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The XPV (xeroderma pigmentosum variant) gene
encodes human DNA polymerase 1 (pol M), which is
involved in the replication of damaged DNA. Pol n
catalyzes efficient and accurate translesion synthesis
past cis-syn cyclobutane di-thymine lesions. Here we
show that human pol M can catalyze translesion syn-
thesis past an abasic (AP) site analog, N-2-acetyl-
aminofluorene (AAF)-modified guanine, and a
cisplatin-induced intrastrand cross-link between two
guanines. Pol m preferentially incorporated dAMP
and dGMP opposite AP, and dCMP opposite AAF-G
and cisplatin-GG, but other nucleotides were also in-
corporated opposite these lesions. However, after
incorporating an incorrect nucleotide opposite a
lesion, pol N could not continue chain elongation. In
contrast, after incorporating the correct nucleotide
opposite a lesion, pol 1 could continue chain elonga-
tion, whereas pol o could not. Thus, the fidelity of
translesion synthesis by human pol n relies not only
on the ability of this enzyme to incorporate the correct
nucleotide opposite a lesion, but also on its ability to
elongate only DNA chains that have a correctly incor-
porated nucleotide opposite a lesion.

Keywords: DNA polymerase n/translesion synthesis/
xeroderma pigmentosum variant (XP-V)

Introduction

A myriad of lesions in DNA are caused by ubiquitous
environmental and endogenous genotoxic agents. These
lesions can interfere with normal DNA metabolism
including DNA replication, eventually resulting in muta-
tions that lead to carcinogenesis and/or cell death. To
maintain the integrity of the genetic material, cells possess
multiple pathways to repair various types of DNA damage,
such as nucleotide excision and base excision repair
pathways (Friedberg et al., 1995). However, not all lesions
on the genome can be repaired efficiently by these
processes in time for DNA replication, and some types of
lesion are repaired very inefficiently. To prevent acute cell
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death through arrested DNA replication at unrepaired
lesions, cells have a mechanism, referred to as translesion
synthesis, which allows DNA synthesis to proceed past
lesions. Recently, a novel family of DNA polymerases that
can catalyze translesion synthesis was identified
(Cordonnier and Fuchs, 1999; Friedberg and Gerlach,
1999; Johnson et al., 1999c; Woodgate, 1999). Genetic
evidence revealed that there are two subpathways of
mutagenic and relatively accurate translesion syntheses. In
Escherichia coli, two DNA polymerases named Pol IV
(dinB) (Wagner et al., 1999) and Pol V (umuD’,C)
(Reuven et al., 1999; Tang et al., 1999) were identified.
The products of these two genes are involved in
mutagenesis, suggesting that these polymerases catalyze
error-prone translesion synthesis. In the yeast Saccharo-
myces cerevisiae, Rev3 was identified as DNA polymerase
€ (Nelson et al., 1996b). Genetic studies also indicated that
this gene took part in the mutagenic pathway. The human
counterparts of dinB (Gerlach et al., 1999; Ogi et al., 1999)
and REV3 (Gibbs et al., 1998; Lin et al., 1999) have also
been identified and found to have mutagenic properties.

In addition to these mutagenic DNA polymerases,
human and yeast cells have another DNA polymerase
named pol 1. Human pol 1 is the product of the XPV gene,
which is mutated in a cancer-prone genetic disorder,
xeroderma pigmentosum variant (XP-V) (Johnson et al.,
1999a; Masutani et al., 1999b). XP-V cells are defective in
the replication of damaged DNA (Lehmann et al., 1975)
and show hypermutability after exposure to UV irradiation
or DNA-damaging agents (Maher et al., 1976; Wang et al.,
1991, 1993; Misra and Vos, 1993; Waters et al., 1993;
Raha et al., 1996). These in vivo observations imply that
few errors are introduced when pol m carries out
translesion synthesis inside the cell. Mutations in the
RAD30 gene of S.cerevisiae inactivate the accurate
translesion pathway (McDonald et al., 1997; Roush et al.,
1998), indicating that the RAD30 gene product, yeast
pol m, is also involved in this pathway. These observations
are well explained by the fact that both human and yeast
pol n can catalyze translesion synthesis past cis-syn di-
thymine dimers by incorporating dAMP efficiently
(Johnson et al., 1999b; Masutani et al., 1999a,b).
Paradoxically, we have recently found that DNA synthesis
by pol N using undamaged templates in vitro was highly
error-prone (Matsuda et al., 2000). In order to try and
resolve this paradox, we have examined the substrate range
and mechanisms of translesion synthesis of the XPV gene
product, human pol n.

