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Abstract

The survival of all living organisms is determined by their ability to reproduce, which in turn 

depends on accurate duplication of chromosomal DNA. In order to ensure the integrity of genome 

duplication, DNA polymerases are equipped with stringent mechanisms by which they select and 

insert correctly paired nucleotides with a deoxyribose sugar ring. However, this process is never 

100% accurate. To fix occasional mistakes, cells have evolved highly sophisticated and often 

redundant mechanisms. A good example is mismatch repair (MMR), which corrects the majority 

of mispaired bases and which has been extensively studied for many years. On the contrary, 

pathways leading to the replacement of nucleotides with an incorrect sugar that is embedded in 

chromosomal DNA have only recently attracted significant attention. This review describes 

progress made during the last few years in understanding such pathways in both prokaryotes and 

eukaryotes. Genetic studies in Escherichia coli and Saccharomyces cerevisiae demonstrated that 

MMR has the capacity to replace errant ribonucleotides, but only when the base is mispaired. In 

contrast, the major evolutionarily conserved ribonucleotide repair pathway initiated by the 

ribonuclease activity of type 2 Rnase H has broad specificity. In yeast, this pathway also requires 

the concerted action of Fen1 and pol δ, while in bacteria it can be successfully completed by DNA 

polymerase I. Besides these main players, all organisms contain alternative enzymes able to 

accomplish the same tasks, although with differing efficiency and fidelity. Studies in bacteria have 

very recently demonstrated that isolated rNMPs can be removed from genomic DNA by error-free 

nucleotide excision repair (NER), while studies in yeast suggest the involvement of topoisomerase 

1 in alternative mutagenic ribonucleotide processing. This review summarizes the most recent 

progress in understanding the ribonucleotide repair mechanisms in prokaryotes and eukaryotes.
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1. Introduction

The synthesis of vitally important macromolecules that encode and transmit genetic 

information in all living organisms relies on nucleic acid polymerases. The nucleotide 

substrate specificity separates these enzymes into two distinct groups: those that utilize 

ribonucleoside triphosphates (rNTPs) and those that utilize deoxyribonucleoside 

triphosphates (dNTPs). DNA polymerases, enzymes that are essential for genome 

duplication and repair synthesis, belong to the latter group. Deoxynucleotides, the building 

blocks of DNA, are synthesized by ribonucleotide reductases from ribonucleotides and are 

present throughout the cell cycle at much lower concentrations than their precursors. As a 

result, and since dNTPs and rNTPs are chemically and structurally very similar, it is 

imperative for DNA polymerases to exhibit a high degree of selectivity for 

deoxyribonucleotides over ribonucleotides.

Various structural, genetic and biochemical studies revealed that the major barrier for rNTPs 

is confined to a single residue in the active site of all DNA polymerases that is called the 

“steric gate” (for recent reviews see [1-3]). The side chain or backbone of this residue 

physically clashes with the 2'-OH group on the sugar ring of an incoming ribonucleotide and 

prevents its insertion. Moreover, most high-fidelity DNA replicases are equipped with 3' 

→5' exonucleolytic proofreading domains or subunits that are designed to improve 

enzymatic fidelity, and have the capacity to not only recognize and excise nucleotides with a 

wrong base, but also with a wrong sugar [4-6]. However, proofreading of errantly 

incorporated ribonucleotides is relatively poor and as with other enzymatic processes, the 

overall discrimination against ribonucleotide insertion is not 100% efficient, even for high-

fidelity DNA polymerases [2, 3, 7]. As a result, a significant number of ribonucleotides are 

incorporated into nuclear DNA during the normal process of genome duplication. 

Estimations of this value for replicative and repair DNA polymerases from a variety of 

organisms [1, 3, 8-14] has led to the realization that among all non-canonical nucleotides 

embedded in chromosomal DNA, rNMPs are the most abundant. These findings hint at the 

possibility that incorporation of rNMPs during DNA replication or repair, is not simply a 

result of failed attempts to prevent it, but rather is an evolutionarily conserved property of 

DNA synthesis that may be of important biological significance (for recent review see [15, 

16]). For example, this includes (i) marking the nascent DNA, thereby directing the 

mismatch repair (MMR) machinery to the correct strand [12, 17], (ii) improving the 

efficiency and fidelity of pol µ-dependent non-homologous end joining in the course of 

double-strand break repair [9], or (iii) directing the recombination important for mating type 

switching in Schizosaccharomyces pombe [18]. However, when accumulated at excessive 

levels, rNMPs scattered throughout the chromosome might pose serious danger for a living 

cell, mainly due to the reduced stability [19] and altered structure of the nucleic acid 

backbone ([20, 21] and references therein). This threat is imminent not only for dividing 

cells, but also for quiescent cells that have substantially lower dNTP:rNTP ratios. To prevent 

persistent ribonucleotide accumulation, cells rely on the help of repair systems with the 

capacity to monitor and excise rNMPs inadvertently incorporated by DNA polymerases into 

genomic DNA. Here, we review and summarize the most recent data that has led to the 

elucidation of ribonucleotide repair mechanisms with emphasis on our own in vivo and in 
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vitro studies of prokaryotic pathways. We also present some previously unpublished data, 

which characterize specific features of excision/re-synthesis steps of the ribonucleotide 

repair pathway.

