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Abstract

In all living cells, DNA is the storage medium for genetic information. Being quite stable, DNA is
well-suited for its role in storage and propagation of information, but RNA is also covalently
included in DNA through various mechanisms. Recent studies also demonstrate useful aspects of
including ribonucleotides in the genome during repair. Therefore, our understanding of the
consequences of RNA inclusion into bacterial genomic DNA is just beginning, but with its high
frequency of occurrence the consequences and potential benefits are likely to be numerous and
diverse. In this review, we discuss the processes that cause ribonucleotide inclusion in genomic
DNA, the pathways important for ribonucleotide removal and the consequences that arise should
ribonucleotides remain nested in genomic DNA.

Introduction

DNA is a remarkably stable medium for the storage and replication of genetic information,
and it carries out this role in all living cells. RNA is more prone to hydrolysis of the
phosphodiester backbone than DNA due to the 2/-OH of the ribose sugar, which has the
potential to carry out nucleophilic attack of the 3’-PO4~ (Oivanen et al., 1998). It is
becoming increasingly evident that the division between RNA and DNA is not absolute, in
that ribonucleotides are frequently covalently nested in genomic DNA (Williams and
Kunkel, 2014; Caldecott, 2014; Brown and Suo, 2011). Of course this has the potential to
make the genome less stable, and ribonucleotides within genomic DNA must be removed
and replaced with DNA.

DNA replication can be adversely affected by rNMPs in the template strand, and any nicks
present in DNA due to hydrolysis at rNMPs can lead to replication stress with the potential
for generating lethal double-stranded breaks (Pizzi et al., 2014; Yao et al., 2013; Reijns et
al., 2012). However, there are also some useful aspects of having ribonucleotides in the
genome, and in this review we summarize and discuss the mechanisms of insertion, removal
and the consequences that result from the incorporation of ribonucleotides into genomic
DNA. We briefly discuss the eukaryotic literature, however, we place strong emphasis on
what is known in bacterial organisms. For readers more interested in studies emphasizing
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the removal of ribonucleotides from eukaryotic DNA, we wish to direct you to following
recent reviews (Williams and Kunkel, 2014; Caldecott, 2014).

1.0 Primase

It has long been known that DNA polymerases require a primer for DNA synthesis to occur
[for review (Kornberg and Baker, 1992)]. In bacteria, DnaG (primase) provides this function
(Bouche et al., 1975; McFadden and Denhardt, 1974). Primase is a DNA-dependent RNA
polymerase that is required to catalyze de novo synthesis of small RNA stretches serving to
prime leading and lagging strand synthesis during replication (Bouche et al., 1975). The
overwhelming majority of RNA in genomic DNA is due to the activity of primase (Figure
1).

DnaG synthesizes 10-15 consecutive ribonucleotides, forming an RNA primer
approximately every 1.5 kbps when coupled to the replicative helicase (Rowen and
Kornberg, 1978; van der Ende et al., 1985; Corn and Berger, 2006). For a bacterial genome
size of roughly 4000 kbps, this would result in lagging strand replication of 2000 kbps per
new chromosome and approximately 20,000 rNMPs incorporated per chromosome strand
per replication event. For comparison, approximately 150 million ribonucleotides are
expected to be incorporated during Okazaki fragment synthesis of the human nuclear
genome [review (Williams and Kunkel, 2014)]. Although primase is the major contributor
of ribonucleotide stretches in genomic DNA, Okazaki fragment maturation results in the
efficient removal of these RNA stretches in bacteria through the actions of DNA polymerase
I (pol 1) and RNase HI (Ogawa and Okazaki, 1984). Thus, although primase is responsible
for considerable rNMP incorporation into genomic DNA, RNA primers are rapidly removed
from the genome, as Okazaki fragment maturation matches pace with the replication forks in
E. coli and B. subtilis, which move at 500 and 750 nt/sec, respectively (Wang et al., 2007;
Breier et al., 2005; Sanders et al., 2010).

2.0 Nucleotide pools in vivo

The focus of this review is on the incorporation of ribonucleotides into the genome by DNA
polymerases and the pathways responsible for their correction. An important factor affecting
proper substrate selection by DNA polymerases is the cellular concentration of dNTPs
relative to rNTPs. By all accounts, rNTP pools exceed dNTP pools in organisms ranging
from E. coli to humans (Traut, 1994; Buckstein et al., 2008b; Nick McElhinny et al., 2010b;
Ferraro et al., 2010). For E. coli, the rNTP:dNTP ratios range from 1.8-fold in the case of
rUTP:dTTP to as high as 600-fold for rATP:dATP (Buckstein et al., 2008b). Likewise, in S.
cerevisiae the ratios range from 36:1 to 190:1 for rCTP:dCTP and rATP:dATP, respectively
(Nick McElhinny et al., 2010b). Therefore, DNA polymerases are initially challenged to
select the correct dNTP among the more abundant rNTPs (Figure 1). Such a challenge
invariably contributes to rNTP incorporation in place of dNTPs during genome replication.
Below, we discuss the tendency of bacterial DNA polymerases to incorporate
ribonucleotides in place of deoxyribonucleotides.
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3.0 Ribonucleotide incorporation by DNA Polymerases

