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Abstract

Unrepaired DNA lesions block replication and threaten genomic stability. Several specialized 

translesion polymerases, including Pol θ, contribute to replicative bypass of these lesions. The role 

of Pol θ in double strand break repair is well understood, but its contribution to translesion 

synthesis is much less so. We describe the action of Pol θ on templates containing thymidine 

glycol (Tg), a major cytotoxic, oxidative DNA lesion which blocks DNA replication. Unrepaired 

Tg lesions are bypassed in human cells by specialized translesion polymerases by one of two 

distinct pathways: high-fidelity bypass by the combined action of Pol κ and Pol ζ or weakly 

mutagenic bypass by Pol θ. Here we report that in vitro bypass of Tg by Pol θ results in frameshift 

mutations (deletions) in a sequence-dependent fashion. Steady-state kinetic analysis indicated that 

one- and two-nucleotide deletions are formed 9- and 6-fold more efficiently, respectively, than 

correct, full-length bypass products. Sequencing of in vitro bypass products revealed that bypass 

preference followed the order two-nucleotide deletion > correct bypass > one-nucleotide deletion 

on a template where all three outcomes were possible. These results suggest that bypass of Tg by 

Pol θ results in mutations opposite the lesion, as well as frameshift mutations.
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Introduction

Reactive oxygen species are formed in cells exposed to ionizing radiation and as a byproduct 

of cellular respiration. The most damaging of these species is hydroxyl radical, which 

attacks DNA to form oxidative lesions.1 Approximately 300 Tg lesions are formed in each 

human cell every day, and Tg is a major thymidine oxidation product in cells exposed to 
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ionizing radiation.2–4 Tg can exist as one of four diastereomers, but γ-radiolysis of duplex 

DNA primarily forms the two cis diastereomers (Scheme 1).5 Epimerization at the C6 

position results in interconversion between cis- and trans-diastereomers, although the 

equilibrium favors the cis-diastereomers by 3-5 fold.6,7 Tg is cytotoxic but not highly 

mutagenic.8,9 Experiments in human cell extracts and in mouse embryonic fibroblasts 

revealed that Tg is primarily repaired by base excision repair, although nucleotide excision 

repair may also play a role in removing this lesion.10–13 Tg lesions which escape repair 

strongly block progression of the replication fork, a potentially lethal event that requires the 

action of specialized translesion synthesis polymerases, which replicate past Tg and other 

blocking DNA lesions.9,14 Among the translesion synthesis polymerases, those of the Y-

family (Pol η, Pol κ, Pol ι, and Rev1) along with Pol ζ of the B-family are the best 

characterized. However, growing evidence suggests that the A-family polymerase Pol θ also 

contributes to translesion synthesis in human cells.15–21 Herein, we describe the formation 

of frameshift mutations (deletions) during in vitro bypass of Tg by Pol θ.

Bypass of Tg occurs by two distinct pathways in human cells.20 The primary pathway 

occurs with high fidelity and involves dA insertion opposite the lesion by Pol κ and 

subsequent extension by Pol ζ. A minor pathway requires only Pol θ, which conducts 

translesion synthesis and subsequent extension past the lesion, and is weakly mutagenic. The 

unique ability of Pol θ to insert opposite a lesion and conduct subsequent extension is not 

restricted to Tg. For instance, Pol θ conducts both steps during bypass of 3-deaza-3-

methyl-2′-deoxyadenosine (3-deaza-3-methyl dA, a stable analogue of 3-methyl-2′-

deoxyadenosine) in vivo and on templates containing abasic and oxidized abasic lesions in 
vitro.21–23 The contribution of Pol θ to translesion synthesis is potentially physiologically 

significant because Pol θ expression is upregulated in some cancers, and this upregulation 

correlates with poor prognosis and increased genomic instability.24 Additionally, Pol θ 
promotes resistance to ionizing radiation, as well as other DNA damaging agents such as 

methyl methanesulfonate, bleomycin, and H2O2.25,26 These observations have largely been 

attributed to the well-established role of Pol θ in double strand break repair.26–28 However, 

lesion bypass by Pol θ could conceivably augment these effects. Therefore, the ability of Pol 

θ to bypass DNA lesions and the mutational spectrum with which it does so may be relevant 

to cancer progression, tumor chemo- and radio-resistance, and even to the development of 

cancer by increasing mutational frequency during bypass of endogenous lesions (such as 

Tg).

