two endonuclease III
activities, namely the yNtg1p and yNtg2p proteins (33,35). In
order to examine whether both enzymes can efficiently remove
DHU when two of these lesions are present in a tandem context
on the same DNA strand, double-stranded oligonucleotides
DHU/AG and DHU/GA containing tandem DHU opposite
AG and GA pairs, respectively, were used as DNA substrates.
Due to the fact that there might also be flanking sequence
context effects on the processing of each individual lesion by
repair enzymes, duplexes containing a single DHU within the
same flanking sequence context were also utilized. These
duplexes were constructed in such a way that DHU was placed
either opposite an A or G at position 19 (DHU-19/A and DHU-
19/G) or at position 20 (DHU-20/A and DHU-20/G) from the
5′-terminus. It is known that both yNtg1p and yNtg2p produce
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β-elimination products that contain 4-hydroxy-2-pentenal
moieties attached to 3′-termini of cleavage products (9,16).
The β-elimination product derived from a 5′-end-labeled
DHU-A/19 is expected to migrate slower than a 18mer but
faster than a 19mer. Similarly, the β-elimination product
derived from a 5′-end-labeled DHU-G/20 is expected to
migrate slower than a 19mer. Figure 1 shows that both yNtg1p
and yNtg2p generate the expected β-elimination products from
5′-end-labeled DHU-19/A, DHU-20/G and DHU/AG. Using
5′-labeled substrates, yNtg1p recognized DHU quite poorly
when the lesion was placed opposite A at position 19 (Fig. 1A,
lane 2). In contrast, DHU-20/G, which contained a DHU oppo-
site G at position 20, was a good substrate for yNtg1p (Fig. 1A,
lane 5). In contrast, both DHU-19/A and DHU-20/G were
good substrates for yNtg2p (Fig. 1A, lanes 3 and 6). The
apparent sequence context effect on yNtg1p activity was also
observed when 5′-labeled DHU/AG was used as a DNA
substrate. yNtg1p produced predominantly a cleavage product
that migrated to the same gel position as the cleavage product
derived from DHU-20/G (Fig. 1A, lane 8), and yNtg2p
produced two cleavage products corresponding to cleavages
occurring at positions 19 and 20 (Fig. 1A, lane 9).

Using 3′-end-labeled DNA substrates, corroborating results
were observed for both yNtg1p and yNtg2p on DNA containing
DHU. The 3′ cleavage products generated by both yNtg1p and
yNtg2p on DHU-19/A and DHU-20/G were 13mers and 12mers
containing a 5′-phosphoryl group, respectively. Using DNA
containing a single DHU as a substrate, yNtg1p poorly recognized
DHU at position 19 when it was opposite to an A (Fig. 1B,
lane 2). Conversely, when DHU was placed at position 20
opposite a G, yNtg1p recognized DHU efficiently (Fig. 1B,

lane 5). yNtg2p recognized DHU equally well at both positions
19 and 20 (Fig. 1B, lanes 3 and 6). These data thus confirmed
the results obtained with the 5′-end-labeled substrate.
However, when 3′-labeled substrate containing tandem DHU
lesions was used, both yNtg1p and yNtg2p generated a
cleavage product with an electrophoretic mobility similar to
the product derived from cleavage occurring at position 20
only (Fig. 1B, lanes 8 and 9). Since yNtg1p poorly recognized
DHU-19/A compared to DHU-20/G (Fig. 1B, lanes 2 and 5), it
was therefore expected that yNtg1p would produce predomi-
nantly a single cleavage product that migrated to the same
distance as the product derived from cleavage of DHU at posi-
tion 20 (Fig. 1B, lane 8). However, yNtg2p produced primarily
a single cleavage product with 3′-labeled DHU/AG (Fig. 1B,
lane 8) but generated two cleavage products with 5′-labeled
DHU/AG (Fig. 1A, lane 8), suggesting equal recognition of
DHU at either position 19 or 20. The observation that yNtg2p
generated primarily a single cleavage product with 3′-labeled
DHU/AG suggests that DHU left at the 5′-terminus of the 3′
fragment derived from cleavage at position 19 was further
processed by yNtg2p, generating a product with an
electrophoretic mobility identical to the product derived from
cleavage occurring at position 20 (Fig. 1C).