Results

Processivity of human DNA polymerase n
To examine the biological activities of human pol n, a
recombinant protein tagged with Hise at its C-terminal side
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was expressed in insect cells and purified as described in
Materials and methods. The histidine-tagged protein
corrected the defective translesion DNA synthesis in
XP-V cell extracts, and as such is biologically active
(Masutani et al., 1999b). The processivity of the
recombinant pol 1 was examined on singly primed
phagemids under conditions of excess molar amounts of
template—primer over enzyme. From a labeled primer of
20 nucleotides, pol n elongated DNA chains by 1-8
nucleotides as shown by enzyme titration and time course
experiments (Figure 1). Thus, human pol 1 is a distributive
polymerase like other translesion polymerases such as
E.coli pol IV (dinB) (Wagner et al., 1999), pol V
(umuD’,C) (Reuven et al., 1999; Tang et al., 1999) and
yeast pol 1 (Washington et al., 1999), suggesting that the
role of human pol 7 is restricted to incorporating a few
nucleotides opposite and/or past a lesion. Under the same
conditions, pol o elongated DNA chains by 1-11
nucleotides, in good agreement with previous data
(Copeland and Wang, 1991).

Translesion synthesis by human DNA polymerase n
To examine the translesion activity of human pol 1, a
30mer DNA oligomer containing a single lesion was
synthesized, annealed to a 5’-32P-labeled 16mer DNA
oligomer and used as template (Figure 2). The primer on
this template was positioned so that the first nucleotide
was always incorporated opposite an abasic (AP) site
analog or an N-2-acetylaminofluorene (AAF)-modified
guanine. On templates containing a cis-syn cyclobutane
pyrimidine dimer (CPD) or the (6—4) photoproduct, cis-
diamminedichloroplatinum(II) (cisplatin), which induces
an intrastrand cross-link between two guanines, the
positioning of the primer ensured that the first two
nucleotides were incorporated opposite these lesions.
DNA polymerase o and pol n could synthesize DNA
products of up to 30mer in length equally well on the
undamaged template, if enough enzyme was added (Figure
2A, E and G). As reported previously (Masutani et al.,
1999a,b), pol N, but not pol ¢, was able to bypass the CPD
on the template efficiently (Figure 2B). When the DNA
template contained a (6—4) photoproduct, pol M incorpor-
ated one nucleotide opposite the first thymine and another
nucleotide opposite the second thymine of the lesion in
reactions containing excess enzyme, but bypass product
was hardly detected (Figure 2C). Long exposure of the gel
revealed that pol | gave a small amount of bypass products
on the template but the reaction was much less efficient
than that on any other templates used in this study (data not
shown). Pol o did not incorporate any nucleotide opposite
the (6—4) photoproduct. On the AP template, which
contained a stable analog of the abasic site, pol o was
able to incorporate one nucleotide opposite the lesion, but
could not continue DNA synthesis. Pol n was also
inhibited, and stopped after incorporating one nucleotide
opposite the lesion, but bypass products could be obtained
by adding excess amounts of the enzyme (Figure 2D).
Similar results were obtained with templates containing an
AAF-modified guanine and an intrastrand cross-link
between two guanines created by cisplatin (Figure 2F
and H). On both templates, pol o hardly incorporated any
nucleotide opposite the lesions, and no bypass products
were detected even in the presence of excess enzyme. In
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Fig. 1. Processivity of human pol 1. (A) Enzyme titration. Decreasing
amounts of pol 1 (3.2, 1.6, 0.8, 0.4 and 0.2 fmol in lanes 1, 2, 3, 4 and
5, respectively) or pol o (0.3, 0.15, 0.07, 0.04 and 0.02 fmol in lanes 7,
8,9, 10 and 11, respectively) were incubated with 500 fmol of the
single-stranded phagemid template annealed to 5’-3?P-labeled primer
for 15 min in the reaction mixture. Lanes 6 and 12 contained no
enzyme. The products were subjected to polyacrylamide gel electro-
phoresis under denaturing conditions. An autoradiogram of the gel is
shown. (B) Time course. Pol n (0.8 fmol in lanes 1-5) or pol o

