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Abstract

There exist two major base excision DNA repair (BER) pathways, namely single-nucleotide or 

“short-patch” (SP-BER), and “long-patch” BER (LP-BER). Both pathways appear to be involved 

in the repair of small base lesions such as uracil, abasic sites and oxidized bases. In addition to 

DNA polymerase β (Polβ) as the main BER enzyme for repair synthesis, there is evidence for a 

minor role for DNA polymerase lambda (Polλ) in BER. In this study we explore the potential 

contribution of Polλ to both SP- and LP-BER in cell-free extracts. We measured BER activity in 

extracts of mouse embryonic fibroblasts using substrates with either a single uracil or the 

chemically stable abasic site analog tetrahydrofuran residue. The addition of purified Polλ 
complemented the pronounced BER deficiency of POLB-null cell extracts as efficiently as did 

Polβ itself. We have developed a new approach for determining the relative contributions of SP- 

and LP-BER pathways, exploiting mass-labeled nucleotides to distinguish single- and 

multinucleotide repair patches. Using this method, we found that uracil repair in wild-type and in 

Polβ-deficient cell extracts supplemented with Polλ was ~80% SP-BER. The results show that 

recombinant Polλ can contribute to both SP- and LP-BER. However, endogenous Polλ, which is 

present at a level ~50% that of Polβ in mouse embryonic fibroblasts, appears to make little 

contribution to BER in extracts. Thus Polλ in cells appears to be under some constraint, perhaps 

sequestered in a complex with other proteins, or post-translationally modified in a way that limits 

its ability to participate effectively in BER.
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1. Introduction

DNA repair is essential for maintaining genome integrity, and thus for the genetic stability 

and survival of cells. BER is a ‘housekeeping’ function that deals with frequently generated 

lesions such as deaminated, alkylated or oxidized bases, abasic sites, and various types of 

DNA strand breaks [1]. In vitro studies have demonstrated the existence of a single-

nucleotide repair or “short-patch” pathway (SP-BER) and a multinucleotide “long-patch” 

pathway (LP-BER) [2–5]. For both, a lesion-specific DNA glycosylase removes the 

damaged base, following which an AP endonuclease cleaves the apurininc/aprimidinic (AP) 

site; hydrolytically generated AP sites also enter BER here [6]. The repair of certain 

oxidative lesions initiated by the bifunctional glycosylases NEIL-1 and −2 may proceed by 

an Ape1-independent pathway in which these glycosylases cleave the AP sites by a dual β-/

δ-elimination reaction that removes the abasic residue, and polynucleotide kinase/

phosphatase removes the 3’-phosphate [7,8]. Next, DNA polymerase β (Polβ) replaces the 

missing nucleotide, and via a separate active site catalyzes the removal of the 5’-

deoxyribose-5- phosphate (5’-dRP) moiety to generate a normal 5’-phospho-nucleotide, 

which can be ligated to the 3’-hydroxyl in the final BER step [6]. In the case of LP-BER, 

two or more nucleotides are inserted by Polβ and probably other DNA polymerases [9,10], 

which also displaces the 5’ strand. The displaced 5’ “flap” is cleaved by flap endonuclease-1 

(Fen1) to generate a ligatable substrate [6].

In mammals, Polβ is thought to be the main polymerase involved in BER [11–14]. As noted 

above, Polβ has two enzymatic activities in BER, namely a DNA repair polymerase and a 

5’-dRP lyase. DNA synthesis is carried out by the C-terminal 31-kDa DNA polymerase 

domain, while the removal of 5’-dRP is catalyzed by the N-terminal 8-kDa dRP lyase 

domain [15,16]. DNA polymerase λ (Polλ) is another X-family DNA polymerase and the 

closest homolog of Polβ. Human Polλ is a ~64-kDa protein having 33% sequence identity 

with Polβ in the region of homology [17,18]. Like Polβ, the catalytic core of Polλ possesses 

an 8-kDa dRp lyase domain and a 31-kDa DNA polymerase domain [19–21]. In addition, 

Polλ has a large N-terminal BRCT domain that mediates protein-protein interactions with 

proteins involved in nonhomologous end joining [22,23]. An adjacent serine-/proline-rich 

segment undergoes post-translational modifications [24,25]. Consistent with the 5’-dRP 

lyase and DNA polymerase activities of Polλ, several in vitro studies imply a role for it in 

BER [26,27]. Polλ can substitute for Polβ in a reconstituted SP-BER reaction with purified 

proteins [19]. S.H. Wilson and coworkers [28–30] have demonstrated that the elimination of 

Polλ makes cells hypersensitive to H2O2, and that Polβ-deficient MEF cells have some 

residual BER activity that can mostly be ascribed to Polλ. Moreover, eliminating both Polβ 
and Polλ in MEF and chicken DT40 cells has an additive effect on BER activity and the 

cytotoxicity of H2O2 [29,30]. In addition, Polλ physically interacts with some DNA 

glycosylases involved in BER [30,31] and with PCNA and Fen1, consistent with a role for 

the protein in BER [32,33].

