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Abstract

DNA Polymerase β (Polβ) performs two critical enzymatic steps during base excision repair 

(BER) - gap filling (nucleotidyl transferase activity) and gap tailoring (dRP lyase activity). X-ray 

repair cross complementing 1 (XRCC1) facilitates the recruitment of Polβ to sites of DNA damage 

through an evolutionarily conserved Polβ/XRCC1 interaction interface, the V303 loop. While 

previous work describes the importance of the Polβ/XRCC1 interaction for human Polβ protein 

stability and recruitment to sites of DNA damage, the impact of disrupting the Polβ/XRCC1 

interface on animal viability, physiology, and fertility is unknown. Here, we characterized the 

effect of disrupting Polβ/XRCC1 heterodimerization in mice and mouse cells by complimentary 

approaches. First, we demonstrate, via laser micro-irradiation, that mouse Polβ amino acid 
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residues L301 and V303 are critical to facilitating Polβ recruitment to sites of DNA damage. 

Next, we solved the crystal structures of mouse wild type Polβ and a mutant protein harboring 

alterations in residues L301 and V303 (L301R/V303R). Our structural analyses suggest that 

Polβ amino acid residue V303 plays a role in maintaining an interaction with the oxidized 

form of XRCC1. Finally, we created CRISPR/Cas9-modified Polb mice with homozygous 

L301R/V303R mutations (PolbL301R-V303R/L301R-V303R) that are fertile yet exhibit 15% reduced 

body weight at 17 weeks of age, as compared to heterozygous mice. Fibroblasts derived from 

PolbL301R-V303R/L301R-V303R mice demonstrate that mutation of mouse Polβ’s XRCC1 interaction 

domain leads to an ~85% decrease in Polβ protein levels. In all, these studies are consistent 

with a role for the oxidized form of XRCC1 in providing stability to the Polβ protein through 

Polβ/XRCC1 heterodimer formation.

Graphical Abstract

Keywords

DNA Polymerase beta; XRCC1; protein interactions; X-ray crystallography; mouse model

1. Introduction

Base excision repair (BER) is an evolutionarily conserved DNA repair pathway that is 

essential for the repair and resolution of approximately 20,000 base lesions per cell per day 

in both the nuclear and mitochondrial genomes [1, 2]. BER and single-strand break repair 

(SSBR) mechanisms facilitate repair of base damage and DNA single-strand breaks [3, 

4]. This repair process helps avoid the accumulation of genome destabilizing base damage 

and BER intermediates which contribute to genomic instability, increased genetic mutations 
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(base alterations, strand breaks), cancer development, and cancer progression [5, 6]. BER 

is a multiple step pathway defined by lesion recognition and incision (i.e., via a DNA 

glycosylase and APE1/PNKP), DNA gap tailoring (by DNA polymerase β, Polβ), and DNA 

synthesis and ligation (by Polβ and DNA ligases I and III) [7].

Polβ catalyzes two separate and essential enzymatic functions utilized during BER (5’dRP 

lyase for gap tailoring, and nucleotidyl transferase for DNA synthesis), and Polb knockout 

mice do not survive long after birth, highlighting its cellular importance [8–11]. To 

facilitate lesion access and the rapid formation of BER protein complexes in chromatinized 

DNA, these reaction steps are coordinated following poly(ADP-ribose) (PAR) polymerase 

1 (PARP1) and PARP2 activation and production of poly(ADP-ribose) (PAR) [12]. The 

subsequent formation of BER protein complexes are then assembled via the PAR-binding 

scaffold protein X-ray repair cross complementing 1 (XRCC1) [13, 14]. Through its PAR 

binding domain (PBD), XRCC1 binds to PAR and facilitates the recruitment of BER/SSBR 

factors including Polβ, APTX and DNA ligase III to sites of DNA damage. Importantly, 

the recruitment of Polβ is dependent on the interaction with XRCC1 via a defined protein-

protein interaction domain [12, 15, 16].

We previously reported that disruption of the human Polβ/XRCC1 interaction led to 

diminished Polβ protein abundance [17]. Given the importance of Polβ on mouse survival, 

we herein investigated the role of the Polβ/XRCC1 interaction in a mouse model with 

targeted mutations in Polβ at the Polβ/XRCC1 interaction interface. We demonstrate that 

evolutionarily conserved Polβ amino acid residues L301 and V303 play a crucial role in 

mediating the Polβ/XRCC1 interaction in the mouse and in mouse cells. Disruption of L301 

or V303 through a single mutation significantly reduces mouse Polβ protein recruitment to 

sites of DNA damage, while the dual mutation (Polβ L301R/V303R) does not bind XRCC1 

and causes no detectable protein recruitment to sites of laser-induced DNA damage.

Numerous structures of human Polβ have been solved via X-ray crystallography [18–21]. 

Here, for the first time, we studied the unliganded crystal structures of truncated wild-type 

(WT) mouse Polβ and the Polβ L301R/V303R dual mutation, each lacking the N-terminal 

8 kDa lyase domain. Superposition of our mouse Polβ mutant model with the structure 

of rat Polβ protein complexed with the oxidized form of human XRCC1 [22] reveals that 

mutation of V303 to arginine would cause a direct clash with proline 2 of XRCC1, thereby 

leading to the likely destabilization of the Polβ/XRCC1 complex. Further, we generated 

CRISPR/Cas9-mediated Polβ L301R/V303R mice (PolbWT/L301R-V303R) and successfully 

bred them to homozygosity, suggesting loss of the Polβ/XRCC1 interaction is not necessary 

for survival, development, or fertility. Although the PolbL301R-V303R/L301R-V303R mice were 

smaller in size, they did not display any behavioral or stress-associated phenotypes, to-date. 