(0.15 fmol in lanes 6-10) was incubated with 500 fmol of 5’-32P-
labeled primer—templates for the indicated time periods. An auto-
radiogram of the gel is shown.

contrast, pol m gave bypass products on the AAF-G
template, but DNA synthesis stopped mainly after the
incorporation of two nucleotides, the second of which was
incorporated opposite the A next to the lesion (Figure 2F).
On the cisplatin-GG template, pol n also gave some
bypass products, although most products contained only
one nucleotide opposite the first G of the cross-link and
especially the second nucleotide opposite the second G of
the lesion (Figure 2H). From these results, we concluded
that human pol n| had the ability to bypass the AP analogs,
AAF-G and cisplatin-GG. However, it must be mentioned
that while the human pol n incorporated nucleotides
opposite these lesions efficiently, only a small proportion
of the incorporated nucleotides were elongated, even in the
presence of an excess amount of pol 1 (Figure 2D, F and
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Fig. 2. Translesion synthesis by human pol 1. Increasing amounts of pol o (4.7 and 23.6 fmol in lanes 2 and 3, respectively) or pol 1 (0.25, 1.4 and
7.1 fmol in lanes 5, 6 and 7, respectively) were incubated with the 5’-32P-labeled primer—templates indicated beside each panel at 37°C for 15 min

in the standard reaction mixture. Lanes 1 and 4 contained no enzyme. The products were subjected to polyacrylamide gel electrophoresis under
denaturing conditions. The autoradiograms of the gels are shown. (A) Undamaged control for CPD and (6—4) photoproduct [(6—4)PP]. (B) CPD at the
bridged TT. (C) The (6—4) photoproduct at the bridged TT. (D) The abasic analog at X. (E) Undamaged control for AAF. (F) AAF-modified guanine
at the indicated site. (G) Undamaged control for cisplatin. (H) Intrastrand cross-link of two guanines by cisplatin at the indicated site.

H, lanes 7). On the other hand, low but detectable amounts
of elongated products were observed when limiting
amounts of enzyme were added to the reactions (Figure
2D, F and H, lanes 5 and 6), although the products were
<30 nucleotides in length, perhaps reflecting the low
processivity of pol M. These results suggest that some of
the lesions were bypassed in one processive reaction by
pol m, but that others were never bypassed by the
polymerase.

Nucleotide selectivity of human DNA polymerase 1
during incorporation opposite lesions