The ability of DNA polymerases to discriminate between rNTPs and dNTPs has been
extensively studied in vitro [reviewed in (Brown and Suo, 2011; Joyce, 1997)]. The general
feature that contributes to sugar selection in the DNA polymerase active site is “exclusion”
of the 2’-OH on the ribose sugar moiety by a tyrosine, phenylalanine or glutamic acid
residue side chain (Figure 2) (Kasiviswanathan and Copeland, 2011; Astatke et al., 1998;
Beck et al., 2002; Bonnin et al., 1999; Brown et al., 2010; Cases-Gonzalez et al., 2000;
DelLucia et al., 2003; Gao et al., 1997; Gardner and Jack, 1999; Patel and Loeb, 2000; Yang
et al., 2002). The use of a steric gate residue side chain to limit rNTP utilization by DNA
polymerases is common, although some DNA polymerases from the X-family use a segment
of the protein backbone to reduce rNTP incorporation (Garcia-Diaz et al., 2005; Pelletier et
al., 1994; Sawaya et al., 1997; Brown et al., 2010). In addition, DNA polymerase domains
change from an “open” to “closed” conformation during catalysis and the dynamics of this
transition can be altered in the presence of rNTPs providing another mechanism for sugar
discrimination (Joyce et al., 2008). Interestingly, depending on the type of DNA polymerase
and the specific INTP:dNTP pair, sugar discrimination can range from just over 2-fold
discrimination against rNTPs relative to dNTPs to over a million-fold preference for ANTPs
[reviewed in (Brown and Suo, 2011; Joyce, 1997)].

Most polymerases are also limited in the number of rNTPs that can be incorporated
consecutively, which prevents long stretches from occurring even when rNTPs are plentiful
(Astatke et al., 1998; Zhu and Shuman, 2005b; Ruiz et al., 2003; Nick McElhinny and
Ramsden, 2003). This is not related to the steric gate, but instead stems from the developing
RNA/DNA hybrid adopting an A-form conformation. This demonstrates an additional
mechanism by which ribonucleotide incorporation is minimized (Astatke et al., 1998). In
this section, we consider and discuss the diverse range of rNTP utilization by replicative,
repair and lesion bypass bacterial DNA polymerases.

3.1 Ribonucleotide incorporation by DNA Polymerase |

In bacteria, DNA polymerase | (pol I) has important roles in lagging strand replication,
DNA repair and ribonucleotide excision repair (RER) (see below) [for review (Kornberg
and Baker, 1992; Vaisman et al., 2014)]. The wild type enzyme can misincorporate rNTPs,
particularly rCTP and rGTP, the extent of which depends on nucleotide pool ratios and the
catalytic metal ion. The Klenow fragment of E. coli pol | readily incorporates rCTP and
rGTP when rNTP:dNTP ratios are elevated to 1000:1 (Astatke et al., 1998; Ide et al.,
1993b), while maintaining stringent selection against rUTP and rATP (Astatke et al., 1998).
Kinetic analysis demonstrates that Klenow shows about a 3000-fold discrimination for
dCTP relative to rCTP and nearly a million fold discrimination against rUTP. Therefore, the
range of rNTP:dNTP discrimination is exceedingly broad depending on the rNTP:dNTP
pair. Mutation of the steric gate (E710A) imparted substantial rNMP incorporation when
rNTP:dNTP ratios were 1:1 and abolished the strong discrimination against rUTP and rATP.
In fact, the steric gate variant showed very similar levels of incorporation for all four rNTPs
even at INTP:dNTP ratios of 10:1 (Astatke et al., 1998).
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It has long been established that E. coli pol | is more capable of incorporating rNTPs when
Mn2* is used instead of Mg2* during in vitro synthesis reactions. Mn2* distorts the active
site in a way that allows for increased rNTP utilization, particularly in the case of rCTP and
rGTP (Tabor and Richardson, 1989; Van de Sande et al., 1972). In addition, mutation of
residues in the O-helix can also elevate rNTP incorporation, though not to the same extent as
variants of the steric gate (Astatke et al., 1998). One possibility is that the residue(s) on the
O-helix help orient the sugar moiety on the incoming rNTP to clash with the steric gate.
These examples illustrate the importance of active site geometry as well as the steric gate in
sugar discrimination. The extent to which pol I-dependent ribonucleotide incorporation takes
place and impacts genome stability in vivo is not yet understood. Because pol | is critical for
Okazaki fragment maturation and resynthesis during DNA repair, there are ample
opportunities for pol I-dependent inclusion of rNMPs into genomic DNA.