Finally, we verified that fibroblasts generated from PolbL301R-V303R/L301R-V303R mice do 

not show sensitivity to genotoxic stress but demonstrate significantly lower Polβ protein 

abundance similar to studies with human cells [17, 23].
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2. Materials and Methods

2.1 Reagents and chemicals

All plasmids, antibodies, chemicals, and other resources and reagents used in this study 

are listed in Table S1. The EGFP-Polβ lentiviral vectors were designed in-house and 

then purchased from VectorBuilder (Chicago, IL). The pGEX-4T3-mPOLB(WT) and 

pGEX-4T3-mPOLB(L301R/V303R) expression vectors were designed in-house and then 

purchased from GenScript USA (Piscataway, NJ).

2.2 Cells and cell culture

The SV40 Large T-antigen immortalized Polb(−/−) mouse embryonic fibroblast cell line 

88TAg was created as previously described [10, 24]. The 88TAg cells are available from 

ATCC (Cat# CRL-2820), Kerafast (Cat# ENH116-FP), and ABMGood (Cat# T3170). 

88TAg cells were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine 

serum, 1% Glutamax, and 1% penicillin/streptomycin and maintained in tissue culture 

incubators at 37°C, 5% CO2.

For generation of immortalized mouse ear fibroblast cells, tissue from the ears of 

PolbL301R-V303R/L301R-V303R or littermate WT mice were processed as previously described 

[25]. Briefly, mice were euthanized by CO2 and cervical dislocation, and tissue from the 

ears were harvested and processed independently for each line. Ears were briefly washed 

in 70% ethanol before being cut into small pieces (~3mm) and digested with collagenase 

and the Pronase protease for 1.5 hours at 37°C with continuous shaking. Enzymatically 

digested tissues were ground and filtered through a 70μm cell strainer, centrifuged twice 

at 580xg for 7 min, then plated into 100mm dishes for growth. Cells were cultured in 

RPMI 1640 media supplemented with 10% heat-inactivated fetal bovine serum, asparagine 

(100μM), 2-mercaptoethanol (50μM), 2mM glutamine, 1% antibiotic/antimycotic, and 1% 

penicillin/streptomycin. Amphotericin B (1:1000) was added to the media for the first 2 

weeks that cultures were being established. After 1 week and following 2 cell passages, the 

remaining fibroblasts were immortalized by transfection with an SV40 T-antigen encoded 

plasmid (pSVAgT), as we described previously [24]. Cells were passaged twice after SV40 

T-antigen immortalization prior to experimentation.

2.2 Lentivirus production and cell transduction

Lentiviral particles were generated by co-transfection of 4 plasmids into 293-FT cells 

using TransIT-X2 Transfection reagent: the packaging vectors pMD2.g(VSVG), pVSV-REV, 

and pMDLg/pRRE together with the appropriate shuttle vectors. Forty-eight (48) hrs after 

transfection, lentivirus-containing supernatant was collected and passed through 0.45μm 

filters to isolate the viral particles as described previously [17, 26].

Lentiviral transduction was performed as follows: 88TAg cells (1×105) were seeded 

into 6-well plates. Twenty-four (24) hrs later, lentiviral particles (1ml) were mixed with 

polybrene (2μg/ml) and added to the cells. Cells were incubated at 32°C overnight, and then 

medium with lentiviral particles was replaced with fresh medium. For transient expression 
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experiments, cells were then cultured for at least 96 hrs, but no more than two weeks, at 

37°C, before experimental analysis.

2.3 Laser micro-irradiation

For laser micro-irradiation, 5×104 cells were seeded into each well of an 8-chamber glass 

bottom vessel (Thermo Fisher Scientific, #155409). Twenty-four (24) hrs later, laser micro-

irradiation and subsequent time-lapse imaging were performed using a Nikon A1rsi laser 

scanning confocal microscope equipped with 6 visible wavelength lasers (405, 441, 514, 

561, 647nm, Coherent), customized to add a UVA 355nm laser (PicoQuant) controlled by 

a Bruker XY Galvanometer, and equipped with a live-cell incubation chamber (Tokai Hit) 

maintained at 5% CO2 and 37°C, using a 40x (NA=1.4) oil-immersion objective for 355nm 

laser micro-irradiation. For parallel irradiation, time lapse images were collected every 15 

s during a 10 min interval. Images of focal recruitment were quantified using the MIDAS 

software package for quantitation and statistical analysis of focal recruitment [12]. At least 

forty individual cells (2 sets of 10 cells were performed on 2 separate days) were analyzed 

and used to generate recruitment profiles and kinetic parameters.

2.4 Cell protein extract preparation and immunoblot

Cells were seeded into a 60mm cell culture dish. After reaching 75–80% confluency, cells 

were washed twice with cold PBS, collected, and lysed with an appropriate volume of 2x 

clear Laemmli buffer (2% SDS, 20% glycerol, 62.5mmol/l Tris-HCl pH 6.8). Cell lysates 

were boiled for 10 min and quantified with the DC protein assay kit following the microplate 

protocol provided by the company (Bio-Rad).

Whole cell protein lysates (15–40μg protein) were loaded onto precast NuPAGE 412% 

Bis-Tris gels and run for 1 hr at 120V. Gel electrophoresis separated proteins were 

transferred onto a PVDF membrane using a Turboblotter (Bio-Rad). The membrane was 

first blocked with B-TBST (TBS buffer with 0.05% Tween-20 and supplemented with 5% 

blotting grade non-fat dry milk; Bio-Rad) for 1 hr at room temperature and subsequently 

blotted with the primary antibodies in B-TBST overnight at 4°C. The primary antibodies 

and their dilutions are listed in Table S1. After washing, membranes were incubated 

with secondary antibodies in B-TBST for 1 hr (room temperature). The following HRP 

conjugated secondary antibodies were used: Bio-Rad Goat anti-mouse-HRP conjugate and 

Bio-Rad anti-rabbit-HRP conjugate (see Table S1). After washing, the membrane was 

illuminated with a chemiluminescent substrate. Protein bands were imaged using a Bio-Rad 

Chemi-Doc MP imaging system.

