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ABSTRACT: The C1′-oxidized lesion 2-deoxyribonolactone
(L) is induced by free radical attack of DNA. This lesion is
mutagenic, inhibits base excision repair, and can lead to strand
scission. In double-stranded DNA L is repaired by long-patch
base excision repair, but it induces replication fork arrest in a
single-strand template. Translesion synthesis requires a
specialized DNA polymerase (Pol). In E. coli, Pol V is
responsible for bypassing L, whereas in yeast Pol ζ has been
shown to be required for efficient bypass. Very little is known
about the identity of human Pols capable of bypassing L. For
instance, the activity of family X enzymes has never been investigated. We examined the ability of different family X Pols: Pols β,
λ, and TdT from human cells and Pol IV from S. cerevisiae to act on DNA containing an isolated 2-deoxyribonolactone, as well as
when the lesion comprises the 5′-component of a tandem lesion. We show that Pol β, but not Pol λ, can bypass a single L lesion
in the template, and its activity is increased by the auxiliary protein proliferating cell nuclear antigen (PCNA), whereas both
enzymes were completely blocked by a tandem lesion. Yeast Pol IV was able to bypass the single L and the tandem lesion but
with little nucleotide insertion specificity. Finally, L did not affect the polymerization activity of the template-independent
enzyme TdT.

Oxidized abasic residues (e.g., L, Figure 1A) are formed as a
consequence of the exposure of DNA to oxidative agents.

Among them, the C1′-oxidized abasic site 2-deoxyribonolac-
tone (L) is a commonly observed lesion induced by ionizing or
long wavelength UV irradiation, organometallic oxidants, and
by antitumor drugs, such as neocarzinostatin and C1027.1−4 In
human cells, when present in double-stranded (ds) DNA, L is
recognized by the base excision repair (BER) enzyme AP
endonuclease 1, which generates an oxidized 5′-terminal
residue. Further repair is impaired by the ability of this 5′-
oxidized end to form protein−DNA cross-links with the BER
enzymes.5−8 Thus, L repair must be accomplished by the long
patch BER subpathway, involving strand displacement followed
by removal of the strand containing the 5′-oxidized residue by
the flap endonuclease 1.9−11 Persistence of L during S-phase
can cause replication fork arrest when the lesion is present on
the template strand. Bypass of L has been shown to occur in
vivo in E. coli, mainly due to the action of the translesion
synthesis enzyme DNA polymerase (Pol V), leading to
incorporation of dATP or dGTP opposite the lesion.2 Genetic
data indicated that in yeast the specificity for L bypass was
slightly different, with dCTP and dATP being the nucleotides
most frequently inserted opposite L, and suggested that the

Rev1 and Pol ζ enzymes were involved in translesion synthesis
across the lesion.3

To our knowledge, very little is known about the translesion
capabilities of human Pols with respect to L. Previously, we
showed that the two major BER enzymes in human cells, Pol β
and Pol λ, efficiently bypass an AP site, but with different
mechanisms.12 Pol λ more frequently skipped the lesion, using
the downstream base as a template and generating −1
frameshift deletions. Pol β, on the other hand, preferentially
incorporated dATP opposite an AP site. We have also shown
that with the assistance of the auxiliary protein proliferating cell
nuclear antigen (PCNA) DNA pol λ is very efficient in
bypassing common oxidative lesions such as thymine glycol
(Tg),13 2-hydroxyadenine,14 and 8-oxoguanine 15 in an error-
free manner. Thus, we were interested in investigating the
ability of Pol λ and Pol β to bypass a L lesion on the template,
together with PCNA. Since fidelity and DNA synthesis
efficiency of Pol β and λ are influenced by the nature of the
metal activator, either Mg2+ or Mn2+,16,17 we studied the
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translesion synthesis across L in the presence of both metals.
We have extended this analysis to the template-independent
enzyme TdT, belonging to Pol family X 18 together with Pol λ
and Pol β, and to the only member of the X family present in
yeast, Pol IV.18 Finally, we compared translesion synthesis past
a single L site to the tandem lesion 5′-LTg (Figure 1B). Our
data revealed distinct features for the different X family Pols in
bypassing an L site.