In that the known phenotypes of cells devoid of Polβ are more dramatic than those of Polλ-

deficient cells, Polλ is generally viewed as a “back-up” enzyme for BER. In the present 

study, we sought to further understand the contributions of Polλ to both SP- and LP-BER. 

We analyzed BER activity in extracts from POLB-knockout MEF cells supplemented in 

Thapar and Demple Page 2

DNA Repair (Amst). Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vitro with either full-length or a truncated version of Polλ that corresponds to the Polβ 
homology domain. The distribution of SP- and LP-BER in the repair of a uracil residue in 

these extracts was determined using a mass-labeling approach. Additionally, in an effort 

toward understanding the roles of 5’-dRP lyase and polymerase activities in influencing the 

preferred pathway for repair, we measured BER activity in extracts from Polβ-deficient 

MEF extracts expressing either a lyase-dead or a DNA polymerase-dead variant of Polβ.

2. Materials and Methods

2.1 Materials

All oligonucleotides were synthesized and HPLC purified by Eurofins Genomics [U-top (5’-

[Tetramethylrhodamine]-

TTGCATGCCTGCAGGTCGAUTCTAGAGGATCCCCGGGTACCGAGCTCGA-3’), F-top 

(5’-GCTTGCATGCCTGCAGGTCGAFTCTAGAGGATCCCCGGGTACCGAGCTCGA 

[Tetramethylrhodamine]-3’), G-template (5’-

GTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGC-3’) 

and Biotin-31U-primer (5’-[Phos]TCGG(dT-

biotin)ACCCGGGGATCCTCTAGAGTCGACCU-3’). Uracil-DNA glycosylase (UDG), T4 

DNA polymerase, T4 DNA ligase, EcoRI (HF), PstI (HF) and SalI (HF) were from New 

England BioLabs. Human Ape1 and Polβ were purified as previously described [34]. 

pGEM-3Zf(+) plasmid, R408 helper phage and JM109 competent cells were from Promega. 

The DNA kilobaseBINDER kit was from Thermo Fisher Scientific. Full-length human Polλ 
protein and rabbit anti-Polλ polyclonal antibody were kind gifts from Drs. Thomas Kunkel 

and Samuel H. Wilson respectively. Polλ−39 was a generous gift from Dr. Miguel Garcia-

Diaz. G418 and hygromycin were from Sigma. ‘Heavy’ dGTP or 2’-deoxyguanosine 5’-

triphosphate (13C10, 98%; 96–98% 15N5,) was procured from Cambridge Isotope 

Laboratories, Inc.

2.2 Cell lines

Human embryonic kidney cells (HEK293) were cultured in Dulbecco’s modified Eagle’s 

medium supplemented with 10% fetal bovine serum. The wild-type (WT), POLB+/+ MEF 

cell line (Mβ 16tsA) and the isogenic POLB−/− cell line (Mβ 19tsA) were cultured as 

described [12]. The cell lines expressing Polβ in a POLB−/− background MB38Δ4 (Flag-

K35A/K68A/K72A-Polβ, or Flag-D256A-Polβ) and MB36.3 expressing WT Polβ were 

kindly provided by Dr. Samuel H. Wilson (NIEHS, National Institutes of Health) and were 

cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine 

serum. In addition, MEF expressing the Polβ-variants were cultured in G418 (300 μg/ml). 

All cell lines were grown at 37°C under 5% CO2.

2.3 Preparation of linear duplex and plasmid substrate

Linear duplexes containing a uracil or a tetrahydrofuran (F) residue were prepared by 

annealing the ‘U-top’ or ‘F-top’ oligonucleotides with the ‘G-template’ oligonucleotide in a 

1:1.1 ratio in a buffer containing Tris-HCl, pH 7.9, 50 mM NaCl, 10 mM MgCl2 and 1 mM 

dithiothreitol.
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Closed circular pGEM-3Zf (+) plasmid DNA containing a site-specific uracil was prepared 

as previously described [35], but with biotin-31U primer and ‘heavy’ dGTP. Briefly, single 

stranded pGEM-3Zf (+) plasmid DNA was prepared by first transforming JM109 bacteria 

with the pGEM-3Zf (+) plasmid. Transformed bacteria were infected with R408 helper 

phage to produce pGEM-3Zf (+) phage. The phage ssDNA was purified by the 

cetyltrimethylammonium bromide precipitation method [36]. The biotin-31U primer (200 

pmol) was annealed to the ssDNA template (100 pmol) and primer extension was 

performed. Each primer extension reaction contained 100 pmol of primed ssDNA template, 