The apparent sequence context effect on yNtg1p and yNtg2p
activity was further examined by switching the positions of the
DHU/A and DHU/G pairs in the substrate. 5′-End-labeled
substrates containing a DHU/G pair at position 19 (DHU-19/G)
and DHU/A pair at position 20 (DHU-20/A) were incubated
with yNtg1p and yNtg2p. In this case, DHU was recognized
efficiently by both yNtg1p and yNtg2p at positions 19 and 20

Figure 1. Substrate specificity of yNtg1p and yNtg2p on oligonucleotides containing a DHU lesion. (A) 100 fmol of 5′-32P-labeled duplex DHU-19/A (lanes 1–3),
DHU-20/G (lanes 4–6) and DHU/AG (lanes 7–9) were incubated with 40 ng of yeast yNtg1p or yNtg2p at 37°C for 30 min in a standard reaction mix. Lane 1,
control, DHU-19/A; lane 2, DHU-19/A + yNtg1p; lane 3, DHU-19/A + yNtg2p; lane 4, control, DHU-20/G; lane 5, DHU-20/G + yNtg1p; lane 6, DHU-20/G +
yNtg2p; lane 7, control, DHU/AG; lane 8, DHU/AG + yNtg1p; lane 9, DHU/AG + yNtg2p. Arrows indicate the positions of 5′-32P-labeled 18mer and 19mer
standards. (B) 100 fmol of 3′-32P-labeled duplex DHU-19/A (lanes 1–3), DHU-20/G (lanes 4–6) and DHU/AG (lanes 7–9) were incubated with 40 ng of yeast
yNtg1p or yNtg2p at 37°C for 30 min in a standard reaction mix. Lane 1, control, DHU-19/A; lane 2, DHU-19/A + yNtg1p; lane 3, DHU-19/A + yNtg2p; lane 4,
control, DHU-20/G; lane 5, DHU-20/G + yNtg1p; lane 6, DHU-20/G + yNtg2p; lane 7, control, DHU/AG; lane 8, DHU/AG + yNtg1p; lane 9, DHU/AG + yNtg2p.
Arrows indicate the positions of 3′-32P-labeled 12mer and 13mer standards. (C) A scheme describing the ability of yNtg2p to further remove the DHU lesion
remaining on the 5′-terminus.
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(Fig. 2A, lanes 2, 3, 5 and 6). As expected, with 5′-labeled
DNA containing tandem DHU (DHU/GA), yNtg2 produced
two cleavage products in approximately equal amounts
(Fig. 2A, lane 9). However, yNtg1p generates one predom-
inant cleavage product that corresponded to cleavage occurring
at DHU-19 (DHU at this position was opposite G) and a minor
amount of cleavage product that corresponded to a product
derived from cleavage occurring at position 20 (DHU at this
position was opposite A) (Fig. 2A, lane 8). Taken together
these data suggested that when tandem DHU lesions are
present, yNtg1p exhibited a higher affinity for a DHU/G pair
than a DHU/A pair. When 3′-end-labeled duplexes containing
a single DHU were used as substrates, both yNtg1p and
yNtg2p efficiently recognized DHU at positions 19 (Fig. 2B,
lanes 2 and 3) and 20 (Fig. 2B, lanes 5 and 6). However, when
3′-end-labeled DHU/GA was used as a DNA substrate, yNtg1p
produced predominantly a 3′ fragment that corresponded to a
cleavage product derived from cleavage occurring at DHU-19.
A small amount of product that corresponded to cleavage
occurring at DHU-20 was also observed. The data obtained for
yNtg1p using 3′-end-labeled DHU/GA were consistent with
those obtained with 5′-end-labeled DHU/GA, further
supporting the idea that yNtg1p has a preference for a DHU/G
pair over a DHU/A pair. Interestingly, yNtg2p generated
predominantly a 3′ fragment that corresponded to the cleavage

product derived from cleavage at DHU-20 (Fig. 2B, lane 9). In
addition, a small amount of product that corresponded to
cleavage at DHU-19 was also observed (Fig. 2B, lane 9).
Taken together, these results suggested that yNtg2p was
capable of removing the DHU that remained at the 5′-terminus
of the cleavage product (Fig. 1C).

