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Abstract
DNA polymerase θ (pol θ) is a nuclear A-family DNA polymerase encoded by the POLQ gene in
vertebrate cells. The biochemical properties of pol θ and of Polq-defective mice have suggested that
pol θ participates in DNA damage tolerance. For example, pol θ was previously found to be proficient
not only in incorporation of a nucleotide opposite a thymine glycol or an abasic site, but also extends
a polynucleotide chain efficiently from the base opposite the lesion. We carried out experiments to
determine whether this ability to extend from non-standard termini is a more general property of the
enzyme. Pol θ extended relatively efficiently from matched termini as well as termini with A:G, A:T,
and A:C mismatches, with less descrimination than a well-studied A family DNA polymerase,
exonuclease-free pol I from E. coli. Although pol θ was unable to, by itself, bypass a cyclobutane
pyrimidine dimer or a (6–4) photoproduct, it could perform some extension from primers with bases
placed across from these lesions. When pol θ was combined with DNA polymerase ι , an enzyme
that can insert a base opposite a UV-induced (6–4) photoproduct, complete bypass of a (6–4)
photoproduct was possible. These data show that in addition to its ability to insert nucleotides
opposite some DNA lesions, pol θ is proficient at extension of unpaired termini. These results show
the potential of pol θ to act as an extender after incorporation of nucleotides by other DNA
polymerases, and aid in understanding the role of pol θ in somatic mutagenesis and genome
instability.

Introduction
Insertion of nucleotides opposite DNA adducts is one strategy taken by cells to enhance their
probability of survival following DNA damage. Enzymes with “translesion bypass” activity
are found in all organisms, from bacteria to mammals [1–3]. Vertebrate genomes harbor at,
current count, 14 distinct DNA polymerase genes, each encoding an enzyme specialized for
functions that are being gradually unravelled.

A frequent problem for cells is that enzymes normally carrying out chromosome replication
can be stalled by the presence of lesions in DNA. Specialized DNA polymerases can help
rescue the situation by allowing synthesis over such lesions. This is beneficial for cell survival,
though it is sometimes mutagenic. Major subjects that are being investigated include
understanding which DNA polymerases are involved in bypass of given lesions, in which cell
types, and at what time in the cell cycle. For example, human pol η (POLH) inserts bases
efficiently across from UV radiation-induced cyclobutane dimers (CPD) in DNA, while human

*Correspondence to: Tel: (412) 623-7762 Fax: (412) 623-2613, E-mail: rdwood@pitt.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
DNA Repair (Amst). Author manuscript; available in PMC 2009 January 1.

Published in final edited form as:
DNA Repair (Amst). 2008 January 1; 7(1): 119–127.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pol ι (POL ) inserts bases most efficiently across from another UV radiation-induced lesion,
the (6–4) photoproduct [(6–4)PP] [4]. It further appears that more than one specialized DNA
polymerase might be needed to mediate bypass for some DNA lesions. This necessitates
understanding signalling and switching mechanisms for DNA polymerase selection [5,6].
Here, we report some properties of the enzyme pol θ that are relevant to the consideration of
its function in cells, and for translesion DNA synthesis in general.

DNA polymerase θ is an A-family DNA polymerase encoded by the POLQ gene in vertebrate
cells. There are several indications that pol θ normally participates in DNA damage tolerance.
Purified pol θ protein can catalyze DNA synthesis opposite an abasic (AP) site in DNA or a
thymine glycol [7]. Mice with disruption of the Polq gene have elevated spontaneous and
radiation-induced frequencies of micronuclei [8,9], and viability of the mice is severely
compromised by an additional mutation in Atm [9]. Polq-defective mice also have reduced
frequencies of somatic hypermutation of immunoglobulin genes [10–12]. Pol θ has both the
ability to bypass an AP site and an inherently low fidelity, properties consistent with
participation in somatic hypermutation according to current models.

Not only is pol θ proficient in incorporation of a nucleotide opposite a thymine glycol or an
AP site in DNA, but it can also extend a polynucleotide chain efficiently from a base opposite
the lesion. It is important to know whether this extension ability is restricted only to AP sites
and thymine glycol, or whether the ability of pol θ to extend from unpaired termini is a more
general property of the enzyme. Consequently, we investigated the ability of pol θ to extend a
mismatched primer, and to extend primers opposite UV-radiation induced lesions.