■ RESULTS AND DISCUSSION

We first analyzed the ability of Pol λ to bypass a L lesion in
vitro. Initially, we compared the lesion bypass capacity of the
enzyme as a function of the nucleotide concentration, on a 15/
30mer heteropolymeric DNA substrate containing either a

native nucleotide or a single L lesion at position +1 from the 3′-
OH of the primer (Chart 1, 2). In contrast to when an AP site
was present in the template strand, Pol λ was unable to bypass
L even in the presence of high concentrations (10−100 μM) of
nucleotides and using either Mn2+ or Mg2+ as cofactors (data
not shown). Like Pol β, Pol λ exhibits higher affinity for DNA
containing a gap of a few nucleotides with a phosphorylated 5′
downstream end.19 However, we did not observe any
nucleotide incorporation opposite the lesion (Figure 1C,
lanes 1−5) when we tested the ability of Pol λ to bypass L
when the lesion is opposite a single nucleotide gap (Chart 1, 4).
In contrast, robust gap filling and strand displacement synthesis
took place as previously observed 20 (lane 7) with an otherwise

Figure 1. DNA polymerase β, but not λ, can bypass a L lesion. (A) Structure of the oxidized (L) and normal (AP) abasic site. (B) Structure of the
tandem lesion 5′-LTg. (C) Nucleotide incorporation by Pol λ was measured in the presence of different nucleotides concentration, 0.1 pmol of
substrate 3 (lanes 6, 7) or substrate 4 (lanes 1−5) and 2.5 mM Mn2+. Lane 8: 5′-32P-labeled DNA primer (15 nt). (D) Nucleotide incorporation by
Pol β (100 nM) was measured in the presence of different nucleotides concentration, 0.1 pmol of substrate 1 (lanes 11, 12) or substrate 2 (lanes 1−
10) and 2.5 mM Mn2+. Lane 13: 5′-32P-labeled DNA primer (15 nt). (E) Variation of the reaction velocity of Pol β as a function of dATP
concentrations. Reactions were performed in the presence of 100 nM Pol β, 2.5 mM Mn2+, and 0.1 pmol of substrate 1 (empty circles) or substrate 2
(filled squares). Values are the means of three independent experiments. Error bars represent ± SD (F) DNA primer elongation by Pol β (100 nM)
was measured, using different amounts and combination of nucleotides, 0.1 pmol of substrate 2, and 2.5 mM Mn2+. Lane 11: 5′-32P-labeled DNA
primer (15 nt). The sequence of the DNA template is indicated on the right side of the panel.
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identical template containing a native nucleotide in the same
position (Chart 1, 3).
In addition to the polymerase domain and the dRP-lyase

domain, Pol λ possesses an N-terminal BRCT and proline-rich
domain, responsible for protein−DNA and protein−protein
interactions.18 Deleting this latter domain decreases fidelity.21

Consequently, the lesion bypass activity was investigated using
a truncated form of Pol λ (Δ 1-243) in which only the catalytic
domain, consisting of residues from 244−575, was maintained.
However the Δ 1-243 was unable to incorporate any nucleotide
opposite the lesion either using Mn2+ or Mg2+ as cofactors and
either substrate 2 or 4 (data not shown). PCNA, which
promotes the translesion activity of Pol λ past an AP site,22 did
not confer the enzyme with the ability to synthesize DNA past
the 2-deoxyribonolactone lesion. RP-A alone or in combination
with PCNA was also unable to increase the activity of Pol λ
when the template contained L (data not shown). Overall,
these data clearly indicated that L showed more significant
blocking properties compared to an AP site in the context of
Pol λ translesion synthesis.
Pol β usually incorporates dCTP more frequently than dATP