Double-stranded oligonucleotides containing DHU as
substrates for hNTH, eNTH and eNEI

The ability of both eNTH and hNTH as well as eNEI in
processing DNA containing tandem DHU lesions was also
examined in a similar manner as described above for yNtg1p
and yNtg2p. Similar to the yeast homologs, eNTH and hNTH
are AP lyases that catalyze β-elimination reactions, whereas
the AP lyase activity of eNEI catalyzes a β,δ-elimination
reaction (9,16). The β-elimination products generated by both
human and E.coli endonuclease III have a slower electro-
phorectic mobility than the β,δ-elimination product generated
by endonuclease VIII (Fig. 3A, compare lanes 2 and 4 with
lane 3, and lanes 6 and 7 with lane 8). This is due to the fact that
the 3′-terminus of a β-elimination product contains a 4-hydroxy-
2-pentenal moiety, while the 3′-terminus of a β,δ-elimination
product contains a phosphate group.

Figure 3 shows that DHU-19/A and DHU-20/G are good
substrates for eNTH, hNTH and eNEI (Fig. 3A, lanes 2–4 and
6–8; Fig. 3B, lanes 2–4 and 6–8). When the 5′-end-labeled
DHU/AG was used as a substrate, eNTH generated two
cleavage products with electrophoretic mobilities identical to
the expected β-elimination products generated from cleavages
at positions 19 and 20 (Fig. 3A, lane 10). Similar results were
obtained for eNTH using 3′-end-labeled substrate (Fig. 3B,
lane 2).

hNTH showed a similar activity towards DHU-19/A and
DHU-20/G (Fig. 3A, lanes 4 and 8; Fig. 3B, lanes 4 and 8) It
was therefore expected that when 5′-end-labeled DHU/AG
was used as a substrate, hNTH would generate approximately
equal amounts of cleavage products corresponding to incisions
occurring at positions 19 and 20. Instead, the enzyme generated
a major product with an electrophoretic mobility similar to the
β-elimination product derived from cleavage at position 20,
and a minor β-elimination product corresponded to cleavage at
position 19 (Fig. 3A, lane 12). The 5′ cleavage pattern
observed for hNTH agreed with that obtained using 3′-end-
labeled DHU/AG as the DNA substrate (Fig. 3B, lane 4).
These data suggested that when the DHU lesion was present in
tandem, hNTH preferentially recognized the DHU/G pair,
leading to a preferential nicking at position 20. Alternatively,
the appearance of a higher amount of 3′-labeled fragment p12
(cleavage at position 20) could be the result of a sequential
cleavage at positions 19 and 20, thus leading to an apparent
preference of cleavage at position 20.

eNEI is an AP lyase that catalyzes a β,δ-elimination
reaction. eNEI showed similar activity for DHU lesions at
positions 19 and 20, generating the expected β,δ-elimination
products (Fig. 3A, lanes 3 and 5). Interestingly, using 5′-end-
labeled DHU/AG that contained a tandem DHU, eNEI gener-
ated three cleavage products. A major product with an electro-
phoretic mobility similar to the β-elimination product derived
from cleavage at DHU at position 19 and minor amounts of β-
and β,δ-elimination products derived from cleavages occurred
at positions 20 and 19, respectively (Fig. 3A, lane 12).

Figure 2. Substrate specificity of yNtg1p and yNtg2p on oligonucleotides
containing a DHU lesion. (A) 100 fmol of 5′-32P-labeled duplex DHU-19/G
(lanes 1–3), DHU-20/A (lanes 4–6) and DHU/GA (lanes 7–9) were incubated
with 40 ng of yeast yNtg1p or yNtg2p at 37°C for 30 min in a standard reaction
mix. Lane 1, control, DHU-19/G; lane 2, DHU-19/G + yNtg1p; lane 3, DHU-19/G
+ yNtg2p; lane 4, control, DHU-20/A; lane 5, DHU-20/A + yNtg1p; lane 6,
DHU-20/A + yNtg2p; lane 7, control, DHU/GA; lane 8, DHU/GA + yNtg1p;
lane 9, DHU/GA + yNtg2p. Arrows indicate the positions of 5′-32P-labeled
18mer and 19mer standards. (B) 100 fmol of 3′-32P-labeled duplex DHU-19/G
(lanes 1–3), DHU-20/A (lanes 4–6) and DHU/GA (lanes 7–9) were incubated
with 40 ng of yeast yNtg1p or yNtg2p at 37°C for 30 min in a standard reaction
mix. Lane 1, control, DHU-19/G; lane 2, DHU-19/G + yNtg1p; lane 3, DHU-19/G
+ yNtg2p; lane 4, control, DHU-20/A; lane 5, DHU-20/A + yNtg1p; lane 6,
DHU-20/A + yNtg2p; lane 7, control, DHU/GA; lane 8, DHU/GA + yNtg1p;
lane 9, DHU/GA + yNtg2p. Arrows indicate the positions of 3′-32P-labeled
12mer and 13mer standards.
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However, using 3′-end-labeled DHU/AG as a DNA substrate,
eNEI generated a major cleavage product that corresponded to
cleavage occurring at DHU at position 20 (Fig. 3B, indicated
by 12 and an arrow) and a smaller amount of a product that
corresponds to cleavage at DHU at position 19 (Fig. 3B, indi-
cated by 13 and an arrow). In order to explain the differences
in the cleavage pattern obtained with 5′- and 3′-end-labeled
substrates as well as the apparent lack of β,δ-elimination prod-
ucts, we suggest that after the initial removal of DHU by eNEI
at position 20, the 5′ fragment that contains the DHU at posi-
tion 19 is further processed by eNEI. eNEI is unable to
complete the β,δ-elimination reaction, however, it is able to
catalyze a β-elimination at the DHU moiety located at the 3′-
terminus, generating β-elimination products at position 19
(Fig. 3C). It is important to point out that eNEI is a β,δ-AP
lyase and does not normally generate a β-elimination product;
thus the formation of the β-elimination product observed under
such a reaction condition is interesting. The ability of a β,δ-AP
lyase to generate a β-elimination product has also been
observed previously for E.coli formamidopyrimidine N-glyco-
sylase (9,16).