We recently reported that in vitro bypass of abasic and oxidized abasic lesions by Pol θ 
gives significant numbers of one- and two-nucleotide deletions.23 These deletions were 

formed by sequence-dependent template misalignment during extension past the lesion. The 

cellular role for Pol θ in Tg bypass prompted us to explore whether template misalignment 

is also operative when this lesion is positioned within templates of appropriate sequence(s). 

Steady-state kinetic analysis revealed that template misalignment was more efficient than 

insertion of the correct nucleotide on two different primer-template complexes. Sequencing 

of Pol θ bypass products revealed a preference for two-nucleotide deletions over correct 

bypass and single-nucleotide deletions on a sequence where all three were possible. These 

results suggest that Pol θ bypass of Tg may give rise to mutations opposite the lesion site, as 

well as frameshift mutations generated by template misalignment.
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Methods

General Methods

Oligonucleotides were synthesized on an Applied Biosystems Inc. 394 DNA synthesizer 

using reagents from Glen Research (Sterling, VA) and deprotected according to the 

manufacturer’s instructions. γ-32P-dATP was obtained from PerkinElmer. Protein 

purification was conducted using an AKTA FPLC and columns were from GE Healthcare. 

Sonication was done using a Branson SFX-150 sonifier. Rosetta 2 pLysS E. coli and C18 Sep 

Pak cartridges were from Millipore. The Quick Ligase Kit, Phusion polymerase, NEB Buffer 

3.1, T4 polynucleotide kinase, Acc65I, EcoRI, and dNTPs were obtained from New England 

Biolabs. NP-40 substitute was from Sigma. Protease inhibitor cocktail (EDTA-free) was 

from Roche. SUMO Protease II was from LifeSensors. Dynabeads M-280 streptavidin beads 

were from ThermoFisher. Analysis of radio-labeled oligonucleotides was carried out using a 

Storm 860 Phosphorimager and ImageQuant 7.0 TL software. Pre-steady-state kinetics were 

carried out using a RQF-3 rapid quench instrument from Kintek. Colony sequencing was 

conducted by Genewiz (South Plainfield, NJ).

Tg-containing oligonucleotides were prepared using the TBDMS-protected 5R, 6S-Tg 

phosphoramidite (Glen Research) originally reported by Iwai.29 Removal of TBDMS 

protecting groups was conducted as reported previously using 300 μL of a solution 

containing triethylamine trihydrofluoride, triethylamine, and anhydrous N-methyl 

pyrrolidinone (in a 4:3:6 ratio by volume) at 65 °C for 1.5 hr.30,31 The biotinylated primer 

used for bypass sequencing experiments was synthesized previously.23 All oligonucleotides 

were purified by 20% denaturing polyacrylamide gel electrophoresis (PAGE) and desalted 

by C18 Sep Pak. Tg-containing oligonucleotides were characterized by MALDI-TOF MS. 

Primer-template complexes were prepared by mixing 32P-labeled primer with the 

appropriate template in a 1:1.5 ratio in phosphate buffered saline (10 mM sodium phosphate, 

100 mM NaCl, pH 7.2), heating to 85 °C, and slowly cooling to 25 °C. Pol θ catalytic core 

(residues 1792-2590) was expressed and purified as previously described.32 See Supporting 

Information for a demonstration of purity. Unless otherwise specified, the active 

concentration of Pol θ (determined by active site titration) is written for all experiments.

Active site titration of Pol θ

The active fraction of Pol θ was determined by pre-steady state kinetic analysis as 

previously described.23 Briefly, Pol θ (5 nM protein concentration) was incubated with 

primer-template (12.5 nM) and dATP (500 μM) in reaction buffer for a fixed time and 

quenched with 80% formamide containing 100 mM EDTA. Samples were loaded on 20% 

denaturing PAGE, and analyzed by phosphorimaging. The fraction of product was plotted as 

a function of time and fit to the equation P=A(1-e−kt) + ksst where P is fraction of extended 

primer, A is the burst amplitude, k is the burst phase rate constant, kss is the steady-state rate 

constant, and t is the reaction time. This experiment was conducted 4 times and the active 

fraction was determined to be 43.2 ± 3.6%. See Supporting Information for a representative 

kinetic plot.
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Steady-state kinetic analysis of Pol θ