2.5 EGFP-Polβ/XRCC1 immunoprecipitation

88TAg mouse embryonic fibroblast (MEF) cells were transduced with lentivirus encoding 

EGFP-Polβ or the indicated EGFP-Polβ mutants. Cells were expanded using two 150mm 

dishes for each cell line, at which point the cells were lysed and EGFP-Polβ was 

immunoprecipitated using a GFP-Trap kit (Chromotek), following the manufacturer 

protocols. Cells were lysed (10mM Tris/HCl pH 7.5, 150mM NaCl, 0.5mM EDTA, 0.5% 

Nonidet P40) at 4°C for 30 minutes followed by centrifugation for 10 min at 14,000rpm 

and 4°C to clear the lysate of cellular debris. Samples were then diluted with dilution buffer 
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(10mM Tris/HCl pH 7.5, 150mM NaCl, 0.5mM EDTA) and then added to pre-equilibrated 

GFP-Trap magnetic beads to capture EGFP-Polβ and the bound proteins. Beads and protein 

were incubated at 4°C for 60 min with continuous inversion. Beads were then washed 

three times with wash buffer (10mM Tris/HCl pH 7.5, 150mM NaCl, 0.5mM EDTA, 0.05% 

Nonidet P40). Proteins were eluted from the beads by boiling for 10 min and loaded 

onto SDS-PAGE gels for immunodetection of Polβ and XRCC1. Immunoblot bands were 

quantified, with XRCC1 band density normalized to Polβ band density. Experiments were 

performed at least twice for lysates from cells expressing each EGFP-Polβ vector.

2.6 Polβ protein expression and purification

The pGEX4T3 expression vectors encoding full length (amino acids residues 1–335) or 

truncated (i.e., amino acids residues 88–335) WT and mutant (L301R/V303R) mouse Polβ 
were used to express the proteins in Rosetta 2(DE3)pLysS cells (Novagen) following 

induction by 1mM IPTG at 37°C for 2.5 hours. Cells were lysed in a buffer containing 

50mM HEPES pH 7.4, 500mM NaCl, 1mM ethylenediaminetetraacetic acid (EDTA), and 

1mM dithiothreitol (DTT) in the presence of 1mM phenylmethylsulfonyl fluoride (PMSF) 

and 1× complete EDTA-free protease inhibitor cocktail (Roche). Crude clarified lysate was 

incubated with glutathione sepharose beads (Cytiva) for 2 hours. The resin was washed 

with buffer A (50mM HEPES pH 7.4, 100mM NaCl, and 1mM DTT) and resuspended 

for cleavage of the GST tag by addition of 0.5mg purified TEV protease per 5mL of 

resuspended resin. The protein elutes in the flow through and is subsequently subjected to 

ion exchange chromatography in buffer A followed by a gradient elution with 1M NaCl. 

Protein preparations were concentrated to 10–20mg/ml and flash cooled in liquid nitrogen 

for long-term storage.

2.7 Protein crystallization and data collection

Crystallization drops were prepared by mixing 0.5μL protein (5mg/mL WT and 7.9mg/mL 

mutant) and 0.5μL reservoir solution containing 0.1M HEPES pH 7.5, 22.5–27.5% w/v 

PEG 3350, and 1.5% v/v tacsimate pH 7.0. Crystals were obtained between 6–27 days, 

mounted onto MiTeGen micro-loops, cryoprotected (0.1M HEPES pH 7.5, 22.5% w/v PEG 

3350, 1.5% v/v tacsimate pH 7.0, and 14% v/v ethylene glycol), and flash cooled in liquid 

nitrogen. X-ray diffraction data were collected on a Home Source (D8 Quest, Bruker). Data 

(20 sec per exposure) were collected to 1.65Å for the WT with a crystal-to-detector distance 

of 75mm and an image width of 0.2° per frame. For the mutant (L301R/V303R), data (20 

sec per exposure) were collected to 1.8Å with a crystal-to-detector distance of 60mm and an 

image width of 0.2° per frame.

2.8 Structure determination and refinement

The structures of mPolβ WT and mutant (L301R/V303R) were obtained by Molecular 

Replacement using Phaser-MR within the PHENIX suite using the WT rat Polβ model 

(PDB code 1ZQY) [27, 28]. A preliminary model of the WT and mutant (L301R/V303R) 

truncated mPolβ were achieved from molecular replacement solution with translational 

function Z-scores of 15.8 and 11.9, respectively. Models were built using Coot and refined 

using Phenix with >99% of residues in the preferred Ramachandran regions as determined 

by MolProbity [29, 30]. Coordinates were deposited to the protein data bank (PDB) with the 

Koczor et al. Page 6

DNA Repair (Amst). Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



codes 8E10 and 8E11 for the WT and mutant structures, respectively. All superimpositions, 

RMSD values, and structural figures were generated with MacPyMOL (The PyMOL 

Molecular Graphics System, Version 1.7.6.2; Schrödinger, LLC).

2.9 PolbWT/L301R-V303R mouse generation

The PolbWT/L301R-V303R mouse was generated by the University of Alabama 

Birmingham (UAB) Transgenic and Genetically Engineered Models (TGEM) Core. 

Two CRISPR guide RNAs (G1: 5’- GTACACCATCCGCCCCCTGG-3’; G2: 5’-

ATCCGCCCCCTGGGGGTCAC-3’) were designed using CRISPOR.tefor.net to target exon 

13 of the mouse Polb locus. Two symmetrical 100bp ssDNA repair templates were designed 

to introduce variants L301R and V303R, subsequently eliminating an XcmI restriction site 

that could be used for genotyping. The CRISPR guide and Cas9 protein were complexed 

in vitro before injection at a concentration of 50ng/μl of each guide RNA, 50ng/μl Cas9 

protein, and 50ng/μl ssDNA repair template into 0.5-day old C57Bl/6 mouse embryos. 