The possibility of a sequence context effect on these repair
enzymes was also examined by exchanging the positions of the
DHU/G and DHU/A pairs. Figure 4 shows that eNTH, hNTH
and eNEI efficiently recognize both DHU-19/G and DHU-20/A
(Fig. 4A, lanes 2–4 and 6–8; Fig. 4B, lanes 2–4 and 6–8). This
result is comparable to those obtained with DHU-19/A and
DHU-20/G. Using 5′-end-labeled DHU/GA as a substrate,
eNTH generated two β-elimination products, with the major
product corresponding to cleavage occurring at position 19

(Fig. 4A, lane 10). Similar results were obtained for eNTH
using 3′-end-labeled DHU/GA (Fig. 4B, lane 10).

The results obtained for hNTH using DHU/GA as a substrate
were similar to those obtained with DHU/AG. When 5′-end-
labeled DHU/GA was utilized as a substrate, hNTH generated
a major product that possessed an electrophoretic mobility
equivalent to the β-elimination product derived from cleavage
at position 19 (Fig. 4A, lane 12). However, when 3′-end-
labeled DHU/GA was used as a DNA substrate, hNTH generated
the expected cleavage products in approximately equal
amounts (Fig. 4B, lane 12). The hNTH endonuclease activity
was found to be similar for DHU-19/G and DHU-20/A
(Fig. 4A, lanes 4 and 8; Fig. 4B, lanes 4 and 8). In order to account
for the difference in the 5′ and 3′ cleavage patterns, we suggest
that hNTH removed the DHU remaining at the 3′-terminus of the
β-elimination product derived from cleavage at position 20.
Such an event would lead predominantly to the generation of a
product with mobility identical to the β-elimination product
produced from cleavage occurring at position 19 (Fig. 4C).

eNEI showed a similar activity for DHU-19/G and DHU-20/A,
generating the expected β,δ-elimination products that migrated
faster than the β-elimination product generated by endo-
nuclease III (Fig. 4A, lanes 3 and 5; Fig. 4B, lanes 3 and 8).
Similar to DHU/AG, eNEI generated three cleavage products
when 5′-end-labeled DHU/GA was used as a substrate; a major
product with an electrophoretic mobility similar to the β-elimi-
nation product derived from cleavage at position 19 and a
minor β- and β,δ-elimination products derived from cleavages
occurring at positions 20 and 19, respectively (Fig. 4A,
lane 12). Similar to DHU/AG, eNEI generated two expected
cleavage products that corresponded to cleavage occurring at