2. Approaches to study ribonucleotide repair

Ribonucleotide repair has been extensively investigated using Saccharomyces cerevisiae (S. 

cerevisiae) and Escherichia coli (E. coli) model systems. Studies in yeast were mainly 

performed using crude cell extracts from strains carrying a deletion of gene(s) encoding 

proteins implicated in RER and by reconstituting repair pathways in vitro using purified 

recombinant proteins [4, 6, 8, 22, 23]. We have elucidated RER in bacteria using 

biochemical and genetic approaches [24-27]. In particular, we have utilized low-fidelity 

E.coli pol V (UmuD'2C) and a steric gate mutant (umuC_Y11A) that avidly misincorporates 

ribonucleotides into genomic DNA to investigate the mechanisms of prokaryotic 

ribonucleotide repair.

E.coli pol V is best characterized by its ability to promote translesion DNA synthesis with a 

concomitant increase in damage-induced mutagenesis [28, 29]. However, in a recA730 

lexA(Def) background, where pol V is maximally activated and the enzyme is able to 

compete with pol III for access to undamaged DNA, the low-fidelity pol V confers a 

significant spontaneous mutator phenotype in the absence of exogenous DNA damage. 

Biochemical characterization of wild-type pol V revealed that in addition to low base 

substitution fidelity, pol V readily incorporates ribonucleotides into DNA in vitro [24]. 

Furthermore, pol V is able to synthesize long RNA stretches in vitro when copying a DNA 

template in the presence of rNMPs. The umuC_Y11A steric gate mutant of pol V has an 

even greater propensity to incorporate ribonucleotides. This mutant is also characterized by 

reduced deoxyribonucleotide base specificity in vitro. We therefore expected that when 

expressed in vivo, the umuC_Y11A mutant would induce higher levels of spontaneous 

mutagenesis than wild-type pol V. However, the exact opposite phenotype was observed. 

Spontaneous mutagenesis in strain with the umuC_Y11A variant was only about 7% of 

spontaneous mutagenesis in strain with wild-type pol [24]. To explain this phenotype, we 

hypothesized that efficient and accurate repair specifically targeted to replace nucleotides 

with an incorrect sugar concomitantly replaces nucleotides with incorrect bases in the 

vicinity of the target ribonucleotide. In doing so, these repair pathways reduce the mutagenic 

consequences of DNA synthesis by the highly error-prone umuC_Y11A. Therefore by 

introducing the umuC_Y11A allele into a number of repair-deficient strains, we have been 

able to identify individual proteins and repair systems that make a significant contribution 

into the poorly mutable phenotype of umuC_Y11A-expressing cells, and thus have 

delineated both primary and back-up pathways of ribonucleotide repair in E. coli.

2.1 RNase H-dependent ribonucleotides excision repair

It should be noted that the accidental incorporation of ribonucleotides by DNA polymerases 

is not the major source of rNMPs embedded into chromosomal DNA. Initiation of DNA 

replication on both the leading and lagging strands in all organisms occurs through the 

synthesis of short RNA primers by primases, followed by primer elongation by replicative 

DNA polymerases. The RNA primers must then be replaced with deoxyribonucleotides 
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before newly synthesized DNA can be ligated into an intact strand. Since replication of the 

lagging strand proceeds discontinuously, multiple Okazaki fragments form and the number 

of RNA primers that have to be removed during genome duplication is quite substantial, 

even in a bacterial chromosome, which has only a single origin of replication. Therefore, 

cells are equipped with an efficient system designed to detect and eliminate RNA patches 

from double-stranded DNA. Several distinct pathways have been implicated in RNA primer 

removal during Okazaki fragment maturation [30]. Naturally, at least one of these systems 

could be co-opted to remove errant ribonucleotides sporadically incorporated by DNA 

polymerases during replication and/or repair DNA synthesis. Indeed, it has been 

demonstrated in E. coli and S. cerevisiae, that the major pathway directed at the removal of 

isolated rNMPs from DNA is “RER” (Ribonucleotide Excision Repair), which is 

mechanistically very similar to the removal of ribonucleotides during Okazaki fragment 

maturation. In principal, this pathway in prokaryotes and eukaryotes consists of the 

following key steps (Fig. 1): (i) cleavage of the phosphodiester bond at the RNA-DNA 

junction 5' to the rNMP; (ii) DNA synthesis to replace excised nucleotides; (iii) a second cut 

is made 3' to the ribonucleotide; (iv) sealing of the nick by a DNA ligase that ultimately 

completes the repair pathway.

As a general rule, DNA polymerases discriminate against rNMPs very efficiently and only 

rarely incorporate isolated ribonucleotides [2, 7]. In contrast to multiple consecutive rNMPs 

forming the RNA primer of an Okazaki fragment, these ribonucleotides are randomly 

scattered across the genome. Therefore, initiation of the RER process requires a 

ribonucleotide-specific endonuclease that can recognize a single rNMP embedded in double-

stranded DNA. The enzymes that can hydrolyze the 3'-O-P bond on such substrates are well-

conserved in all domains of life and are called type 2 ribonuclease H (RNase H) (Fig. 1). 

Even though RNases of this type, such as eukaryotic RNase H2 encoded by the rnh2 gene 

and prokaryotic RNase HII encoded by the rnhB, prefer to cleave the RNA moiety in DNA 

templates containing a single ribonucleotide, they are also able to incise templates 

containing multiple rNTPs [31-37].

In both bacterial and yeast strains expressing steric gate mutant DNA polymerases (pol V 

umuC_Y11A or pol ε M644G respectively), defects in type 2 RNase H have mutagenic 

consequences [8, 22, 26]. However, the pathway leading to an increase in mutagenesis and 

the origin and type of mutants themselves are very different. In agreement with our 

hypothesis, disabling the major ribonucleotide repair mechanism in E. coli ΔrnhB cells 

results in ~5-fold increase in pol V-dependent spontaneous mutagenesis because a 

significant number of misincorporated nucleotides errantly incorporated by umuC_Y11A 

remain unrepaired. In contrast, de novo mutations are generated in an S. cerevisiae strain 

expressing the M664G pol ε mutant as a result of triggering of an alternative rNMP 

processing when RNase H2 is inactivated. These mutations, among which is a signature 2 to 

5-base-pair deletion, arise in rnh201Δlcells from the improper cleavage of the 

phosphodiester bond between ribo- and deoxyribonucleotides, creating unligatable nicks 

(discussed in more details below) [38].