To examine which kind of nucleotide could be incorpor-
ated opposite a lesion by pol n, polymerization reactions
were performed in the presence of only one kind of
deoxyribonucleotide (Figure 3). For these experiments,
limiting amounts of pol m were used to facilitate the
identification of the most efficiently incorporated nucleo-
tide. As noted in our previous reports (Masutani et al.,
1999a,b), human pol M has deoxynucleotidyl transferase
activity and stops synthesis after incorporating an incor-
rect nucleotide even on undamaged templates (Figure 3A,
E, G, I and K). This activity was more obvious when T was
the template nucleotide. Under these conditions, dAMP
dCMP, dGMP and dTMP were almost equally incorpor-
ated opposite T (Figure 3A), suggesting that the pol M
tends to misincorporate nucleotides opposite T preferen-
tially. The misincorporation observed in reactions con-
taining only one kind of nucleotide would be suppressed in
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the presence of all four nucleotides. These observations
are consistent with our recent finding that human pol n
replicates undamaged DNA with low fidelity, especially
when the sequence on the template nucleotide is T
(Matsuda et al., 2000). On a template containing the cis-
syn cyclobutane di-thymine dimer, pol 1 only bypassed the
lesion when dAMP was incorporated as the first and
second nucleotide. DNA synthesis stopped after the
incorporation of another dAMP opposite the C next to
the lesion (Figure 3B). As well as on undamaged template,
pol M incorporated dCMP, dGMP or dTMP opposite the
first T of the lesion in the reactions where only one
nucleotide was included. On the template containing the
(64) photoproduct, which pol n hardly bypasses, all four
nucleotides were incorporated opposite the first thymine of
the lesion, but synthesis stopped thereafter (Figure 3C).
Similar experiments were performed with AP-, AAF-G-
and cisplatin-GG-containing templates. On the AP tem-
plate, the polymerase preferentially incorporated dAMP or
dGMP opposite the lesion (Figure 3D). However, hardly
any nucleotide was incorporated opposite T next to the
lesion, even in the presence of dATP, by the enzyme
present in limiting amounts. This observation is in
agreement with the result that pol m mainly stopped
DNA synthesis after incorporating one nucleotide opposite
the AP analog site (Figure 2D). Human pol n preferen-
tially incorporated dCMP opposite AAF-G, although the
other three nucleotides were also incorporated to some
extent (Figure 3F). As human pol m mainly stopped
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Fig. 3. Nucleotide selectivity of pol 1 incorporation opposite lesions. Pol 1 (0.25 fmol in lanes 2-7) was incubated with 30mer DNA annealed to a
5’-32P-labeled 16mer (A-F, I and J) or 17mer (G, H, K and L) DNA in the presence of all four dNTPs (lane 3) or with one of the indicated ANTPs
(lanes 4-7), or in the absence of ANTPs (lane 2). The autoradiograms of the gels are shown. (A) Undamaged control for the CPD and (6-4)PP
templates with a 16mer primer. (B) CPD at the bridged TT with a 16mer primer. (C) The (6—4) photoproduct at the bridged TT with a 16mer primer.
(D) The AP analog at X with a 16mer primer. (E) Undamaged control for the AAF-G template with a 16mer primer. (F) AAF-G at the indicated site
with a 16mer primer. (G) Undamaged control for AAF-G template with a 17mer primer. (H) AAF-G at the indicated site with a 17mer primer.

(I) Undamaged control for the cisplatin-GG template with a 16mer primer. (J) Cisplatin-GG at the indicated site with a 16mer primer.

(K) Undamaged control for the cisplatin-GG template with a 17mer primer. (L) Cisplatin-GG at the indicated site with a 17mer primer.
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synthesis after incorporating a nucleotide opposite the A
next to AAF-G (Figure 2F), we examined which nucleo-
tide was incorporated opposite the A on this template. In
contrast to reactions containing undamaged templates,
where all four nucleotides were incorporated (Figure 3G),
pol n preferentially incorporated dTMP opposite A on the
AAF-modified template (Figure 3H). Preferential incorp-
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Fig. 4. Ability of pol 1 to elongate DNA chains past lesions. Sets of 5’-32P-labeled 17mer (A, B, E, F, G, J and K) or 18mer (C, D, H, I, L and M)
primers, which contained different sequences at their 3” ends (indicated by N, where N was A, C, G and T in lanes 1-4, 5-8, 9-12 and 13-16,
respectively), were annealed to 30mer templates. Increasing amounts of pol 1| or pol o were incubated with these primed templates. The auto-
radiograms of the gels are shown. The amounts of pol n were 0.12 fmol in lanes 2, 6, 10 and 14, 0.7 fmol in lanes 3, 7, 11 and 15 (A-D, F, H, J and
L), 0.25 fmol in lanes 2, 6, 10 and 14, and 1.4 fmol in lanes 3, 7, 11 and 15 (E, G, I, K and M). Pol o (lanes 4, 8, 12 and 16) was present at 4.7 fmol.
(A) Undamaged control for the CPD template with a 17mer primer. (B) CPD at the bridged TT with a 17mer primer. (C) Undamaged control for the
CPD template with an 18mer primer. (D) CPD at the bridged TT with an 18mer primer. (E) The AP analog at X with a 17mer primer. (F) Undamaged
control for the AAF-G template with a 17mer primer. (G) AAF-G at the indicated site with a 17mer primer. (H) Undamaged control for the AAF-G
template with an 18mer primer. (I) AAF-G at the indicated site with an 18mer primer. (J) Undamaged control for the cisplatin-GG template with a
17mer primer. (K) Cisplatin-GG at the indicated site with a 17mer primer. (L) Undamaged control for the cisplatin-GG template with an 18mer

primer. (M) Cisplatin-GG at the indicated site with an 18mer primer.
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template (Figure 3L). However, we found that dCMP was
incorporated preferentially opposite the second G of
cisplatin-GG in a different sequence (Vaisman et al.,
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2000), suggesting that nucleotide selection by pol n is
influenced by the sequence context of the lesion. From
these results, we concluded that although pol M could
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incorporate the correct nucleotides preferentially opposite
the above lesions, the misincorporation rate was much
higher than that expected of the XPV gene product in vivo,
which carries out relatively accurate translesion synthesis
(Maher et al., 1976; Wang et al., 1991, 1993).