Figure 3. Substrate specificity of eNTH, hNTH and eNEI on oligonucleotides containing a DHU lesion. (A) 100 fmol of 5′-32P-labeled duplex DHU-19/A (lanes 1–4),
DHU-20/G (lanes 5–8) and DHU/AG (lanes 9–12) were incubated with 40 ng of eNTH, hNTH or eNEI at 37°C for 30 min in a standard reaction mix. Lane 1,
control, DHU-19/A; lane 2, DHU-19/A + eNTH; lane 3, DHU-19/A + eNEI; lane 4, DHU-19/A + hNTH; lane 5, control, DHU-20/G; lane 6, DHU-20/G + eNTH;
lane 7, DHU-20/G + eNEI; lane 8, DHU-20/G + hNTH lane 9, control, DHU/AG; lane 10, DHU/AG + eNTH; lane 11, DHU/AG + eNEI; lane 12, DHU/AG + hNTH.
(B) 100 fmol of 3′-32P-labeled duplex DHU-19/A (lanes 1–4), DHU-20/G (lanes 5–8) and DHU/AG (lanes 9–12) were incubated with 40 ng of eNTH, hNTH or
eNEI at 37°C for 30 min in a standard reaction mix. Lane 1, control, DHU-19/A; lane 2, DHU-19/A + eNTH; lane 3, DHU-19/A + eNEI; lane 4, DHU-19/A + hNTH;
lane 5, control, DHU-20/G; lane 6, DHU-20/G + eNTH; lane 7, DHU-20/G + eNEI; lane 8, DHU-20/G + hNTH; lane 9, control, DHU/AG; lane 10, DHU/AG +
eNTH; lane 11, DHU/AG + eNEI; lane 12, DHU/AG + hNTH. (C) A scheme describing the ability of eNEI to further process the DHU remaining at the 3′-terminus,
generating a β-elimination product, 18-β. Reactions described in (A) and (B) were analyzed in the same sequencing gel, separated with the four DNA standards as
indicated by arrows. Arrows indicate the positions of 5′-32P-labeled 18mer and 19mer standards and 3′-32P-labeled 12mer and 13mer standards.
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DHU at positions 19 and 20 (Fig. 4B, lane 11). The cleavage
pattern can be explained by the same rationale used for the
eNEI-induced cleavage pattern for DHU/AG (Fig. 3C).

Based on the data presented above, it appears that eNTH is
unable to further process DHU when left at a cleaved terminus.
However, both hNTH and eNEI were able to further process
the DHU remaining at the 3′-terminus. In order to further
analyze the ability of these two repair enzymes to process
DHU remaining at the 3′-terminus, a time course experiment
was performed for hNTH and eNEI, using duplexes containing
tandem DHU. Using 5′-end-labeled DHU/GA, hNTH generated a
major cleavage product corresponding to the product derived
from cleavage at DHU-19 (18-β). However, using 3′-end-
labeled substrates, the cleavage product that corresponded to
cleavage at DHU-20 (12mer) was generated at a similar rate to
the product resulting from cleavage at DHU-19 (13mer) (data
not shown). For eNEI, the rate of formation of 18-β was higher
compared to 18-δ and 19-β when 5′-end-labeled DHU/GA was
used as a substrate (data not shown). In contrast, when 3′-end-
labeled DHU/GA was utilized as a substrate, both the 12mer
and 13mer were formed at an approximately equal rate (data
not shown).

CONCLUSION

The energy from ionizing radiation is not deposited uniformly
into the absorbing medium but along the tracks of the charged
particles (36). The energy is thus deposited in the form of
‘spurs’, which consist of three to four ion pairs within a diameter
of 4 nm, or as a ‘blob’, which consists of as many as 12 ion

pairs within a diameter of 7 nm (36). For X-rays, 95% of the
energy deposition events are spurs (36). When tracks of ionization
overlap the DNA helix, multiple radical reactions occur with
the DNA, leading to the generation of various lesions clustered
within a small region of DNA defined by the manner of energy
deposition. The clustered lesion, or MDS as it is commonly
referred to, consists of a variety of radiation-induced damage
including base and sugar damage, DNA strand breaks as well
as different types of crosslinks.

In this study, we have shown that in vitro repair of a form of
MDS which consists of tandem DHU lesions located on the
same DNA strand. Even though DHU is a good substrate for all
endonuclease III functional homologs used in this study, DNA
containing tandem DHU lesions are not efficiently removed by
these N-glycosylases. eNTH and yNtg1p can only recognize
one of the two DHU lesions, and once a DNA incision was
made, the lesion that remained at the nick site was not further
processed by these enzymes. It is possible that when the first
DHU is removed by eNTH and yNtg1p, these enzymes dissociate
rapidly from the nicked substrate, leading to the accumulation
of nicked DNA with one of the unprocessed DHUs. For yNtg2p,
hNTH and eNEI, these enzymes show limited potential in
removing lesions remaining at the nick site after the first
incision. However, yNtg2p is able to remove the lesion left at
the 5′-terminus, but is unable to remove lesions left at the 3′-
terminus. In contrast, both hNTH and eNEI can remove lesions
remaining at 3′-termini but are unable to remove lesions
remaining at 5′-termini. Despite the apparent overlapping
substrate specificities for eNTH, eNEI, yeast Ntg1 and Ntg2,
these data suggest that the apparent redundancy in these BER

