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Abstract

Translesion synthesis (TLS) is the mechanism in which DNA polymerases (TLS polymerases) 

bypass unrepaired template damage with high error rates. DNA polymerase η and ζ (Polη and 

Polζ) are major TLS polymerases that are conserved from yeast to humans. In this study, we 

quantified frequencies of basesubstitutions by yeast Polη and Polζ on undamaged and abasic 

templates in vitro. For accurate quantification, we used a next generation sequencing (NGS)-based 

method where DNA products were directly analyzed by parallel sequencing. On undamaged 

templates, Polη and Polζ showed distinct basesubstitution profiles, and the substitution 

frequencies were differently influenced by the template sequence. The base-substitution 

frequencies were influenced mainly by the adjacent bases both upstream and downstream of the 

substitution sites. Thus we present the base-substitution signatures of these polymerases in a three-

base format. On templates containing abasic sites, Polη created deletions at the lesion in more than 

50% of the TLS products, but the formation of the deletions was suppressed by the presence of 

Polζ. Polζ and Polη cooperatively facilitated the TLS reaction over an abasic site in vitro, 

suggesting that these two polymerases can cooperate in efficient and high fidelity TLS.

1. Introduction

DNA damages are introduced by variety of environmental and metabolic agents and impede 

DNA replication, thereby becoming lethal threats to the cell. The DNA lesions can be 

restored by various DNA repair pathways including base excision repair, nucleotide excision 

repair, mismatch repair, and homologous recombination (1). If not repaired, DNA lesions 

can be tolerated by a mechanism known as translesion synthesis (TLS), in which a special 

group of DNA polymerases (TLS polymerases) bypass the lesion without repairing it (2). 

Since damaged bases often cannot base-pair with incoming nucleotides, DNA damage 

tolerance is considered as a major mechanism of damage-induced mutagenesis.
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An abasic (AP) site is one of the most common DNA lesions in normally growing cells. 

They are created by spontaneous hydrolysis of glycosyl bonds or by DNA glycosylases that 

remove damaged bases (3,4). Approximately 104 steady state AP sites were observed in a 

mammalian cell (5). Whereas the majority of AP sites are repaired, occasionally a DNA 

replication fork encounters an unrepaired AP site, leading to mutations (6,7).

DNA polymerases ζ (Polζ) and η (Polη) are key TLS polymerases that are conserved from 

yeast to humans (2,8,9). Polζ of yeast Saccharomyces cerevisiae is a complex of four-

subunits (Rev3, Rev7, Pol31, and Pol32), and is a member of the B-family DNA 

polymerases (10–13). But unlike other family members, Polζ is a low fidelity polymerase 

that does not have 3′ to 5′ exonuclease activity (14–16). A purified Rev3-Rev7 complex 

has TLS activity on damaged templates, containing a cis-syn thymine dimer (14), thymine 

glycol (17), and AP site (16). Pol31 and Pol32, which had been known as subunits of Polδ, 

were recently identified as subunits of Polζ (18,19). Human Polζ has also been purified as a 

conserved four-subunit complex (20).

The REV3 gene of yeast, encoding the catalytic subunit of Polζ, is required for mutagenesis 

induced by UV (21–24), gamma-ray (25), psoralen-mediated interstrand crosslinking 

(26,27), several alkylating anti-cancer agents (28), and for approximately half of all 

spontaneous mutations (29). In mammals, REV3−/− knockout is embryonic lethal (30–32), 

and the conditional inactivation of mouse REV3 function shows severe UV-sensitivity, 

reduced spontaneous mutation rate, elevated sensitivity to cisplatin, and reduced 

immunoglobulin hypermutation (9,33–35).

Polη is a member of Y-family TLS polymerases (2,36). Yeast cells lacking Polη function 

(rad30) have increased sensitivity to UV (37). Loss of Polη function in humans causes 

xeroderma pigmentosum (38,39). Consistently, Polη has TLS activity over a cis-syn thymine 

dimer, which is a major damage caused by UV-irradiation (38,39). Polη can also bypass 

other DNA lesions including 8-oxoguanine (40), O6-methylguanine (41), and the cisplatin 

adduct (42). Polη is a low-fidelity polymerase even on undamaged template, with base-

substitution frequencies between 10−1 and 10−4 (2,43–47). However, Polη mediates error-

free TLS over cis-syn thymine dimer, by inserting two AMPs opposite to the damage 

(38,48–51).

Although Polζ and Polη can individually carry out TLS reactions in vitro, increasing 

evidence supports that TLS is mediated by more than one TLS polymerase (43,46,52–54). It 

has also been proposed that multiple polymerases are involved in TLS over AP sites (55,56).

Since the majority of mutagenesis involves error-prone DNA polymerases, it is fundamental 

to identify the profiles of mutations that are introduced by these polymerases. Detailed 

mutation signatures of individual TLS polymerases may be beneficial to understand the 

potential etiology of mutation signatures in human cancers (57), (58). In this report, taking 

an advantage of next generation DNA sequencing (NGS) technologies, we analyzed profiles 

of base-substitutions created by Polζ and Polη of S. cerevisiae.
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2. Materials and methods

2.1. DNA

Synthetic DNA oligonucleotides (oligos) with AP sites were purchased from Integrated 

DNA Technology. Other oligos used in this study were purchased from Integrated DNA 

technology, Sigma, and Fisher. Sequences and uses of the oligos are summarized in 

Supplemental Table S1 and Fig. S1.