Materials and Methods
Enzyme purification and DNA Polymerase Assays

Recombinant full-length pol θ with a 6X-His tag at the N-terminus and a FLAG-tag at the C-
terminus was purified from a sequence-verified expression vector clone using the procedure
previously described [7]. The RefSeq accession number for POLQ is NP_955452.
Recombinant pol ι was kindly provided by R. Woodgate and E. Frank [13]. Standard reaction
mixtures were incubated at 37°C for 10 min and contained 150 fmol of 5’-32P-labeled primers
annealed to 30-mer template DNA, 168 fmol of pol θ and 100 mM of each dNTP (unless
otherwise noted) in pol θ buffer: 20 mM Tris-HCl (pH 8.75), 4% glycerol, 80 μg/ml BSA, 8
mM MgCl2 and 0.1 mM EDTA. E. coli exo free pol I (Klenow fragment, Kf) was purchased
from Promega Corporation, Madison, Wisconsin (catalog number M2181) and the supplied
pol I buffer was used for the assays (50 mM Tris-HCl [pH 7.2], 10 mM MgSO4, 0.1 mM
dithiothreitol). For Figure 3, the buffer used for both pol θ and pol I was 20 mM Tris-HCl (pH
8.0), 4% glycerol, 80 μg/ml BSA, 8 mM MgCl2, 1 mM dithiothreitol and 0.1 mM EDTA.

Oligonucleotide Substrates—Primers were purchased from Bio-Synthesis or Sigma
Genosys and 5’-labeled by using polynucleotide kinase and γ-32P-[dATP]. Oligonucleotides
containing a CPD and a thymine-thymine (6–4) PP were as described [7,14] and were kindly
provided by Shigenori Iwai, Osaka University.

Results
Pol θ extends mismatched primer-termini

Extension from primer termini having a 3’-mismatch was tested with a 30-mer oligonucleotide
template annealed to a 17-mer primer (Fig. 1A). On a matched primer-template (Fig. 1B, lane
1–6), pol θ utilized 9.1 fmol primer/min (Fig. 1C). On primer-termini having A:G or A:C
mismatches, pol θ extended relatively efficiently (Fig. 1B, lanes 7–12, 13–18), with ratios of
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0.86 and 0.62, respectively, compared to matched template (Fig. 1C). In both these cases, the
unpaired base at the primer terminus was A, and the second template base was T. In this
instance, primer-template realignment is a conceivable mechanism for extension past a
mismatch. Such synthesis can occur with pol κ , for example [15], with the result that the final
product length is one nucleotide shorter. No evidence was seen previously for primer/template
slippage during translesion synthesis by pol θ [7] and no evidence for this was seen here with
mismatched vs. matched primers (Fig. 1B). When the template and primer terminus were also
both T to obviate the possibility of pairing-related slippage, the rate of primer-template
utilization was 0.76, comparable to the other mismatches tested (Fig. 1B, lane 19–24).

Parallel experiments were done with exo-free pol I. Exo-free pol I is recombinant E. coli pol
I Klenow fragment lacking 5’ to 3’ exonuclease, and carrying an additional mutation conferring
3’ to 5’ exonuclease deficiency. Exo-free pol I was chosen for comparison wtih pol θ because
both are A-family DNA polymerases (pol I is the founding member) and neither protein has
exonuclease activities. The Klenow fragment of pol I is able to extend mismatches to some
extent in some sequence contexts [16]. In the present experiments, exo-free pol I discriminated
considerably better between paired and mispaired termini than did pol θ (Fig. 2A and B). Exo-
free pol I utilized mismatched primer-templates at a 3–4 fold lower relative ratio compared to
a matched primer-template (ratios of 0.31, 0.18, and 0.15 for A:G, T:T, and A:C mismatches).

The experiments in Figs. 1 and 2 used optimized reaction conditions for each enzyme. As DNA
conformations can change with variations in buffer pH and cation concentrations, extension
of matches and mismatches was compared with the two enzymes under exactly the same buffer
conditions (Fig. 3). A very similar relative discrimination between matched and mismatched
termini was seen, with the primer extension ratios indicated in Fig. 3B and C.

Extension from primer-termini opposite a (6–4) photoproduct
As pol θ efficiently extends from a primer-terminus opposite an AP site or a thymine glycol,
extension was tested for UV radiation-induced photoproducts, which can be bypassed by some
other specialized DNA polymerases. Pol θ cannot insert a nucleotide opposite the first base of
a cyclobutane pyrimidine dimer (CPD) [7]. However, it was able to perform some extension
of a primer with an A residue placed opposite the first T of a CPD (Fig. 1B, lane 25–30), with
5% of the primer utilized (Fig. 1C).