when it bypasses an AP site.12 When challenged with a L lesion
(2), Pol β was able to bypass it but only using Mn2+ as cofactor.
No translesion synthesis was observed with Mg2+ (data not
shown). Contrary to the AP site, Pol β preferentially
incorporated dATP opposite the L lesion and, with less
efficiency, dCTP (Figure 1D, lane 1, 2 and 3, 4 respectively). A
barely detectable level of dGTP incorporation was observed
(lanes 5, 6). Reaction performed with four nucleotides (Figure
1D, lane 9, 10) resulted in full length products but with strong
pausing at the site opposite to the lesion, with respect to the
reaction performed using the undamaged substrate 1 (Figure
1D; Compare +1 products in lane 10 and 12), suggesting a

poor elongation efficiency from the nucleotide paired with the
L lesion on this template.
In order to determine the kinetic parameters of dATP

incorporation, the nucleotide concentration was varied at fixed
concentration of 1 or 2, respectively (Figure 1E). The presence
of the lesion caused a 4-fold reduction of the efficiency (Vm/
Km) of the reaction when compared to the reaction performed
using the undamaged substrate (Table 1).
To determine if primer extension performed by Pol β past a

L lesion resulted in a −1 frameshift, we carried out
incorporation reactions on 2, containing different combinations
of nucleotides (Figure 1F). Reaction performed with dATP
resulted in only +1 product (lanes 1, 6). When dGTP was also
added, +3 product appeared (lanes 2, 7), while addition of
dGTP and dTTP resulted in +4 product (lanes 3, 8). The
reaction performed employing all four nucleotides resulted in
full-length product (lanes 5, 10). Single nucleotide deletion
products were not observed in any of the reactions, excluding a
−1 frameshift mechanism for L bypass by Pol β.
Pol β also shows higher nucleotide incorporation efficiency

on DNA templates containing a gap of a few nucleotides with a
phosphorylated 5′ downstream end. Indeed, when acting on 4
harboring a single nucleotide gap opposite the lesion (Figure
2A), Pol β exhibited more promiscuous translesion synthesis
capabilities compared to the substrate 2 without gap.
Specifically, in the presence of Mn2+, besides dATP (Figure
2A, lane 6) and dCTP (Figure 2A, lane 7), Pol β incorporated
dTTP (Figure 2A, lane 9), albeit with lower efficiency.
Furthermore, when using Mg2+ as a cofactor along with this
substrate (Figure 2A, lanes 1−4) the enzyme incorporated
dATP and dCTP, but not dTTP. As apparent from the kinetic
studies (Figure 2B,C and Table 1), with both metal ions Pol β
incorporated dATP more efficiently than dCTP (∼2.5-fold).
When all four dNTPs were included in the reaction, limited
strand displacement was observed in the presence of Mn2+

(Figure 2A, lane 10), which was further reduced in the presence
of Mg2+ (Figure 2A, lane 5). On the contrary, on the
undamaged 3 strand displacement was more robust and also
occurred in the presence of Mg2+ (Figure 2A, lanes 11, 12). The
presence of the lesion strongly affected the reaction efficiency,
with a ∼10-fold reduction when dATP incorporation was
compared between undamaged and L damaged substrates using
Mg2+ as cofactor and ∼20-fold reduction using Mn2+ (Table 1).
These results suggest that the lesion L strongly reduces the
efficiency of Pol β in filling a single nucleotide gap, also
affecting its strand displacement activity.
PCNA physically interacts with Pol β,23 enhancing its bypass

of AP sites.24 However, under single-nucleotide incorporation
conditions, PCNA had no effect on dATP incorporation

Chart 1

Table 1. Kinetic Parameters for Single Nucleotide Incorporation on Primer/Template or Single Nucleotide Gapped DNA
Substrates by DNA Polymerase β

Mg2+ Mn2+

DNA substrate/incoming nucleotide Vmax
a (pmol min−1) Km (μM) Vmax/Km Vmax (pmol min−1) Km (μM) Vmax/Km