2.2. Purification of Proteins

Polη of S. cerevisiae was purified as described previously (59). The four-subunit complex of 

Polζ (Rev3/Rev7/Pol31/Pol32) was overexpressed in yeast BJ5465 harboring pESCTrp-

POL31, pESCLeu-His6-POL32, and pESCUra-REV3/FLAG-REV7 by the same protocol 

used previously for the two-subunit Polζ purification (59). Cells were suspended in lysis 

buffer (50 mM Tris-HCl (pH7.5), 200 mM NaCl, 5% glycerol (vol/vol), and 10 mM 

imidazole) containing 1 mM PMSF and lysed using glass beads (0.5 mm) in a vortex mixer 

(30 sec of mixing followed by 30 sec of chilling on ice, repeated 10 times). The cell lysate 

was cleared by centrifugation at 20,000 rpm for 30 min at 4°C in a JA-25.50 rotor 

(Beckman). The supernatant was loaded onto an 8 ml Ni-Chelating Sepharose column (GE 

Healthcare) preequilibrated with cell lysis buffer. The column was washed with 100 ml of 

lysis buffer and with 100 ml of wash buffer (50 mM Tris-HCl (pH7.5), 100 mM NaCl, 5% 

glycerol (vol/vol), and 50 mM imidazole). Polζ was eluted with elution buffer (50 mM Tris-

HCl (pH7.5), 200 mM NaCl, 5% glycerol (vol/vol), and 200 mM imidazole). The eluate was 

mixed with 0.5 ml of EZview Red ANTI-FLAG M2 Affinity Gel (Sigma) that was 

preequilibrated in TGE200 buffer (30 mM Tris-HCl (pH7.5), 200 mM NaCl, 5% glycerol 

(vol/vol), 1 mM EDTA) and incubated at 4°C for 2.5 hours with gentle shaking. The affinity 

beads were recovered in an Econo-column (BioRad) and washed with 7 ml TGE200 buffer 5 

times. Polζ was eluted from the resin with 5 ml of TGE200 buffer containing 150 μg/ml 

FLAG peptide. The eluate was divided into small aliquots, and stored at −80°C. The four 

subunits of Polζ were identified using SDS-PAGE (Supplemental Fig. S1A), and the 

concentration of Polζ was determined by the band intensity of the catalytic subunit (Rev3) 

compared with the BSA standard (Pierce).

The replicative DNA polymerases Polδ and Polε of S. cerevisiae were used in control 

reactions. Polδ was purified as described previously (59). To purify the Polε catalytic 

subunit, the POL2 gene was amplified from yeast S288C genomic DNA, fused with N-

terminal FLAG tag, and cloned on pESC-Trp (between Apal-Xhol) to produce pESC-Trp-

FLAG-POL2. Polε (POL2 product) was expressed in freshly transformed BJ5465 cells 

harboring pESC-Trp-FLAG-POL2 by the same protocol that was used for Polζ preparation. 

Thawed cells were resuspended in TGE200 buffer (30 mM Tris-HCl (pH7.5), 200 mM 

NaCl, 5% glycerol (vol/vol), 1 mM EDTA) containing 1 mM PMSF. Cells were then lysed, 

cleared, and subjected to EZview Red ANTI-FLAG M2 Affinity Gel purification as 

described above. The eluate was aliquoted and stored at −80°C. The concentration of Pol2 

was determined based on the band intensity on SDS-PAGE gel as described above.
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2.3. DNA polymerase assay by denaturing polyacrylamide gel electrophoresis

The synthetic DNA primer TSO590 (34-mer) was labeled with 32P using T4-DNA kinase 

(New England Biolabs) and γ-32P-ATP (Perkin Elmer). The labeled primer (10 nM) was 

annealed with 11 nM of 99-mer template with an AP site (TSO526 or TSO589) or without 

AP site (TSO525), and incubated with Polδ (10 nM), Polε (30 nM), Polη (20 nM), or Polζ 
(20 nM) at 37°C in a 10 μl reaction containing 25 mM Tris-acetate (pH7.5), 4 mM MgCl2, 

100 μg/ml BSA, 5 mM DTT, 1 mM ATP, 100 μM each of four dNTPs, and NaCl [73 mM 

(with Polδ), 87 mM (with Polε), 55 mM (with Polη), or 65 mM (with Polζ)]. At the times 

indicated in the Fig. 1 Caption, a small volume (typically 2.5 μl) of the reaction was 

withdrawn and mixed with 1.5× volume of stop buffer (20 mM EDTA, 0.1% bromophenol 

blue, 0.1% xylene cyanol in formamide) and heated at 95°C for 5 min. Labeled DNA 

products were separated by electrophoresis through 10% polyacrylamide gel (25 × 14.5 cm) 

in TBE buffer containing 7 M urea, and visualized with BioRad Molecular Imager Personal 

FX and quantified with Quantity-One software. When indicated in the figures, Polη and 

Polζ were mixed on ice for 3–5 min before adding to the reactions.