Ability of human DNA polymerase 1 to elongate
DNA chains past lesions

For lesion bypass, it is important that nucleotides are
incorporated beyond the lesion after the initial incorpor-
ation of a nucleotide opposite the lesion. To test whether
human pol 1 had this activity, we designed sets of 17mer
and 18mer primers that had different sequences at their
3’ ends and examined which sequence allowed pol 1 to
elongate past the lesion (Figure 4). The annealing of these
primers to a 30mer DNA template containing a lesion
placed the 3" nucleotide of the primer opposite the lesion.
When the template contained no lesion, pol 1 and pol o
could elongate DNA more efficiently from a paired primer
terminus than from a mispaired primer terminus (Figure
4A, C, F, H, J and L). However, pol n could synthesize
DNA chains from a mispaired primer terminus when
excess amounts of enzyme were added to the reaction. In
particular, G-T mismatches at the primer terminus were
elongated more efficiently than other mismatches (Figure
4A and C). When the template contained the CPD, pol n
could synthesize DNA chains more efficiently from
primers that had the sequence AA opposite the two
thymines of the dimer (Figure 4B and D). Pol 1} could also
elongate DNA chains from mispaired primers on the CPD
template, and especially from primer termini having G
opposite the dimer. However, the elongation of mispaired
primers was less efficient on the CPD template than on
undamaged templates (compare Figure 4B and D with A
and C). As DNA synthesis by pol 1| was inhibited when the
template contained AP, AAF-G or cisplatin-GG, the
amounts of enzyme were increased 2-fold in experiments
with templates containing these lesions. As for AP, pol n
could elongate DNA from primers more efficiently when
A rather than G was located opposite the lesion (Figure
4E). On the AAF-G template, pol 1 could continue DNA
synthesis much more efficiently when the nucleotide
opposite the lesion was C, although most of the incorp-
oration stopped after the incorporation of one more
nucleotide (Figure 4G). This is consistent with the major
arrest of DNA synthesis that occurred after the incorpor-
ation of a nucleotide opposite A next to the lesion (Figure
2F). We also performed the experiment against the A next
to AAF-G on the template. In this case, the primer with T
opposite A was elongated, but other primers were not
(Figure 4I). When the template contained cisplatin-GG,
the primer containing C opposite the first G of the cross-
link was used efficiently for DNA synthesis by pol 1, but
most of the incorporation stopped after the insertion of
another nucleotide opposite the second G of the lesion
(Figure 4K). This is also in agreement with the results
shown in Figure 2H, which indicated that DNA synthesis
mainly stopped after the incorporation of a nucleotide
opposite the second G of the cross-link. Although dAMP
was incorporated preferentially opposite the second G
(Figure 3L), only the primer containing C opposite the
second G of the cross-link was used efficiently to elongate
DNA (Figure 4M). Thus, translesion synthesis past

3106

cisplatin-GG occurred only when two dCMPs were
incorporated opposite two guanines at the cross-link.
Pol o was unable to elongate DNA chains from any of
these primer—templates containing the lesion, indicating
that the critical bypass activity of pol 1 relies on its ability
to continue elongation when the correct nucleotide has
been incorporated opposite a lesion.

Discussion

Substrate range for bypass replication by human
pol 1

XP-V cells are known to show hypermutability after
exposure not only to UV light but also to various DNA-
damaging agents (Friedberg et al., 1995). In addition,
extracts from XP-V cells are reported to be defective in
replicating DNA containing UV-induced CPD and AAF-
modified bases (Cordeiro-Stone et al., 1997; Ensch-Simon
et al., 1998; Svoboda et al., 1998; Cordonnier et al., 1999;
Masutani et al., 1999a). These observations indicate that
the XPV gene product, human DNA polymerase 1, is
involved in accurate translesion synthesis past lesions
induced by chemical agents and UV-induced CPD.