Embryos surviving microinjection were transferred into pseudo-pregnant recipients to 

develop to term. PCR amplification of genomic DNA extracted from pup tail biopsy at 

weaning and XcmI restriction digestion of the PCR amplicon were used to verify on 

target CRISPR activity. Sanger sequencing of the cloned PCR products confirmed correct 

integration of the intended variants. Upon receipt from UAB, the PolbWT/L301R-V303R mice 

were bred to C57/Bl6 mice (Jackson Labs) and then PolbWT/L301R-V303R mice from different 

litters were interbred to generate a homozygous colony (PolbL301R-V303R/L301R-V303R). All 

animal breeding was performed according to the institutional guidelines at the University of 

South Alabama (IACUC Protocol # 1577899–3).

2.10 Genotoxicity analysis

PolbL301R-V303R/L301R-V303R mouse ear fibroblasts were plated into a 96-well dish at a 

density of 1×104 cells per well, with 6 wells per cell line assayed. Cells were treated 

with methyl methanesulfonate (MMS) or hydrogen peroxide (H2O2) at the concentrations 

noted, and cells were allowed to grow for 5 days. After 5 days, cells were fixed using 

4% paraformaldehyde containing 20μM Hoechst 33342 dye. Cell nuclei were imaged and 

counted using a Celigo S Imaging Cytometer (Nexcelom Bioscience) and analyzed using 

GraphPad Prism (V9).

2.11 Statistical analysis

Averages and standard error of the mean (SEM) were calculated from the means (on 

technical replicates) of multiple independent experiments (n = number of independent 

experiments as indicated in figure legends), unless stated otherwise. Student’s t-test or 

ANOVA (with a Tukey post-hoc test) was used to test for significant differences as 

appropriate, with results generally compared to controls and as indicated in the figure 

legends. In cases where comparisons are made to a different experimental group besides 

the control, it is stated in the figure legend. P-values are indicated by asterisks (*p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001) or are stated in the figure legend. Statistical analyses 

were performed using GraphPad Prism except those explicitly determined in MIDAS.
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3. Results

3.1 Mutation of mouse Polβ amino acid residues L301/V303 (L301R/V303R) disrupts Polβ/
XRCC1 complex formation

Polβ maintains a genetically conserved XRCC1 interaction domain in the C-terminus [22] 

(Figs. 1A, S1A). Previous research by our group and others have identified Polβ amino acid 

residues L301, V303, and V306 as facilitating the interaction with XRCC1 [17, 31], but 

these studies focused primarily on the human protein (Polβ/XRCC1) complex. We recently 

demonstrated that the recruitment of human Polβ to sites of laser-induced DNA damage 

is dependent on its interaction with XRCC1 [12], confirming the role of the Polβ/XRCC1 

interaction domain (the V303 loop) on BER protein complex assembly. To determine if Polβ 
amino acid residues L301, V303, and V306 similarly facilitate the Polβ/XRCC1 interaction 

in mouse cells, we expressed an EGFP-fusion of the WT mouse protein (EGFP-Polβ) or 

those with individual mutations or combination mutations in Polβ knockout MEF cells 

(88TAg) and subsequently laser micro-irradiated the cells to induce DNA damage, as 

previously described [12]. Individual mutations in the V303 loop of EGFP-Polβ (L301R, 

V303R, and V306R) significantly reduced laser-induced focal recruitment, as compared to 

EGFP-Polβ (Figs. 1B,C and S1B). Peak recruitment intensity was diminished in EGFP-Polβ 
L301R, V303R, and V306R; decreased by 58.3%, 90.8%, and 82.6%, respectively (Fig. 1D). 

EGFP-Polβ dual mutant L301R/V303R and the triple mutant L301R/V303R/V306R also 

demonstrated reduced focal recruitment, with no visibly detectable foci formed following 

laser micro-irradiation (Figs. 1B,C and S1B). Peak recruitment intensity was significantly 

diminished for EGFP-Polβ L301R/V303R and L301R/V303R/V306R (95.8% decreased 

for both) (Fig. 1D), though both mutants were not statistically different from non-micro-

irradiated control cells. These results demonstrate that the mouse Polβ L301R/V303R 

dual mutant prevents XRCC1-mediated Polβ recruitment to laser-induced DNA damage 

to a similar degree as the Polβ L301R/V303R/V306R triple mutant. We validated these 

findings using EGFP-Polβ immunoprecipitation assays and quantifying XRCC1 binding. 

Quantification of immunoblot images showed that Polβ V303R, L301R/V303R, and L301R/

V303R/V306R mutants attenuated XRCC1 binding, as compared to the WT sequence of 

Polβ, with complete attenuation of complexation due to the V303R mutation alone (Figs. 1E 

and S1C).

3.2 Structural investigations indicate that the V303R mutation likely disrupts the PolB-
XRCC1oxo complex

Several crystal structures of human and rat Polβ have been previously determined [18, 

22, 32–34], among many other structures. Here we present the first crystal structures of 

mouse WT Polβ and the Polβ L301R/V303R double mutant. There is considerable sequence 

conservation between Polβ across species, where the protein sequence of mouse Polβ 
differs from that of human Polβ by 12 amino acid residues and from that of rat by only 

8 residues (Fig. S1A). We obtained diffraction quality crystals of purified unliganded WT 

and L301R/V303R mouse Polβ lacking the N-terminal 8 kDa lyase domain (i.e., amino 

acid residues 88–335; Fig. S2A). The crystal structures of both WT and mutant Polβ 
comprise two molecules each in the asymmetric unit, however mutation of L301 and V303 

to arginine resulted in crystals that belonged to a different space group than the WT enzyme 
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(monoclinic for the mutant protein vs. orthorhombic for the WT protein; Table 1; Fig. 