2.4. NGS sample preparation and analysis

The primer for each reaction contained an Ion-A adaptor and a specific barcode (see Fig. 

1A, Supplemental Fig. S1B, and Table S1). In addition, the primers have a mismatched base 

“G” at the center of the primer-template hybridization region (Fig. 1A, “10G”). DNA 

synthesis reactions were carried out using indicated polymerases and templates under the 

same conditions as for gel electrophoresis assay above, except that the reaction volume was 

50 μl. After 15 min (for Polδ and Polε reactions) or 60 min (for Polη and Polζ reactions), 

the reaction was stopped by adding 5 μl of 0.5 mM EDTA and treated with phenol/

chloroform, and the DNA was precipitated with ethanol and resuspended in 10 μl of H2O. 

Since each reaction should produce DNA products with unique barcode, samples were 

pooled and analyzed by lon Torrent PGM system (Thermo Fisher Scientific). Same reactions 

were repeated two to three times.

All output read sequences were automatically sorted by barcodes. Output sequence files in 

FASTAQ format were analyzed by tools in Galaxy (https://usegalaxy.org/)(60) local server 

set-up as follows. First, quality format was converted to Sanger and Illumina 1.8+ quality 

score type using the FASTAQ Groomer tool. Then, using Filter FASTAQ tool, we eliminated 

all read sequences that had any base call with quality score lower than p=0.05, and that were 

longer by 7-nt or shorter by 13-nt than the expected error-free product. The numbers of read 

sequences after this screening (N) are shown in Supplemental Table S2 and S3. The 

sequence format was converted to FASTA using the fastaq_to_fasta tool. The FASTA files 

were analyzed using Lastz sequence alignment tool (Galaxy tool version 1.1.1), where base-

substitutions were reported in the “Polymorphisms” format. Output of the Lastz analysis was 

processed by Microsoft Excel, selecting read sequences that contained the “10G”. This 

process eliminated the sequences that were created by extension of the template, not primer. 

Read sequences after this point are considered “qualified reads”. The numbers of the 

qualified reads (n) are shown in Supplemental Table S2 and S3. To avoid sampling biases, 

the error rate (%) in the qualified reads was calculated first at individual base as [the 

numbers of error at each position/the number of the qualified reads at the position] ×100% in 
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each reaction. Then the % values of base-substitutions at individual bases were averaged in 

repeated reactions (Fig. 2 and Supplemental Fig. S2). Thus all base-substitution frequencies 

shown in Figs. 2 to 6 are the % of substitutions per synthesis of the particular base.

For Figs. 3, 4, and 6, we carried out reactions with six undamaged templates with different 

sequences (type A to F, Supplemental Fig. S1B), each of which were repeated two to three 

times. Base-substitution frequencies were calculated at individual bases in the 50-nt region 

of each template (position #22–71, Supplemental Fig. S1B). Thus substitution frequencies of 

each base in total 300-nt region were obtained. As a background, the base-substitution 

frequencies created by Polδ was subtracted from ones created by TLS polymerases at each 

bases in the 300-nt region. These subtracted % values were used to make average of entire 

region (Fig. 3A), analysis of sequence context (Fig. 3B, C and Fig. 4) and the three-base 

signatures (Fig. 6).

2.5. Statistical analysis

When indicated, statistical significance was evaluated by two-tailed T-test and results were 

expressed by the number of asterisks (*, **, ***, and **** indicate p<0.05, p<0.01, 

p<0.001, and p<0.0001, respectively).

3. Results

3.1. Experimental design

To analyze base-substitution profiles that were created in vitro by two key TLS polymerases 

Polη and Polζ, we developed an NGS-based system consisting of synthetic DNA substrates 

(Fig. 1A, Primer and Template). Two NGS adaptors (A and P1 for Ion Torrent PGM) were 

separately located on the primer and template, thus only the fully extended products can be 

detected by the NGS system. Synthetic templates containing an AP site at 8-nt (28AP) or 

23-nt (43AP) ahead of the 3′ end of the primer was used to mimic DNA damage. The 3′-

OH group of the template DNA was modified with biotin to prevent it from undesired 

extension. In addition, to allow us to distinguish between the NGS-Primer-extension product 

and any Template-extension product produced, the NGS primers had a mismatched “G” at 

the center of the primertemplate hybridization region (Fig. 1A, “10G”). During NGS data 

analysis, we selected only the sequences that contained “10G” and calculated the base-

substitution frequency in the DNA extension products containing the “10G”.