20 mM Hepes-KOH (pH 7.8), 2 mM dithiothreitol, 10 mM MgCl2, 1 mM ATP, 100 μg/ml 

bovine serum albumin, 450 μM each of dATP, dTTP, dCTP, and ‘heavy’ dGTP, 200 units of 

T4 DNA polymerase, and 20,000 units of T4 DNA ligase. Reactions were incubated at 37°C 

for 4 h and subsequently terminated by the addition of EDTA to a final concentration of 20 

mM. Covalently closed circular duplex DNA was purified by ethidium bromide-cesium 

chloride density ultracentrifugation and extraction with n-butanol [35], followed by dialysis 

against 10 mM Tris-HCl, pH 7.5, 1 mM EDTA. Purified dsDNA was analyzed on a 1% 

agarose gel and verified for the presence of uracil by treating an aliquot with a modest 

excess of UDG and Ape1. Typically, >98% of DNA contained uracil.

2.4 Preparation of cell-free extracts

Cell extracts were prepared as described previously [28]. Briefly, cells were trypsinized to 

remove them from culture dishes and collected by centrifugation at 500×g. The cells were 

then washed in phosphate-buffered saline, and centrifuged again before resuspending in 

buffer containing 10 mM Tris-HCl, pH 7.8 and 200 mM KCl (typically using 40 μL). Next, 

the suspension was mixed with an equal volume of a second buffer containing 10 mM Tris-

HCl, pH 7.8, 600 mM KCl, 2 mM ethylenediaminetetraacetic acid (EDTA), 40% glycerol, 

0.2% Nonidet P-40, 2 mM dithiothreitol, and supplemented with protease inhibitor cocktail 

(Roche) and fresh 0.5 mM phenylmethane sulfonyl fluoride. The suspension was mixed 

gently for 1.5 h at 4°C and centrifuged at 16,000×g for 10 min, and the supernatant 

collected. The extracts were typically split into 20-μL or 100-μL aliquots, flash-frozen, and 

stored at −80°C. The protein concentrations of the extracts were determined using the Bio-

Rad Coomassie brilliant blue protein assay, using bovine serum albumin as the standard.

2.5 In vitro BER assay with cell-free extracts

All assays were carried out in reactions containing 45 mM HEPES-KOH, pH 7.5, 60 mM 

KCl, 5 mM MgCl2, 0.4 mM EDTA, 1 mM dithiothreitol, 2 mM ATP, 1 mM nicotinamide 

adenine dinucleotide, 100 μg/ml bovine serum albumin and 20 μM each of dTTP, dCTP, 

dGTP and dATP. Typically, 3.3 pmol of linear duplex DNA and 50 μg of extract were used 

for each reaction. Reactions were incubated at 37°C, aliquots removed at the indicated times, 

and the reactions stopped by adding EDTA to a final concentration of 20 mM.

2.6 Analysis of BER reaction products

At each time point, the total amount of repaired DNA was assayed by heat-killing proteins at 

65°C for 20 min, followed by treatment with a moderate excess of UDG and Ape1 (for 

uracil substrate) or just Ape1 (for F substrate) and incubation at 37°C for 15 min to ensure 

cleavage of any unrepaired DNA. The reaction products were resolved on a 16% 
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polyacrylamide gel containing 7 M urea and 25% formamide in 90 mM Tris-HCl, 90 mM 

boric acid and 2 mM EDTA, pH 8. The gel was visualized on a Typhoon FLA laser scanner 

(GE Healthcare). Densitometric analysis of bands corresponding to the repaired and 

intermediate(s) DNA species was carried out using ImageJ software. The fraction of DNA 

repaired was determined by normalizing the densitometric intensity of the repaired DNA 

band to that for the total DNA in all bands.

2.7 In vitro SP-BER with purified enzymes

The reaction mixtures contained 25 pmol of circular DNA substrate, 10 pmol each of UDG, 

Ape1 and Polβ, 20 μM dTTP, 1.5 mM ATP and 800 units of T4 DNA ligase in 45 mM 

HEPES-KOH, pH 7.5, 60 mM KCl, 5 mM MgCl2, 0.4 mM EDTA, 1mM dithiothreitol and 

100 μg/ml bovine serum albumin. Following incubation at 37°C for 60 min, the repair patch 

size analysis was performed as described in section 2.8.

2.8 Repair patch size analysis

BER reactions containing 25 pmol of plasmid substrate and 850 μg of cell extracts were 

prepared in the standard buffer described above. After a 60 min incubation at 37°C, samples 

were subjected to phenol-chloroform extraction followed by ethanol precipitation of DNA. 