S2B). We also note overall differences in crystal packing in the mutant Polβ L301R/V303R 

structure owing to the formation of a network of stabilizing salt bridge interactions between 

R301 and R303 and glutamate and aspartate residues from neighboring symmetry mates as 

depicted in Fig. S2C. Each chain of both the WT and mutant Polβ structures comprise a 

thumb, palm, and fingers domain where the impact of the mutations (L301R and V303R) 

on the overall structure appears to be minimal with an overall RMSD value of 0.536Å for 

all Cα atoms between the WT and mutant Polβ models (Chain A of both structures was 

used for the comparison; Fig. 2A). The conformation of the V303 loop did not change 

significantly between the WT and mutant Polβ structures with RMSD values of 0.305Å 

and 0.314Å for Cα and backbone atoms, respectively (Fig. 2A). We observed clear electron 

density for the arginine residues at positions 301 and 303 and surrounding residues in the 

V303 loop using a simulated annealing composite omit map contoured at 1σ (Fig. 2B).

To investigate the impact of the arginine mutations on the interaction of Polβ with XRCC1, 

we superimposed our L301R/V303R mutant Polβ model with the previously solved crystal 

structures of rat Polβ (residues 141–335) in complex with the oxidized form of human 

XRCC1 (XRCC1oxo; PDB ID: 3LQC) or rat Polβ (residues 91–335) in complex with the 

reduced form of human XRCC1 (XRCC1red; PDB ID: 3K75) [22]. Minor rearrangements 

in the side chain orientations of Polβ E309 and D321 mediate an interaction with XRCC1 

residues R109 and R100 by formation of salt bridges when the binding partner is present 

(Fig. 3). We manually mutated rat Polβ residues L301 and V303 to arginine in the structures 

with the oxidized and reduced forms of XRCC1 (yellow sticks, Fig. 3) and oriented the 

arginine side chain based on our Polβ mutant model. Interestingly, we noted that the 

mutation of Polβ V303 to arginine in the XRCC1oxo/Polβ complex results in a direct clash 

with P2 of XRCC1oxo (Fig. 3A). In the XRCC1red/Polβ complex, P2 of XRCC1 is situated 

>25Å from the interaction interface due to differences in folding topology between XRCC1 

in the reduced vs oxidized forms (Fig. 3B) [22]. Based on our current model, we surmise 

that the Polβ V303R mutation could destabilize the XRCC1/Polβ interaction depending 

upon the redox status of XRCC1.

3.3 Mice with the Polβ L301R/V303R mutation are viable and fertile, yet smaller in size

Previous studies found that Polb knockout (KO) mice died perinatally, highlighting the 

importance of Polβ for mouse viability [8–11]. We sought to clarify the role of Polβ’s 

genetically conserved XRCC1 binding domain regarding mouse viability by creating a 

targeted germline Polb L301R/V303R mutation that eliminated Polβ’s XRCC1 binding 

capacity while preserving Polβ’s 5’dRP lyase and polymerase enzymatic functions. We 

utilized CRISPR/Cas9 to generate targeted mutations at the codons corresponding to Polβ 
L301/V303 on Polb exon 13, altering only 3 base pairs to create PolbWT/L301R-V303R mice 

(Fig. 4A). Hemizygous mice were validated by Sanger sequencing to verify both mutations 

were on the same allele. PolbWT/L301R-V303R mice were successfully bred to homozygosity 

(PolbL301R-V303R/L301R-V303R), and offspring could be successfully differentiated from wild-

type and PolbWT/L301R-V303R mice through genotyping using XcmI restriction digestion 

(Fig. S3A). PolbL301R-V303R/L301R-V303R mice (homozygous) displayed normal behavior, 

grooming, and showed no overt signs of stress, but homozygous mice were noticeably 

Koczor et al. Page 9

DNA Repair (Amst). Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



smaller than littermate hemizygous mice (Fig. 4B). Weights of PolbL301R-V303R/L301R-V303R 

mice (homozygous) were significantly smaller (15%) at 17 weeks of age in comparison 

to PolbWT/L301R-V303R mice (hemizygous) (Fig. 4C). PolbL301R-V303R/L301R-V303R mice 

(homozygous) were found to be fertile, with at least three breeding pairs demonstrating 

nearly equal male and female offspring (Fig. 4D). At present, both male and female 

PolbL301R-V303R/L301R-V303R mice (homozygous) have survived for at least 10 months and 

appear in good health.

3.4 PolbL301R-V303R/L301R-V303R cells demonstrate decreased Polβ protein abundance

We have previously shown that disruption of the Polβ/XRCC1 interaction alters Polβ protein 

stability in human cells [17], so we investigated if this instability was evident in cells 

from the PolbL301R-V303R/L301R-V303R mice. We generated SV40 T-antigen immortalized 

fibroblast cell lines from ear clips of littermate Polb WT and PolbL301R-V303R/L301R-V303R 

mice. Immunoblotting revealed that Polβ protein abundance was diminished in the 

PolbL301R-V303R/L301R-V303R ear fibroblasts compared to WT fibroblasts (Fig. 5A). Using 

two Polβ antibodies, we observed an 85.5% decrease in Polβ protein abundance (18% 

remaining with ab26343, 11% with Clone 61, each from single blot images). No change was 

observed in XRCC1 protein abundance, consistent with previous results [17].

We previously observed that alterations in Polβ protein abundance caused by altered XRCC1 

binding did not lead to changes in DNA damage response following genotoxic stress, but 

these models relied on Polβ overexpression in human cells [17]. To determine if alterations 

in Polβ’s XRCC1 binding capability would affect cell sensitivity to genotoxic stress at 

endogenous protein levels, we treated Polb WT and PolbL301R-V303R/L301R-V303R fibroblasts 

with H2O2 or MMS and assessed cell survival after 5 days. We did not observe a change 

in sensitivity for PolbL301R-V303R/L301R-V303R ear fibroblasts in comparison to WT cells 

following exposure to either H2O2 (Fig. 5B) or MMS (Fig. 5C), confirming our previous 

results in human cells [17].

4. Discussion

Owing to the critical role of Polβ during BER, understanding the functional impact of Polβ 
disruption can provide insights into its role in response to endogenous DNA damage and 

the impact on aging and cancer. We have shown that the recruitment of Polβ to sites of 

DNA damage is facilitated through its interaction with XRCC1, and the loss of XRCC1 or 

disruption of Polβ’s XRCC1 binding domain are able to prevent detectable Polβ recruitment 

[12]. We also found that the stability of Polβ is impacted by the disruption of its interaction 

with XRCC1 [17], but several questions remained to be addressed following these results. 