Figure 4. Substrate specificity of eNTH, hNTH and eNEI on oligonucleotides containing a DHU lesion. (A) 100 fmol of 5′-32P-labeled duplex DHU-19/G (lanes 1–4),
DHU-20/A (lanes 5–8) and DHU/GA (lanes 9–12) were incubated with 40 ng of eNTH, hNTH or eNEI at 37°C for 30 min in a standard reaction mix. Lane 1,
control, DHU-19/G; lane 2, DHU-19/G + eNTH; lane 3, DHU-19/G + eNEI; lane 4, DHU-19/G + hNTH; lane 5, control, DHU-20/A; lane 6, DHU-20/A + eNTH;
lane 7, DHU-20/A + eNEI; lane 8, DHU-20/A + hNTH; lane 9, control, DHU/GA; lane 10, DHU/GA + eNTH; lane 11, DHU/GA + eNEI; lane 12, DHU/GA + hNTH.
(B) 100 fmol of 3′-32P-labeled duplex DHU-19/G (lanes 1–4), DHU-20/A (lanes 5–8) and DHU/GA (lanes 9–12) were incubated with 40 ng of eNTH, hNTH or eNEI
at 37°C for 30 min in a standard reaction mix. Lane 1, control, DHU-19/G; lane 2, DHU-19/G + eNTH; lane 3, DHU-19/G + eNEI;. lane 4, DHU-19/G + hNTH; lane 5,
control, DHU-20/A; lane 6, DHU-20/A + eNTH; lane 7, DHU-20/A + eNEI; lane 8, DHU-20/A + hNTH; lane 9, control, DHU/GA; lane 10, DHU/GA + eNTH;
lane 11, DHU/GA + eNEI; lane 12, DHU/GA + hNTH. (C) A scheme describing the ability of hNTH to further process the DHU remaining at the 3′-terminus, generating
a β-elimination product, 18-β. Reactions described in (A) and (B) were analyzed in the same sequencing gel, separated with the four DNA standards as indicated
by arrows. Arrows indicate the positions of 5′-32P-labeled 18mer and 19mer standards and 3′-32P-labeled 12mer and 13mer standards.



Nucleic Acids Research, 2001, Vol. 29, No. 2 413

enzymes serves not only to increase the repair capacity for
individual lesions, but also to function in the removal of
lesions embedded in various sequence contexts. The presence
of multiple enzymes possessing similar substrate specificities
thus provides cells with a comprehensive repair repertoire for
reducing the genetic damage load of cells, preventing
mutations and maintaining a high fidelity in the passage of
genetic material to progeny cells.

Furthermore, these data suggest that tandem DHU lesions
are inefficiently removed by these DNA glycosylases. Based
on the above discussion, it is clear that BER enzymes are
unable to completely remove both lesions in vitro. However, it
is becoming clear that repair activities of DNA glycosylases
can be dramatically enhanced in the presence of other
accessory proteins. Recent studies showed that interaction of
N-methylpurine DNA glycosyalse (MPG) with hHR23 led to a
dramatic increase in the glycosylase activity of MPG (37).
Similarly, interaction of the human XPG protein with hNTH
also led to a 3-fold increase in the activity of hNTH (38). It is
therefore possible that accessory proteins can help to overcome
the shortcomings of these DNA glycosylase, thus helping to
process tandem lesions more efficiently. Otherwise, additional
repair enzymes might be needed before repair synthesis and
ligation could occur to complete the repair. The participation
of repair enzymes that can help to remove lesions remaining at
either the 3′- or 5′-terminus are essential for the repair of
tandem lesions. These enzymes could be either exonucleases
or novel repair glycosylases/endonucleases that have high
affinity for terminal lesions are potential partners for the BER
enzymes for the repair of tandem lesions. Failure to remove
lesions remaining at the termini could lead to persistence of
strand breaks which could result in increases in cell death or
mutations.
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