The DNA in each sample was digested with 70 units each of EcoRI and PstI (Supplemental 

Fig. S1). The digested DNA was captured on streptavidin Dynabeads (Thermo Fisher 

Scientific) according to the manufacturer’s instructions. The DNA-beads suspension was 

incubated with a modest excess of UDG and Ape1 for 3 h at 37°C, after which the beads 

were collected on a magnetic stand, and the supernatant was discarded. The DNA-containing 

beads were resuspended in distilled water and subjected to restriction digestion by 30 units 

of SalI at 37°C for 3 h with intermittent shaking, which releases a 10-nucleotide DNA 

fragment Supplemental Fig. S1). After digestion, the supernatant was collected in a fresh 

tube and used as the sample for matrix-assisted laser desorption ionization/time-of flight 

mass spectrometry (MALDI-TOF-MS) analysis. The samples were concentrated in an 

evaporator, and purified using a ZipTip C18 resin. The sample was mixed with a 3-

hydroxypicolinic acid matrix and applied to a MALDI target plate. The co-crystallized 

mixture on the plate was subjected to MALDI-TOF-MS analysis using the Voyager-DE STR 
(Applied Biosystems) instrument. The peak intensities generated in this way were used to 

determine the relative amounts of SP- and LP-BER.

2.9 Transfection

Transfection of the circular DNA uracil substrate was carried out in HEK293 cells. The cells 

were seeded at a density of 2.2 × 106 cells in 10-cm dishes. When the cells had reached 

~80% confluence, transfection was carried out using the Lipofectamine 2000 reagent 

(Thermofisher) according to the manufacturer’s protocol. For each plate, 16 μg of the 

circular DNA substrate and 70 μL of transfection reagent were used. Plasmid DNA was 

recovered at 16 h post-transfection in two steps: alkaline lysis of the cells to precipitate out 

the chromosomal DNA, following which the lysate was loaded on to a Qiagen Genomic-tip 

20/G, and the DNA purified according to the manufacturer’s instructions.
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3. Results

3.1 Defective SP- and LP-BER in extracts of POLB−/− cells

We began by assessing the BER capacity of extracts from WT and POLB−/− MEF using 

linear duplex substrates containing a single uracil or F residue. The latter is a synthetic 

analog of an AP site that cannot be repaired by SP-BER [37]. Cell-extracts from MEF 

devoid of Polβ had a pronounced BER defect for both substrates tested, ~4-fold lower for 

uracil and ~8-fold for F (Fig. 1). This defect in BER activity in Polβ-deficient cells was 

reversed by adding purified Polβ (Fig. 2A) to the extract in amounts equal to the 

endogenous Polβ level, as determined by western blotting (Supplemental Fig. S2) and 

consistent with an earlier study [38]. These results indicate the importance of Polβ in both 

SP- and LP-BER, consistent with prior studies [9,11,12,39]. Our results specifically 

corroborate previous reports [13,40] of a critical role for Polβ in LP-BER.

3.2 Restoration of BER in POLB−/−extracts by addition of Polλ

In order to explore the possible BER roles of Polλ, we tested whether supplementing Polβ-

deficient extracts with the catalytic domain of Polλ (Polλ−39) could alleviate the BER 

defects of those extracts (Fig. 2B). Interestingly, adding Polλ−39 in an amount equivalent to 

the endogenous Polβ level fully restored the BER activity for both uracil and F in both rate 

and extent (Fig. 2A). These data show that Polλ−39 has the potential to support both SP- 

and LP-BER as effectively as does Polβ.

The ability of exogenous Polλ−39 to enable wild-type levels of SP- and LP-BER is 

something of a paradox, as Polλ is already present in the POLB−/− cells. We estimated the 

level of Polλ protein in MEFs by western blotting (Supplemental Fig. S2). This estimate 

gave a value ~50% of the Polβ level (0.1 pmol Polβ per 10 μg cell extract or ~7×104 

molecules/cell), which in principle could support considerable BER activity - yet it does not. 

One possibility is that the separated 39-kDa domain of Polλ is hyperactive in BER 

compared to the full-length protein. We therefore tested whether addition of recombinant 

full-length Polλ could restore BER in POLB−/− extracts. For both uracil and F repair, the 

added full-length Polλ complemented the BER defect nearly as efficiently as did exogenous 

Polλ−39 and Polβ (Fig. 2C). Collectively, these results show that, in MEF extracts, added 

exogenous Polλ−39 and full-length Polλ can support efficient BER.

It seemed possible that we had misestimated the Polβ and Polλ levels such that we were 

adding excessive amounts of the proteins to the extracts. We therefore performed a series of 

titration experiments with Polβ and full-length Polλ, adding the purified proteins in amounts 

10–200% of the level used for Fig. 2. The results (Fig. 3) indicate that these enzymes were 

not in large excess, with a level of 50% already showing reduced SP- and LP-BER, and still 

further reductions at lower levels. Thus, there appears to be sufficient endogenous Polλ to 

have considerable potential in BER.