Polymerase reactions were conducted with Pol θ (432 pM for 1-4 except for dGTP and 

dTTP insertion where 4.32 nM was used; 4.32 nM for 5-8, except for dGTP insertion on 6 
which was 2 nM), primer-template complexes (50 nM), and various concentrations of the 

indicated dNTP at 25 °C in reaction buffer (10 mM Tris HCl pH 8, 25 mM KCl, 10 mM 

MgCl2, 1 mM BME). The concentration range of dNTP and the reaction time were selected 

such that reactions did not proceed past 20% completion (single-hit conditions, see 

Supporting Information for a list of concentrations and reaction times). In a typical 

experiment, a 2 × DNA-enzyme solution was prepared by mixing primer-template (1 μM, 10 

μL), 10 × reaction buffer (20 μL), 10 × Pol θ (4.32 nM, 20 μL) in storage buffer (20 mM 

Tris HCl pH 7, 300 mM NaCl, 10% glycerol, 5 mM BME), and H2O (50 μL). The 2 × 

DNA-enzyme solution (3 μL) was mixed with the appropriate 2 × dNTP solution (3 μL) to 

initiate the reaction, which was quenched after a fixed time with 95% formamide loading 

buffer containing 25 mM EDTA (8 μL). An aliquot (4 μL) was loaded on a 20% denaturing 

PAGE, which was run at 55 W for approximately 3.5 h. The gel was analyzed by 

phosphorimaging, and the data were fit to the Michaelis-Menten equation. The kcat was 

determined by dividing Vmax by the active concentration of enzyme determined by active 

site titration.

Sequencing of Pol θ bypass products

Lesion bypass products were sequenced using a method reported by Sabouri with 

modifications previously reported.23,33 Briefly, primer-template complex (100 nM) was 

incubated with Pol θ (20 nM) and dNTPs (100 μM) at room temperature for 30 min. The 

biotinylated strand was isolated with Dynabeads M-280 streptavidin beads and amplified by 

PCR. The PCR product was purified by native PAGE, digested with Acc65I and EcoRI, and 

ligated into pBlueScript SK-plasmid, which was transformed into DH5 α cells. The cells 

were plated on LB medium with ampicillin, grown at 37 °C for 14 hr, and the plate was sent 

to Genewiz for sequencing of individual colonies.

Results

Primer-template design and steady-state kinetic analysis of translesion synthesis

Oxidation of thymidine to Tg in duplex DNA primarily gives the two cis diastereomers (5R, 

6S and 5S, 6R), which are formed in equal amounts.5 Because Pol θ bypasses these two 

diastereomers with equal efficiency in vivo,20 we prepared templates 1-4 containing the 

commercially available 5R, 6S diastereomer or T in the same position as a control (Chart 1). 

The template sequences were designed such that the template strand contained a T either one 

or two nucleotides downstream from Tg. Because dA is primarily inserted opposite Tg,20 

template misalignment could be mediated by Watson-Crick base pairing between the dA 

inserted opposite the lesion and the template T present 1 or 2 nucleotides away. Extension 

from the misaligned primer could then result in one- or two-nucleotide deletions, depending 

upon the position of the downstream T (Scheme 2 and 3).

We first confirmed the preference for dA insertion during translesion synthesis by 

conducting single nucleotide incorporation experiments on 1-4 (Figure 1). As expected, Pol 
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θ preferentially inserted dA opposite both Tg and T, even when high concentrations (500 

μM) of each dNTP were employed. In many cases, this concentration was above the 

corresponding Km, and the observations in Figure 1 are strongly dependent upon differences 

in kcat (Table 1). Weak misinsertion of dG was detectable only on templates containing T (1 
and 3) but not Tg (2 and 4), while T insertion was even less efficient, and dC insertion was 

undetectable. These observations are consistent with larger kcat values for inserting dG 

opposite T (1) than opposite Tg (2). Despite this, Pol θ exhibits reduced fidelity during 

translesion synthesis, largely due to a 20-fold reduction in the efficiency of dA insertion 

opposite Tg (2) relative to T (1). This reduced fidelity is reflected in a larger insertion 

frequency (Fins, Table 1) for incorrect nucleotides (dG and T) opposite Tg than opposite T 