It should be stressed that despite the mutagenic consequences described above, bacterial and 

yeast strains lacking type 2 RNase H are viable, while a defect in the catalytic activity of the 
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mammalian enzyme is intolerable (recently reviewed in [16]). This is manifested by early 

embryonic lethality of RNase H2 knock-out mice [10] and by the fact that the human 

Aicardi– Goutières syndrome is caused by partial reduction in the enzyme’s catalytic 

activity [39], or by mutations in the non-catalytic RNase H2B subunit [40]. Nevertheless, 

similar to yeast, cells from RNase H2 mutant mice show signs of genome instability [10] 

emphasizing the importance of intact RNase H2 in the non-mutagenic processing of rNMPs 

in higher eukaryotes.

Type 1 RNases H (encoded by rnh1 in eukaryotes and by rnhA in prokaryotes), possess a 

similar mechanism of hydrolysis and are structurally related to type 2 RNase H. However, in 

contrast to type 2 enzymes, type 1 enzymes require a tract of at least four sequential 

ribonucleotides within the DNA strand for efficient nicking [35, 37]. It is therefore expected, 

that in general, type 1 RNase H enzymes are unable to substitute for type 2 RNase H 

enzymes in the repair of randomly incorporated ribonucleotides [31]. However, if a DNA 

polymerase manages to insert multiple consecutive rNMPs, the availability of RNase HI 

might become useful. For example, we have shown that in an E. coli ΔrnhB strain 

expressing umuC_Y11A, repair of a significant number of misincorporated ribonucleotides 

is dependent on RNase HI [26, 41].

3. Role of DNA polymerases and flap endonucleases in RER

Initiation of RER by RNase H-catalyzed hydrolysis of DNA at a ribonucleotide generates 

nicks with 3'-hydroxyl and 5'-phosphate termini that can be “nick-translated” and 

subsequently ligated. In eukaryotes this process occurs though the coordinated action of the 

replicative polymerase, pol δ, catalyzing strand displacement DNA synthesis, flap 

endonuclease 1 (FEN1), mediating cleavage of the displaced 5'-overhang, and DNA ligase I 

resealing the nick [31, 42](Fig. 1). By reconstituting RER in vitro using purified yeast 

enzymes, Sparks et al., have shown that, similar to Okazaki processing, strand displacement 

synthesis could be also accomplished by pol ε and excision of the resulting flap can be 

catalyzed by exonuclease 1 (Exo1), albeit at a reduced rate in both cases [31]. Another study 

demonstrating the significance of FEN1 in ensuring efficient RER was performed using 

crude cell extracts from human and yeast cells [36]. This study implied that after RNase H2 

catalyzes the initial nick 5' to rNMP, a second cut is made by the exonuclease activity of 

FEN1, thereby releasing free ribonucleotide monophosphate and generating a single-

nucleotide gapped DNA that could be filled in by an appropriate DNA polymerase, such as 

pol β. However, neither approach allowed one to definitively establish the sequence of the 

events. For example, it is possible that RNase H-initiated RER proceeds through the second 

cut made immediately 3' to the rNMP by the 5'→3' exonuclease activity of FEN1, followed 

by the gap-filling DNA synthesis. Alternatively, strand-displacement DNA synthesis 

initiated at the nick creates flap that is subsequently cleaved by the 5' endonuclease.

Accurate elucidation of the molecular mechanism of RER is essential, since the length of the 

repair patch is not only affected by the biochemical characteristics of the participating 

enzymes and the structure and composition of DNA, but also by the sequence of the events. 

As shown in Figure 2, the size of the re-synthesis patches and of the excised fragments 

clearly depends on the processivity of the DNA polymerase responsible for the strand-
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displacement DNA synthesis. Thus, in the presence of FEN1, displacement synthesis 

catalyzed by distributive DNA polymerases, such as pol η or pol ι (Fig. 2B) primarily favors 

the formation and cleavage of short 2-3 nucleotide flaps, or single nucleotides (Fig. 2C) 

(reminiscent of the short-patch repair pathway). In contrast, the relatively processive pol β 

(Fig. 2B) extends primers by efficiently displacing the downstream DNA strand until it 

encounters a kinetic block (a template abasic site in our model substrate, Fig. 2A), which 

obstructs further primer elongation. As a result, the branched structure containing a single-

stranded 5' flap of ~10 nucleotides is created and cleaved by the 5' endonuclease activity of 

Fen 1 (Fig. 2C) (medium-patch RER). By analogy to the model proposed to elucidate 

removal of short RNA primer flaps [43, 44], short-patch RER can also be envisioned as 

resulting from strand-displacement synthesis catalyzed by a highly processive DNA 

polymerase when its forward progression is limited by the 3′→5′ exonuclease proofreading 

activity of the polymerase.