The possibility was tested that pol θ may act at a (6–4)PP in a DNA template (Fig. 4). Very
weak extension (1% of primer utilized) was seen when the primer had its 3’ end opposite the
first template T (3’ T) of a (6–4)PP (Fig. 4A, lanes 7–12; compare with nondamaged template
in lanes 1–6). When the primer had its 3’end opposite the second template T of the (6–4)PP
lesion, more extension to the end of the template was possible (Fig. 4A, lanes 19–24). In neither
case were extension reactions stimulated by PCNA (data not shown).

In contrast, exo-free pol I could not extend from primers placed opposite a (6–4)PP or a CPD
(Fig. 4B), even with 10–100 fold higher enzyme concentrations than used in Figs. 2 and 3.

Complete bypass of a (6–4)PP has only been demonstrated in a mixed system with human pol
ι , which can insert nucleotides opposite a (6–4)PP, and yeast pol ζ , which can extend the
products of insertion [17]. We tested whether a combination of two enzymes encoded by the
human genome, pol θ and pol ι , could perform a complete translesion synthesis reaction
opposite a (6–4)PP (Fig. 5A). Pol ι alone inserted two bases opposite a (6–4)PP but did not
extend further (Fig. 5B, lane 3), as described previously [18]. Pol θ by itself could not insert a
base opposite a (6–4)PP (Fig. 5B, lane 2), as reported [7]. However, a combination of the two
enzymes mediated incorporation opposite the photoproduct and extension past it (Fig. 5B, lane
4–6), with 15% of the primer extended with 168 fmol pol θ (lane 6). When the amount of pol
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ι was reduced tenfold, pol ι principally inserted a base opposite only the first T of most (6–4)
PP templates (Fig. 5B, lane 9), and there was correspondingly less total extension by pol θ
(Fig. 5B, lanes 10–12) with 8% of the primer extended with 168 fmol pol θ (lane 6). This is
consistent with the observation that pol θ extends much better from a base opposite the second
T of a (6–4)PP than from a base opposite the first (Fig. 4A). Addition of purified PCNA did
not stimulate the extension reaction (data not shown). Pol ι has low fidelity when inserting
opposite the second template base T of a (6–4)PP [19]. In some DNA sequences, any of the
four nucleotides can be inserted [19]. The extension from each of these primer-termini opposite
the second template T of a (6–4)PP lesion was examined. Pol θ extended all of these primer
termini, with A the best extended and C the least well extended (Fig. 6).

A combination of pol η and pol θ was also tested. Pol η alone can insert a base opposite the
first T of a fraction of the (6–4)PP (Fig. 5C, lane 2) [19–21]. Adding pol θ (Fig. 5C, lanes 4–
6) did not result in detectable extension (about 1% of the products opposite the first T are
extended, Fig. 4B). With a ten-fold lower amount of pol η , insertion opposite the first T of a
(6–4)PP was enhanced slightly by pol θ (Fig. 5C, lanes 10–12), though there is no evidence
that this was catalytically mediated by pol θ itself. However, unlike the combination of pol ι
and pol θ , a combination of pol η and pol θ could not bypass a (6–4)PP.

Discussion
The unusual helicase-polymerase domain structure of pol θ distinguishes it from other
mammalian DNA polymerases. Although similar to Mus308, a homolog in Drosophila with
this domain structure, the function of pol θ appears to be biologically different [7]. Polq mutant
mice have an elevated level of spontaneous and radiation-induced micronuclei in reticulocytes
[8,9]. POLQ is highly expressed in hematopoietic cells and tissues, including the spleen and
germinal centres [9,22,23]. A knockout of POLQ in the chicken DT40 B-cell line shows
hypersensitivity to H2O2, indicating that pol θ is involved in tolerance of damage caused by
reactive oxygen species. CH12 mouse B lymphoma cells with a knockdown of pol θ DNA
polymerase activity showed elevated sensitivity to UV irradiation, mitomycin C, cisplatin,
etoposide, γ-irradiation and MMS [24]. It is important to explore the biochemical capabilities
of the pol θ enzyme in order to fully understand the detailed function of pol θ in maintaining
genome stability.