1/dATPb ndb nd nd 0.041 ± 0.002 0.26 ± 0.02 0.15
2/dATP nd nd nd 0.038 ± 0.003 1.01 ± 0.01 0.04
3/dATP 0.06 ± 0.01 0.05 ± 0.01 1.2 0.067 ± 0.07 0.015 ± 0.002 4.4
4/dATP 0.06 ± 0.006 0.35 ± 0.03 0.17 0.06 ± 0.01 0.29 ± 0.02 0.2
4/dCTP 0.049 ± 0.005 0.88 ± 0.07 0.055 0.053 ± 0.005 0.65 ± 0.05 0.08

aKinetic parameters Vmax and Km were determined as described in Methods. Values are the means of three independent experiments ± SD. bnd, not
determined. bDNA substrates are numbered as in Chart 1.
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opposite L either on 2 (data not shown) or 4 (Figure 2D). The
activity was independent of the identity of the metal cofactor.
In contrast, in the presence of dATP (to be incorporated
opposite the lesion) and dGTP (to allow further extension),
PCNA enhanced the efficiency of Pol β elongation from the
nucleotide opposite the lesion (Figure 2E) using the substrate 2
and Mn2+ as the metal cofactor. From the dependence of the
reaction velocity on PCNA concentration, an apparent
dissociation constant of 160 ± 20 nM for the PCNA-Pol β
complex was derived, suggesting a stable interaction (Figure
2F).
Tandem lesions consist of two contiguously damaged

nucleotides that are mainly generated by ionizing radiation. L
is frequently formed as the 5′-component of tandem lesions

generated by radiolysis of DNA whose formation is initiated by
radical addition to pyrimidines.25,26 In E. coli, the tandem lesion
containing a thymidine glycol flanked on its 5′-side by L (5′-
LTg, Figure 1B) is a much more potent replication block than
Tg or L alone and is bypassed only under SOS-induced
conditions and is excised by long patch BER.27,28 Pol β
bypasses a single Tg lesion, but all four dNTPs are incorporated
opposite the lesion.13 However, the efficiency of incorporation
was higher for dATP than for the other nucleotides. Since in
this study we showed that Pol β is capable of bypassing a single
L lesion on the template, we evaluated the polymerase’s ability
to bypass the 5′-LTg tandem lesion. Moreover, it has been
shown that Pol λ bypasses a single Tg lesion in the template, in
contrast to Pol β, in an error-free manner.13 Thus, we asked

Figure 2. Nucleotide insertion specificity and stimulation by PCNA of Pol β bypass of a L lesion. (A) Nucleotide incorporation by Pol β (100 nM)
was measured in the presence of different nucleotides concentration, 0.1 pmol of substrate 3 (lanes 11, 12) or substrate 4 (lanes 1−10) and 2.5 mM
Mg2+ (lanes 1−5, 12) or 2.5 mM Mn2+ (lanes 6−10, 11). Lane 13: 5′-32P-labeled DNA primer (15 nt). (B) Variation of the reaction velocity of Pol β
as a function of nucleotide concentration. Reactions were performed as described in Methods in the presence of 2.5 mM Mg2+, 0.1 pmol of substrate
3, and increasing amounts of dATP (filled circles), or substrate 4 and increasing amount of dATP (empty circles) or dCTP (empty triangles). Values
are the means of three independent experiments. Error bars represent ± SD (C) As in panel B, but in the presence of 2.5 mM Mn2+. (D) Nucleotide
incorporation by Pol β (100 nM) was measured, in the presence of 0.1 pmol of substrate 4, 10 μM dATP, 2.5 mM Mn2+, and increasing amounts of
PCNA. The sequence of the DNA template is indicated on the right side of the panel. Lane 9: 5′-32P-labeled DNA primer (15 nt). (E) As in panel D,
but in the presence of substrate 2 and 10 μM dATP and dGTP. (F) Increase (Δ) in the reaction velocity of Pol β as a function of PCNA
concentration. Values are the means of three independent experiments. Error bars represent ± SD. Data were fitted to the equation Δobs = Δmax/(1 +
Kd/[PCNA]).
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whether the ability of Pol λ to incorporate dATP opposite Tg
was different in the context of a tandem lesion 5′-LTg. To
address this question we used a DNA template harboring a two-
nucleotide window gap opposite the tandem lesion or the Tg
lesion alone (Chart 1, 6 and 7 respectively). When acting on 7,
(Figure 3), Pol β preferentially incorporated dATP opposite the
Tg lesion and elongated it, with higher efficiency in the
presence of Mn2+ than Mg2+ (compare Figure 3C lane 2 with
Figure 3D lane 2). The nucleotide selectivity of Pol β on 7 was
different from that previously reported,13 confirming the
important role of the nature of the nucleobases flanking the
Tg lesion, as already noted.29 We found that when part of a
tandem lesion, L was a strong block even for Pol β.
Furthermore, the oxidized abasic site also affected the bypass
efficiency of the preceding thymidine glycol lesion. On this
template Pol β incorporated dATP only opposite Tg and was
unable to extend the primer past the L lesion (Figure 4A, lanes
6−10). Addition of PCNA did not rescue the bypass activity of
pol β toward the second lesion (data not shown). As already
noted,13 on substrate 7 Pol λ incorporates only dATP opposite
the Tg lesion, with higher efficiency using Mn2+ as cofactor
than Mg2+ (compare Figure 3 A, lane 1 with Figure 3 B, lane 2).