(Table 1). During incorporation opposite T (1), dA is preferred by 750-fold over dG and 

7000-fold over T, while the preference for dA is reduced to 350-fold over dG and 625-fold 

over T during insertion opposite Tg (2). Similar relative effects on Pol θ fidelity were 

observed for steady-state kinetic analysis of dNTP incorporation opposite T or Tg in 3 and 

4, respectively (Table S1). These results are inconsistent with a previous report showing that 

Pol θ inserts dA with equal efficiency opposite Tg and T and also exhibits increased fidelity 

when incorporating opposite Tg.20 We do note; however, that these results are consistent 

with the weak mutagenicity observed for cellular Tg bypass by Pol θ.20

Steady-state analysis of Tg bypass: template misalignment vs. error-free extension

Because dA is preferentially inserted opposite Tg, we prepared primer-templates 5-8 
containing dA opposite either Tg or T (Chart 2). Notably, the template sequences for 6 and 8 
differ only in the orientation of the two nucleotides downstream from Tg, with either 3′-TA 

flanking the lesion for 6 or 3′-AT for 8. If template misalignment occurred during extension 

past Tg as it does when Pol θ extends past abasic lesions,23 T would be misinserted during 

extension of 6 (Scheme 2) and dG would be misinserted during extension of 8 (Scheme 3). 

Consistent with this mechanism, for both 6 and 8, Pol θ inserted only the correct nucleotide 

and the nucleotide resulting from the aforementioned template misalignment (Figure 2). 

Misinsertion of other nucleotides was not detected, suggesting that the observed misinsertion 

events are dependent upon template misalignment (Scheme 2 and 3) and are not a result of 

low-fidelity synthesis by Pol θ.

Steady-state kinetic experiments on 6 (Tg) showed that insertion of T, presumably mediated 

by template-misalignment, was 9-fold more efficient than insertion of the correct nucleotide, 

dA (Table 2). However, both processes were considerably less efficient than correct bypass 

(dA incorporation) of control primer-template 5 (T). Correct bypass of Tg (dA 

incorporation) being 1800-fold less efficient and misalignment-mediated bypass (thymidine 

incorporation) being 200-fold less efficient. Similar results were obtained during steady-state 

kinetic experiments on 7 and 8 (Table 3). When Tg was present in the template (8), the 

product resulting from misalignment (dG incorporation) was again preferred over 

incorporation of the correct nucleotide (T), in this case by almost 6-fold (Table 3). The 

extension efficiency past Tg was also substantially reduced relative to 7, where Tg was 

replaced with T. Taken together, these data suggest that when Pol θ extends a primer past 

template Tg, template misalignment, followed by nucleotide misinsertion is more efficient 

than error-free extension when a thymidine is present one or two nucleotides downstream.
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In principle, nucleotide insertion on a misaligned template could give rise to two outcomes: 

either the primer can realign and Pol θ can extend from the resulting mismatch, which would 

produce full-length product containing a promutagenic mismatch, or the misaligned primer 

can be extended, giving rise to deletions, as shown in Schemes 2 and 3. To determine which 

outcome is operative during Tg bypass, 1-4 were utilized in full-length extension 

experiments such that Pol θ conducted both translesion synthesis and subsequent extension 

(Figure 3). When incubated with controls 1 and 3, Pol θ rapidly extended the primer to form 

N+1 products, consistent with blunt-end addition of Pol θ.22 This was followed by slower 

addition of another nucleotide to form N+2 products. Extension of primers on Tg-containing 

templates 2 and 4; however, primarily gave rise to shorter products than the corresponding 

controls. The length of these products was consistent with the expected deletions for each 

sequence (one-nucleotide deletion for 2 and two-nucleotide deletion for 4). For 2, the 

apparent one-nucleotide deletion was nearly the exclusive product, whereas a mixture of 

products was formed by extension of 4, albeit with a preference for two-nucleotide deletion. 

