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Abstract

Low fidelity Escherichia coli DNA polymerase V (pol V/UmuD′2C) is best characterized for its 

ability to perform translesion synthesis (TLS). However, in recA730 lexA(Def) strains, the enzyme 

is expressed under optimal conditions allowing it to compete with the cell’s replicase for access to 

undamaged chromosomal DNA and leads to a substantial increase in spontaneous mutagenesis. 

We have recently shown that a Y11A substitution in the “steric gate” residue of UmuC reduces 

both base and sugar selectivity of pol V, but instead of generating an increased number of 

spontaneous mutations, strains expressing umuC_Y11A are poorly mutable in vivo. This 

phenotype is attributed to efficient RNase HII-initiated repair of the misincorporated 

ribonucleotides that concomitantly removes adjacent misincorporated deoxyribonucleotides. We 

have utilized the ability of the pol V steric gate mutant to promote incorporation of large numbers 

of errant ribonucleotides into the E. coli genome to investigate the fundamental mechanisms 

underlying ribonucleotide excision repair (RER). Here, we demonstrate that RER is normally 

facilitated by DNA polymerase I (pol I) via classical “nick translation”. In vitro, pol I displaces 1–

3 nucleotides of the RNA/DNA hybrid and through its 5′→3′ (exo/endo) nuclease activity releases 

ribo- and deoxyribonucleotides from DNA. In vivo, umuC_Y11A-dependent mutagenesis changes 

significantly in polymerase-deficient, or proofreading-deficient polA strains, indicating a pivotal 

role for pol I in ribonucleotide excision repair (RER). However, there is also considerable 

redundancy in the RER pathway in E. coli. Pol I’s strand displacement and FLAP- exo/

endonuclease activities can be facilitated by alternate enzymes, while the DNA polymerization 

step can be assumed by high-fidelity pol III. We conclude that RNase HII and pol I normally act to 

minimize the genomic instability that is generated through errant ribonucleotide incorporation, but 
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that the “nick-translation” activities encoded by the single pol I polypeptide can be undertaken by 

a variety of back-up enzymes.
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1. Introduction

Y-family DNA polymerases are best characterized for their ability to traverse lesions in 

DNA that would otherwise block the cell’s replicase. Structural studies of these polymerases 

indicate spacious active sites that readily accommodate large bulky adducts within their 

confines [1]. While this is an extremely important characteristic for efficient lesion bypass, it 

concomitantly reduces base-selection fidelity when the polymerases replicate undamaged 

DNA. We recently reported that in addition to low-fidelity DNA synthesis, the E. coli Y-

family polymerase pol V (UmuD′2C) also exhibits poor sugar discrimination and readily 

incorporates ribonucleotides into DNA in vitro [2]. The ability to incorporate 

ribonucleotides can be modulated by mutations at, or adjacent to, the so-called “steric gate” 

residue that normally serves to block errant ribonucleotide insertion by DNA polymerases 

[3]. The steric gate in pol V has been identified as Y11 in the catalytic UmuC subunit of pol 

V. Not surprisingly, substitution of the large aromatic tyrosine residue by the much smaller 

aliphatic alanine residue essentially “unlocks” the steric gate and leads to a dramatic 

increase in the efficiency of pol V-dependent ribonucleotide incorporation [2]. Based upon 

the tendency of umuC_Y11A to efficiently misincorporate both ribo- and 

deoxyribonucleotides into DNA, we expected cells expressing pol V steric gate mutant to 

exhibit a mutator phenotype in vivo. However, to our surprise, both spontaneous and UV-

induced umuC_Y11A-dependent mutagenesis were considerably lower than that observed 

with wild-type pol V [2, 4]. Recently, we have shown that the reduced mutability of the 

umuC_Y11A expressing strain is caused by efficient repair of the errantly incorporated 

ribonucleotides with the concomitant removal of adjacent misincorporated 

deoxyribonucleotides [5]. These conclusions were drawn from the observation that the level 

of umuC_Y11A spontaneous mutagenesis increases dramatically in ΔrnhB strains lacking 

endoribonuclease RNase HII [5].

RNase HI cleaves the 3′-O-P bond of the RNA moiety in the RNA/DNA hybrids with more 

than four sequential rNMPs embedded in a dsDNA strand, while RNase HII can hydrolyze 

all kinds of hybrids preferring those having a single rNTP over rNTP stretches. Although the 

role of RNase H enzymes in releasing rNMPs from bacterial DNA has been extensively 

studied, the precise pathway initiated by these proteins remains to be established. Based on 

in vitro studies, a general model describing the sequence of events leading to the 

replacement of a ribonucleotide embedded in DNA with deoxyribonucleotide has been 

proposed for eukaryotic organisms [6–9]. The ribonucleotide excision repair (RER) pathway 

in eukaryotes is initiated when RNase HII nicks the phosphodiester bond between the dNMP 

and rNMP. Then, a second cut 3′ to the rNMP is made by the FLAP endonuclease, FEN-1. 

Following the release of the cleaved mono-ribonucleotide, pol δ fills the resulting gap by 
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strand displacement DNA synthesis after which DNA ligase seals the nick completing the 

repair pathway.

As with many other cellular processes, some steps of RER can be accomplished quite 

effectively by alternative enzymes [9]. For example, a second cut 3′ to rNMP can be made 

by Exo1 instead of FEN1, while pol ε can substitute for pol δ in the gap-filling step [9]. In 

contrast, S. cerevisiae RNase HII appears to be essential for the successful processing of 

rNMPs embedded into DNA since deletion of the RNH201 gene encoding the catalytic 

subunit of RNase HII leads to replicative stress and genome instability [10]. The instability 

results from triggering the endoribonuclease activity of topoisomerase 1 (Top1) [11]. In 

contrast to RNase HII-dependent cleavage, which generates 3′-hydroxyl and 5′-phospho-

ribonucleotide ends, Top1-catalyzed cleavage of a bond between ribo- and deoxynucleotides 

leads to the formation of 2′-3′-cyclic phosphates, which are refractory to religation. As a 

result, stable ssDNA breaks are formed at the sites of incorporated rNMPs, and when these 

breaks are located within short repeats, their repair often leads to small deletions and 

genomic instability [11].

Compared to yeast, bacterial cells appear to be better equipped to withstand errant 

ribonucleotides inserted into chromosomal DNA. We have shown recently that in the 

absence of RNase HII, E coli recA730 lexA(Def) ΔdinB strains grow normally and 

ribonucleotides incorporated by umuC_Y11A can either be removed by nucleotide excision 

repair (NER), or in a repair pathway initiated by RNase HI [5, 12]. The involvement of 

RNase HI in RER in this case, is possible because the sugar discrimination of umuC_Y11A 

is so low that it is able to catalyze incorporation of multiple ribonucleotides consecutively 

producing RNA/DNA hybrids which could be processed by RNase HI [5]. NER, on the 

other hand, is able to excise isolated rNMPs as well as RNA fragments although less 

efficiently than RNase HII-dependent RER [12].

The purpose of the current study is to identify the essential components of the prokaryotic 

RER pathway. To do so, we have taken advantage of the fact that the Y11A steric gate 

mutant of E. coli pol V readily incorporates ribonucleotides into DNA and thereby triggers 

the onset of RER [2]. We have already established that the main repair process is initiated by 

RNase HII when it nicks DNA 5′ to the incorporated ribonucleotide [5]. But how is the 

repair process completed? Assuming that there are similarities between the eukaryotic and 

prokaryotic pathways, repair of ribonucleotides errantly incorporated into the genome would 

need the participation of a DNA polymerase that can catalyze strand-displacement at the 

nick and a FLAP endonuclease to remove the displaced ribo- and deoxyribonucleotides.

The unique enzymatic properties of DNA polymerase I make it an ideal candidate for the job 

[13, 14]. The pol I polypeptide (103 kDa) encoded by the polA gene, consists of two 

functional domains, a large (68 kDa) C-terminal domain (Klenow fragment) possessing 

DNA polymerase, strand separation, and 3′→5′ exonuclease activities [15, 16], and a small 

(35 kDa) N-terminal fragment containing 5′→3′ exo- and FLAP-endonuclease activities 

[17–20]. The combination of these activities predetermines pol I to be a key component of 

the E. coli replication machinery by playing an essential role during Okazaki fragment 

processing [21], and fulfilling functions that in eukaryotes requires the coordinated action of 

Vaisman et al. Page 3

Mutat Res. Author manuscript; available in PMC 2015 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



two enzymes, pol δ and FEN1. By means of its 5′→3′ exonuclease activity, pol I removes 

RNA primers that are used to initiate Okazaki fragment synthesis, while via strand 

displacement DNA synthesis and 3′→5′ proofreading, it accurately fills the resulting gaps in 

the lagging strand [22].