Since our previous results relied on protein overexpression in cell line models, the impact of 

disrupting the Polβ/XRCC1 complex at the endogenous protein level as well as at a higher 

organismal level could not be appropriately assessed, thereby providing the impetus for our 

current studies. Here, we generated a mouse model with a CRISPR/Cas9-targeted mutation 

of Polβ’s XRCC1 binding domain (Fig. 4A).

Previous results relied on human and rat Polβ to characterize the interaction domain with 

XRCC1 [22, 31, 35, 36], so we first validated key amino acid residues responsible for 
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the interaction between mouse Polβ and XRCC1. We previously used a triple mutant of 

Polβ with mutations in amino acid residues L301, V303, and V306 that disrupted the 

interaction between human Polβ and XRCC1 in human cells [17]. These residues are 

evolutionarily conserved between rat, mouse, and human species (Figs. 1A and S1A). While 

mutation of V303 (V303R) accounted for a 90.8% reduction in Polβ recruitment to sites of 

laser-induced DNA damage, the dual mutant L301R/V303R reduced Polβ recruitment to a 

similar degree as the Polβ L301R/V303R/V306R triple mutant we previously characterized 

(Figs. 1B,D). While it may be possible, however, unlikely, that the dual mutant of Polβ 
(L301R/V303R) may recruit very fast and then release from the site of DNA damage within 

a few seconds, both our previous studies [12] and reports from others [37] argue against 

such a scenario. In that earlier report from the Wilson group, they investigated laser-induced 

DNA damage conditions that can be optimized for PARP1-independent (and hence XRCC1-

independent) recruitment of Polβ, for example using laser treatment approaches that will 

induce a significant amount of DNA double-strand breaks, such as the addition of BrdU 

[37]. Note however, that the laser conditions we use do not promote the recruitment of DNA 

double-strand break repair proteins [12]. In our work and in the report from the Wilson 

group, the recruitment peaks range from 45–60s, which does not support the suggestion that 

the mutant (L301R/V303R) is binding and releasing from the DNA damage site rapidly and 

hence is undetected. The importance of the V303 residue in mediating an interaction with 

XRCC1 is further underscored by our structural data (Fig. 3) where in silico mutation of this 

residue to arginine in the rat Polβ structure results in a direct clash with the oxidized form of 

XRCC1.

Germ-line deletion (knockout, KO) of the mouse Polb gene gives rise to perinatal lethality 

[11]. To overcome the potential developmental detriment to the loss of Polb, Rajewsky and 

colleagues employed the Cre-Lox system to develop a method for conditional gene deletion. 

In this case, the Polb gene was deleted only in T-cells [11]. In this initial conditional KO 

model, as much as 40% of the T-cells showed complete loss of Polb. However, any role for 

Polβ in T-cell receptor gene rearrangement was not clarified [11]. The Cre-Lox approach 

was next used to develop mosaic Polb-KO mice, further demonstrating the requirement for 

Polb in many tissue types [38]. Since Polb-KO mice die essentially at birth (perinatal), 

Polb-KO fetal liver cells were then used to reconstitute lethally irradiated mice to test a role 

for Polβ in T-cell dependent immunity [9]. However, no role for Polβ was identified in these 

studies with regard to an immune response [9]. Conditional gene targeting was also used 

to reveal a role for Polβ in meiotic synapsis [39] and in sperm mutagenesis [40]. It was 

subsequently determined that Polβ may play a role in neurogenesis [8] that is dependent on 

p53 [41]. However, a complete mutant animal model was still elusive.

Several mouse models were then developed that express active site mutants or over-express 

the wild-type protein. These include a mutation in the polymerase domain (Y265C), where 

most die within a few hours after birth [42], but was eventually shown to be associated 

with the onset of lupus [43] by a glycosylase dependent mechanism [44]. A mouse with 

the R137Q mutation was found to be inviable [45] and more recently the L22P mutant 

mouse was developed that lacks dRP lyase activity [46]. Although the full details of the 

L22P mouse have not yet been reported, it was suggested that there is enhanced genome 

instability in response to H. pylori infection [46]. Finally, over-expression of wild-type Polβ 
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led to spontaneous cataracts [47] and an increase in tumor burden [48], highlighting the 

requirement for balance in the BER pathway [7].

Here, PolbL301R-V303R/L301R-V303R mice were successfully bred to homozygosity, which 

stood in contrast to the unsuccessful attempts to generate a homozygous Polb knockout 

mouse [11]. These results suggest that loss of the Polβ/XRCC1 interaction was not the 

source of the perinatal lethality previously observed. PolbL301R-V303R/L301R-V303R mice 

also appeared phenotypically normal except for a decreased size as compared to WT and 

heterozygous mice (Figs. 4B,C). The 15% decrease in size is not associated with visible 

physical, motor, or grooming deficiencies nor other outward signs of stress, up to 10 

months of age. Longer duration studies will be required to determine if an accelerated aging 

phenotype or tissue-specific dysfunction becomes apparent as PolbL301R-V303R/L301R-V303R 

mice enter later life. We also successfully bred PolbL301R-V303R/L301R-V303R male and 

female mice, suggesting that neither male nor female fertility was impacted by disruption 

of the Polβ/XRCC1 interaction (Fig. 4D). There was no observable difference in 

the number or gender distribution of offspring from three independent homozygous 

breeding pairs. These results confirm that Polβ’s interaction with XRCC1 is not required 

for fertility or development. The PolβL301R-V303R/L301R-V303R mouse, when challenged 

with environmental genotoxins or with chemotherapeutic compounds, may demonstrate 

additional characteristics such as neuronal abnormalities or the onset of a cancer phenotype, 

but it is too early to assess or hypothesize as of yet as to whether this with be a cancer 

relevant mouse model. Other reports have suggested that loss of Polb may yield a defect in 

triplet-repeat expansion and stability [49–51] as well as Alzheimer’s disease [52, 53] that we 

will also consider in the future with this model.