3.2. Polη and Polζ cooperatively bypass AP site

To confirm that our preparation of Polη and Polζ were enzymatically active and had TLS 

activity, we first carried out primer-extension of a 32P-labeled primer that was hybridized 

with a template with or without an AP site (Fig. 1B). As controls, we also analyzed Polδ and 

Polε that are high-fidelity replicative DNA polymerases. On undamaged template, all the 

polymerases extended the primer to the end of the template. When the template contained an 

AP site (28AP or 43AP), extension of the primer by Polδ and Polε were almost completely 

blocked at the AP site. In contrast, consistent with earlier studies (14,16,38,39), Polη and 

Polζ produced full-length products on the templates with AP site, demonstrating their TLS 

activity.

Chen and Sugiyama Page 5

DNA Repair (Amst). Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



When both Polη and Polζ were present, the reaction produced greater amount of full-length 

product than the additive amount produced by each polymerase (Fig. 1C and D), indicating 

that these two polymerases cooperate for efficient TLS reaction. At the AP site, Polη 
predominantly produced a DNA molecule one-nucleotide longer than that was produced by 

Polζ, by incorporating a nucleotide opposite to the AP site (Fig. 1C, position 43). These 

results suggest that Polη incorporates one dNMP opposite to the AP site but unable to 

extend the unpaired nucleotide, and Polζ extends the 3′-OH of the unpaired nucleotide that 

is created by Polη.

3.3. Polη and Polζ have distinct base-substitution signatures on the undamaged template

Next we analyzed the nucleotide misincorporations in the fully extended products that were 

created by each polymerase. Non-labeled primers (NGS primers) were extended on 

templates (Fig. 1A) by the polymerases, and the products were directly subjected to NGS 

analysis (see Experimental Procedures for details). Fig. 2 shows the frequency of single 

base-substitutions on the template without lesion (A), with 28AP (B), and with 43AP (C), 

that are mapped on the 73-nt reference sequence. For simplicity, dAMP, dCMP, dGMP, and 

dTMP are abbreviated to “A”, “C”, “G”, and “T”, respectively. Misincorporation is 

expressed as resulting base-substitution. For example, misincorporation of “A” at “G” 

template results in substitution of “C” into “A”, which is expressed as “C→A” substitution. 

On the template without lesion, Polη and Polζ had significantly higher frequencies of base-

substitution than Polδ or Polε. More importantly, Polη and Polζ showed distinct patterns of 

base-substitution, indicating that these TLS polymerases could be distinguished by their 

substitution patterns. Although the products of Polδ and Polε had detectable substitutions, 

their frequencies were similar to the control (Fig. 2D) where a synthetic oligonucleotide 

containing two adaptors was directly sequenced. This indicates that most of the observed 

base-substitutions in the Polδ- and Polε-mediated reactions were not created by these 

replicative DNA polymerases. Instead, we believe these changes were due to the errors in 

the synthetic DNA substrates or in NGS. Therefore, we considered these basesubstitution 

frequencies as background of the analysis, and subtracted them from the data obtained with 

TLS polymerases.

To obtain information about the influence of DNA sequence context on the base-substitution 

identity and frequency, we repeated the same analysis with five more templates with 

different sequences (type B to F; Supplemental Figs. S1B and S2). All templates had the P1-

adaptor and the same primer-hybridization region but had different sequences in the 

intervening 53-nt region (position #21–73 in Fig. 1A and Supplemental Fig. S1B; variable 

region). The base-substitution frequencies at each base from position #22 to #71 (50-nt) of 

all six templates (total 300-nt) were determined. The average frequencies of the same base-

substitution types (Fig. 3A and Supplemental Table S4) indicate that Polη introduced 

“A→G” substitution in the highest frequency (0.58%), and “A→T” (0.15%) and “T→C” 

(0.14%) had the second and third highest-frequencies, respectively. Polζ introduced “C→G” 

substitution most frequently (0.21%), and “T→A” (0.091%) and “T→G” (0.080%) had the 

second and third highest-frequencies, respectively. These results indicate that Polη and Polζ 
have different preferred base-substitutions types. Interestingly, the majority (66%) of base-

substitutions by Polη occurred at the template base “T”, at which Polζ was most accurate 
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(12%; Supplemental Table S4). Nearly half (47%) of the base-substitutions by Polζ occurred 

at the template base of “G”, at which Polη showed high fidelity (8.2%; Supplemental Table 

S4). In addition, the three most frequent substitutions made by Polζ were all substitutions of 

pyrimidines by purines, suggesting that Polζ more readily misincorporates a purine 

nucleotide at a template purine. These results indicate that Polη and Polζ have distinct base-

substitution signatures, probably due to distinct mechanisms of nucleotide misincorporation.