Here, we present compelling biochemical and genetic evidence that the same pol I activities 

are utilized to complete RNase HII-initiated excision of ribonucleotides errantly 

incorporated into DNA by pol V and as a consequence, it reduces the mutagenic potential of 

the low-fidelity polymerase. However, similar to eukaryotes, there is also considerable 

redundancy in the ribonucleotide repair process in E. coli and in the absence of pol I, certain 

functions are readily assumed by back-up enzymes.

2. Materials and methods

2.1 Bacterial strains, plasmids and oligonucleotides

Bacterial strains used in this study are described in Table 1. Where noted, new strains were 

generated via generalized transduction using P1vir [23]. The various polA alleles were 

transduced into the desired background by selecting for the closely linked antibiotic 

resistance (TetR for polA107; CmR for polA_D424A and polA_SD−; ZeoR for polA_ΔC). In 

the case of polA107 and polA_ΔC, transductants were screened for sensitivity to 

methylmethane sulfonate (MMS), whereas the polA_D424A and polA_SD-transductants 

were screened by colony PCR (see below). Mismatch repair (MMR) defective derivatives 

(ΔmutL::Kan, ΔmutL::cat or mutL218::Tn10) were usually generated last, so as to limit 

genomic instability associated with defects in mismatch repair. The exception was the 

mutD5 zaf13::Tn10 allele that was introduced after the ΔmutL allele.

Where noted, the following antibiotics were used for selection; Zeocin (25 μg/ml), 

Kanamycin (50 μg/ml), Tetracycline (15 μg/ml), Chloramphenicol (20 μg/ml), and 

Spectinomycin (50 μg/ml).

Plasmids used in this study are listed in supplementary Table 1. Oligonucleotides used in 

this study are listed in supplementary Table 2.

2.2 Detection of the enzymatic activities of pol I important for ribonucleotide repair 
pathway

Oligonucleotides were synthesized by Lofstrand Laboratories (Gaithersburg, MD) and gel 

purified prior to use (Table 3). DNA substrates were prepared byannealing a 49-mer DNA 

template, XAG49, containing an abasic site 27 nucleotides from the 3′ termini with the 32-

mer downstream blocker, FLAPU, with a uracil at its 5′-terminus and the 17-mer (SSP1), or 

27-mer (SSP1-27) primer that form a nicked DNA duplex, or a flapped structure, 

respectively (Fig. 1). In order to separate polymerase and nuclease activities of pol I, either 

the primer (17-mer or 27-mer), or 32-mer blocker oligonucleotide were 5′-P32 labeled before 

hybridization. Annealing was performed at a 1.5-fold excess of unlabeled over P32-labeled 

oligonucleotides by heating in an annealing buffer (50 mM Tris-HCl (pH 8), 5 mM MgCl2, 

50 μg/ml BSA, 1.42 mM 2-mercaptoethanol) for 10 min at 100°C, followed by slow cooling 

to room temperature. Wild type pol I was purified as described earlier [24]. DNA substrates 
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(2 nM) were incubated with pol I (4, 16, 63, 250 pM, or 1 nM) at 37°C in reaction mixtures 

containing 10 mM Tris-HCl, pH 7.9; 50 mM NaCl, 10 mM MgCl2, 1 mM dithiothreitol and 

100 μM dNTPs. Reactions were stopped by the addition of an equivalent amount of gel 

loading buffer containing 50 mM EDTA, 0.1% xylene cyanol and 0.1% bromophenol blue 

in 90% formamide. Reaction products were heat-denatured and separated in a 20% 

polyacrylamide gel containing 8 M urea and then visualized and quantified using a Fuji 

image analyzer FLA-5100.

2.3 Construction of a polA mutant defective for strand displacement

E. coli MG1655 was aerobically propagated on M9 minimal (M9) medium or on M9 agar 

plates. Ampicillin (50 μg/ml), Chloramphenicol (15 μg/ml), Tetracycline 3 μg/ml and Zeocin 

(25 μg/ml) were added as necessary to liquid or solid media for selection. The genome 

sequence of E. coli MG1655 [25] and Artemis software [26] were used for in silico strain 

construction.

An ~1.7kb BstAPI-MfeI fragment of the E. coli polA gene was chemically synthesized by 

Genscript (Piscataway, NJ). The synthesized fragment differed from the wild-type polA 

sequence at codons Ser769 (AGT→GCA) and F771 (TTC→GCA). These substitutions 

introduced a novel PstI site into the fragment for ease of subsequent detection and changed 

the wild-type amino acid to alanine (S769A and F771A respectively). Based upon previous 

biochemical studies [27] the dual S769A and F77A substitutions should inactivate pol I’s 

ability to promote strand displacement. For simplicity we will refer to this novel allele as 

polA_SD−. The synthesized 1.7kb BstAPI-MfeI fragment was sub-cloned into the similarly 

digested pSKpolAint vector [22] to generate pJM993 (Supplementary Table 1).

Recombineering was performed as described by Gene Bridges (www.genebridges.com) with 

minor modifications. In brief, 1.4 ml Red/ET proficient E. coli strains were grown at 30°C 

to an OD600nm of ~0.3. Transient expression of the pRed/ET-encoded (Supplementary Table 

1) red genes was induced by adding 50 μl of 10% (w/v) L-arabinose (Sigma) followed by a 

temperature increase to 37°C. After 40 min incubation, the cells were washed twice with ice 

cold 10% (v/v) glycerol (AppliChem) and electroporated with 100 ng of DNA in a chilled 1-

mm cuvette at 1.35 kV, 10μF, 600ω using an Eppendorf electroporator 2510. Cells were 

resuspended in 1 ml ice-cold M9 minimal medium and aerobically grown at 37°C for 3h. 

M9 plates supplemented with appropriate antibiotics were used to select for recombinants.

A two-step Red/ET recombination approach was used to transfer the pJM993 borne polA 

mutations to the genomic polA gene (2787 bp) of E. coli MG1655 (Supplementary Fig. 1). 

In the first step, the chromosomal 3′ polA region spanning codons 769 to the ochre codon 

was replaced by a PCR amplified 664 bpZeo R cassette displaying 50-base pairs 

homologous to the genomic target region (primer p3 × p4; Supplementary Table 1). Upon 

the recombineering step, ~550 transformants were selected on M9+zeo plates. No colonies 

appeared without induction of the Red/ET machinery. Four of the ZeoR colonies were 

analyzed and one, MG1655 polA_ΔC,that displayed the correct genomic integration of the 

ZeoR cassette as revealed by sequencing, was chosen for further study (Table. 1). In the 

second step (Supplementary Fig. 1), ZeoR was replaced by polA_SD−_cat. Therefore, the 

pJM993 stretch comprising the 3′ region of polA_SD− encompassing the S769A and F771A 
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substitutions (i.e. polA codons 502 to the ochre stop codon) and adjacent cmR marker was 

PCR amplified using primers cp6 and p2 (Supplementary Table 1). The 2279 bp linear 

polA_SD−_cat fragment which shares 800 bp (5′) and 50 bp (3′) of terminal sequence 

homology with the genomic target locus was used to replace the ZeoR cassette from Red/ET 

proficient MG1655 polA_ΔC by Red/ET recombination. Several independent 

recombineering approaches yielded two clones that displayed a CmR and ZeoS phenotype 

characteristic of the successful displacement of the ZeoR marker from the MG1655 polA_ΔC 

genome. For one clone, the correct insertion of the polA-SD−-cat cassette which introduces 

the S769A and F771A codons and reconstructs the full-length polA gene in the resulting 

strain, MG1655 polA_SD− was confirmed by PCR and DNA sequencing (Supplementary 

Fig. 1). In addition, the MG1655 polA_SD− clones displayed no growth on M9 plates 

supplemented with Tetracycline or Ampicillin, which confirms the absence of plasmids 

pRed/ET and pJM993. The polA_SD− allele was subsequently moved to additional strains of 

E. coli via conventional P1vir transduction [23].

2.4 Colony PCR assay to test for polA_SD− and polA_D424A genotypes

To identify strains carrying the polA_SD− allele, chloramphenicol resistant colonies were 

subject to colony PCR using primers polA-RBamHI and polA_F2105 (Table 3). Briefly, 

cells were heated to 95°C for 5 min to lyse cells. An ~700 bp fragment of the polA gene was 

amplified after 40 PCR cycles (95°C for 30sec, 60°C 45sec and 72°C 2min). The ~700 bp 

amplicon was then digested with PstI. Strains carrying the polA_SD− allele gave products of 

225 bp and 478 bp. The polA_D424A allele was similarly identified by colony PCR as 

previously described [22], using primers polA-FD424 and polA-RD424 that yields an 

amplicon of ~1.2kb (Supplementary Table 2). The polA_D424A substitution generates a 

novel BssHII site in polA. The ~1.2 kb amplicon was therefore digested with BssHII and the 

polA_D424A allele confirmed by the appearance of 646 bp and 574 bp fragments.