In search of proteins facilitating RER in prokaryotes, we turned our attention to DNA 

polymerase I, an important component of the bacterial replication machinery and a central 

player in a number of excision repair pathways. While the recognition and initial processing 

of various modified nucleotides is initiated via different lesion-specific endonucleases, 

subsequent DNA handling requires the same group of proteins. Indeed, replacement of 

damage-containing DNA fragments in the framework of most repair pathways occurs by an 

identical mechanism and by default, relies on the polA gene product. Pol I possesses three 

distinct biochemical properties: DNA polymerase catalytic activity, 3'→5' proofreading 

activity, which excises misincorporated nucleotides from the 3' end of nascent DNA, and 

flap exo/endonuclease activity, which removes nucleotides from the 5' terminus. The 

combination of pol I’s enzymatic activities makes it a perfect RER player acting 

downstream of an endonuclease and via classical “nick translation” mechanism preparing 

cleaved substrates for ligation. Therefore, even though the overall pathway of ribonucleotide 

repair is evolutionary conserved, the generation and processing of the RER intermediates 

(i.e. substrates of the flap exo/endonuclease activity) can be accomplished by a single 

protein in prokaryotes, while this step normally requires the concerted action of two 

eukaryotic enzymes.

Historically, the biological role of pol I in various DNA repair pathways was elucidated to a 

large extent through genetic characterization of individual polA mutants. In a similar vein, 

based upon the quantitation of spontaneous mutagenesis in strains expressing different pol I 

and pol V variants, we can confidently conclude that pol I acts in RER to mediate 

replacement and excision of rNMP-containing DNA fragments [27]. Akin to its function in 

other DNA repair pathways and Okazaki fragments processing, pol I binds to the nicked 

DNA template, displaces the rNMP-containing fragment by strand-displacement DNA 

synthesis and excises the displaced nucleotides using 5'→3' exonuclease and/or 5' flap exo/

endonuclease activity.

Biochemical characterization of pol I’s catalytic activities suggests that both enzymatic 

reactions take place within the same polypeptide chain. The polymerase acts first, producing 

an intermediate that is then passed to and cleaved by the 5'-nuclease [45]. When we 

reconstituted RER in vitro using oligonucleotide templates with nicks made 5' to a single 
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ribonucleotide (rU) (Fig. 3A), pol I displayed poor processivity, displacing 1–2 nucleotides 

of the RNA/DNA hybrids (Fig. 3B, lanes 2, 3) and releasing mono- and short 

oligonucleotides through its 5'→3' exonuclease and/or 5' flap exo/endonuclease activity 

(Fig. 3C, lanes 2, 3). These findings are consistent with studies of Xu et al., [45], that were 

aimed at the characterization of the coupling of polymerase and 5'-nuclease activities of pol 

I. Their study demonstrated that the preferred substrate for the 5'-nuclease of pol I is formed 

by rearrangement of the displaced 5' end via branch migration generating a “double-flap” 

structure with both 3'- and 5'- single-stranded extensions. Cleavage of such a structure 

mainly occurs between the first two paired bases of the strand with the 5'-overhang. 

Cleavage of a nicked substrate is less efficient and predominantly occurs between the first 

two paired bases of the downstream strand [45]. When DNA synthesis is non-processive, 

such nuclease specificity would result in the release of very short excision products 

regardless of whether the cleavage occurs through the 5'- flap-endo or through the 5'- 

exonuclease activity. Ultimately, however, the size of the cleaved products depends on the 

extent to which synthesis proceeds into the downstream duplex. Indeed, pol I excised longer 

5'-FLAPs in vitro when reactions were performed using substrates that allowed for more 

processive strand-displacement synthesis, i.e. when the downstream double-stranded DNA 

contained base mispairs (Figs. 3B-D, lanes 5, 6, 8, 9). In fact, pol I has been shown to be 

more processive (15-50 nucleotides per binding event) on long circular, nicked, or gapped 

DNA substrates [46] and its processivity further increases through an interaction with the β-

sliding clamp when loaded onto DNA by the γ-complex. Although it is generally accepted 

that in vivo pol I is involved in single nucleotide, or relatively short (2-30 nt) patch repair, 

several lines of evidence suggest that in some sequence contexts, where it is capable of 

highly processive DNA synthesis [47], repair tracts generated by pol I and oligonucleotides 

released by its flap endonuclease activity could be very long (see for example [48]). It 

should be noted that the number of replaced nucleotides and the size of the excised 

fragments is not necessarily determined by the difference in the relative rates of synthesis 

and hydrolysis. Even when pol I is less processive, relatively long repair tracks could be 

generated in a cell through multiple rounds of synthesis and rebinding (Fig. 3D, compare 

lanes 2 & 3 with 5, 6, 8, & 9) [49], which is accompanied by the release of a series of short 

oligonucleotides (Fig. 3C).

In eukaryotes, DNA replication is initiated through the generation of composite RNA-DNA 

primers catalyzed by a hetero-tetrameric complex consisting of primase and DNA 

polymerase α [50]. The 3'→5' exonuclease-deficient pol α is error-prone and its mistakes 

must be edited in order to prevent them from being fixed as mutations. One of the 

mechanisms utilized by cells to correct pol α errors involves their excision together with the 

removal of RNA primers [42]. This could be accomplished through FEN1-catalyzed 

cleavage of the displaced RNA/DNA flaps containing mispaired nucleotides, or by the 5' 

exonuclease activity of FEN1 that removes several ribo- and deoxyribonucleotides from the 

5' end of the nick. In prokaryotes, primase hands off the DNA template directly to the high-

fidelity replicative pol III without the need for an intermediate inaccurate DNA polymerase. 