CPD was certainly the best substrate for bypass
replication by pol 1, while the (6—4) photoproduct was
hardly replicated at all. We report here that pol n could
replicate an AP analog, AAF-G, and cisplatin-GG, but less
efficiently than CPD. These observations are consistent
with the assumption that pol m evolved mainly to
overcome UV radiation, a natural cause of DNA damage
from ancient times. Among the major types of damage
induced by UV light, the (6—4) photoproduct is repaired
much more quickly than the CPD lesion by the nucleotide
excision repair pathway (Friedberg et al., 1995). This
explains well why pol n can deal efficiently with the CPD
but hardly at all with the (6—4) photoproduct. AAF-G and
cisplatin-GG are caused by chemical agents and can
be repaired by the nucleotide excision repair pathway.
AP sites, which can result from the depurination or
depyrimidination of DNA by spontaneous hydrolysis of
N-glycosylic bonds, are the most frequent type of lesion in
cells and are repaired efficiently by the base excision
repair pathway (Friedberg et al., 1995). Although these
repair pathways mainly contribute to the removal of these
lesions, it would be surprising if they were able to repair all
lesions before DNA replication. Thus, human pol 1 may
contribute to the general damage tolerance of cells by
allowing replication past these lesions as well.

Recent findings indicate that human cells have a set of
genes encoding DNA polymerases involved in translesion
synthesis, including REV3 (pol {) (Xiao et al., 1998; Lin
etal., 1999), DINBI (Gerlach et al., 1999; Ogi et al., 1999)
and hRAD30B, which is the second homolog of yeast
RAD30 (hRAD30A is another name for XPV) (McDonald
et al., 1999). In yeast, pol { was shown to be involved in
translesion synthesis past AAF-modified bases (Baynton
et al., 1998) and AP sites in cooperation with Revl
(Nelson et al., 1996a). Although the substrate specificities
of novel human polymerases have not been fully deter-
mined yet, it is possible that these human gene products
also contribute to the damage tolerance of cells by
allowing replication bypass of certain specific lesions.



Low fidelity DNA synthesis by pol n

We have recently found that DNA synthesis by the human
pol n on undamaged DNA is highly mutagenic (Matsuda
et al., 2000). This could be due to its loose requirement for
correct Watson—Crick base pairing, a property that would
allow pol m to catalyze translesion synthesis past many
types of lesion. In contrast, other replicative DNA
polymerases strictly require correct Watson—Crick base
pairing for DNA synthesis and cannot catalyze translesion
synthesis efficiently (Kunkel and Bebenek, 2000).

Here we have shown that human pol n is essentially an
error-prone DNA polymerase. Pol 1| misincorporation was
particularly evident when the template sequence was a T.
More importantly, pol 1 could elongate DNA chains
from mispaired template—primers especially when the
3" nucleotide of the primer was G and located opposite T.
This finding agrees well with the observation that the most
frequent mutation caused by in vitro DNA replication by
human pol 1 is a base substitution of T for C (Matsuda
et al., 2000). Pol 1 could also elongate DNA chains from
other mispaired template—primers. It must be mentioned,
however, that these reactions were only observed effi-
ciently under conditions where excess amounts of pol n
were added to the reactions. This may mean that repeated
attacks of pol 1 on the mispaired 3’ terminus of the primer
are required for the elongation of DNA chains containing a
mispaired template—primer. As cells possess a wide range
of replicative DNA polymerases, such as & and €, that are
capable of rapidly removing mispaired primer ends
through their 3’ to 5" proofreading exonuclease activities
(Bambara et al., 1997; Waga and Stillman, 1998), it seems
unlikely that the primer ends would be available for
repeated elongation by pol 1. Thus, our results suggest
rather that the action of pol 1 may be restricted to the
synthesis of a few nucleotides opposite and past the lesion
to prevent mutations. The low processivity of the enzyme
would restrict DNA synthesis to short patches only. In
addition, cells might have some mechanism to regulate
pol . It is also possible that a protein factor exists in cells,
which increases the fidelity of pol n. These possibilities
should be clarified before we can understand why the
translesion synthesis defective in XP-V patients is accur-
ate.