2.5 Quantitative analysis of spontaneous reversion of the hisG4(oc)

Cells transformed with the low-copy-number empty vector plasmid, pGB2, or pGB2-derived 

plasmid pRW134, or pJM963, expressing wild-type pol V or umuC_Y11A variant 

respectively (Supplementary Table 1), were grown overnight at 37°C in LB media plus 

spectinomycin. At least three independent cultures were assayed for each strain. To 

determine the number of spontaneously arising histidine mutants on the plate, cells were 

seeded on the Davis and Mingioli minimal agar plates [28] plus glucose (0.4% wt/vol); agar 

(1.0% wt/vol); proline, threonine, valine, leucine, and isoleucine (all at 100 μg/ml); thiamine 

(0.25 μg/ml); and either no histidine, 1 μg/ml histidine, or 4μg/ml casamino acids. On the 

plates lacking histidine, only pre-existing His+ mutants in the culture grew to form colonies. 

However, on the plates containing 1μg/ml histidine, or 4μg/ml casamino acids, >4 × 107 

auxotropic bacteria grew to form a lawn, concomitantly exhausting the low level of histidine 

after 1–2 days incubation. Spontaneously arising His+ mutants grew up through the lawn 

and were counted after 4 days incubation at 37°C.

We would like to emphasize that the number of spontaneous revertants arising on the plate is 

a characteristic of the strain assayed. The number of revertants that arise spontaneously 

during the 4-day incubation is independent of the initial number of bacterial cells plated 
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(within the range of 105 to 108 cells [29], but is, instead, dependent on the final number of 

auxotrophs on the plate and that number is a function of the histidine concentration [30, 31]. 

The actual number of auxotrophic cells (background lawn) on the plate are unimportant, but 

are nevertheless assumed to be invariant between the strains assayed, since the histidine, or 

casamino acid concentration is constant and supports the growth of the same absolute 

number of auxotropic cells per plate, despite any differences in overall growth rates. As a 

consequence, the extent of spontaneous mutagenesis is expressed as a frequency (mutants 

per plate) rather than a rate (mutants per cell plated).

The number of His+ mutants spontaneously arising on the plate (at least 3 plates for each 

culture) was determined by subtracting the number of pre-existing mutants that grew on 

plates lacking histidine. The values reported in the tables shown in Figs. 2, 3 & 5 represent 

the average number of His+ mutants per plate from at least 3 independent experiments (± 

standard error of the mean [SEM]). The relative contribution of umuC_Y11A mutations was 

calculated by subtracting the number of mutants arising on plates containing the control 

vector, pGB2 (and lacking pol V) and then expressing the corrected number of 

umuC_Y11A-dependent His+ mutants (pJM963), as a percentage of the corrected number of 

wild-type pol V-dependent His+ mutants (pRW134). The data plotted in Figs 2, 3 & 5 

represent the mean value for the relative umuC_Y11A-dependent mutagenesis (± standard 

error of the mean [SEM]). The differences between these values for various strains were 

assessed for statistical significance using the Student’s t-test (SigmaPlot 11.0; Systat 

Software Inc., Chicago, IL).

2.6. Effect of polA alleles deficient in 3′→5′ exonuclease activity, or DNA polymerase 
activity on the spectra of spontaneous mutations observed in the rpoB gene of lexA(Def) 
recA730 ΔdinB ΔumuDC rnhB+/− strains expressing umuC_Y11A

The mutation spectra were generated using the rpoB/RifR mutagenesis assay [32, 33]. E. coli 

strains RW1048 [relevant genotype: lexA(Def) recA730 ΔdinBΔ umuDCpolA _D424A 

ΔmutL], RW1320 [relevant genotype: lexA(Def) recA730 ΔdinBΔ umuDCpolA _D424A 

ΔrnhBΔ mutL], RW1098 [relevant genotype: lexA(Def) recA730 ΔdinBΔ umuDCΔ polA_ΔC 

ΔmutL], and RW1336 [relevant genotype: lexA(Def) recA730 ΔdinBΔ umuDCΔ polA_ΔC 

ΔrnhB ΔmutL], expressing the umuC_Y11A plasmid (pJM963) were diluted from frozen 

stocks and the cultures containing <1000 viable cells were grown in LB for at 37°C. The 

next day, appropriate dilutions were spread on an LB agar plates containing 100 μg/ml 

rifampicin. Individual independent RifR colonies were subjected to PCR in a 96-well micro-

titer plate using the PCR primers RpoB1: 5′-CAC ACG GCA TCT GGT TGA TAC AG-3′ 

and RpoF1: 5′-TGG CGA AAT GGC GGA AAA C-3. An <1 kb central region of the rpoB 

gene was amplified by denaturation at 95°C for 3 min, followed by 30 cycles of 94°C for 30 

s, 1 min at 59°C, 2 min at 72°C, with a final extension step done at 72°C for 7 min. 

Sequencing of the target region of rpoB in each amplicon was determined by Beckman 

Coulter Genomics (Danvers, MA) using primer WOG923AP01 (5′-CAG TTC CGC GTT 

GGC CTG-3′). Utilization of a single pair of oligonucleotide primers for PCR amplification 

and a single primer for DNA sequencing was possible because 88% of all rpoB mutations 

are localized in the 202 bp region in the middle of the gene [32]. Only base-pair 

substitutions occurring between positions 1516 and 1717 of the rpoB gene were considered 
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during data analysis. Nucleotide sequences were aligned and analyzed using the ClustalW 

multiple sequence alignment program (Hinxton, UK). Forward mutations rates in rpoB gene 

(mutations to rifampicin resistance) were determined as previously described [34].

2.7 Western blot analysis of various polA strains

Cells were grown overnight at 37°C in LB plus appropriate antibiotics. The next morning, 

cultures were diluted 1:100 in fresh LB and grown with aeration at 37°C until they reached 

an OD600 of ~0.5. Cells were harvested by centrifugation, resuspended in 1× SDS sample 

buffer (50 mM Tris-HCl [pH 6.8], 10% glycerol, 2.3% sodium dodecyl sulfate [SDS], 0.1% 

bromophenol blue, 10 mM dithiothreitol), and immediately frozen in dry ice. Cells were 

lysed by multiple freeze-thaw cycles and boiled for 5 min. Extracts were immediately 

applied to a 4–12% SDS-PAGE gel. After separation proteins were transferred to an 

Immobilon-P membrane (Millipore) using standard Western blot protocols. The membrane 

was incubated overnight with a 1:5,000 dilution of affinity purified polyclonal rabbit pol I 

antisera followed by a 1 hour incubation with a 1:10,000 dilution of secondary goat anti-

rabbit alkaline phosphatase conjugated antibodies (BioRad). Steady state levels of pol I was 

determined using the Tropix CPD-star kit (Applied Biosystems) as previously described [35]

3. Results

3.1 Enzymatic properties of pol I required for ribonucleotide excision repair

The previously characterized biochemical properties of pol I make it an ideal candidate as 

the enzyme that performs strand displacement synthesis at an RNase HII-generated nick and 

subsequent removal of the resulting 5′-FLAP. To reconstitute the potential pol I-dependent 

step of ribonucleotide repair pathway, we synthesized oligonucleotides that after annealing 

generated a model DNA substrate containing a nick adjacent to a unique uracil 

ribonucleotide located in double stranded DNA (Fig. 1, substrates I and II) and assayed for 

the ability of pol I to initiate strand displacement and the subsequent exo/endonuclease 

removal of the resulting displaced product (Fig. 1).