Conversely, it could not incorporate any nucleotide opposite
Tg when a L lesion was present downstream from the Tg (6)
(Figure 4A, lanes 1−5). Three-dimensional structures of Pol λ
in complex with 2 nt gapped substrates, have shown that its
active site spans template position +1 and +2 with respect to
the 3′-OH primer.30 Thus, it is possible that the presence of L
at the 5′-side of the Tg lesion prevents proper primer alignment
with the incoming nucleotide opposite the Tg lesion.
The ability of L to influence the nucleotide insertion

specificity opposite a lesion immediately upstream, as shown
above, suggests that L could affect primer binding by
polymerases causing distortions in the geometry of the
template DNA, thus affecting bypass efficiency irrespective of
its base-pairing properties. If true, one might also expect L to
affect primer elongation during template-independent primer
elongation. Beside Pols λ, β and μ, in human cells the family X
polymerases include the enzyme terminal deoxynucleotide
transferase (TdT). TdT possesses template-independent
polymerase activity, being able to elongate a 3′ end of a
DNA strand, independent from the presence of a template
strand.18 We thus evaluated the ability of TdT to elongate a
recessed 3′-end in the presence of a L at the first position of the

Figure 3. (A) Nucleotide incorporation by 100 nM Pol λ (lanes 1−5, 7−11) was measured in the presence of different nucleotides, 0.1 pmol of
substrate 7 (lanes 1−5), or substrate 5 (lanes 7−11) and 2.5 mM Mg2+. Lanes 6, 12: 5′-32P-labeled DNA primer (14 nt). (B) Nucleotide
incorporation by 100 nM of Pol λ (lanes 2−6, 8−12) was measured in the presence of different nucleotides, 0.1 pmol of substrate 7 (lanes 2−6) or
substrate 5 (lanes 8−12) and 2.5 mM Mn2+. Lanes 1, 7: 5′-32P-labeled DNA primer (14 nt). (C) Nucleotide incorporation by 100 nM of Pol β
(lanes 2−6, 8−12) was measured in the presence of different nucleotides, 0.1 pmol of substrate 7 (lanes 2−6) or substrate 5 (lanes 8−12) and 2.5
mM Mg2+. Lanes 1, 7: 5′-32P-labeled DNA primer (14 nt). (D) Nucleotide incorporation by 100 nM of Pol β (lanes 2−6, 8−12) was measured in
the presence of different nucleotides, 0.1 pmol of substrate 7 (lanes 2−6) or substrate 5 (lanes 8−12) and 2.5 mM Mn2+. Lanes 1, 7: 5′-32P-labeled
DNA primer (14 nt).
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5′-ss overhang (2). TdT incorporated all four nucleotides
opposite the lesion (Figure 4B, lanes 3−6). Moreover, TdT did
not pause after nucleotide incorporation opposite the lesion,
extending the newly formed primer with the same efficiency as
the undamaged substrate 1 (Figure 4B, compare lane 2 with
lanes 7, 8). These data argue against any major distortion of the
3′-end caused by the L lesion and strongly support the notion
that L induces enzyme-specific hydrogen bonding with the
incoming nucleotide.31 Thus, the oxidized abasic site directly
affects nucleotide selectivity and incorporation by template-
dependent Pols, without any effect on template-independent
enzymes.
Genetic data in yeast suggested that the family B Pol ζ and