Fibroblasts generated from ear clippings of PolbL301R-V303R/L301R-V303R mice demonstrated 

that disruption of Polβ’s binding to XRCC1 decreased Polβ protein abundance and/or 

stability (Fig. 5A), which agrees with our previous results from human cell studies [17]. 

PolbL301R-V303R/L301R-V303R derived fibroblasts exhibited only 15% Polβ protein abundance 

as compared to WT mouse fibroblasts, suggesting maintenance of mouse Polβ protein levels 

is facilitated by its interaction with XRCC1, as seen in human cells [17, 23]. Interestingly, 

we observed no significant change in sensitivity to genotoxins known to produce BER-

associated DNA damage (Figs. 5B,C), which confirmed our previous results obtained in 

human cell line models. This is also consistent with earlier reports that the oxidized form 

of XRCC1 plays the major role in binding to Polβ at sites of DNA damage [54] but there 

is evidence for Polβ dependent response to genotoxins, with regard to survival, that is 

independent of XRCC1 [55] and the reduced form of XRCC1 shows suppressed levels of 

Polβ recruitment [56]. These results suggest that the remaining 15% of Polβ protein in the 

PolbL301R-V303R/L301R-V303R derived fibroblasts is sufficient to repair and respond to the 

acute genotoxic stress induced by H2O2 and MMS.

Even though the Polβ/XRCC1 binding interface is highly conserved, implying an important 

role, our data suggest that the interaction between the two proteins is expendable for animal 

viability, fertility, and development. This leaves us questioning the critical role that this 

interaction serves, if not facilitating DNA repair. There are numerous possible explanations; 

the primary one being that disruption of the Polβ/XRCC1 interaction is not critical for 
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fibroblast cell line DNA repair (i.e., the mouse cell lines used for Fig. 5) but may serve a 

cell-type-specific function whose impact is not readily apparent in young mice. Previously 

generated Polb-KO mice displayed perinatal lethality associated with aberrant neurogenesis 

[8], which may suggest enhanced neuronal sensitivity in PolbL301R-V303R/L301R-V303R mice. 

We did not observe any overt motor or behavioral problems in these mice, but this may 

become more apparent as the mice age or with more sensitive neurological and neuromotor 

monitoring. However, the importance of the interaction of Polβ with XRCC1, while evident, 

is not fully characterized, highlighting that more studies would be required to fully elucidate 

the significance of this interaction.

5. Conclusions

The interaction between Polβ and XRCC1 is primarily mediated by amino acid residue 

V303, though mutations in L301 and V306 can further weaken this interaction. Structural 

studies via X-ray crystallography of mouse WT Polβ and L301R/V303R mutant Polβ 
further confirm the importance of amino acid residue V303 in facilitating an interaction with 

XRCC1 in a redox-sensitive manner. CRISPR/Cas9-modified PolbL301R-V303R/L301R-V303R 

mice exhibit reduced size as compared to heterozygous mice, but are viable, unlike Polb-KO 
mice. PolbL301R-V303R/L301R-V303R mice are fertile, with no gender bias in the offspring 

and no obvious developmental defects. PolbL301R-V303R/L301R-V303R mouse ear fibroblasts 

demonstrate that loss of the interaction between mouse Polβ and XRCC1 leads to an ~85% 

decrease in Polβ protein levels but the remaining Polβ protein is likely sufficient for the 

cellular response to acute genotoxic stress.

Supplementary Material

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

• Mouse Polβ requires XRCC1 binding to recruit to sites of DNA damage.

• Mouse viability is independent of the Polβ/XRCC1 interaction.

• Cellular protein stability of Polβ is, in part, dependent on XRCC1.

• Conformation of mouse Polβ WT vs R301/303 is not significantly different.

• Polβ residue V303 is important for an interaction with oxidized XRCC1.
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Figure 1: Disruption of Polβ/XRCC1 heterodimerization.
A) Polβ’s XRCC1 interaction interface contains the V303 loop with residues L301, V303, 

and V306 (shaded blue) implicated in facilitating Polβ’s interaction with XRCC1; B) EGFP-

Polβ recruitment profiles following 355nm laser micro-irradiation. Polβ L301R/V303R 

and Polβ L301/V303R/V306R proteins have no detectable recruitment, N≥40 for each 

set; C) Images of EGFP-Polβ focus formation following laser-induced DNA damage. A 

visible EGFP-Polβ focus forms 1 min following laser micro-irradiation (white arrow), but 

EGFP-Polβ L301R/V303R and L301R/V303R/V306R fail to form foci. Extended panels 

can be found in Fig. S1B. The white scale bar denotes 10μm; D) Peak recruitment 
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intensity of EGFP-Polβ and associated XRCC1-binding mutant proteins. Polβ L301R/

V303R and L301R/V303R/V306R demonstrated greater than 95% reduction in peak 

recruitment and no significant difference from non-micro-irradiated cells, N≥40 for each set; 

E) Immunoprecipitation of XRCC1 using EGFP-Polβ via GFP-Trap demonstrates mutations 

at L301, V303, and V306 disrupt the Polβ/XRCC1 interaction to varying degrees. Western 

blots can be found in Fig. S1C, N≥2 for each set.
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Figure 2: Crystal structures of unliganded mouse WT and mutant Polβ lacking the lyase domain.
A) Superimposition of WT Polβ (light blue) and mutant Polβ L301R/V303R (light pink). A 

zoomed in view of the V303 loop, which harbors both arginine mutations, is highlighted in 

the inset. Overall RMSD of Cɑ for chain A is 0.536Å, while the RMSD of the Cɑ of the 

V303 loop (residues 300–309) is 0.305Å. The RMSD of all backbone atoms for the V303 

loop superimposition is 0.314Å; B) Simulated annealing composite omit map for residues 