In this model substrate, the template oligonucleotide contains a single abasic DNA lesion 27 

nt downstream of the 3′ template terminus. Pol I bypasses an abasic site poorly and as a 

consequence, the lesion was intended to provide a kinetic barrier to DNA synthesis and 

thereby ensure ample time for the 5′ FLAP-endonuclease activity of pol I to cleave the 

displaced strand. As seen in Fig. 1A, labeling of the 17-mer primer (substrate I) reveals 

dose-dependent primer extension catalyzed by pol I with the majority of products ultimately 

terminating opposite the abasic site in the template DNA. At the highest concentration of pol 

I, in addition to a small amount of full length product indicating replication past the abasic 

site, accumulation of radiolabeled mono- and short polynucleotides could also be detected. 

These short products are attributed to the 3′→5′ exonucleolytic proofreading of pol I that is 

activated when elongation of the radiolabeled primer is interrupted by the lesion in the DNA 

template.

At most concentrations of pol I, DNA synthesis was generally distributive, with primers 

only elongated by 1–2 nucleotides. When the 32-mer uracil-containing downstream blocker-

strand was radiolabeled (Fig. 1B, substrate II), we observed a dose dependent decrease in the 
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full-length oligonucleotide with the concomitant accumulation of products that were 

predominantly 1 nt long, although products of 2–3 nucleotides were also detected. These 

products form as a result of the efficient 5′-exo/endonuclease activity of pol I removing a 

single nucleotide, or the short FLAPs generated by limited distributive strand displacement 

DNA synthesis observed in Fig. 1A. At the highest enzyme to template ratio, when the first 

two nucleotides of the downstream blocker are displaced relatively efficiently, FLAP-

endonuclease activity becomes visible (marked by the appearance of a faint 10 nt long 

band), but the majority of the released products are still mono-, di-, and trinucleotides.

To mimic substrates with longer 5′-FLAPs (Fig. 1C, substrate III), we synthesized a 27-mer 

primer oligonucleotide with its 3-end terminating opposite the abasic site in the template. As 

a′ consequence, the ten 5′ bases of the radiolabelled uracil-containing downstream blocker 

oligonucleotide cannot hybridize to the template strand and therefore form a FLAP-

structure. As seen in Fig. 1C, under these conditions, the 10-nt FLAP substrate was 

efficiently hydrolyzed by pol I in a concentration-dependent manner. Based upon our 

observations presented in Fig. 1B, we suggest that pol I-catalyzed excision of errantly 

incorporated rNMP from DNA mainly proceeds by limited strand displacement synthesis 

and efficient 5′→3′ exonucleolytic cleavage. However, under conditions where a longer 

FLAP-structure is generated, the entire DNA FLAP containing a single 5′ ribonucleotide can 

be removed by the 5′→3′ endonucleolytic activity of pol I.

3.2 Rationale behind the in vivo assays used to elucidate the mechanism of ribonucleotide 
excision repair

Although pol V is best characterized for its ability to facilitate translesion DNA synthesis, it 

has also been shown to contribute to high levels of spontaneous mutagenesis on the E. coli 

chromosome in recA730 lexA(Def) strains in which the SOS-regulon is fully derepressed 

and RecA protein is in a constitutively activated form (RecA*) [36]. The mutagenesis is not 

thought to represent error-prone bypass of cryptic DNA lesions, but rather an ability of the 

highly activated pol V to compete with E. coli’s four other polymerases for access to 

undamaged genomic DNA [37]. Furthermore, we have shown that such phenotypes can be 

enhanced when the highly abundant DNA pol IV (encoded by dinB) is deleted from the 

chromosome [5]. Even though our genetic system is quite complex, we believe that its 

utilization as a tool to investigate RER is justified because expression of the pol V steric 

gate mutant in lexA(Def) recA730 ΔdinB ΔumuDC strains maximizes the amount of 

ribonucleotides errantly incorporated into chromosomal DNA and thus significantly 

facilitates the task of identifying individual enzymes, as well as cellular pathways involved 

in protecting genomic DNA from excessive ribonucleotide misincorporation. Indeed, we 

have successfully used this approach to elucidate the pivotal role of RNase HII in RER [5] 

and the important back-up roles for RNase HI and NER in ribonucleotide repair [5, 12].

It should be noted that in these studies, we monitored the extent of umuC_Y11A-dependent 

mutagenesis relative to that induced by wild-type pol V, rather than the absolute number of 

His+ revertants promoted by the mutant polymerase in different backgrounds [5, 12]. The 

reason for such analysis lies in the fact that the level of mutagenesis promoted by pol V 

differs considerably in the various strain backgrounds and this variability is likely caused by 
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the extent of endogenous single-stranded DNA in the cell, which is an important factor in 

hyper-activating RecA730 and promoting pol V-induced mutagenesis in vivo [36, 38]. Since 

the only known biochemical difference between UmuC_Y11A and wild-type pol V is its 

ability to incorporate riboncleotides [2], by expressing umuC_Y11A-dependent mutagenesis 

as a percent of the mutagenesis induced by wild-type pol V, we are able to focus only on 

those mutagenic events that are specifically related to rNMP incorporation and repair.

In previous studies, we reported that in mismatch- and ribonucleotide-repair proficient 

recA730 lexA(Def) ΔdinB strains, umuC_Y11A-dependent spontaneous mutagenesis is 

substantially lower (~10 fold) than that observed with wild-type pol V, but it increases 

significantly when either MMR, or RER is inactivated [5, 12]. By taking advantage of the 

fact that MMR complex exhibits a strong bias for the repair of transitions made by all DNA 

polymerases, while pol V, in contrast to other E. coli DNA polymerases, prefers to generate 

transversions, we demonstrated that the increase in the relative mutagenesis of the strains 

defective in either MMR, or RER, is determined by unrepaired errors generated by two 

different polymerases operating in the two different repair pathways [12]. An increase in the 

relative mutagenesis in the ΔrnhB strain represents persistent umuC_Y11A-generated 

mutations escaping RER repair. In contrast, in the MMR-defective strains, it reflects 

misincorporations made by a DNA polymerase (most probably pol I) catalyzing the re-

synthesis step of RNase HII-initiated RER, [12]. As a result, for the current study we have 

inactivated the MMR pathway via mutations in mutL, so as to help identify the E. coli DNA 

polymerase involved in RER.

3.3 Effect of inactivating FLAP-endonuclease activity on ribonucleotide excision repair in 
vivo

Our biochemical studies demonstrate that pol I possesses all the necessary activities required 

for RER. One way to prove that pol I is indeed involved in the repair of rNMPs incorporated 

by plasmid-encoded pol V in vivo, is to assay for phenotypic changes in umuC_Y11A-

dependent mutagenesis in ΔpolA strains devoid of all pol I’s enzymatic activities. 

Unfortunately, a ΔpolA recA730 strain is inviable [39], thereby precluding the possibility of 

determining the effects of a ΔpolA allele on umuC_Y11A-dependent mutagenesis. However, 

certain missense polA mutations are viable in a recA730 strain background. Most relevant, is 

the polA107 allele [40] that encodes a Y77C mutant of pol I (Fig. 2A) [41] lacking 5′→3′ 

exo/endonuclease activity [42], which is viable in the recA730 background [39]. To assay 

the role that the 5′→3′ exo/endonuclease of pol I has in ribonucleotide repair, we transduced 

the polA107 allele that had previously been linked to zih219::Tn10 into a recA730 

lexA51(Def) ΔdinBΔ umuDCΔ mutL strain background (Table 1). We reasoned that if the 

5′→3′ exo/endonuclease activity is important for pol I’s role in ribonucleotide excision 

repair in vivo, then we might observe a difference in the extent of umuC_Y11A-dependent 

spontaneous mutagenesis relative to that promoted by wild-type pol V, in a manner similar 

to that observed in ΔrnhB strains lacking RER [5]. However, that turned out not to be the 

case, since the relative amount of umuC_Y11A-dependent spontaneous mutagenesis 

remained essentially unchanged in the polA107 strain (Fig. 2C).
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We then considered the possibility that similar to the eukaryotic RER pathway, there may be 

redundancy at various steps of the E. coli RER pathway. Indeed, E. coli possesses another 

FLAP-endonuclease, ExoIX, that is encoded by the xni gene [43], and which shares 

considerable homology to the N-terminus (FLAP-domain) of Pol I [44]. As a consequence, 

we hypothesized that the FLAP-endonuclease activity of ExoIX might substitute for the 

FLAP endonuclease activity of pol I during ribonucleotide repair. Although ΔpolAΔ xni 

strains are apparently inviable [45], we had no difficulty in transducing the Δxni725::Kan 

allele into either polA+ or polA107 recA730 lexA(Def) ΔdinB ΔumuDCΔ mutL strain 

backgrounds (Table 1). In both strains, umuC_Y11A-dependent mutagenesis was ~25% of 

that observed with wild-type pol V (Fig. 2C). Thus, inactivation of the 5′-FLAP 

endonuclease activity of pol I and/or Xni, has no discernible effect of the level of 

umuC_Y11A-dependent mutagenesis in vivo. As a consequence, we conclude that in the 

absence of both 5′→3′ exo/endonuclease of pol I and ExoIX, the single-stranded FLAP 

generated during RER can be processed by one of the numerous E. coli single-stranded 

nucleases and that the RER does not require a dedicated 5′-FLAP endonuclease.