family Y Rev1 contributed to L bypass in vivo.2 Our data
suggest that, at least in human cells, also the family X enzyme
Pol β has the ability to bypass a L lesion. Yeast cells, contrary to
vertebrates, possess only one member of the X family, Pol IV,
which thus can be considered the orthologue of both
mammalian Pols λ and β. Given the clear difference between

Pol β and λ with respect to L site bypass, we thought it of
interest to investigate the ability of S. cerevisiae Pol IV to
overcome such lesion, which is currently unknown. As shown in
Figure 4C, Pol IV was able to bypass a single L lesion (4), but
with virtually no selectivity, incorporating all four nucleotides
with similar efficiency. When tested on 6, bearing the tandem
lesion 5′-LTg (Figure 4D), Pol IV incorporated all four
nucleotides opposite Tg in the order dATP = dGTP > dTTP >
dCTP. Pol IV was also able to elongate from the nucleotide
opposite the Tg lesion bypassing the downstream L site, with
dGTP being the most efficiently incorporated (Figure 4D, lane
3). Thus, the X family Pol IV in yeast has distinct properties in
L site bypass with respect to its human orthologues Pol λ and β
and may effectively contribute to mutagenesis consequent to
translesion synthesis past this lesion.
These results provide the first direct evidence, to our

knowledge, for the ability of the major human DNA repair
enzyme Pol β, together with its auxiliary protein PCNA, to
bypass a C1′-oxidized abasic site. The presence of a L lesion in