Therefore, replacement of RNA primers does not require the correction of neighboring DNA 

bases. However, mechanisms similar to the eukaryotic correction of base mispairs in the 

vicinity of RNA primers do appear to operate in E. coli cells during RNase HII-initiated 
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repair of ribonucleotides that are incorporated by the highly error-prone pol V. Akin to 

Okazaki fragment maturation in eukaryotes, replacement of mispaired nucleotides can be 

envisioned to occur in two ways in bacteria (Fig. 1). Together with the rNMP they could be 

displaced into the 5′ flap and excised through pol I-catalyzed nick-translation, or, 

alternatively, pol V errors are corrected by the 5'→3' exonuclease activity of pol I by 

excising 5' terminal nucleotides ahead of the polymerase domain catalyzing strand 

extension. Pol I is less accurate than replicative pol III, but even a 3'→5' proofreading 

deficient variant is significantly more accurate compared to pol V. Therefore, recruitment of 

pol I to sites of RER inevitably leads to a reduction in pol V-dependent mutation rates. As a 

consequence, the longer the pol I-dependent repair patch the greater number of pol V errors 

that can be corrected. By taking advantage of the differences in the fidelity of bacterial DNA 

polymerases and by using strains with different mutant polA alleles, we were able to define 

the role of pol I in RER [27].

Our studies were performed in a mismatch repair-deficient background, so that any 

transition mutations generated by pol I during RER would not be corrected. Indeed, in rnhB+ 

cells expressing umuC_Y11A, the absence of mismatch repair resulted in a three-fold 

increase in mutagenesis, which we ascribed to error-prone pol I-dependent RER. In support 

of this hypothesis, mutagenesis further increased when intrinsic 3'→5' exonucleolytic 

proofreading of pol I was inactivated [27]. In contrast, disruption of pol I’s polymerase 

activity in strains encoding a polA allele with a C-terminal truncation (polA_ΔC) resulted in 

a dramatic reduction in the number of mutations introduced during the course of the re-

synthesis step of RER. The increased fidelity of RER in these cells can be easily explained 

by the substitution of pol I with the much higher fidelity replicase, pol III. Accordingly, the 

fidelity of RER in polA_ΔC cells dropped drastically when the DNA synthesis step was 

catalyzed by pol III lacking exonucleolytic proofreading. Overall, these findings provide 

compelling evidence that pol I is the polymerase of choice for RER.

4. Backup pathways of ribonucleotide removal

DNA lesions are often repaired by multiple pathways. It is therefore reasonable to expect 

that in addition to the major RNase H-dependent RER pathway (Fig. 4), alternative defense 

mechanisms are able to target nucleotides with a wrong sugar for repair, and other yet to be 

identified enzymes can cleave the phosphodiester bond at a newly incorporated rNMP. 

Indeed, even in the absence of both ribonucleases HI and HII, the levels of spontaneous 

mutagenesis detected in a umuC_Y11A-expessing strain is reduced compared to that of the 

same strain bearing wild-type pol V [41]. This is consistent with the presence of back-up 

enzymes ready to assume the responsibility of cleansing the bacterial genome from errant 

ribonucleotides, even though they may do it less effectively than RNase HII.

It seems that the simplest way for the cell to correct pol V errors would be to utilize the 

MMR apparatus drawn to the mispaired bases on the newly synthesized DNA strand. 

Indeed, as shown by several groups, the MMR machinery is able to bind and excise 

nucleotides with incorrect sugar, but only when the base is also incorrect [23, 41, 51]. These 

observations imply that a base mispair, not an incorrect sugar, is actually recognized by the 

MMR machinery (Fig. 4). We also were unable to find any evidence of a significant role of 
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base excision repair (BER) as a back-up system for the RER pathway, at least in E coli [41], 

even though BER is a major pathway responsible for cleansing DNA of deoxyuracils 

misincorporated by DNA polymerases, or generated through cytosine deamination.

The breakthrough in our quest for alternative ribonucleotide repair pathways came from an 

unexpected quarter. We discovered that in the absence of RNase HII, the excision of rNMPs 

scattered throughout the E.coli genome is partly recovered through the concerted actions of 

the UvrA, UvrB, and UvrC proteins [41], that are normally required for damage recognition 

and excision steps of prokaryotic nucleotide excision repair (NER) (Fig. 4). A second E. coli 

endonuclease, Cho (UvrC homologue), capable of assisting the NER complex in the 

excision of damaged substrates that are poorly incised by UvrC, is apparently not involved 

in the removal of ribonucleotides. Interestingly, our studies also indicated that removal of 

rNMPs by the UvrABC excinuclease can be successfully completed in the absence of the 

UvrD helicase, a key player in both nucleotide and mismatch excision repair [41].

The ability of the UvrABC complex to remove rNMPs from double stranded DNA was 

confirmed by reconstituting the reaction in vitro [41]. Biochemical characterization suggests 

that similar to NER of various helix-distorting modifications, repair of rNMPs proceeds 

through dual incisions made at the 8th phosphodiester bond 5', and 4th–5th phosphodiester 

bonds 3' of the ribonucleotide that releases a DNA fragment of 12–13 bases. The NER 

complex has the capacity to recognize and excise not only an isolated ribonucleotide, but 

also multiple rNMPs within a short RNA fragment in double-stranded DNA. The efficiency 

of repair depends on the number of consecutive rNMPs, the presence of base mispairs in the 

vicinity of the target ribonucleotide, as well as the type and number of the mispaired bases. 

The biochemical data suggest that mismatch-induced distortions in DNA structure in close 

proximity to the ribonucleotide help to target it for NER. Nevertheless, the NER complex is 

able to recognize and excise a single ribonucleotide embedded in dsDNA even in the 

absence of additional errors. Furthermore, despite its small impact on the global helical 

properties of the DNA duplex, an isolated rNMP can be replaced as efficiently as various 

bulky DNA-distorting lesions. Based on the results of molecular dynamics simulations, Cai 

et al., [52] have proposed that ribonucleotide recognition by the UvrAB relies on hydrogen 

bonding and electrostatic interactions of the ribose 2'-OH group with several aromatic 

residues in UvrB that are responsible for damage recognition.