3.4 Effect of inactivating the 3′→5′ exonuclease activity of pol I on ribonucleotide 
excision repair in vivo

Since our studies with the polA107 mutant did not delineate an in vivo role for pol I in RER, 

we assayed the effect of other polA missense alleles on umuC_Y11A-dependent 

mutagenesis, and in particular, the D424A mutant that inactivates the 3′→5′ exonuclease 

activity of pol I (Fig. 2A;[22, 46]. E. coli strains with the polA_D424A allele expressed from 

the chromosome exhibit a modest 1.5–4 fold increase in spontaneous mutation frequencies, 

which have been attributed to error-prone DNA synthesis during the processing of Okazaki 

fragments [47]. The polA_D424A allele was transduced into the recA730 lexA(Def) ΔdinB 

ΔumuDCΔ mutL background and spontaneous His+ mutagenesis was assayed. The relative 

amount of umuC_Y11A-specific spontaneous mutagenesis increased from ~22% of that 

observed in the polA+ strain, to ~43% in the strain with defective 3′→5′ exonuclease activity 

(Fig. 2C). We attribute this phenotype to the reduced fidelity of the exonuclease-deficient 

pol I enzyme making deoxynucleotide misincorporations during RER of umuC_Y11A-

incorporated ribonucleotides. This observation therefore provides the first clear indication 

that pol I plays an important role in ribonucleotide excision repair in vivo.

3.5 Effect of inactivating the strand-displacement activity of pol I on ribonucleotide 
excision repair in vivo

In the proposed model for eukaryotic ribonucleotide excision repair, a key step in the 

process is strand-displacement by pol δ/ε that is initiated at an RNase H2 introduced nick 

[9]. In E. coli, this step is most likely to depend upon the strand-displacement activity of pol 

I. We therefore hypothesized that a mutant of pol I unable to promote strand-displacement 

would exhibit a pronounced umuC_Y11A phenotype.

Previous in vitro studies identified Ser769, Phe771, and Arg841 residues in the fingers 

subdomain of pol I as being required for strand displacement synthesis [27]. Ser769 and 

Phe771 are involved in initializing strand separation through the formation of a FLAP-
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structured DNA, while Arg841 via an interaction with the template strand, ensures optimal 

strand separation and DNA synthesis [27].

We constructed a polA strain defective in strand displacement by introducing S769(AGT)

→A769(GCA) and F771(TTC)→A771(GCA) substitutionsinto the chromosomal polA gene 

(Supplemental Fig. 1). Briefly, the chromosomal 3′ polA region was first replaced by a ZeoR 

cassette, and later substituted by a polA_SD− ::cat fragment containing the altered polA 

codons. The correct insertion of the polA_SD− ::cat cassette was confirmed by PCR, while 

the precise replacement of the ZeoR cassette and introduction of the altered polA S769A and 

F771A codons was confirmed by sequencing of the mutant chromosomal polA locus.

The polA_SD− allele was subsequently moved into the recA730 lexA(Def) ΔdinB ΔumuDC 

ΔmutL background by generalized P1 transduction, and spontaneous His+ mutagenesis 

assayed. However, the anticipated “pronounced umuC_Y11A phenotype” was not observed. 

Instead, there was essentially no measurable change in the relative amount of umuC_Y11A-

dependent spontaneous mutagenesis compared to wild-type pol V in the polA_SD− mutant 

versus the wild-type polA strain (Fig. 2C). We attribute the absence of a clear phenotype to 

the fact that despite exhibiting minimal strand displacement in vitro [27], the polA_SD− 

mutant may nevertheless possess sufficient strand displacement activity to function in vivo, 

or that similar to the 5′→3′ exo/endonuclease activity, which can be assumed by a substitute 

enzyme, the strand-displacement activity of pol I can be provided by an alternate enzyme, 

such as another DNA polymerase, and/or one of E. coli’s many single-stranded 

exonucleases.

3.6 Effect of inactivating the DNA polymerase activity of pol I on ribonucleotide excision 
repair in vivo

During the course of generating the polA_SD− mutant, we made an intermediate construct in 

which the 3′ end of the polA gene was replaced with a Zeocin resistance cassette (polA_ΔC; 

Supplemental Fig. 1). This construct is predicted to express a truncated pol I (residues 1–

768) that possesses both 5′→3′ and 3′→5′ exonuclease activities, but should be completely 

defective in polymerase activity, since it lacks key parts of the “finger” and “palm” domains, 

which are structural features required for DNA synthesis. Joyce and Grindley previously 

reported that plasmids encoding either the 5′→3′ and 3′→5′ exonuclease activities of pol I 

enable recA+Δ polA strains to grow to form viable colonies on rich LB-media [19]. We 

therefore attempted to transduce the polA_ΔC allele into the recA730 lexA(Def) ΔdinB 

ΔumuDC background and were able to obtain viable colonies on LB plates.

Western blots with antibodies raised to wild-type pol I indicates that the truncated pol I 

protein is either poorly expressed, or rapidly degraded, compared to either the wild-type or 

missense polA mutants (Fig. 2B), but nevertheless must be sufficient for cell viability. We 

assayed spontaneous His+ mutagenesis and found that the relative amount of umuC_Y11A 

mutagenesis in the polA_ΔC strain decreased significantly (p=0.015) when compared to the 

wild-type polA strain (5.3% vs. 22%; Fig. 2C). The decrease in mutagenesis in the polA_ΔC 

polymerase defective strain provides additional evidence for the pivotal role of pol I in RER. 

We suggest that in the absence of pol I polymerase activity, the DNA synthesis step of RER 

is performed by an alternate DNA polymerase with higher fidelity than pol I (see below).
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3.7 Effect of inactivating rnhB on pol I-dependent ribonucleotide excision repair in vivo

The initial step of RER is Rnase HII-dependent nicking of a DNA duplex 5′ to 

misincorporated ribonucleotides. In the absence of Rnase HII (as in the case of ΔrnhB 

strains), there is no nicking and subsequently no pol I-dependent RER. As a consequence, 

umuC_Y11A-dependent mutations are therefore expected to persist. To confirm that the 

change in the extent of mutagenesis observed in the rnhB+ 3′→5′ exonuclease-deficient 

polA and polA_ΔC strains is due to perturbation of pol I’s function in RER, we constructed 

isogenic ΔrnhB strains and assayed for spontaneous His+ mutagenesis.

Since RER is inactive in the ΔrnhB strains, umuC_Y11A-dependent mutagenesis does not 

depend on the DNA polymerase performing RER, but rather is determined by persisting 

mistakes made by the pol V variant. Indeed, the relative extent of umuC_Y11A mutagenesis 

increased from 22% in the polA+rnhB +strain to 40% in the polA+Δ rnhB strain. Strikingly, 

umuC_Y11A mutagenesis increased from 5% in the polA_ΔC rnhB+strain to 48% in the 

polA_ΔC ΔrnhB strain (Fig. 3). In contrast, in the polA_D424Astrain, activation of RNase 

HII-dependent RER appears to have little effect on the level of relative mutagenesis (43% 

vs. 38%). At first glance, this might lead one to conclude that the mutagenesis is 

independent of RNase HII function. However, this is not the case, but is simply due to the 

fact that the increase in mutagenesis derived from polA_D424A-dependent RER is, by 

coincidence, in the same range as persisting errors made by umuC_Y11A in the absence of 

RER.