These results suggest that Pol θ exhibits a preference for deletion formation during Tg 

bypass in appropriate sequences. However, interpretation of Figure 3 is complicated by 

blunt-end addition by Pol θ to the extension products, necessitating further support for 

deletion formation.33

Sequencing of Tg bypass products

To obtain direct support for misalignment-mediated deletion formation, we sequenced 

individual Tg bypass products using a previously reported method.33 A biotinylated primer 

was annealed to a template strand containing either T (9) or Tg (10). The template sequence 

was designed such that Tg was flanked by a downstream 5′-TTA, meaning that lesion 

bypass could be mediated by a Watson-Crick base pair with either the first or second T, 

resulting in either one-or two-nucleotide deletions. Pol θ was incubated with 9 or 10 in the 

presence of all four dNTPs. The biotinylated strand was isolated using streptavidin beads 

and amplified by PCR. The PCR product was subcloned into the pBlueScript plasmid and 

transformed into E. coli for sequencing of individual colonies. As expected, control 9 
bearing T gave only full-length products (Table 4). No deletions were detected and dA was 

inserted opposite T with 100% frequency. In contrast, translesion synthesis of 10 was 

weakly mutagenic, with 3% (one event) insertion of T. This is consistent with the increased 

mutagenicity of Tg, although insertion of dA is still strongly preferred over T and dG as 

shown in steady-state kinetic experiments (Table 1). Extension beyond the lesion by Pol θ 
primarily resulted in 2-nucleotide deletions (72%) with a smaller number of full-length 

bypass events (22%). One nucleotide deletions were the minor product, accounting for fewer 

than 10% of bypass events. Notably, T insertion opposite Tg gave rise to full-length product, 

consistent with the proposed deletion mechanism. These results suggest that on sequences 

containing a downstream T within one or two nucleotides, Tg bypass by Pol θ is primarily 

mediated by a misaligned primer-template complex, which primarily gives rise to deletions.

Discussion

Tg is a major oxidative DNA lesion which is cytotoxic due to its strong replication-blocking 

properties.8,14 Replicative polymerases insert dA opposite the lesion in vitro but are impeded 
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considerably in extending beyond the lesion.14,34 Crystal structures of the RB69 replicative 

polymerase with Tg show that this impediment arises from the nonplanar conformation of 

Tg, which causes the C5 methyl group to block incorporation of the next nucleotide.35,36 

Replication of plasmid vectors in human cells indicated that the translesion synthesis 

polymerases Pol κ, Pol ζ, and Pol θ mediate the majority of Tg bypass, suggesting that 

although replicative polymerases insert a nucleotide opposite the lesion in vitro, they are 

somehow prevented from doing so in vivo.9,20 Bypass of Tg by translesion polymerases in 

eukaryotic cells is predominantly error-free, with only a small number of mutations resulting 

from insertion of an incorrect nucleotide opposite the lesion. Formation of frameshift 

deletions was not reported, although based on the observations presented above, the 

sequence employed in previous experiments could have given rise to frameshift deletions 

during Pol θ bypass of Tg.20 It is possible that frameshift mutations are suppressed in vivo 
or they are rapidly repaired. However, it is also possible that frameshift mutations are 

formed in cells when Pol θ bypasses Tg, but they were not detected in the elegant study 

which established the cellular role for Pol θ in Tg bypass.20

We report that when Tg is present in a template containing a T either one or two nucleotides 

downstream from the lesion, extension by Pol θ primarily forms deletions. Steady-state 

kinetic data indicate that template misalignment is 5- to 10-fold more efficient than correct 

bypass on the two local sequences studied. Sequencing of bypass products on a template that 

can yield one- and two-nucleotide deletions, as well as full-length products, showed that 

two-nucleotide deletions accounted for more than 70% of bypass events. On this sequence, 

correct bypass accounted for only 20% and one-nucleotide deletions accounted for less than 

10% of bypass events. Although template misalignment is kinetically favored over full-

length product formation, extension past Tg is markedly less efficient (200-fold for 

template-misalignment and 1,800-fold for correct bypass on 6 and 3,520-fold and 17,600-

fold for 8) than synthesis on otherwise identical templates containing T. On the other hand, 

the efficiency of translesion synthesis (insertion opposite Tg) is reduced only modestly (15- 

to 20-fold). Structural data for Pol θ (and other mammalian polymerases) with Tg are 

lacking, so it is unclear whether the impediment which Pol θ experiences during the 

extension reaction arises from a steric clash with the C5 methyl group, as reported for the 