3.3 Validation of method to assess BER patch size

We developed a new approach to determine the contribution of the single-nucleotide and 

multinucleotide pathways in BER. As described in section 2.3, we constructed substrates 
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with a single uracil residue with nearby mass-labeled dGMP residues (Fig. 4A). The assay is 

based on the principle that replacement of each “heavy” dGMP by a normal dGMP during 

the course of repair would decrease the mass number of the repaired DNA by ≈15 mass 

units, with a corresponding shift in the m/z peak in the MALDI mass spectrum (Fig. 4B). 

For illustration purposes, the schematic shows six nucleotides downstream from the lesion. 

In our experiments, the final DNA fragment generated after digestion with restriction 

enzymes is a 10-mer with three nucleotides downstream from lesion position (Supplemental 

Fig. S1, Supplemental Table 1). To test the robustness of this approach and to validate the 

assay, we reconstituted SP-BER with purified proteins (and only dTTP, to prevent LP-BER; 

Fig. 4A) acting on the mass-labeled plasmid substrate. The repaired sample was processed 

for analysis by MALDI-MS (see Section 2.8). The calculated mass of the substrate/

unrepaired oligonucleotide is 3070 mass units, while that of the expected SP-BER product is 

3084 (Supplemental Table 1), resulting from the replacement of a dUMP residue by a dTMP. 

MALDI –MS analysis of the repaired sample resulted in a peak at m/z= 3083, while the 

control (unrepaired) sample generated a peak at m/z= 3071 (Supplemental Fig. S3 A, B), 

consistent with the expected action of SP-BER. An error of ± 1 mass unit in the observed 

mass is within the calibration error of the instrument for these samples (analysis in the linear 

mode results in a broad peak, and Gaussian smoothing of the curve can result in small 

discrepancies).

In addition to validate the method in a more complete system, we measured repair of the 

mass-labeled uracil substrate using HEK293 cell extracts. In those experiments, 60–80% of 

the starting substrate was repaired (data not shown). Nearly two-thirds of the repair events 

proceeded via SP-BER (Fig. 4C), which was consistent with previous studies demonstrating 

single-nucleotide repair as the predominant pathway for uracil repair in other mammalian 

cell extracts [2,11]. Next, in order to determine whether the mass-labeled substrate is 

repaired effectively in vivo, we transfected the plasmid substrate into HEK293 cells (which 

has relatively high transfection efficiency; [41]). Of the total recovered plasmid DNA (see 

Fig. 5A), ~45% was repaired (Fig. 5B). Unfortunately, however, the low overall yield of 

DNA recovered in this procedure was too low for MALDI-MS analysis to determine repair 

patch size.

3.4 Analysis of repair patch size for uracil in MEF cell extracts

Uracil can be repaired by both SP- and LP-BER, as has been demonstrated both with 

purified enzymes and in mammalian cell-free extracts [2,4,5,11,42,43]. Here we sought to 

ascertain the distribution of SP-and LP-BER in uracil repair with WT extracts, or POLB−/− 

MEF extracts supplemented with purified Polλ−39. Similar to the result observed with the 

linear duplex substrate, we found that, compared to WT extracts, POLB−/− extracts were 

deficient in repairing the mass-labeled circular DNA substrate (Fig. 6A). As seen with the 

linear DNA substrates, adding recombinant Polβ to Polβ-deficient extracts restored the BER 

activity for the circular DNA substrate. Again, adding either Polλ−39 or the full-length Polλ 
increased the total substrate repaired during 60 minutes (Fig. 6A). We then determined the 

uracil-repair patch size using the mass-label assay. In WT MEF extracts, the majority (80%) 

of repair occurred by SP-BER (Fig. 6B; Supplemental Fig. S4A); the amount of repaired 

DNA in the POLB−/− extract was too low to allow a repair patch size analysis. In Polβ-
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deficient extracts supplemented with Polλ−39, ~8 0% of the repair was via SP-BER and 

20% by LP-BER (Fig. 6B; Supplemental Fig. S4B). Together with the observations from 

Fig. 2, we conclude that Polλ−39 is able to participate effectively in SP- and LP-BER in 

cell-free extracts.

In preliminary experiments we determined the sensitivity limit in our mass spectrometry 

analysis to be ~50 fmol oligonucleotide (in the buffer 50 mM NaCl, 10 mM Tris-HCl, 10 

mM MgCl2, 1 mM dithiothreitol, and desalted using a C18 resin). In some experiments, the 

peak for LP-BER (which was typically 25% of the SP-BER peak) was not always well 

resolved (signal: noise ≤3), possibly due to a lower amount of material (<50 fmol) and the 

presence of low-molecular-weight species that increased the overall noise. The noise from 

low-molecular-weight species in the range of 1000–2000 Da (Supplemental Fig. S3) might 

be due to buffer components or cell extract material carried over into the final sample (see 

Section 2.8).