Although Fig. 3A shows a trend in preferred base-substitution types of each polymerase, the 

error bars of the graphs show that there are considerable variations of frequencies in the 

same base-substitution types. This suggests that base-substitution frequencies are influenced 

by surrounding DNA sequences. To analyze the effects of the flanking DNA sequences on 

base-substitution frequency, we aligned the individual base-substitution sites in the order of 

substitution frequencies and compared the sequences (Fig. 3B). For each polymerase, we 

chose the three substitution types with the highest average frequencies (A→G, A→T, and 

T→C for Polη, and C→G, T→A, and T→G for Polζ) for the analysis. The alignments of 

Polη-mediated base-substitution sites show that some of the highly error-prone sites shared 

the same bases adjacent to the bases being substituted. For example, seventeen of the twenty 

most frequent sites for “A→G” substitutions by Polη had “T” at one nucleotide upstream of 

the base to be substituted (left of the asterisk on Fig. 3B; position −1). Similarly, “A→T” 

substitution by Polη also had “T” at position −1. In contrast, for “T→C” substitution by 

Polη, nineteen of the twenty most frequent sites had a “C” in the position +1 (downstream of 

the base to be substituted). To investigate further the contributions of surrounding 

nucleotides, we calculated the effect of each nucleotide at positions from −3 to +1 on 

substitution frequency (Fig. 3C). Both polymerases had influenced by sequence context. 

Although less extensively than Polη, Polζ was also influenced by flanking sequences. Most 

significantly, “T→G” substitution preferred “G” at +1 positions, and “T→A” substitution 

preferred “C” at −1 positions. In general, fidelity of both Polη and Polζ were most 

influenced by the nucleotides at positions −1 and +1, indicating that the fidelity of these 

polymerases was affected not only by the nucleotide providing the 3′-OH group, but also by 

the template base ahead of the growing DNA strand.

3.4. Polη and Polζ have distinct sequence-preferences when creating the same base-
substitutions

Although the three most frequent base-substitutions created by Polη and Polζ were distinct, 

other basesubstitutions were produced above the background frequencies by both 

polymerases. This allowed us to compare the sequence-preferences of the two polymerases 

when they introduce the same basesubstitutions. Fig. 4 shows the correlations of frequencies 

of the Polη- and Polζ-mediated substitutions for the same substitution types. The correlation 

factor r for some substitutions (“C→T” and “T→G”) showed weak but significant positive 

correlations (r = 0.28 (p=0.018) and 0.27 (p=0.019), respectively), indicating that fidelity of 

Polη and Polζ were similarly affected to some extent by the same sequence context. Other 

substitutions (“G→A”, “A→G”, and “T→A”) showed almost no correlation (r = 0.067, 

0.045, and −0.09, respectively), indicating that Polη and Polζ did not share the sequence-

preferences for these substitutions. We also analyzed the effects of surrounding sequences on 

the substitution frequencies (Fig. 4B). With some base-substitutions, we found clear 
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differences in preferred sequences. The most notable is that, for “A→G” substitution, Polη 
was most error-prone when the −1 position was “T”, whereas Polζ was least error-prone in 

this sequence. Polζ frequently introduced “A→G” substitution in the middle of “AAG” 

sequence. For both “T→A” and “G→A” substitutions, “C” at the −1 position was 

significantly preferred by Polζ but not by Polη. Even in “T→G” substitution, which showed 

positive correlation, Polζ showed strong preference of “G” at the +1 position, which was not 

preferred by Polη. These results indicate that, even when they are making same base-

substitution, Polη and Polζ have distinct sequence-preferences. It is noteworthy that, based 

on the results shown in Fig. 3 and 4, base-substitution frequencies were most influenced by 

the sequence at +1 and −1 position. Thus we concluded that the base-substitution signatures 

could be best expressed in three nucleotide sequences (see Discussion).

3.5. TLS-associated base-substitutions at and around the AP site

Next we analyzed TLS products created on the AP-containing templates by NGS. As 

expected from their TLS activities (Fig. 1), both Polη and Polζ produced sufficient numbers 

of output in NGS analysis (Supplemental Table S2). Profiles of base-substitution frequencies 

on templates containing 28AP and 43AP are shown in Fig. 2B and C, respectively. 

Nucleotides inserted opposite to the 28AP and 43AP sites are shown in Fig. 5A. 

Remarkably, Polη-mediated TLS resulted in deletions in approximately 60% of products on 

both AP-containing templates. In contrast, Polζ products showed very few deletions at either 

AP site. The Polη-dependent deletions were clearly different at 28AP and 43AP. Whereas 

the vast majority (96%) of the deletions at 28AP were single-nucleotide deletions (open bar), 

92% of deletions at 43AP were multi-nucleotide deletions (grey bar). Most of the deletions 

at 43AP were a four-nucleotide deletion (A43–46, Fig. 5B), and may have been the result of 

template-slippage between repeated “TCT” sequences 5′ and 3′ to the AP site. Many other 

multi-nucleotide deletions were also associated with tandemly repeated sequences (arrows in 

the Fig. 5B), indicating that template-slippage was a major mechanism of damage-induced 

deletions by Polη at 43AP.