The data reported here show that in addition to its ability to insert nucleotides opposite some
DNA lesions, pol θ is proficient at extension of unpaired termini, including termini arising
from incorporation opposite certain lesions. Pol θ is unusual in this respect compared to other
DNA polymerases, and it is worth briefly considering the implications for function of the
enzyme.

Somatic hypermutation
Several studies suggest that pol θ is involved in somatic hypermutation, a process to generate
antibodies [10–12]. Recent models for somatic hypermutation consider two major pathways.
One is mutagenesis at G:C base pairs, potentially involving translesion synthesis reactions
opposite AP sites created by excision of a uracil residue arising by deamination of cytosine. A
second pathway of mutagenesis at A:T base pairs may involve low-fidelity DNA synthesis by
one or more specialized DNA polymerases. Both A:T mutagenesis and G:C mutagenesis are
reported to be reduced by ~20% in Polq-deficient mice [12]. Polh deficiency results in ~80%
reduction in mutagenesis at A:T base pairs. A combination of Polq and Polh deficiency does
not result in further reduction of somatic hypermutation, suggesting that pol η and pol θ may
work in the same pathway of somatic hypermutation [25]. Possibly, pol θ participates in the
extension from a primer having a mismatch generated by pol η.
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Mismatch extension and translesion DNA synthesis
In order to complete translesion synthesis reactions opposite some lesions, a concerted action
is needed between any DNA polymerase that inserts a base and a DNA polymerase that extends
the incorporation past a lesion. A (6–4)PP represents a particular challenge among common
environmentally-induced DNA lesions. It substantially distorts DNA and no single DNA
polymerases in human cells can complete the translesion synthesis reaction alone. Both of the
Y-family enzymes pol ι and pol η are involved in bypass and associated mutagenesis by UV
radiation [26–29]. Pol ι is the only bypass DNA polymerase in human cells that correctly inserts
an A opposite the first T of (6–4)PP; insertion opposite the second T of a (6–4)PP is error-
prone [19]. Pol η preferentially inserts a G opposite the first T of (6–4)PP lesion with lower
efficiency [19–21].