RB69 polymerase.35,36 In any case, the reduced efficiency with which Pol θ extends past Tg 

is not necessarily in conflict with the cellular role of Pol θ in Tg bypass, which is firmly 

established.20 Pol θ also exhibits a substantial reduction in efficiency for translesion 

synthesis (1000-fold) and extension (20-fold) during bypass of a stable analogue of 3-

methyl-dA; however, Pol θ bypasses the lesion in cells.21

The differences between Tg bypass in the test tube and in cells raise interesting questions 

about the cellular regulation of this process. For example, Pol η and Pol ν bypass Tg lesions 

in vitro, with Pol η being particularly proficient.37,38 However, neither of these polymerases 

contributes to Tg bypass in cells.20 Evidently, the in vitro catalytic efficiency of Tg bypass is 

not the exclusive indicator of which polymerase(s) bypasses the lesion in cells. However, the 

ability of other polymerases to bypass Tg raises the question of why cells utilize Pol θ when 

it has a strong propensity to form frameshift mutations in vitro. Formation of even a small 

number of frameshift mutations during bypass of a lesion produced hundreds of times in 
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each cell every day would be expected to contribute to genomic instability, especially in 

cells where Pol θ is upregulated. Frameshift mutations formed by Pol θ could possibly be 

repaired by mismatch repair, as occurs for frameshift mutations generated by replicative 

polymerases.39 If so, cells with defects in mismatch repair would likely produce greater 

numbers of frameshift mutations during Pol θ bypass of Tg. It is also possible that accessory 

proteins facilitate error-free bypass of Tg by Pol θ, although presently there is no evidence 

that either of these processes occur during Pol θ bypass of Tg. Therefore, the extent to 

which Pol θ induces in frameshifts mutations cells, or the specific factors which prevent it 

from doing so, may be highly relevant to the induction of genomic instability, both in 

healthy cells and in cancer cells, some of which upregulate Pol θ.24

Conclusions

Expression of Pol θ is upregulated in some cancers, and this upregulation correlates with 

poor prognosis.24 Growing evidence suggests that, in addition to its established role in 

double strand break repair, Pol θ is a translesion polymerase that bypasses multiple 

replication-blocking lesions in human cells.20,21,26 Therefore, the lesion bypass capability of 

Pol θ may be relevant not just to normal cell function, but also to tumor progression and 

resistance to treatment.40 Pol θ mediates a weakly mutagenic pathway of Tg bypass in 

human cells, resulting in approximately 5% nucleotide misinsertion opposite the lesion.20 

Here we present evidence that, in addition to low frequency misinsertion events, Pol θ has a 

strong propensity to introduce frameshift mutations during Tg bypass on appropriate 

template sequences. We previously reported that a similar template misalignment 

mechanism gives rise to frameshift deletions during abasic lesion bypass by Pol θ.23 If 

unrepaired, such mutations would be expected to increase genomic instability, a contributor 

to cancer progression as well as radio- and chemo-resistance. Frameshift mutations may 

have gone undetected in the previous report on Pol θ bypass of Tg in human cells.20 It is 

therefore important to determine the frequency with which Pol θ induces frameshift 

deletions in vivo and whether additional proteins are involved in suppressing their formation 

or in repairing the mutations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Single nucleotide insertion opposite Tg and T. Pol θ (432 pM) was incubated with 1-4 (50 

nM) and the indicated dNTP (500 μM) for 5 min at 25 °C. The relevant portion of each 

primer-template complex is shown above. X = Tg.
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Figure 2. 
Single nucleotide insertion during extension past Tg. Pol θ (4.32 nM) was incubated with 6 
or 8 (50 nM) and each individual dNTP (1 mM) for 5 min at 25 °C. The relevant sequence of 

each primer-template is shown.
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Figure 3. 
Translesion synthesis and extension past Tg. Pol θ (20 nM) was incubated with 1-4 (50 nM) 

and all four dNTPs (500 μM) at 25 °C for the indicated time.
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Scheme 1. 
Formation of Tg by oxidation of T.

Laverty and Greenberg Page 15

Biochemistry. Author manuscript; available in PMC 2018 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. 
Formation of one-nucleotide deletions by template misalignment
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Scheme 3. 
Formation of two-nucleotide deletions by template misalignment
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Chart 1
Primer-templates used for translesion synthesis
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Chart 2
Primer-templates used for analyzing extension past Tg
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Chart 3
Primer-templates used for sequencing Tg bypass products
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