3.5 5’-dRP lyase and DNA polymerase activities of Polβ in BER

Polβ possesses a 5’-dRP/AP lyase activity contained in its 8 kDa N-terminal domain, and a 

DNA polymerase activity contained in its 39 kDa C-terminal domain [44]. It has been shown 

that the 5’-dRP lyase activity of Polβ, rather than the DNA polymerase activity, is required 

for the resistance of MEF cells to the DNA alkylation damage caused by methyl 

methanesulfonate [12]. To test the contribution of these activities in SP- and LP-BER in the 

extracts, we measured the BER activity of POLB−/− MEF extracts expressing either a lyase-

dead (K35A/K68A/K72A) or a polymerase-dead (D256A) variant of Polβ [39] (see Fig. 

7A). For the K35A/K68A/K72A protein, a partial deficiency in uracil repair was observed as 

expected (Fig. 7B, left). However, we did not expect the observed 2- to 3-fold reduction in 

repair of an F-residue (Fig. 7B. right), which cannot be excised by the lyase. Extracts from 

cells expressing the D256A variant exhibited an acute repair defect for both substrates 

equivalent to that of MEF extracts devoid of Polβ (Fig. 7B). This result indicates a critical 

role of the polymerase activity of Polβ in both SP- and LP-BER, which contrasts with the in 
vivo result in which the polymerase activity was dispensable [39]. In our scenario, other 

polymerases in the extract cannot substitute for Polβ, even in LP-BER. However, it was 

possible that D256A-Polβ binds to the BER substrate tightly enough to prevent access by 

other DNA polymerases. To rule out this possibility, we tested whether supplementing the 

D256A-expressing extracts with either Polβ or Polλ affects BER activity. For both uracil 

and F-substrates the level of BER was restored by the addition of a recombinant polymerase 

(Fig. 7C).

For the circular DNA substrate, the overall repair (at 60 min) in both the lyase- and DNA 

polymerase-deficient extracts was ≤50% of that observed in the WT extracts (Figure 7B). 

The lower amounts of repaired DNA in those samples were not sufficient for the patch size 

analysis.

4. Discussion

In vitro studies with cell-free extracts have established Polβ as a central BER enzyme, with 

Polλ playing a secondary role or acting on a restricted category of substrates. Fitting a 
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central BER role for Polβ, this DNA polymerase acts preferentially at nicks or one-

nucleotide gaps in repair intermediates [45]. Although Polλ can act processively in small 

gaps in DNA [20], the enzyme has limited strand-displacement activity on nicked and one-

nucleotide gapped structures [32]. These characteristics might be expected to give Polλ a 

greater role in SP-BER than in LP-BER. However, in the presence of FEN1 and PCNA, the 

strand displacement activity of Polλ is stimulated [32,33], which would support LP-BER. 

Here we have shown that the Polβ-like Polλ−39 protein can participate in both SP- and LP-

BER when added to MEF extracts lacking Polβ. Full-length Polλ certainly can also 

participate in LP-BER, as the enzyme effectively supports repair of an F residue, which 

cannot be handled by SP-BER. Despite its evident potential, endogenous Polλ was unable to 

compensate for the loss of Polβ in MEF extracts, consistent with previous observations [28].

The 5’-dRP lyase activity of Polλ is ~4-fold lower than that of Polβ [19], while the single-

nucleotide gap-filling activity of both enzymes is similar [46], which might again point to a 

greater proportion of LP-BER with Polλ than with Polβ. The results seen with the titration 

of recombinant Polλ into POLB−/− MEF extracts (Fig. 3) indicate that the 5’-dRP lyase 

activity is not rate-limiting for the overall repair of a uracil residue in vitro. As a corollary, it 

seems unlikely that the slower 5’-dRP lyase activity of Polλ could be the reason for the 

observed repair deficiency in Polβ-deficient extracts. These observations suggest that 

endogenous Polλ is somehow restricted from participating in BER, at least for added DNA 

substrates.