When inserting a nucleotide at the AP site, both polymerases predominantly used “A” and 

very little “C”. This phenomenon has been known as “A-rule” (61), which has been 

observed in E. coli and in some eukaryotic systems including a yeast strain that lacks Rev1 

function (16,38,49,62). The frequency of the “A” insertion was different in two AP sites, 

indicating that surrounding sequences also affect the nucleotides inserted opposite the 

template AP sites. Interestingly, a preincubated mixture of Polη and Polζ incorporated 

distinct ratios of nucleotides (Fig. 5A, “η+ζ”). The two-polymerase reaction created few 

deletions, indicating that Polζ suppressed deletion formation by Polη. In addition, the two-

polymerase reaction inserted “G” at significantly higher frequencies than either single-

polymerase reaction (Fig. 5A, yellow bar). This was particularly evident at 43AP, where “G” 

was inserted at a higher frequency than “A”. This cannot be easily explained by a 

mechanism in which the polymerases work additively during the TLS. Potential mechanisms 

to explain this phenomenon are discussed below.

Fidelities of TLS polymerases synthesizing near but not exact opposite the AP site may be 

also influenced by the lesion. To highlight the effect of the AP sites on the base-substitution 
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frequencies near the lesions, we subtracted the substitution frequencies on the undamaged 

template from ones on the AP-containing templates (Fig. 5C). As expected, the base-

substitution frequencies downstream of 43AP were significantly increased compared to the 

control template. At one-nucleotide downstream of the 43AP site (+1 position), Polη 
misincorporated “G” (yellow circle) in significantly (p<0.005) higher frequencies than it did 

on undamaged template. Polζ also misincorporated “G” at the +1 position (p<0.005) but at a 

lower frequency than Polη. In addition, Polη-mediated substitution frequency continued to 

display elevated levels up to 5- to 8-nt downstream of 43AP. In contrast, Polη showed 

almost no AP-associated substitutions beyond the +1 position. Although fewer base-

substitutions were observed downstream of 28AP than of 43AP, Polη also introduced 

substitutions slightly above background 3- to 6-nt downstream of the 28AP (e.g. 

misincorporation of “A”, “T”, and “T” at position +3, +4, and +6; p<0.01 and p<10−4, and 

p<0.05, respectively). Polζ showed little increase in base-substitution frequencies after 

28AP. Unexpectedly, the AP sites also influenced the base-substitution frequencies upstream 

of the lesion. We observed reproducible (in triplicate) increases in base-substitution 

frequencies by Polη 6- to 7-nt upstream of 28AP (e.g. misincorporation of “C”, “A”, and 

“T” at position −7, −6, and −6; p<10−4, p<10−4, p<0.001, respectively), and similar trend in 

43AP to a lesser extent. Furthermore, Polη-mediated base-substitution frequencies were 

decreased by the lesion (below 0% in the Fig. 5C) at 1- and 2-nt upstream of 28AP 

(misincorporation of “T”, “G”, and “A” at position −2, −2, and −1; p<0.001, p<0.05, 

p<0.05, respectively), suggesting that the lesion might increase the fidelity of Polη at these 

positions. Similar patterns (positive around 6-nt before and negative around 2-nt before the 

lesion) were also observed, though less pronounced, at the 43AP with Polη. The types and 

exact positions of the base-substitutions were different, indicating that these effects were not 

due to pre-existing errors on the synthetic DNA templates. Currently we do not have clear 

explanation for these observations.

4. Discussion

Since NGS technology allowed us to conveniently examine millions of independent DNA 

sequences, it has been used to quantify mutation frequencies in vivo and in vitro (63–65). In 

this paper, by analyzing in vitro DNA products directly with NGS system, we quantified 

base-substitution frequencies introduced by the error-prone DNA polymerases. This method 

did not use PCR amplification before loading the DNA product on the PGM beads, therefore 

output sequences should represent fully extended DNA products without bias. Thus, we 

believe that even low base-substitution frequencies that are above background reflect the 

fidelity of the TLS polymerases when the numbers of qualified reads (n) are large enough. 

This analysis not only provides images of base-substitution signatures of error-prone DNA 

polymerases, but can also be applied for further studies of other DNA polymerases, other 

forms of DNA damage, and other potential mutagenic biochemical processes. However, 

because the background misincorporation rate was approximately 0.02–0.05% per base, our 

method could not quantify the fidelity of replicative polymerases Polδ or Polε. In addition, 

we could not accurately quantify insertions/deletions, because of the high background of the 

signals on the undamaged templates (Supplemental Fig. S3). The observed background of 
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insertion/deletion was likely caused by errors in the synthetic DNA templates and in the 

NGS system.

Our results reveal that the base-substitution frequencies by Polη and Polζ on undamaged 

DNA template were influenced by adjacent bases both upstream and downstream of the 

substitution sites (Fig. 3 and 4), though there were exceptions. Thus we expressed their base-

substitution signatures in the format of substitution frequencies in the context of three-base 

sequences (Fig. 6). In addition, to simulate in vivo mutational analyses, we organized our 

data into the well-established format that has been used to classify mutation signatures in 

human cancers (57,66), in which all base-substitutions are reported as substitutions of 

pyrimidines. Although our in vitro analysis separately quantified “C→A” and “G→T” 

substitutions, for example, these complementary changes cannot normally be distinguished 

in vivo. Therefore, in Fig. 6, the frequencies of two complementary base-substitutions are 

added in a single column in separate colors. This approach may simulate in vivo mutation 

signatures by yeast Polη and Polζ in the absence of repair mechanisms. Since our in vitro 
signatures were created on undamaged template by yeast polymerases, it should not match 

any human cancer signature that should be created in the human genome by multiple 

mechanisms including errors in DNA repair, DNA replication, and error-prone DNA 

synthesis. However, we believe that this approach is useful for future research toward a 

mechanistic understanding of cancer-causing mutational processes.