This assumption was confirmed by determining the spectra of spontaneous rpoB mutations 

recovered from the polA_D424A rnhB+/−strains. Indeed, the spectrum of the polA_D424A 

ΔmutLrnhB + strain (Fig. 4A, top; Table 2) is very similar to the spectrum observed by 

Makiela-Dzbenska et al for the ΔmutL strain expressing proofreading-deficient pol I [47], 

while the spectrum of the polA_D424A ΔmutLΔ rnhB strain (Fig. 4A, bottom; Table 2) is 

reminiscent of the umuC_Y11A-dependent spectrum that we previously obtained for the 

ΔmutLΔ rnhB strain [12]. An even more dramatic effect of RNase HII on the rpoB spectra 

was observed in the polA_ΔC rnhB+/− strains completely lacking pol I polymerase activity 

(Fig. 4B; Table 2). Together, we believe that these observations are consistent with the 

notion that the spectra of mutations manifested in rnhB+/− strains are generated by different 

DNA polymerases.

Furthermore, we believe that because the extent of mutagenesis observed during RER 

depends upon the polA allele of the strain (increasing ~2-fold in a proofreading-deficient 

strain and decreasing ~4-fold in a polymerase-deficient strain) it indicates that pol I is the 

preferred DNA polymerase to facilitate RER in E. coli.

3.8 In the absence of pol I, pol III participates in ribonucleotide excision repair in vivo

Only two DNA polymerases (pol II and pol III) remain in the recA730 lexA(Def) polA_ΔC 

ΔdinB ΔumuDC ΔmutL strain. To determine which of the two high fidelity polymerases 

might back up pol I in RER, we constructed a set of isogenic recA730 lexA(Def) polA_ΔC 

ΔdinB ΔumuDC ΔmutL strains in which the 3′→5′ exonuclease activity of pol II (polBex1), 

or pol III (mutD5), was inactivated and assayed for spontaneous His+ mutagenesis (Fig. 5). 
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Because these strains lack three of E. coli’s five DNA polymerases and exhibit a strong 

mutator activity caused by defects in mismatch repair and pol II, or pol III-dependent 

proofreading, they grew poorly and rapidly acquired mutations. As a result, polBex1 and 

mutD5 strains were unable to form colonies on the standard minimal “low histidine” plates 

normally used for the His+ reversion assay. This problem was circumvented by substituting 

the 1μg/ml histidine with 4μg/ml casamino acids, which not only provides the low levels of 

histidine necessary for the reversion assay, but also all other essential amino acids sufficient 

for cell viability on the minimal agar plates. Under these assay conditions, one can clearly 

observe the mutator activity of the polBex1 and mutD5 alleles by the dramatic increase in 

the number of polV-independent His+ revertants observed in the mutation assays with the 

strains containing the control vector, pGB2 (Table in Fig. 5).

The data presented in Fig. 5 support the hypothesis that pol I is the polymerase of choice for 

RER in E. coli, since no umuC_Y11A mutator effect was observed for either the polBexI or 

mutD5 exonuclease-deficient alleles in a wild-type polA+ background (relative mutagenesis 

is ~30% in all these strains). As observed earlier on the low histidine plates (Figs. 2 & 3), 

the polA_ΔC strain exhibited low levels of umuC_Y11A mutagenesis on the casamino acids 

plates (Fig. 5) consistent with the hypothesis that a higher fidelity polymerase assumes the 

DNA synthesis step of RER in the absence of pol I. Interestingly, mutagenesis increased 

from just ~2% in the polA_ΔC polB+ strain to ~17% in the isogenic polBex1 strain. Even 

more striking was an increase in umuC_Y11A-dependent mutagenesis in the polA_ΔC 

mutD5 strain (~63%). We consider such observations as evidence that high-fidelity pol III 

substitutes for pol I in RER in polA_ΔC strains. The statistically significant (p<0.0001) 

increase in mutagenesis observed in the polBex1 strain may also be interpreted as an 

indication of a potential back up role for pol II in RER, but is more likely explained by the 

fact that pol II is an extrinsic proofreader of pol III errors [48].

4. Discussion

pol V is best characterized by its ability to facilitate translesion DNA synthesis. However, in 

certain genetic backgrounds, it has been shown to contribute to high levels of spontaneous 

mutagenesis on the undamaged E. coli chromosome [36, 37]. We have previously taken 

advantage of this phenotype, along with a steric gate mutant of pol V that readily 

incorporates ribonucleotides into the chromosome, to investigate the mechanisms of 

ribonucleotide repair in E. coli [5, 12]. In the present manuscript, we have used the same 

genetic system to study the potential role of DNA polymerase I in RER. Pol I was chosen as 

the main focus of the study based upon its previously characterized enzymatic properties 

that enable it to participate in “nick-translation” [13, 14, 49]. Using model in vitro 

substrates, we demonstrated that pol I can initiate strand displacement synthesis at a nick 

with a single 5′ terminal ribonucleotide which is removed during repair synthesis by the 

5′→3′ exonuclease or 5′-FLAP endonuclease activities of pol I (Figs. 1 & 6).

In E. coli strains proficient in RNase H functions, 5′ nicks are generated at sites of errantly 

incorporated ribonucleotides in vivo. The subsequent step in the repair pathway is initiation 

of DNA synthesis at the nick and strand-displacement of the ribo-containing DNA 

downstream from the nick (Fig. 6). We provide several compelling lines of evidence that pol 
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I normally facilitates this step in vivo. First, a polA mutant deficient in 3′→5′ exonucleolytic 

activity exhibited significantly (p=0.02) higher levels of umuC_Y11A-dependent 

mutagenesis compared to the isogenic polA+ strain (Fig. 2). We theorize that the increased 

mutagenesis is caused by error-prone pol I-dependent synthesis during RER of umuC_Y11A 

incorporated ribonucleotides (Fig. 5). Secondly, in a polA_ΔC strain deficient for pol I DNA 

synthesis, umuC_Y11A-dependent mutagenesis decreased significantly (p<0.02; Figs. 2, 3 

& 5). We believe that this observation can be explained by the fact that in its absence, 

another higher fidelity polymerase substitutes for pol I in RER. The observed changes in 

mutagenesis clearly reflect RER, as they are negated when the pathway is blocked by a 

ΔrnhB allele (Fig. 3) and changes in the spectrum of base substitutions are observed in the 

rpoB gene in the respective strains (Fig. 4).

Our studies with the mutD5 allele of dnaQ and polBex1 allele of polB provide evidence that 

it is the cell’s replicase, pol III, that most likely undertakes the role of pol I in its absence 

(Fig. 5). Importantly, they also support the model in which pol I is the primary DNA 

polymerase of choice to facilitate RER, as there is no effect of either the mutD5 allele or the 

polBex1 allele on RER in a polA+ strain.

We observed no significant phenotype of a polA mutant unable to facilitate strand-

displacement, but assume that such activity could readily be performed by pol III, or through 

the actions of a yet to be determined DNA helicase. Similarly, there was minimal effect of 

the 5′→3′ exo/endonuclease-deficient polA107 mutant, even in the absence of another FLAP 

endonuclease, ExoIX. However, removal of the 5′-FLAP occurs late in the RER process 

(immediately prior to ligation), and is simply needed to remove regions of single-stranded 

DNA generated during strand displacement. This step could potentially be facilitated by any 

number of E. coli’s single-stranded exonucleases (Fig. 6).

To elucidate the mechanism of RER in E. coli, we have utilized a model system in which a 

steric gate mutant of pol V with a propensity to incorporate ribonucleotides into DNA has 

been provided optimal conditions in vivo, so as to ensure access to undamaged DNA, where 

it acts as a molecular “hypodermic needle” to “inject” errant ribonucleotides into the E. coli 

genome. Such an approach has recently allowed us to uncover the mechanisms of 

ribonucleotide repair that were hitherto unknown ([5, 12] and herein). There is no reason to 

suspect that the mechanisms of RER uncovered utilizing the umuC_Y11A mutant are 

limited to repair of ribonucleotides specifically incorporated by pol V and given the fact that 

it has recently been suggested that even high fidelity replicases insert ribonucleotides much 

more frequently than previously thought [50, 51], we believe that RNase HII-pol I-

dependent RER is a global repair pathway that serves as a guardian of the E. coli 

chromosome and protecting it from the potentially harmful consequences of frequent 

ribonucleotide incorporation during genome duplication.
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Mutation Research Highlights

We have investigated the mechanism of ribonucleotide excision repair (RER) in E. 

coli.