Even though in vitro NER is able to relatively efficiently excise a single as well as multiple 

consecutive rNMPs with different base identity and placed within different surrounding 

sequence contexts, in vivo it became apparent only in ΔrnhB cells [41]. These findings are 

consistent with the model in which the first repair enzyme encountering a newly 

incorporated ribonucleotide in bacterial cell is RNase HII. The primary repair pathway 

initiated by RNase HII with possible assistance of RNase HI is efficient enough to alleviate 

need for the additional mechanisms (Fig. 4). Our data are also consistent with the hypothesis 

that RNase HII-initiated RER is coupled to DNA replication [4]. Therefore, post-replicative 

NER, which is generally assumed to act in the G1 and G2 phases of the cell cycle, functions 

mainly as an effective substitute for the disabled RNase HII-dependent RER, although 

limited competition between RER and NER for the subset of errant nucleotides cannot be 

excluded.
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It is clear that NER targeted at rNMP removal is capable of making a significant 

contribution to E. coli genome stability by helping reduce the number of errantly 

incorporated nucleotides. Several lines of indirect evidence suggest similar role for this 

mechanism in eukaryotic cells. Thus, association between defect in RNase H2 and changes 

in the expression of NER genes has been reported for yeast cells [53], and an increase in the 

rates of transcription-associated mutagenesis has been found in the rnh201Δ (RNase H2-

defective) yeast strains upon loss of the NER pathway [54].

The mutagenic outcome of ribonucleotide removal by the NER complex depends on the 

differences in fidelity of the polymerase responsible for the rNMP insertion and enzymes 

involved in excision repair. Thus, in E. coli, replacement of rNMPs through both primary 

(RER) and secondary (NER) mechanisms drastically reduces the number of spontaneous 

mutations arising from umuC_Y11A errors. In contrast, an alternative pathway of rNMP 

processing that has been recently identified in yeast is inherently error-prone and its 

activation poses a serious threat to the integrity of the genome. The threat comes from the 

action of topoisomerase 1 (Top1) (Fig. 4), whose primary function in the cell is to regulate 

DNA supercoiling through the creation of transient single-strand breaks. Interestingly, while 

substitution of RNase H2 by Top1 in rNMP processing compromises S. cerevisiae genome 

integrity (reviewed in [4, 55]) the availability of at least one RNases H in top1Δ cells has an 

opposite effect. Thus, it has been shown that both RNaseH1 and RNase H2 can rescue 

genome integrity of yeast cells by resolving transcriptional R-loops (anomalous RNA–DNA 

hybrids), formation of which would otherwise be suppressed by Top1 [56].

In the absence of a proper substitute for RNase H2, Top1 gains access to the rNMP-

containing DNA and hydrolyzes the phosphodiester bond between ribo- and 

deoxyribonucleotides [38] (Fig. 4). Such cleavage is irreversible because it creates 2',3'-

cyclic phosphate ends that are refractory to re-ligation. The events initiated by Top1-

catalyzed incision have a distinct mutagenic consequence, i.e. generation of 2- to 5-bp 

deletions within tandem repeat sequences [57]. These mutations, when accumulated at 

significant levels, result in replicative stress and genome instability. Such an effect was 

observed in rnh201Δ S. cerevisiae cells expressing a steric gate variant of the replicative 

polymerase, pol ε [8]. When RNase H2 is intact, excessive rNMP incorporation does not 

pose a threat to the yeast genome stability. The lack of 2 to 5 bp deletions from the 

mutagenic spectra of cells expressing the mutant pol ε, but with a wild type rnh2 gene, 
indicates that similar to the bacterial RNase HII protein, yeast RNase H2 has priority access 

to ribonucleotides randomly distributed within chromosomal DNA (Fig. 4). When this 

barrier is removed in rnh201Δ yeast strains, aberrant processing of abundantly accumulated 

ribonucleotides has an adverse mutagenic effect, even if Top1 is able to target only a subset 

of rNMPs [8]. It is plausible to assume that in RNase H2-defective mammalian cells Top1-

dependent flawed attempts to excise ribonucleotides accompanied by an increased frequency 

of strand breaks, contribute to mouse embryonic lethality and to the pathogenesis of Aicardi-

Goutières syndrome in humans [58]. A similar scenario of mutagenic rNMPs processing has 

been outlined by Jean-Sebastien Hoffmann and co-workers [59] in order to explain the 

enhanced genetic instability of mammalian cells over-expressing pol β, which is an enzyme 

characterized by relatively low sugar selectivity. Bergoglio et al., hypothesized that overly 
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frequent ribonucleotide incorporation by up-regulated pol β saturates normal RER repair 

pathways, thereby allowing Top1 to initiate rNMP processing. Cleavage of rNMP-

containing DNA by Top1 results in the formation of unligatable nicks with 2', 3'-cyclic 

phosphate and 5'- OH ends and ultimately leads to increased spontaneous mutagenesis [60], 

chromosome instability, and tumorigenesis [61]. This hypothesized pathway is virtually 

identical to the one later demonstrated in S. cerevisiae [8]. However, in yeast cells, the 

involvement of Top1 in rNMP excision only becomes evident when RNase H2 is 

inactivated, while in mammalian cells with elevated rNMPs incorporation, Τop1 appears to 

be able to gain an access to the rNMP-containing DNA even in presence of functional 

RNase H2.

5. Concluding remarks

In her 1997 commentary “Choosing the right sugar: How polymerases select a nucleotide 

substrate” [7], Catherine Joyce stated: “A quick glance at the recent scientific literature 

might give the impression that nucleic acid polymerases are suffering from an identity 

crisis” because of “the blurring of the distinction” between different polymerase classes. 