Fig. 1 showed that Polη and Polζ facilitate TLS over AP sites to a higher degree than the 

combined efforts of each alone, supporting the two-polymerase mechanism (2,46,55,67,68) 

of TLS where Polη inserts a nucleotide opposite to the damage and Polζ extends the 3′OH 

of the unpaired nucleotide (15,16,69). Our results (Fig. 5A) indicate that Polζ can suppress 

Polη-mediated formation of deletions at AP site. Since deletion can destroy gene function by 

frame-shift in the cell, the reduction of deletion frequency demonstrated here might be an 

important component of the damage-tolerance mechanism. Polζ also suppressed the Polη-

mediated base-substitutions downstream of the AP site (Fig. 5C), supporting the idea that 

Polζ can efficiently extend the 3′-OH of unpaired nucleotides at the damage site with a low 

error frequency. Together, these findings enforce the two-polymerase mechanism of TLS 

across AP sites.

Fig. 5A shows that the TLS product that was produced in the presence of both Polη and 

Polζ had a base-substitution signature distinct from that of either individual polymerase. 

More specifically, the two-polymerase TLS is more likely to have a “G” opposite to the AP 

site than either single-polymerase reactions. This may be due to protein-protein interaction 

of the two polymerases, or it may be caused by potential differences in extension efficiencies 

from different nucleotides (“G” or “A”) opposite to the lesion. As noted above, our system 

determined the sequences of fully extended products of TLS reactions, not intermediates that 

were stalled at the lesion. Therefore, if Polη incorporated more “G” than “A” at the AP site 

but could not extend the unpaired “G”, such intermediates would not be detected by the 

analysis. If Polζ can extend a mismatched “G” efficiently, then the final products of the two-

polymerase reaction would contain more “G” than the Polη single-polymerase product. In 

fact this interpretation is consistent with independent steady-state kinetic studies showing 
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that “G” is more efficiently incorporated than “A” opposite to AP site by Polη (70) and that 

unpaired “G” is most efficiently extended by Polζ (16).

Since we used a method that is not commonly used to analyze fidelity of DNA polymerases, 

it may be useful to compare our results with already published fidelity data. The fidelity of 

TLS polymerases on both un-damaged and damaged templates have been studied 

extensively (2,46,71). The average basesubstitution frequencies obtained in this study (Fig. 

3A) are largely consistent with those reported in previous studies, in which error frequencies 

were measured by the gel fidelity assay in vitro or by sequencing individual plasmid isolates 

after genetic screening. For example, this study shows that Polη is prone to introduce 

“A→G” and “A→T” substitutions, consistent with previous reports (38,48,49). We also 

show that Polζ produces purine: purine mismatches at high frequency, consistent with 

previous reports (15,69,72). On templates containing AP sites, we show that Polη introduced 

deletions by traversing the lesion, or incorporated “A” or “G” opposite to the AP site, which 

is also roughly consistent with previous reports (55,67,70,73,74). These indicate that our 

system reliably quantified base-substitution frequencies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Polη and Polζ can bypass the AP site in vitro
(A) Schematic drawing of Synthetic DNA substrates for TLS reactions. The NGS-primer 

contained an A-adaptor (red box) and a 6-nt barcode (yellow box, BC) for Ion Torrent PGM. 

Templates contained a P1-adaptor at the 5′-end (green box) and the complementary 

sequence to the primer (20-nt-long region) at the 3′ end. The product, which has both 

adaptors, is recognized by the NGS system that reads the sequences of the 73-nt region 

(position #1–73), in which the first 20-nt region (position #1–20) are part of the primer, and 

the remaining 53-nt region (position #21–73; variable region) is extended by yeast DNA 

polymerases. In addition to the template without lesion (type-A), we used templates with the 

same sequences but containing an AP site at the position #28 (28AP) or position #43 

(43AP). All templates were modified with biotin at the 3′-OH group to prevent extension. 

The NGS primer had a one-base mismatch at position #10 (10G) to distinguish the primer-

extension products from any template-extension product. (B) Primer extension reactions 

were carried out using the indicated polymerase and 32P-labeled primer (34mer) hybridized 

to the template with no damage, 28AP, or 43AP. After incubating for 2.5, 5, or 10 min (Polδ 
and ε), or 10, 20, or 40 min (Polη and ζ), a small portion was withdrawn and analyzed by 

denaturing polyacrylamide gel. (C) The same TLS reactions as in panel B were carried out 

on the template containing 43AP by Polη, Polζ, and a mixture of Polη and Polζ, and the 

reaction was stopped at 5, 10, 20, 40, and 80 min. (D) The TLS efficiency (% of the fully 

extended products in all DNA molecules that reached the AP site) was calculated from C 

and repeated experiments (error bar is SD (n=3)).
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Fig. 2. Profiles of base-substitutions on NGS-primer-extension products
(A–C) In vitro primer extension reactions were carried out with the substrates shown in Fig. 