DNA polymerase I is the primary polymerase of choice for the re-synthesis step of 

RER.

Back-up enzymes are able to substitute for pol I in the RER pathway in vivo.
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Fig. 1. 
Enzymatic activities of pol I on the FLAP endo-, or exonuclease DNA substrates containing 

a 5′-terminal monoribonucleotide on the downstream blocking oligonucleotide. The pol I-

catalyzed strand displacement synthesis and 3′→5′ exonucleolytic proofreading were 

assayed using nicked DNA substrate generated by annealing of the 49-mer DNA template 

containing an abasic site (X) with the P32-labeled 17-mer primer and the 32-mer 

downstream blocker (A). The nick-specific exonuclease (B) and FLAP-specific 

endonuclease (C) activities of pol I were visualized using the 17- or 27-mer primers, 

respectively, hybridized together with the P32-labeled 32-mer blocker to the 49-mer DNA 

template. Structures of DNA substrates are schematically presented on the top of each gel 

image (brown – template, red – primer, blue - blocker). In substrate I, the 17mer primer is 
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labeled, while in substrates II and III the 32mer blocking oligonucleotide is labeled (as 

indicated by, *). The arrows point to the cleavage sites on the DNA made by 3′→5′ exo- 

(purple ⇪ in I), 5′→3′exo- (green ▼ in II), and flap endonuclease (orange ▼ in II & III) 

activities of pol I and the corresponding exonucleolytic products, are indicated on the gels. 

The 27-mer bands seen on the gel in the panel A correspond to the products of primer 

extension blocked by the abasic site, while the 49-mer band correspond to the primer 

extensions past the lesion to the full-size product (TLS – translesion synthesis). Reactions 

were performed using DNA substrate (2 nM), purified pol I (4, 16, 63, 250 pM, or 1 nM), 

and mixtures of all four dNTPs (100 μM) for 15 min and analyzed by polyacrylamide gel 

electrophoresis as described in the Materials and Methods section.
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Fig. 2. 
Effect of mutations in the chromosomal polA gene on spontaneous mutagenesis in recA730 

lexA(Def) ΔumuDCΔ dinBΔ mutL strains harboring the empty vector, pGB2, or pRW134 

expressing wild-type pol V, or JM963 expressing UmuD′ and UmuC_Y11A. A. The 

location of the amino acid substitutions of each respective missense polA allele are indicated 

within the structural domains of pol I. The polA_ΔC allele expresses a truncated pol I 

protein (residues 1–768). B. Western Blot of steady-state levels of pol I in various strains of 

E. coli. Whole-cell extracts were obtained from the following strains: RW710 (polA+); 
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RW900 (ΔpolA::Kan); (RW1088 (polA107); RW1048 (polA_D424A); RW1042 

(polA_F769A/F771A); RW1098 (polA_ΔC) and the steady-state levels of pol I determined 

as described in Materials and methods. As observed, the steady state levels of pol I encoded 

by the three missense polA alleles were similar to the level of wild-type pol I. However the 

steady-state level of the truncated pol I (1–768) protein (encoded by polA_ΔC) was 

significantly lower compared to the wild-type enzyme and missense pol I mutants and was 

barely detectable unless the images were greatly overexposed (not shown). C. Spontaneous 

mutagenesis was measured by assaying reversion of the hisG4 ochre allele (leading to 

histidine prototroph) as described in Materials and methods. The following mismatch repair-

defective strains were used in the assays: RW710 (polA+); RW1088 (polA107); RW1050 

(Δxni); RW1054 (polA107/Δxni); RW1048 (polA_D424A); RW1042 (polA_F769A/F771A); 

RW1098 (polA_ΔC). The average number of His+ revertants per plate ± standard error of 

the mean (SEM) for the strains lacking pol V, or expressing wild type, or umuC_ Y11A pol 

V is indicated in the table below the graph. Since the extent of mutagenesis promoted by 

wild-type pol V differs in the various polA strains, the level of mutagenesis promoted by 

umuC_ Y11A is expressed as a percentage of wild-type pol V-dependent mutagenesis in the 

same strain and shown in the graph. Comparison of these values allows us to characterize 

the effect of mutations in pol I on the excision repair of ribonucleotides incorporated by the 

umuC_ Y11A allele of pol V. The difference in umuC_ Y11A-dependent mutagenesis 

between polA+ and either polA 3′→5′ exo− or polA_ΔC strains are statistically significant (p 

values of 0.02 and 0.015, respectively) as revealed by Student’s t-test analysis.
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Fig. 3. 
Effect of Rnase HII on the level of spontaneous mutagenesis promoted by the empty vector, 

pGB2, or pRW134 expressing wild-type pol V, or JM963 expressing UmuD′ and 

UmuC_Y11A in various polArecA730 lexA (Def) ΔumuDCΔ dinBΔ mutL ± ΔrnhB strains. 

Spontaneous mutagenesis was measured by assaying reversion of the hisG4 ochre allele 

(leading to histidine prototrophy) as described in Experimental procedures. The average 

number of His+ revertants per plate ± standard error of the mean (SEM) for the strains 

lacking pol V, or expressing wild type, or umuC_ Y11A pol V is indicated in the table below 
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the graph. The average level of mutagenesis promoted by umuC_ Y11A is expressed as a 

percentage of wild-type pol V-dependent mutagenesis in the same strain and shown in the 

graph are taken from [14] The following mismatch repair-defective strains were used in the 

assays: RW710 (polA+); RW1056 (polA+Δ rnhB); RW1048 (polA_D424A); RW1320 

(polA_D424A ΔrnhB); RW1098 (polA_ΔC); RW1336 (polA_ΔC ΔrnhB). The data for the 

polA+, polA 3′→5′ exo− and polA_ΔC strains expressing wild-type RNase HII are taken 

from Fig. 2 and are shown for direct comparison with the data for the ΔrnhB strains. The 

difference in umuC_ Y11A-dependent mutagenesis is statistically significant for the polA+ 

and polA+/ΔrnhB (p=0.02) and for polA_ΔC and polA_ΔC/ΔrnhB (p<0.002) strains.
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Fig 4. 
Spectra of spontaneously arising rpoB mutations in recA730 lexA(Def) ΔdinB ΔumuDC 

ΔmutLrnhB +/− strains expressing umuC_Y11A. A. polA _D424A strains deficient in pol I 

3′→5′ exonuclease activity. The arrows indicate mutagenic hot spots within the rpoB. B. 
polA _ΔC strains deficient in pol Ipolymerase activity. Approximately 300 Rif R mutants 

were analyzed for each strain (Table 2). The forward mutation rates were assayed by 

measuring resistance to rifampicin and were in the range of 3–5 × 10−6. The spectra in the 

rnhB+ and ΔrnhB strains differ in both the types of mutations and locations of mutagenic 
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hot-spots. Because of defects in MMR, all the spectra are dominated by transition mutations. 

However, since low-fidelity pol V makes a significant number of transversion mutations 

compared to other E. coli DNA polymerases [34, 37, 52], the number of umuC_Y11A-

dependent transversions in the rnhB strains is higher than in the rnhB+ strains (see Table 2). 

The shift in the types of mutations observed is significantly more pronounced in the 

polA_ΔC strains. The rnhB+ strains undergo active RER; as a consequence, they have a 

reduced number of pol V-specific transversions, and the spectrum generated in these strains 

reflect uncorrected errors made by pol I (panel A) or pol III (panel B) during the DNA re-

synthesis step of RER.
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Fig. 5. 
Effect of polBex1 and mutD5 alleles on spontaneous mutagenesis in recA730 lexA(Def) 

ΔumuDCΔ dinBΔ mutLpolA +/ polA_ΔC strains harboring the empty vector, pGB2, or 

pRW134 expressing wild-type pol V, or JM963 expressing UmuD′ and UmuC_Y11A. A. 