One of three studies Catherine Joyce cited to highlight her remark, was a paper entitled 

“Conferring RNA polymerase activity to a DNA polymerase” [62], which demonstrated that 

the identity of a DNA polymerase is virtually single-handedly defined by an evolutionarily 

conserved amino acid. This amino acid, which Gao et al., called a “steric gate”, serves as a 

guard blocking access to DNA for nucleotide substrates with the wrong sugar. Indeed, 

mutation of the steric gate residue essentially converted the Moloney murine leukemia virus 

reverse transcriptase into an RNA polymerase [62]. Several studies that followed this initial 

discovery seemed to indicate that the steric gate mechanism is a very reliable way to protect 

the integrity of DNA structure. However, the subsequent in-depth research revealed a 

surprising phenomenon. Errant ribonucleotides embedded in chromosomal DNA, which 

originally appeared to represent rare, potentially damaging mistakes of DNA polymerases, 

are now believed to be the most frequent non-canonical DNA inserts [9, 63]. It has been 

demonstrated that at physiological nucleoside concentrations, even high-fidelity replicative 

polymerases with an intact steric gate incorporate significant number of ribonucleotides 

during genome duplication (recently reviewed in [3, 4, 16]). Furthermore, besides being 

dangerous when accumulated at excessive amounts, rNMPs transiently present in DNA have 

important biological functions that are beneficial for the cell.

As mentioned above, living organisms are well prepared to limit the impact of mistakes 

made by DNA polymerases and to free their genomes from erroneous ribonucleotides. Some 

of the aberrant replacement mechanisms can have devastating consequences, but 

reassuringly, most of the ribonucleotide repair pathways identified to date are beneficial for 

the cell. Considering the large number of rNMPs embedded in genomic DNA and the 

importance of keeping the DNA structure intact, it would not be surprising if other, as yet 

unidentified pathways of ribonucleotide repair exist in various species (Fig. 4). It is possible, 

as well, that in order to preserve the positive outcome of rNMPs in genomic DNA cells 

utilize yet unidentified mechanisms that actually limit ribonucleotide excision.
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Abbreviations

nt nucleotide

dNTP deoxyribonucleoside triphosphate

rNTP ribonucleoside triphosphate

pol DNA polymerase

RNase H ribonuclease H

Top1 topoisomerase 1

Fen1 flap endonuclease 1

PCNA proliferating cell nuclear antigen

Exo1 exonuclease 1

Cho UvrC homologue

RER ribonucleotide excision repair

NER nucleotide excision repair

MMR mismatch repair

BER base excision repair

NHEJ non-homologous end joining repair

E. coli Escherichia coli

S. cerevisiae Saccharomyces cerevisiae
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Highlights

We review progress in understanding the mechanisms of ribonucleotide excision repair

The key enzymes that initiate ribonucleotide excision repair are type 2 RNases

Back-up ribonucleotide excision repair pathways can be error-free, or error prone

Similarities and differences in prokaryotic and eukaryotic RER are highlighted

Original research findings are presented for the re-synthesis step of RER
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Fig. 1. A model for Ribonucleotide Excision Repair
DNA replication catalyzed by an error-prone DNA polymerase might lead to occasional 

misinsertion of rNMPs along with erroneous bases (1). Type 2 RNase H recognizes a 

nucleotide with an extra 2'-OH group (2) and cleaves the phosphodiester bond at the RNA-

DNA junction 5' to the rNMP (3). A DNA polymerase initiates strand-displacement DNA 

synthesis at the nick and the displaced single rNMP, or 5'-RNA-terminated DNA fragment is 

excised by the 5' nuclease activity either intrinsic to the polymerase or associated with a 

separate protein (4). When a DNA fragment in the vicinity of rNMP contains mispaired 

bases, its replacement by RER reduces the mutagenic consequences of DNA synthesis by an 

error-prone DNA polymerase. The DNA template left after completion of excision and re-

synthesis steps contains a nick with 3'-hydroxyl and 5'-phosphate ends that is readily sealed 

by DNA ligase, thus completing the RER pathway (5). Mispaired bases outside the re-

synthesis patch of RER can be replaced by the MMR. It has been proposed that in 

eukaryotes, a transient nick created during RER can serve as a signal that directs MMR to 

the mispaired base on the nascent strand.
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Fig. 2. Processing of a nicked DNA substrate with a single ribonucleotide (U) in the 5' terminus 
of the nick by the combined action of a DNA polymerase and nuclease
A. Sequence of the oligonucleotides used to generate the nicked DNA substrate (also shown 

schematically to the right of each gel panel as “a”), consisting of the 49-mer DNA template 

(brown) with an abasic site (X) annealed with a 17-mer primer (red) and a 32-mer 

downstream blocker (blue). The template in which either primer, or blocker, is P32-labeled 

(indicated by the star, *), together with the purified recombinant human DNA polymerase 

(pol β, pol η, or pol ι) and Fen1 protein was used in in vitro reactions B. P32-labeling of the 

17-mer primer (red *) allows for visualization of the primer extension products. The 

processivity of the strand displacement synthesis, decreasing in the order pol β> pol η> or 

pol τ□ can be judged by the intensity of the intermediate bands such as the 19-mer 

oligonucleotide, whose structure (“b”) is schematically shown to the right of the gel. The 

~27 nt-long bands correspond to replication blockage by the abasic site on the DNA 

template (c), and the 49-mer band corresponds to the full-sized product generated by 

translesion replication to the end of the template (d). C. P32- labeling of the 32-mer blocker 