The N-terminal 250 residues of Polλ can be divided into two major regions, a BRCT 

domain (residues 36–132), and a serine-/proline-rich region (residues 133–244) [27]. The 

BRCT domain of Polλ interacts with components of the non-homologous end joining 

(NHEJ) pathway, namely Ku protein and the XRCC4-DNA ligase IV complex. Consistent 

with these interactions, the BRCT domain is required for Polλ activity on a NHEJ model 

substrate in vitro [23,47,48]. The serine-/proline-rich region is a target for Cdk2-cyclin A 

phosphorylation, which affects Polλ’s interaction with PCNA, prevents Polλ degradation 

via the ubiquitin-proteasome pathway, and promotes recruitment of the DNA polymerase to 

chromatin [49–51]. More recently, threonine-204 was found to be phosphorylated by the 

ATM and DNA-PKcs kinases, which modulates Polλ activity and the protein’s interaction 

with other NHEJ proteins [24]. It is conceivable that other post-translational modifications 

influence activity or localization of the protein with regard to BER. Phosphorylation in the 

serine-proline-rich region does not influence the DNA polymerase activity of Polλ on an 

open primer/template structure [49]. However, Shimazaki et al. [52] showed that the activity 

of full-length Polλ on a poly(dA)-oligo(dT) substrate was ~3-fold lower than that of Polλ
−39. In one experiment with a SP-BER reaction reconstituted using a linear uracil substrate 

and purified enzymes, Polλ−39 generated twice as much repaired product as did the full-

length protein (Supplemental Fig. S5), which suggests that full-length Polλ may have 

reduced activity at BER substrates relative to Polλ−39. Nonetheless, the observation that 

exogenous full-length Polλ effectively complemented the BER defect in POLB−/− cell 

extracts shows that the recombinant protein does not have inherent defects in BER. Thus, 

endogenous Polλ may be constrained by interactions with other proteins, or modified in a 

way that limits the protein’s activity in BER.
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Removal of the 5’-dRP group is critical in BER, and this step can be rate-limiting in some 

circumstances [53]. The excision of the 5’-dRP moiety may occur either by the 5’-dRP lyase 

activity of a DNA polymerase or other enzyme, or by its removal as part of the “flap” during 

LP-BER [54]. Since the 5’-dRP lyase activity of polymerase is not used in LP-BER, we did 

not expect to see a decrease in BER of the F-substrate in extracts of cells expressing a lyase-

deficient form of Polβ. However, we observed a ~2-to 3-fold reduction in repair of the F-

substrate (Fig. 7B, right), which may be due inefficient PCNA-dependent repair of linear 

substrates [55]. This triply-substituted variant of Polβ also has decreased binding of the 5’-

phosphate on the downstream strand [15], which could affect the overall repair rate. In the 

case of uracil repair, extracts with lyase-deficient Polβ showed only a partial reduction in 

uracil repair activity on both linear and circular substrates (Fig. 6A, 7B), suggesting that 

other lyases can partially compensate for the loss of Polβ’s 5’-dRP lyase function. Another 

possibility is that the failure to process this 5’-blocking group skews the repair distribution 

toward LP-BER.

We also explored how a defect in the DNA polymerase activity of Polβ affected the repair of 

the uracil and F substrates. Although polymerases other than Polβ are implicated in LP-BER 

[9,10], in our experiments Polβ’s polymerase activity was essential for the efficient repair of 

both the uracil and the F-substrate. This result implies that, at least for a linear DNA 

substrate, Polβ plays a critical role in LP-BER too, perhaps for initiating DNA repair 

synthesis, which would be consistent with some previous observations [13,40]. It is also 

worth noting that, compared to WT cell-free extracts, the repair activity in POLB−/− extracts 

for the circular uracil substrate was only ~2-fold lower after 60 min, while it was ~4-fold 

lower for the linear substrate (compare Fig. 1A and 6A). The somewhat better Polβ-

independent repair for the circular substrate may reflect a higher contribution of PCNA-

dependent repair to it than to the repair of linear substrates [55].

Using a mass-label method, we report the measurement of the relative contribution of SP-

and LP-BER to uracil repair. In our reaction conditions, SP-BER was the predominant 

pathway in extracts of both HEK293 and WT MEF cells, consistent with previous 

observations with other mammalian cell-free extracts [2,11]. The distribution was retained 

when Polβ-deficient extracts were supplemented with recombinant Polλ−39. This result 

contrasts somewhat with a study reported by Mosbaugh’s group [56] using a different 

approach, in which >50% of uracil repair in MEF extracts was ascribed to LP-BER. More 

insightful would be to assess BER patch sizes in vivo. To this end, we have been able to 

recover circular DNA from HEK293 cells following transfection and demonstrated that it 

was ~50% repaired. Future efforts will focus on improving DNA recovery and optimizing 

the mass-label method to enable the eventual analysis of repair products formed in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Added DNA polymerase λ (Polλ) complemented BER defects in POLB−/− 