298–304 contoured at 1σ displays clear density for two mutated arginine residues, R301 and 

R303.
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Figure 3: Polβ/XRCC1 interaction interface displaying the L301R/V303R mutations.
A) Interaction interface showing the location of the L301R/V303R mutations compared 

with rat Polβ interacting with XRCC1 shown in the oxidized form (PDB ID: 3LQC): 

Light blue: mPolβ WT; Light pink: mPolβ L301R/V303R; Purple: rat Polβ in 3LQC (Polβ 
bound to oxidized XRCC1) with mutations R301 and R303 manually generated in Coot 

(yellow sticks); Grey: XRCC1 in 3LQC (Polβ bound to oxidized XRCC1). Black dashes 

represent interactions between rat Polβ and XRCC1 in 3LQC; B) Interaction interface 

showing the location of the L301R/V303R mutations compared with rat Polβ interacting 

with XRCC1 shown in the reduced form (PDB ID: 3K75): Light blue: mPolβ WT; Light 

pink: mPolβ L301R/V303R; Orange: rat Polβ in 3K75 (Polβ bound to reduced XRCC1) 

with mutations R301 and R303 manually generated in Coot (yellow sticks); Black: XRCC1 

in 3K75 (Polβ bound to reduced XRCC1). Black dashes represent interactions between rat 

Polβ and XRCC1 in 3K75.
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Figure 4: PolbL301R-V303R/L301R-V303R mice are viable and fertile, yet smaller in size.
A) Two gRNAs and two 50bp homologous oligonucleotides were used to target codons 

corresponding to Polβ amino acid residues L301 and V303. CRISPR/Cas9 complexes 

were microinjected into 0.5 day old C57Bl/6 mouse embryos and the resulting pups 

were characterized; B) Male littermate C57Bl/6 offspring at 17 weeks of age (L to 

R): WT, heterozygous PolbWT/L301R-V303R, and homozygous PolbL301R-V303R/L301R-V303R; 

C) PolbL301R-V303R/L301R-V303R mice are significantly smaller in size at 17 weeks in 

comparison to PolbWT/L301R-V303R mice, N=6 for each set; D) PolbL301R-V303R/L301R-V303R 

mice are fertile, with no apparent gender bias in offspring. Each breeding pair was 

independent and had at least 2 litters.

Koczor et al. Page 23

DNA Repair (Amst). Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: Disrupting Polβ/XRCC1 heterodimerization decreases Polβ protein abundance.
A) Protein isolates from immortalized mouse ear fibroblasts generated from Polβ WT and 

PolbL301R-V303R/L301R-V303R C57Bl/6 mice. Two different Polβ antibodies demonstrated 

that disruption of the Polβ/XRCC1 interaction domain reduced Polβ protein levels in cells 

by 85%. No change in the expression level of XRCC1 was observed; B) Polβ WT and 

PolbL301R-V303R/L301R-V303R mouse fibroblasts demonstrated similar sensitivity to H2O2 5 

days following treatment, N≥3 for each set; C) Polβ WT and PolbL301R-V303R/L301R-V303R 

mouse fibroblasts demonstrated similar sensitivity to MMS 5 days following treatment, N≥3 

for each set.
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Table 1.

Rmerge = ∑ I − I /∑I, where I  is the average intensity from multiple observations of symmetry-related 

reflections. Rwork and Rfree = ∑ Fo − Fc /∑ Fo , where Fo and Fc are the observed and calculated 

structure factor amplitudes, respectively. Rfree was calculated with 10% of the reflections not used in 

refinement. MR, molecular replacement. Values for the highest resolution shell are shown in parentheses.

mPolβ WT mPolβ L301R V303R

Beamline Home source (D8 Quest, Bruker) Home source (D8 Quest, Bruker)

Wavelength (Å) 1.5418 1.5418

Space group P 21 21 2 C 1 2 1

Unit-cell parameters (Å,°) a=62.72, b=120.53, c=69.04 a=160.37, b=39.90, c=93.80,

Molecules per asymmetric unit α=90, β=90, γ=90 2 α=90, β=91.71, γ=90 2

Data collection statistics

Resolution range (Å) 34.52–1.65 (1.68–1.65) 31.25–1.80 (1.84–1.80)

Unique reflections 63778 (3092) 55670 (3275)

Redundancy 8.0 (6.3) 7.9 (5.2)

Rmerge 0.077 (0.928) 0.084 (1.088)

Rmeas 0.088 (1.111) 0.090 (1.207)

Rpim 0.043 (0.602) 0.031 (0.515)

CC1/2 0.999 (0.625) 0.999 (0.681)

Overall I/σ 20.4 (1.9) 18.4 (1.8)

Completeness (%) 100.00 (99.9) 100.00 (99.8)

MR phasing statistics

Top LLG 2449.550 2835.958

Top TFZ 15.8 11.9

Refinement Statistics

Reflections used in refinement 63708 (6264) 55649 (5484)

Reflections used for R-free 6525 (659) 5656 (549)

Rwork (%) 0.1734 (0.2305) 0.1923 (0.2648)

Rfree (%) 0.2142 (0.2805) 0.2308 (0.3028)

CCwork 0.968 (0.859) 0.960 (0.857)

CCfree 0.949 (0.826) 0.941 (0.796)

Number of non-hydrogen atoms 4550 4336

 Macromolecules 3982 3900

 Ligands 14 22

 Solvent 554 414

r.m.s.d values

 Bond length (Å) 0.011 0.005

 Bond angles (°) 1.06 0.72

B-factor (Å2)

 Wilson B 17.41 17.43

 Macromolecules 16.29 21.95
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mPolβ WT mPolβ L301R V303R

 Ligands 27.72 31.07

 Water 25.15 25.87

Ramachandran plot

 Ramachandran favored (%) 99.38 99.15

 Ramachandran allowed (%) 0.62 0.85

 Ramachandran outliers (%) 0.00 0.0

Clashscore 0.76 0.65
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