(blue *) allows one to visualize products of the 5'→3' exo-(green ▼), and flap 

endonucleolytic (orange ▼) cleavage.
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Fig. 3. Enzymatic properties of pol I on a nicked DNA substrate containing an abasic site (X) 
located in the template strand and a 5'-terminal mono-ribonucleotide in the downstream 
blocking oligonucleotide
A. The sequence of the oligonucleotides used to generate the various DNA substrates is 

essentially the same as indicated in Figure 1A. The structures of the DNA substrates are 

schematically presented on the top of each gel image (brown – template, red – primer, blue - 

blocker). B. The products of pol I-catalyzed strand displacement synthesis and 3'→5' 

exonucleolytic proofreading are detected using DNA substrates with the P32-labeled 17-mer 

primer (red star, *). C. 5'-end P32-labeling of the 32-mer blocker (blue star, *) is used to 

visualize the 5' nuclease activity of pol I. D. Labeling of the blocker at the 3' termini by 

addition of a single P32-ATP (and converting the blocker into the 33-mer) allows for the 

detection of repair track synthesis. E. Schematic representation of DNA templates with 

arrows pointing to the cleavage sites on the DNA made by the 3'→5' exo- (purple Ξ in a), 

5'→3' exo- (green ▼ in b2), and FLAP-endonuclease (orange ▼in b1) activities of pol I. 

Lanes 1, 4, & 7 in each gel panel represent control reactions incubated in the absence of pol 

I. Pausing of strand-displacement DNA synthesis after incorporation of 1 or 2 nucleotides 

(indicated by the red arrows, lanes 2 & 3 on the panel B) is accompanied by the release of 

the mono- or di-nucleotides catalyzed by the 5'→3'exonucleolytic activity of pol I (indicated 

by the green arrows, lanes 2 & 3, panel C, and illustrated on the scheme b2, panel E). 

Blocking DNA synthesis with an abasic site (27-mer on the panel B) is accompanied by the 

emergence of the 3'- end labeled 21- and 22-mers (panel D). These bands are mainly formed 

as a result of 5'→3'exonucleolytic cleavage by pol I, although a low level contribution of 

FLAP-endonuclease cannot be excluded. The attempts of pol I to replicate past the lesion is 

largely overcome by the 3'→5' exonuclease proofreading (scheme a, panel E) as indicated 

by the emergence of the mono- or di-nucleotides (lanes 2 & 3, panel B), although a small 

amount of full-sized translesion replication products (49-mer) can also be seen. Futile 
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cycling (bypass synthesis/3'→5' proofreading) causes release of a significant portion of the 

downstream blocker which is degraded by the 5' exo- and/or endonuclease activity of pol I, 

which is manifested by the 3'-end labeled 10-17-mer bands (panel D and scheme b2, gray 

arrows). Introduction of one (lanes 4-6, Y=A) or two (lanes 7-9, X & Y=A) mismatched 

base pairs facilitates strand displacement and as a consequence, increases the processivity of 

DNA synthesis (manifested by the significant reduction of band intensities at the +1 and +2 

positions, lanes 5, 6, 8, 9, panel B). For the template with the single mismatch, this results in 

a shift in the size of the pol I cleavage products from a 2-mer to 3-mer (indicated by the 

green arrows, lanes 5 & 6, panel C). Correspondingly, length of the 3'-end labeled blocker 

reduces to 27-28 nucleotides (panel D). At the same time, products of the FLAP-

endonuclease activity also become more visible as 9-11 nucleotide long oligonucleotides in 

panel C (also illustrated on the scheme b1, panel E). Products of the FLAP-endonuclease are 

much more prevalent with a DNA template containing two mispaired bases (lanes 8 & 9, 

panels C & D).
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Fig. 4. Pathways for keeping genomic DNA free from errant ribonucleotides: from competition to 
cooperation
While copying the parental DNA strand (shown in yellow), a low fidelity DNA polymerase, 

such as E. coli pol V, besides the correct nucleotides (shown in pink), often incorporates 

nucleotides with wrong base (shown in red) and/or wrong sugar moiety (correctly paired 

ribonucleotides are indicated in light blue, mispaired rNMPs are indicated in dark blue). 

These mistakes can be corrected by multiple repair pathways with distinct but overlapping 

specificities. The cartoon illustrates interplay between those pathways schematically 

presented as colored boxes connected with the corresponding target sites by a set of arrows. 

The first responder to the errantly incorporated rNMPs is type 2 RNase H. This enzyme 

initiates the primary and most efficient pathway of rNMP repair (RER2, blue). Type 2 

RNase H preferentially cleaves DNA templates with a single ribonucleotide, although it is 

also able to incise templates containing multiple rNTPs. In contrast, type 1 RNase H initiates 

repair (RER1, orange) that operates only on a tract of at least four sequential ribonucleotides 

within the DNA strand. Ribonucleotides that for some reason escape RER, can be excised 

by means of NER (green), most likely activated later than the RNase H-dependent pathway, 

or when it is impaired. All three pathways, RER2, RER1, and NER, are specifically triggered 

by the rNMPs, either correctly paired or mispaired, but concomitantly they can remove 

mispaired dNMPs positioned within the repair patch (indicated by the dashed lines). In 

contrast, coupled to replication MMR (crimson) is able to replace nucleotides with wrong 

sugar only when the base is also wrong. In this sense MMR cannot be considered as truly 

rNMP-targeted repair. Similar to NER, Top1-initiated excision of rNMPs (violet) is 

activated later than RER and MMR. Moreover, it seems that this pathway operates only 

when RNase H is impaired. In contrast to other mechanisms of rNMP repair, the Top1-

initiated pathway is highly mutagenic and to date has been detected only in yeast. It remains 
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to be determined whether additional, as yet unidentified pathways of ribonucleotide repair 

(shown in grey and by question mark) exist in other species.
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