Molecular mechanisms of translesion synthesis by
pol 1

In this study, we demonstrated that the fidelity of
translesion synthesis by human pol n relies on the
enzyme’s ability to select the correct nucleotide to be
incorporated opposite a lesion and to elongate only DNA
chains that have a correctly base-paired primer terminus.
Although neither one of these activities was completely
efficient, together they allowed DNA polymerase 1 to
bypass lesions with a low mutation frequency.

Human pol n catalyzed DNA synthesis past a CPD
much more efficiently than other lesions. Owing to the
efficient deoxynucleotidyl transferase activity of pol | on
this template, we could not determine the identity of the
major nucleotide incorporated opposite the lesion in
reactions containing only one kind of nucleotide.
Recently, however, human pol 1| was shown to incorporate
dAMP more frequently than any other nucleotide opposite
thymines of a CPD by steady-state kinetic experiments
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(Johnson et al., 2000) (R.Kusumoto, C.Masutani, S.Iwai
and F.Hanaoka, unpublished observation). Importantly,
pol n could elongate primers having an A opposite the T of
a dimer more preferentially than other primers, and the
preference was greater on the CPD-containing template
than on undamaged templates (Figure 4A-D), although
elongation from a mispaired primer on a CPD-containing
template was also observed. Thus, the preferential incorp-
oration of a correct nucleotide opposite a lesion and the
preferential elongation of DNA chains having a correct
nucleotide opposite a lesion could explain the considerable
accuracy of translesion synthesis by pol 1.

On AP analog-, AAF-G- and cisplatin-GG-containing
templates, translesion syntheses by pol m were less
efficient than on CPD templates, but detectable translesion
products were still observed. Because of the low
processivity of the enzyme, excess enzyme was required
to detect fully elongated products of 30 nucleotides.
However, small amounts of bypass products were
observed in reactions containing lower concentrations of
enzyme, and a portion of the arrested replication products
opposite and around the lesions was never elongated even
in the presence of excess enzyme (Figure 2). These
observations suggest that certain portions of the lesions
were bypassed in one processive reaction and that others
were hardly ever bypassed even in the presence of excess
enzyme. Opposite the AP analog, pol n incorporated
dAMP and dGMP with almost equal efficiency. After
incorporating a nucleotide, pol n more efficiently elong-
ated a product having an A rather than a G opposite the
lesion. This might be because the T residue next to the AP
site on the template facilitated the incorporation of dAMP
and/or further elongation by pol m. However, pol m
bypassed the lesion by incorporating a nucleotide opposite
the AP site and did not do so through slippage of the
template—primer because products of 30 nucleotides were
obtained (Figure 2D). Thus, human pol mn follows the
A-rule (Strauss, 1991). Purines might be incorporated
more efficiently than pyrimidines owing to the stronger
stacking interaction of purine bases with the 3’ nucleotide
of the primer (Saenger, 1984). On the cisplatin-GG
template, human pol 1 incorporated dCMP opposite the
first G of the cross-link, but dAMP was incorporated more
efficiently than dCMP opposite the second G of the lesion
in our sequence context. However, only the incorporation
of dCMP opposite the lesion allowed further elongation of
DNA chains past the lesion, resulting in accurate
translesion synthesis of the cisplatin-induced cross-link.
As for the AAF-G-containing template, pol n also
elongated DNA chains when the correct nucleotide was
incorporated opposite the lesion. Interestingly, nucleotide
selectivity by pol  opposite the A next to AAF-G was
more accurate on the lesion-containing template than on
the undamaged template (Figure 3G and H), suggesting
that human pol m can catalyze more accurate DNA
synthesis on damage-containing templates than on undam-
aged templates.

Very recently, Yuan et al. (2000) reported that yeast
pol n could incorporate dGMP or dAMP opposite an AP
site and dCMP opposite an AAF-G, but that the enzyme
was unable to extend DNA synthesis past these lesions.
They also showed that yeast pol { could extend DNA
synthesis past the AP site following pol 1 action. Although
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human pol 1 can catalyze translesion synthesis past these
lesions by itself, it seems likely that more efficient
translesion synthesis occurrs through the combined actions
of pol n and other DNA polymerases, including replicative
polymerases in human cells.