Figure 4. A tandem 5′-LTg lesion constitutes a strong block for human Pols β and λ, but not for S.cerevisiae Pol IV. (A) Nucleotide incorporation by
100 nM of Pol λ (lanes 1−5, 11) or Pol β (lanes 6−10, 12) was measured in the presence of different nucleotides, 0.1 pmol of substrate 5 (lanes 11,
12) or substrate 6 (lanes 1−10), and 2.5 mM Mn2+. Lane 13: 5′-32P-labeled DNA primer (15 nt). (B) Nucleotide incorporation by 100 nM TdT was
measured as described in Methods, in the presence of different nucleotides, 0.1 pmol of substrate 1 (lanes 7, 8) or substrate 2 (lanes 2−6), and 2.5
mM Mn2+. Lane 1: 5′-32P-labeled DNA primer (15 nt). The sequence of the DNA template is indicated on the right side of the panel. (C)
Nucleotide incorporation by 100 nM Pol IV was measured in the presence of different nucleotides, 0.1 pmol of substrate 4, and 2.5 mM Mn2+. Lane
1: 5′-32P-labeled DNA primer (15 nt). (D) Nucleotide incorporation by Pol IV was measured in the presence of different nucleotides, 0.1 pmol of
substrate 6, and 2.5 mM Mn2+. Lane 6: 5′-32P-labeled DNA primer (15 nt).
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the template strand during DNA replication is expected to
block replication fork progression. According to the current
model for translesion synthesis, a repriming event downstream
from the lesion will allow the fork to resume its advancement,
leaving a gap behind to be filled by a specialized Pol. We have
shown that Pol β has the ability to incorporate nucleotides
opposite L and, together with PCNA, to further elongate the
resulting primer end. Thus, bypass of L might be achieved in
human cells by the Pol β/PCNA complex. Other than during
DNA replication, copying of a template strand containing a L
lesion might occur during DNA repair, when gaps are created
that need to be filled. For instance, nucleotide excision repair
requires the filling of a 30 nt gap, while mismatch repair can
require synthesis of long stretches of DNA. In both cases, the
replicative enzymes Pols δ and ε are thought to catalyze the
resynthesis step. If a L lesion is present on the template, these
enzymes might be blocked, causing the accumulation of ss
DNA gaps, potentially leading to double-strand DNA breaks.
This is particularly important for 2-deoxyribonolactone (L),
which is significantly more susceptible to strand scission than
an AP site in free or nucleosomal DNA.32−35 Our results might
support a role for DNA pol β in rescuing stalled DNA repair
complexes as well. The closely related enzyme Pol λ, was, on
the other hand, unable to bypass L. Unfortunately, no crystal
structures have been solved for any Pol bound to a L containing
DNA template, and thus the structural basis for this difference
remains elusive. Previous studies, however, suggested that the
proficiency of E.coli Pol V in bypassing L stems from its ability
to stabilize the incoming nucleotide through hydrogen bonding
interactions between the carbonyl oxygen.31 Comparison of the
active site of Pol β and λ36 revealed that the Pol β binding
pocket for the incoming nucleotide is more tight than the one
of Pol λ. Incorporation by Pol β relies on an extensive network
of hydrogen bonding interactions with the template base and
the incoming nucleotide, essentially made by residues Y271,
F272, D276, N279, and R283. On the other hand, Pol λ seems
to rely on fewer interactions, mainly due to the R517 residue.
Thus, it is possible that the inherent higher flexibility of the Pol
λ active site, which favors bypass of other lesions, might be
detrimental to L bypass, not allowing the formation of a
sufficient network of stabilizing hydrogen bonding interactions.
In this context, it is of note that Pol λ bypasses abasic sites
mainly through template slippage, generating −1 frameshifts,
thanks to its ability to accommodate two template bases in its
active site and to stabilize the first one into an extrahelical
conformation through interaction with the K544 residue,
whereas Pol β preferentially incorporates dA opposite the
abasic site lesion. This behavior is consistent with a higher
capability of Pol β in stabilizing an incoming dNTP even in the
absence of a templating base. We observed bypass of L lesion
by Pol β in the presence of Mg2+ only on gapped substrates,
whereas Mn2+ was capable of supporting translesion synthesis
also on a primer/template structure. It is well-known that Mg2+

and Mn2+ can differentially modulate the catalytic activities of
Pols, and thus it is entirely possible that, within the cell, their
differential usage might be a factor regulating the fidelity and
translesion efficiency of Pols. In our in vitro assays we used
Mn2+ concentrations that are higher than those considered
physiologically present in cells. This, however, reflects the high
Michelis constant (Km) of Pol β for this metal ion.16 High Km
values for a cofactor are commonly found in enzymes working
in metabolic pathways subjected to tight regulation of the
reagents, since working always at subsaturating concentrations

enables the enzyme to respond quickly to physiological changes
in the concentration of a cofactor. We have shown that Pol β
has a dynamic activation range for Mn2+ going from 0.1 to 5
mM, with the maximal response rate between 0.1 and 0.5 mM
and near-saturation at 1 mM.16 Thus, Pol β is well suited to be
activated by transient increase of Mn2+ concentration within the
range of physiological values.
Bypass of L by Pol β will be, of course, mutagenic, leading in

most cases to incorporation of A opposite the lesion. This is
consistent with the observation that L is a promutagenic lesion
in vivo.2,3 The antitumor drug neocarzinostatin preferentially
generates oxidized abasic sites at 2′-deoxycytidine residues.1