1A, containing no lesion (A), 28AP (B), or 43AP (C), and indicated DNA polymerases, and 

the products were analyzed by the NGS system. Base-substitutions in the output sequences 

were mapped on the reference sequence after barcode sorting and quality control. The 

reference sequence (sequence of growing strand) is given under each graph, in which 

underlined region belongs to the primer. Pink dashed lines indicate the positions of AP sites. 

Base-substitution data at the AP sites are omitted in this figure (shown in Fig. 5). Vertical 

axis (%) indicates the frequency of base-substitution per synthesis at indicated position of 

template. Reactions were repeated three times and mean data with SD of the triplicate 

experiments are shown. The number of qualified output sequences that was obtained from 

each reaction is given as “n”. See text and Materials and Methods for more details. (D) An 

oligo containing two adaptors (TSO561, Supplemental Fig. S1C and Table S1) was directly 

subjected to NGS analysis to quantitate background of the analysis.
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Fig. 3. Analysis of base-substitution by Polη and Polζ on undamaged templates
Base-substitution frequencies in total of 300-nt of undamaged template DNA, (position #22–

71 of type A to F templates, constituted by 73 “A”, 74 “C”, 77 “G”, and 76 “T”) were 

analyzed. (A) Average base-substitution frequencies by Polη and Polζ. Error bars are SD (n 

are from 73 to 77). (B) The three most predominant base-substitution types by Polη and 

Polζ were selected from (A), and individual sites of the substitutions were sorted by 

frequencies. Colored squares indicate DNA sequence of the growing strand from 10-nt 

upstream (−10) to 5-nt downstream (+5) of the substitution sites. All substitution sites were 

sorted from highest (top) to lowest (bottom) frequency, which is indicated by the bar graphs. 

Positions of substitutions are indicated by “0”. (C) Effects of the bases from 3-nt upstream 

to 1-nt downstream of the substitution on the substitution frequencies. Height of each letters 

represents the relative substitution frequencies to the average value when the specific bases 

exist at given positions. Significance of difference between most and least prevalent bases at 

each position is indicated by asterisks (*, **, ***, and **** indicate p<0.05, p<0.01, 

p<0.001, and p<0.0001, respectively).
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Fig. 4. Correlation of base-substitution frequencies created by Polη and Polζ on undamaged 
templates
(A) Frequencies of indicated base-substitutions by Polη (x-axis) versus by Polζ (y-axis) at 

individual substitution sites are plotted. Error bars are SD (n=2–3). Dashed lines in the 

plotting area indicate medians, and numbers in four sections above each graph indicate the 

numbers of data points in corresponding sections in the plotting area. The value “r” is the 

Pearson correlation coefficient (with two-sided p values).

(B) Effects of the bases from 3-nt upstream to 1-nt downstream of the substitution on the 

substitution frequencies by each polymerase are expressed as heights of the letters, as in Fig. 

3C.
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Fig. 5. Polη and Polζ have distinct nucleotide incorporation and deletion spectra at AP site
(A) Nucleotides opposite to the AP sites. TLS reaction was carried out on the templates 

containing 28AP or 43AP by Polη, Polζ, or a mixture of Polη and Polζ (η+ζ). The fully 

extended TLS products were analyzed by NGS, and the nucleotides inserted opposite to the 

AP sites (colored bars), single nucleotide and multi-nucleotide deletions to skip the lesion 

(open and grey bars, respectively), more than one nucleotide insertions over the lesion 

(striped bar) and others (black bar) were quantified. (B) Analysis of the multi-nucleotide 

deletions at AP sites. Shaded sequences indicate the sites of deletion at indicated 

percentages in the TLS products. The red “X” is the position opposite to the AP site. All the 

deletions produced at the frequencies above 0.1% in each TLS product were shown. (C) 

Effects of AP sites on base substitutions in the flanking regions. Base substitutions that were 

changed by the presence of AP sites were calculated by subtracting the substitution 

frequencies on the undamaged template from the frequencies on the AP-containing 

templates.
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Fig. 6. Base-substitution signatures of Polη and Polζ on undamaged template in a three-base 
format
Substitution frequencies of Polη and Polζ at the center of three-nucleotide sequences were 

calculated from the data presented in Fig. 2A and Supplemental Fig. S2. Frequencies of 

complementary changes are organized in the same columns in different colors. For example, 

“5′ATC→5′AGC” substitution and “5′GAT→5′GCT” substitution are complementary to 

each other, thus their frequencies are categorized in the “T → G” group and stacked in the 

single column (ATC) as green (forward) and blue (complementary) bars, respectively. 

Asterisks below the graphs indicate significance of difference in the two polymerases 

making forward (green asterisks) and complementary (blue asterisks) base-substitutions (*, 

**, ***, and **** indicate p<0.05, p<0.01, p<0.001, and p<0.0001, respectively).
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