Materials and methods

Proteins
Recombinant human pol 1 tagged with Hise at its C-terminal side was
expressed in Sf9 insect cells using the baculovirus expression system.
Cells were collected by low-speed centrifugation and washed twice with
ice-cold phosphate-buffered saline. The cell pellets were suspended in
8 vols of ice-cold buffer A (20 mM sodium phosphate pH 7.3, 10%
glycerol, 10 mM B-mercaptoethanol) containing 0.3 M NaCl, 1% NP-40,
0.5 mM phenylmethylsulfonyl fluoride (PMSF), 50 uM EGTA, 0.4 ng/ml
antipain, 0.4 pug/ml aprotinin, 0.1 pg/ml leupeptin and 80 ng/ml pepstain
A, and then incubated on ice for 30 min with occasional agitation. The
suspension was centrifuged at 12 000 g for 1 h. The supernatant was
adjusted to 20 mM imidazole and loaded onto a HiTrap Q (Amersham
Pharmacia) column equilibrated with buffer B (buffer A containing 0.3 M
NaCl, 20 mM imidazole and 0.25 mM PMSF). After washing the column
with the same buffer, flow-through fractions were loaded onto a nickel-
NTA agarose (Qiagen) column equilibrated with buffer B. The column
was washed with buffer B, and bound materials were eluted by a linear
gradient of 20-250 mM imidazole in buffer B. The peak fractions were
dialyzed against buffer C (buffer A containing 0.1 M NaCl, 1 mM EDTA,
0.25 mM PMSF) and loaded onto a MonoS PC1.6/5 (Amersham
Pharmacia) column equilibrated with buffer C. The column was washed
with buffer C, and proteins were eluted by a linear gradient of 0.1-0.5 M
NaCl in buffer C. Peak fractions were stored at —80°C.

DNA polymerase o was purified from mouse FM3A cells as described
previously (Eki et al., 1991).

Processivity assays

The singly primed phagemid DNA templates were prepared by mixing a
T7 primer (5-TAATACGACTCACTATAGGG-3"), which was labeled
at its 5" end using T4 polynucleotide kinase and [y-3?P]ATP, and single-
stranded pBS-KS(+) DNA (Stratagene) at a molar ratio of 2:1.

Pol 1 or pol o was incubated with 500 fmol of the singly primed
template at 37°C in 10 pl reactions containing 40 mM Tris—HCI pH 8.0,
1 mM MgCl,, 500 uM each of the four dNTPs, 10 mM dithiothreitol
(DTT), 250 pg/ml bovine serum albumin (BSA), 60 mM KCl and 2.5%
glycerol. Reaction times and amounts of enzymes are indicated in the
figure legends. Reactions were terminated by adding 10 pl of formamide
and boiling. Products were electrophoresed on a 20% polyacrylamide—
7 M urea gel and autoradiographed.

Translesion synthesis assays

The 5’-32P-labeled primer—template DNA was prepared by mixing the
16mer, 17mer or 18mer primer labeled at its 5" end with the 30mer DNA
at a molar ratio of 1:1. The 30mer oligomers containing the CPD (Murata
et al., 1990), (6—4) photoproduct (Iwai et al., 1996) and AP site analog
(Fujiwara et al., 1999) were synthesized as described. The AAF-modified
template was prepared by treating the 30mer oligonucleotide with
N-acetoxy-AAF as described (van Vuuren et al., 1993). The cisplatin-
modified 30mer oligonucleotide was prepared as described previously
(Fujiwara et al., 1999).

Standard reactions of 10 pul contained 40 mM Tris—HCI pH 8.0, | mM
MgCl,, 100 uM each of the four dNTPs, 10 mM DTT, 250 ug/ml BSA,
60 mM KCl, 2.5% glycerol and 40 nM of the 5’-32P-labeled primer—
template DNA. In the experiments shown in Figure 31 and J, 100 mM KC1
was included to strengthen annealing and avoid misannealing of the
templates with the primers. Reactions were performed at 37°C for 15 min
and terminated by adding 10 pl of formamide followed by boiling.
Products were electrophoresed on a 20% polyacrylamide—7 M urea gel
and autoradiographed.
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