The preferential incorporation of dATP opposite L by Pol β is
consistent with the frequent GC → AT transitions observed in
vivo after exposure of cells to neocarzinostatin.37 In addition,
since Pol β is overexpressed in many solid tumors,38 our
observation may also be relevant to the mechanism of
resistance of tumors toward this anticancer drug. Finally, our
data show that L in the context of a tandem lesion (such as 5′-
LTg) constitutes a strong block even for DNA pol β. It is
possible that in such extreme situations another specialized
enzyme such as Pol ζ might be needed for the bypass, perhaps
in conjunction with Pol β. Furthermore, the biochemical effect
of the tandem lesion (5′-LTg) is further evidence for the role
that clustered lesions play in the cytotoxicity of ionizing
radiation.39,40

■ METHODS
Materials and General Methods. Deoxynucleotides were

purchased from Gene Spin (Milan, Italy). All other reagents were of
analytical grade and purchased from Fluka or Merck. Oligonucleotides
were prepared on an Applied Biosystems Inc. 394 DNA synthesizer.
Commercially available DNA synthesis reagents, including the 5R,6S-
thymine glycol phosphoramidite, were obtained from Glen Research
Inc. Oligonucleotides containing the photolabile 2-deoxyribonolactone
precursor were synthesized as previously described.41

Enzymes and Proteins. Recombinant human PCNA and Pol λ
were expressed in E. coli and purified as previously described.15

Recombinant human Pol β and TdT were from Trevigen Inc.
(Gaithersburg, MD, USA). S. cerevisiae Pol IV was a gift of Dr.
Steṕhane Marcand, CEA/Fontenay (France).

DNA Substrates. The 15-mer oligonucleotide primer was
radioactively labeled at its 5′-end by T4 polynucleotide kinase and
[γ-33P] ATP, according to manufacturer’s protocols. All oligonucleo-
tides were mixed in equimolar amounts in the presence of 25 mM
TrisHCl pH 8 and 50 mM KCl, heated at 75 °C for 10 min and then
slowly cooled down at RT, to generate substrates 1−7 (Chart 1). After
oligonucleotide annealing, L was activated by UV irradiation (365 nM)
for 2 h in ice. L activation was checked by alkali-induced DNA cleavage
by addition of 0.1 M NaOH at 37 °C for 30 min followed by
neutralization with formic acid. Oligonucleotide cleavage was checked
by polyacrylamide gel electrophoresis.

In Vitro Translesion Synthesis Assays. For denaturing gel
analysis of the DNA products, the reaction mixtures (10 μL) contained
50 mM Tris-HCl pH 7.5, 1 mM DTT, 0.20 mg/mL BSA, 2% glycerol,
and 0.1 pmol of 5′-33P labeled DNA substrates. Enzymes, Mg2+, Mn2+,
dNTPs, and purified PCNA were as indicated in the figure legends.
Reaction mixtures were incubated for 10 min at 37 °C and then
stopped by addition of standard denaturing gel loading buffer (95%
formamide, 10 mM EDTA, xylene cyanol, and bromophenol blue),
heated at 95 °C for 5 min, and loaded on a 7 M urea 12%
polyacrylamide gel. The reaction products were analyzed by using
Molecular Dynamics Phosphoimager (Typhoo Trio GE Healthcare)
and quantified by Image Quant and GraphPad Prism programs.

Steady-State Kinetic Analysis. The initial velocity of the reaction
was calculated (Image Quant and GraphPad Prism 3.0) from the
values of integrated gel band intensities:
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where T is the target site, the template position of interest; I*T is the
sum of the integrated intensities at positions T, T +1, ..., T + n.
All of the intensity values were normalized to the total intensity of

the corresponding lane to correct for differences in gel loading. The
apparent Km and Vmax values were calculated by plotting the initial
velocities in dependence of the nucleotide [dNTP] or primer [3′−
OH] substrate concentrations and fitting the data according to
Michaelis−Menten equation:
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where [S] was the variable substrate. Substrate incorporation
efficiencies were defined as the Vmax/Km ratio.
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