Pol θ both inserts a base opposite an AP site and efficiently extends from primer-termini
opposite AP sites and thymine glycol adducts [7]. This strong extender activity of pol θ
prompted a test of extension from mispaired termini and bases opposite UV photoproducts.
The DNA polymerases in human cells catalyzing extension reactions from primer termini
opposite a (6–4)PP have not been identified. Because (6–4)PP are avidly repaired by nucleotide
excision repair, DNA replication forks may rarely encounter a (6–4)PP in normal cells.
However, a combination of human pol ι and yeast Saccharomyces cerevisiae pol ζ can complete
translesion DNA synthesis opposite a (6–4)PP in vitro [17]. It is not yet known whether human
pol ζ can also participate in such a reaction. Thus, pol θ is the first human bypass DNA
polymerase known to catalyze an extension reaction from primer termini opposite a (6–4)PP.
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Figure 1. Pol θ efficiently extends mismatched primer termini and weakly from an A opposite the
first T of a CPD
A) Substrate used for the assay. A 5’-32P-labeled 17-mer was annealed to 30-mer DNA. The
primer terminus is denoted by X and the template base opposite the primer terminus by Y.
B) Extension from primers having a mismatch. Pol θ (168 fmol) was incubated in pol θ buffer
for the indicated times with the following substrates, A:T matched (lanes 2–6), A:G mismatch
(lanes 8–12), A:C mismatch (lanes 14–18) and T:T mismatch (lanes 20–24). Extension from
an A opposite the first T of a CPD was also tested (lanes 24–30). Control experiments without
pol θ are shown in lane 1, 7, 13, 19, and 25. Reaction products were separated by electrophoresis
on a 20% polyacrylamide DNA sequencing gel and an autoradiograph is shown.
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C) Quantification of the extension reactions shown in B). Extended products were quantified
with a Fuji PhosphoImager and Image Analyzer software. A: G mismatch (open circle), A:C
mismatch (open triangle), T:T mismatch (open square) and A:T match (closed circle). Rates
of primer-terminus utilization (from data for the first 4 min of incubation) are shown in the
inset, with the ratio calculated relative to the matched terminus.
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Figure 2. Discrimination against extension of mismatched termini by exo-free Klenow fragment of
E. coli pol I
A) Extension from primers having a mismatch. Exo-free Klenow fragment of E. coli pol I (9
x 10−4 Unit) was incubated in pol I buffer with the same substrates as in Fig. 1: A:T match
(lanes 2–6), A:G mismatch (lanes 8–12), A:C mismatch (lanes 14–18) and T:T mismatch (lanes
20–24). Control reaction mixtures without DNA polymerase are in lanes 1, 7, 13, and 19.
B) Quantification of the extension reactions. A:G mismatch (open circle), A:C mismatch (open
triangle), T:T mismatch (open square) and A:T match (closed circle). Rates of primer-terminus
utilization (from data for the first 4 min of incubation) are shown in the inset, with the ratio
calculated relative to the matched terminus.
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Figure 3. Low discrimination by pol θ for mismatch extension compared to exo-free pol I
Extension reactions from matched or mismatched primers (same as used in Figs. 1 and 2) were
tested under identical conditions at pH 8.0 (see Materials and Methods). (A). POLQ (168 fmol)
was incubated with A:T matched (lanes 2–4), A:G mismatched (lanes 6–8) or A:C mismatched
(lanes 10–12) primer-termini. Exo-free pol I Kf (9 x 10−4 Unit) was incubated with the same
substrates, A:T matched (lanes 14–16), A:G mismatch (lanes 16–20) and A:C mismatch (lanes
22–24). Control experiments without enzymes are shown in lane 1, 5, 9, 13, 17, and 21. Products
from part A were quantified for (B), pol θ and (C), exo-free pol I Kf. A: G mismatch (open
circle), A:C mismatch (open triangle) and A:T matched (closed circle).
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Figure 4. Pol θ extends from an A opposite the second T of a (6–4) photoproduct
(A) A 17-mer (left, lanes 1–12) or an 18-mer (right, lanes 13–24) of the DNA sequence shown
was labeled with 32P at the 5’ end (denoted by the asterisk) and annealed to template 30-mer
DNA containing either a (6–4)PP at a TT sequence, or normal TT bases at the same sequence
(undamaged). Extension from an A opposite a T of an undamaged template (lanes 2–6) or the
first T of a (6–4)PP (lanes 8–12); extension from an A opposite the T of an undamaged template
(lanes 14–18) or the second T of a (6–4)PP (lanes 20–24). A time course assay was performed
and control experiments without pol θ are shown in lanes 1, 7, 13, and 19.
(B) exo-free Klenow fragment of E. coli pol I does not extend from an A opposite a (6–4)PP
or a CPD. Extension was tested with 9 x 10−3 Unit (x 1) and 9 x 10−2 Unit (x 10) of enzyme
at 37°C for 10 min. Extension reactions from an A opposite the first T of a CPD (lanes 2 and
3), opposite the first T of a (6–4)PP (lanes 5 and 6) and opposite the second T of a (6–4)PP
(lanes 8 and 9) were examined. Reaction mixtures with no enzyme are shown in lanes 1, 4 and
7.
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Figure 5. Pol θ catalyzes translesion synthesis past a (6–4) photoproduct together with pol ι but not
pol η
(A) Substrate used for the assay. 5’-32P-labeled 16-mer was annealed to 30-mer DNA
containing a (6–4)PP, denoted by the bridged TT. (B) The indicated amounts of pol θ were
incubated with 630 fmol of pol ι (lanes 3–6) or 63 fmol of pol ι (lanes 9–12) for 10 min at 37°
C. 150 fmol of primer-template was used in each reaction mixture. (C) The indicated amounts
of pol θ were incubated with 156 fmol of pol η (lanes 2, 4–6) or 15.6 fmol of pol η (lanes 8,
10–12) under the same conditions as in part A.
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Figure 6. Extension of pol θ from primer terminus opposite the second T of a (6–4) photoproduct
(A) Substrate used for the assay. A 5′-32P-labeled 18-mer was annealed to 30-mer DNA
containing a (6–4)PP, denoted by the bridged TT. The 3′ terminal base opposite the second T
of the (6–4)PP (denoted by N) was varied. (B) Extension from the primer terminus opposite
the second T of a 6–4 PP lesion template at 37°C for 10 min in pol θ buffer. Extension from
A opposite the second T of a 6–4 PP (lanes 2–6), extension from C (lanes 8–12), extension
from a T (lanes 14–18) and extension from a G (lanes 20–24). Control experiments without
enzymes are shown in lane 1, 7, 13 and 19.
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