MEF extracts

• A new mass-label method determined the distribution of SP- and LP-BER in 

cells

• Added Polλ supported both the SP- and the LP-BER pathways in amounts 

Polβ

• Polymerase and lyase defects in Polβ both depressed SP- and LP-BER

• Endogenous Polλ is evidently constrained from acting in BER in cell-free 

extracts
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Figure 1. BER activity in MEFs.
Linear oligonucleotide duplexes containing a single uracil (A) or F lesion (B) were used as 

substrates in repair assays with WT and POLB−/− extracts. Reactions were performed and 

analyzed as described in Section 2.5 and 2.6. Where indicated (* time points), after the 

reaction an aliquot was treated with UDG and Ape1 (U substrate) or Ape1 alone (F-

substrate) to cleave any unrepaired DNA. After electrophoresis, the resolved products from 

the UDG/Ape1-treated treated samples were quantified to determine the fraction of DNA 

repaired. Positions of the substrate (S), intermediates, and repaired product (P) bands are 

indicated. For each experiment, a representative gel image is shown. The means ± standard 

errors are plotted (right; n=3).
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Figure 2. Polλ rescues the in vitro BER deficiency of POLB−/− extracts.
(A) For each sample, linear DNA substrate containing a single uracil or an F residue was 

incubated with 50 μg of POLB−/− extract, and where indicated, supplemented with 0.5 pmol 

of Polβ, with 0.5 pmol of Polλ−39, or (C) with 0.5 pmol of full-length Polλ. Reactions were 

performed and analyzed as described in Section 2. The means ± standard errors are plotted 

(n=3). Data points from experiment POLB−/− extract (Fig.1) are also plotted for reference. 

(B) A schematic showing the domain organization of Polλ.
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Figure 3. Titration of Polβ and Polλ in POLB−/− extracts.
The linear uracil and F substrates were used in a series of experiments where the indicated 

amounts of purified Polβ (left) or Polλ (right) were added to POLB−/− extracts. Reactions 

were performed with an incubation time of 30 min at 37°C and analyzed as described in 

Section 2.5 and 2.6. The means ± standard errors are plotted (n=3).
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Figure 4. Assay to measure repair patch size.
(A) Plasmid substrate with a site-specific uracil and flanking mass-labeled guanine 

nucleotides. (B) Schematic of the assay workflow. For details see Section 2.3 and 2.8. (C) 
Mass spectrum of repaired DNA using MALDI in the reflector mode. The sample was 

incubated with a HEK293 extract (see Section 2.8). Carbon isotope peak pattern is shown 

(C) for both SP-BER (calculated molecular mass= 3084) and LP-BER (calculated molecular 

mass= 3068).

Thapar and Demple Page 19

DNA Repair (Amst). Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Analysis of repaired plasmid DNA recovered after transfection.
Recovered DNA (A, lane 2) was confirmed by restriction digestion with AatII and BamHI 

(A, lane 3). The pGEM3Zf (+) plasmid was loaded as a marker (A, lane1). Leftmost lane: a 

1-kb ladder. The amount of DNA repaired was estimated by treating the samples with UDG 

and Ape1 (using amounts sufficient to cleave all unrepaired DNA, as determined by 

experiments with the unrepaired substrate), and the products were resolved on a 0.8% 

agarose gel containing ethidium bromide. Analysis of the DNA recovered from two 

experiments is shown (B, lane 1 and 2).
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Figure 6. Uracil-repair patch size distribution.
(A) Quantitative analysis of total repair of the circular substrate using MEF extracts. 

Reaction mixtures containing 0.1 pmol of circular substrate in the standard in vitro assay 

reaction buffer (see Section 2.5) and 3.5 μg of cell extract were incubated at 37°C for 60 

min, followed by incubation at 65°C for 20 min to inactivate enzymes. The total repaired 

DNA in each sample was determined by adding UDG and Ape1 to ensure cleavage of any 

unrepaired DNA. Reaction products were resolved on a 0.8% agarose gel and quantified 

using ImageJ. (B) Uracil-repair patch size distribution determined after MALDI-mass 

spectrometry. Analysis was performed as described in Section 2.8.
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Figure 7. The 5’-dRP lyase and DNA polymerase activities of Polβ in BER.
(A) Domain organization of Polβ showing the position of residues changed in the Polβ 
variants. (B) Repair of uracil and F-containing linear substrates in WT, POLB−/− MEF 

extracts and extracts from POLB−/− cells expressing lyase-dead (K35A/K68A/K72A) or 

polymerase-dead (D256A) variants of Polβ, with Polλ, or with Polλ−39. Data points from 

experiment with WT and POLB−/− extract (Fig.1) are also plotted for reference. (C) Repair 

of uracil and F-containing linear substrates in POLB−/− MEF extracts expressing D256A 

variant of Polβ and supplemented with 0.5 pmol of recombinant Polβ or Polλ. Data points 

from experiment D256A-Polβ expressing extract are also plotted for reference. The means ± 

standard errors are plotted (n=3).
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