Full-length polA encodes a 928 amino acid protein, whereas the polA_ΔC allele expresses a 

truncated pol I protein (residues 1–768) that lacks key structural domains necessary to 

catalyze DNA synthesis. B. Because of their low viability on the defined “low histidine” 

minimal plates, spontaneous mutagenesis was measured by assaying reversion of the hisG4 
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ochre allele (leading to histidine prototrophy) on minimal agar plates containing 4μg/ml 

Casamino acids as described in Materials and methods. The following mismatch repair-

defective strains were used in the assays: RW1236 (polA+); RW1098 (polA_ΔC); RW1226 

(polA+polBex1 ); RW1324 (polA_ΔC polBex1); RW1250 (polA+mutD5 ); RW1218 

(polA_ΔC mutD5). The average number of His+ revertants per plate ± standard error of the 

mean (SEM) for the strains lacking pol V, or expressing wild type, or umuC_ Y11A pol V is 

indicated in the table below the graph. Since the extent of mutagenesis promoted by wild-

type pol V differs in the isogenic strains, the level of mutagenesis promoted by umuC_ 

Y11A is expressed as a percentage of wild-type pol V-dependent mutagenesis in the same 

strain and shown in the graph. Comparison of these values allows us to characterize the 

effect of inactivating the proofreading activity of pol II (polBex1), or proofreading-deficient 

pol III (mutD5), on the excision repair of ribonucleotides incorporated by the umuC_ Y11A 

allele of pol V in polA+ or polA_ΔC strains.
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Fig. 6. 
A model for ribonucleotide excision repair in E. coli. Pol V introduces multiple base 

substitutions (shown as d in orange) when it gains access to undamaged chromosomal DNA. 

It can also incorporate ribonucleotides (shown as r in red) into the nascent DNA strand. 

RNase HII incises the bond at the rNMP/dNMP junction 5′ to the ribonucleotide, generating 

DNA containing a single stranded break with 5′-phospho-ribonucleotide and 3′-hydroxyl 

ends. Pol I commences DNA synthesis at the nick and promotes strand displacement of the 

mutagenic pol V tract (shown as d in green). In polA mutants that are unable to promote 
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strand displacement, the unwinding of the nicked intermediate proceeds through the action 

of an unknown DNA helicase, or polymerase (shown in parentheses). In polA_ΔC strains 

deficient for DNA synthesis, the 3′-hydroxyl end of the nicked intermediate is extended by 

high-fidelity pol III (shown in parentheses). The displaced region containing rNMP and 

misincorporated dNMPs is usually degraded by the 5′→3′ exonuclease or 5′-FLAP 

endonuclease activity of pol I, but in its absence, the displaced strand may be degraded by 

the FLAP endonuclease Xni, or another (yet to be identified) single-stranded nuclease 

(shown in parentheses). Complete repair occurs once the nick is sealed by DNA ligase. 

Although this model is based upon our present studies with the error-prone umuC_Y11A 

steric gate mutant of pol V, we envisage that identical processes occur when high-fidelity 

DNA polymerases inadvertently incorporate ribonucleotides into genomic DNA.
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Table 1

E. coli strains used in this study

Strain Relevant Genotype Source or Reference

MG1655 F- λ − rph- E. coli Genetic Stock Center

MG1655
polA::Zeo

F- λ − rph- polA_ΔC b This work

MG1655
polA_SD−

F- λ − rph polA_F769A/F771A ::cat This work

KA797 polA_D424A ::cat [22]

RW900a ΔpolA::Kan LGI stocks

KM52 ΔmutL460::cat Martin Marinus

JW4128 ΔmutL720::Kan E. coli Genetic Stock Center

ES1484 mutL218::Tn10 E. coli Genetic Stock Center

JW0178 ΔrnhB782::Kan E. coli Genetic Stock Center

JW5446 Δxni725::Kan E. coli Genetic Stock Center

JW0221 ΔdinB749::Kan E. coli Genetic Stock Center

NR9548 mutD5 zaf13::Tn10 [53]

EMBL1789 polA107 E. coli Genetic Stock Center

ET1214 zih-219::Tn10 E. coli Genetic Stock Center

RW896 polA107 zih-219::Tn10 EMBL1789 x P1. ET1214

RW584a recA730 lexA51(Def) Δ(umuDC)596::ermGT [5]

RW698a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble [5]

RW710a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble mutL215::Tn5 [34]

RW928a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble polA_D424A ::cat RW698 x P1.KA797

RW1048a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble polA_D424A ::cat 
ΔmutL720::Kan

RW928 x P1.JW4128

RW932a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble Δxni725::Kan RW698 x P1 JW5446

RW1050a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble Δxni725c ΔmutL720::Kan RW932 x P1.JW4128

RW948a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble polA107 zih-219::Tn10 RW698 x P1. RW896

RW1088a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble polA107 zih-219::Tn10 
ΔmutL720::Kan

RW948 x P1. JW4128

RW968a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble polA107 zih-219::Tn10 
Δxni725::Kan

RW948 x P1. JW5446

RW1054a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble polA107 zih-219::Tn10 
Δxni725::Kan ΔmutL460::cat

RW968 x P1. KM52

RW1030a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble polA_F769A/F771A ::cat RW698 x P1. MG1655polA_SD−

RW1042a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble polA_F769A/F771A ::cat 
ΔmutL720::Kan

RW1030 x P1. JW4128

RW1060a recA730 lexA51(Def) Δ(umuDC)596::ermGT polA_ΔC b RW584 x P1. MG1655polA::Zeo

RW1086a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB749::Kan polA_ΔC b RW1060 x P1. JW0221

RW1098a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB749::Kan polA_ΔC b ΔmutL460::cat RW1086 x P1. KM52

RW838a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble ΔrnhB782::Kan [5]

RW970a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔrnhB782 ΔdinB61::ble KanS derivative of RW838c
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Strain Relevant Genotype Source or Reference

RW1056a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔrnhB782 ΔdinB61::ble ΔmutL720::Kan RW970 x P1 JW4128

RW1318a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔrnhB782 ΔdinB749::Kan RW970 x P1. JW0221

RW1326a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔrnhB782 ΔdinB749::Kan polA_ΔC b RW1318 x MG1655polA::Zeo

RW1336a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB749::Kan ΔrnhB782 polA_ΔC b 

ΔmutL460::cat

RW1326 x KM52

RW1214a recA730 lexA51(Def) polBex1 Δ(umuDC)596::ermGT ΔdinB749::Kan LGI lab stocks

RW980a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble polA_D424A ::cat 
ΔrnhB782::Kan

RW928 x P1. JW0178

RW1320 recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble polA_D424A ::cat 
ΔrnhB782::Kan mutL218::Tn10

RW980 x P1.ES1418

RW1214a recA730 lexA51(Def) polBex1 Δ(umuDC)596::ermGT ΔdinB749::Kan LGI stocks

RW1224a recA730 lexA51(Def) polBex1 Δ(umuDC)596::ermGT ΔdinB749 KanS derivative of RW1214c

RW1226a recA730 lexA51(Def) polBex1 Δ(umuDC)596::ermGT ΔdinB749 ΔmutL720::Kan RW1224 x P1.JW4128

RW1242a recA730 lexA51(Def) polBex1 Δ(umuDC)596::ermGT ΔdinB749 polA_ΔC b RW1224 x MG1655polA::Zeo

RW1324a recA730 lexA51(Def) polBex1 Δ(umuDC)596::ermGT ΔdinB749 polA_ΔC b ΔmutL460::cat RW1242 x KM52

RW1218a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB749::Kan polA_ΔC b ΔmutL460::cat 
mutD5 zaf13::Tn10

RW1098 x P1. NR9548

RW1250a recA730 lexA51(Def) Δ(umuDC)596::ermGT ΔdinB61::ble ΔmutL720::Kan mutD5 
zaf13::Tn10

RW1236 x P1. NR9548

a
: thr-1 araD139 Δ(gpt-proA)62 lacY1 tsx-33 glnV44 galK2 hisG4 rpsL31 xyl-5 mtl-1 argE3 thi-1 sulA211

b
: encodes polA residues 1–768 and expresses 5′→3′ exo/endonuclease and 3′→5′ exonuclease functions of pol I.

c
: The KanR cassette was “Flp’d” out by transforming the strain with the temperature sensitive plasmid, pCP20 encoding the FLP recombinase, 

followed by overnight incubation at 43°C [54].
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