3.2 Ribonucleotide Incorporation by Replicative DNA Polymerases

In bacteria the main replicative DNA polymerase is a family C-type DnaE or PolC enzyme
[for review (McHenry, 2011; Johnson and O'Donnell, 2005)], while in eukaryotes the
leading strand polymerase, pol €, and the lagging strand polymerase, pol 8, are B-family
replicases (Braithwaite and Ito, 1993; Pursell et al., 2007). Studies in S. cerevisiae have
demonstrated that rNMPs are incorporated into genomic DNA in vivo and in vitro by
eukaryotic pols €, 8 and a (Nick McElhinny et al., 2010a; Nick McElhinny et al., 2010b;
Sparks et al., 2012; Williams and Kunkel, 2014). These studies have shown that
approximately 10,000 rNMP misincorporations are expected during a single round of DNA
replication for S cerevisiae (Nick McElhinny et al., 2010a; Nick McElhinny et al., 2010b).
Extrapolating the rNMP incorporation rates for S cerevisiae and mice to humans predicts
approximately ~3 million rNMP errors are made per round of replication for a human cell
(Nick McElhinny et al., 2010b; Reijns et al., 2012). Therefore, in eukaryotes, rINMPs
embedded into genomic DNA represent the most abundant nucleotide in need of repair.

Using E. coli DNA polymerase 111 (pol I11), as a model for C-family replicases, it was shown
that a ribonucleotide incorporation event can be expected every 2,300 bps (Yao et al., 2013).
Considering the rate of ribonucleotide incorporation in vitro, Yao et al. expect nearly 2,000
misincorporation events per round of replication for the E. coli genome (Yao et al., 2013). If
we consider that E. coli pol 111 makes a dNTP base pairing error only once every ~7.9
rounds of replication, it becomes clear that sugar errors are by far the most frequent mistake
made by bacterial replicative DNA polymerases (Lee et al., 2012). Of course the number of
2,000 per round of replication for E. coli pol 111 does not take into consideration the possible
contributions of DNA pol I, I1, IV or V to sugar error during genome replication.

Of the roughly 2,000 errors made by E. coli pol Il approximately 1,500 of these are
expected to be rAMP followed by over 300 misinsertions of rCMP, a little over 100
misinsertions of rGMP and only 6 rUMP (Yao et al., 2013). Therefore, pol 111 shows
excellent exclusion of rUTP during replication. In vivo studies of the low GC Gram-positive
bacterium Bacillus subtilis showed that rNMPs are indeed incorporated into genomic DNA
(Yao et al., 2013). B. subtilisuses both DnaE and PolC for chromosomal replication and the
contributions of each of these replicases to sugar error are not yet established. Given that S,
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cerevisiae, E. coli, mouse, B. subtilisand Chlamydophila pneumoniae have all shown a
significant amount of rINMP misinsertions either in vitro, in vivo or both, it seems likely that
ribonucleotide incorporation by replicative DNA polymerases is a biologically conserved
event (Lu et al., 2012b; Nick McElhinny et al., 2010a; Nick McElhinny et al., 2010b; Reijns
etal., 2012; Yao et al., 2013).

3.3 Ribonucleotide incorporation by Y-family DNA polymerases

Y-family DNA polymerases are DNA damage inducible and function in lesion bypass on
damaged template DNA [for review (Sutton, 2009; Goodman and Woodgate, 2013; Waters
et al., 2009; Jarosz et al., 2007; Sale et al., 2012)]. The activity of Y-family DNA
polymerases during lesion bypass can result in ANTP mispairing and ribonucleotide
incorporation (Goodman and Woodgate, 2013; Sutton, 2009; McDonald et al., 2012;
Vaisman et al., 2012; Vaisman et al., 2014). The rate of ribonucleotide incorporation has
been studied for a variety of Y-family polymerases and their ability to perform sugar
discrimination ranges from 2.5-fold in the case of Mycobacterium smegmatis DinB2 to
several thousand-fold in the case of SQulfolobus solfataricus DinB homolog (Dbh) (DeLucia
et al., 2003; Ordonez et al., 2014). Therefore, although Y-family polymerases are expected
to provide a limited amount of DNA synthesis during chromosomal replication in non-
stressed cells, these polymerases do incorporate rNMPs and vary widely in their ability to do
S0.

The archeon Qulfolobus solfataricus Y-family pol Dbh discriminates 3,400-fold for dGTP
relative to rGTP and shows even higher discrimination for dCTP on a frameshift substrate
(DeLucia et al., 2003). Study of a steric gate variant of Dbh, DbhF12A, revealed reduced
discrimination of dGTP over rGTP from 3,400-fold to only four-fold (DeLucia et al., 2003).
Structural information on S solfataricus polymerase Dpo4 demonstrated that the steric gate
residue side chain (Y12) would clash with a 2’-OH group of an incoming rNTP (Figure 2).
Importantly, the tyrosine side chain also stacks with the sugar ring while its backbone amide
hydrogen bonds with the sugar 3’-OH. These multiple contacts reveal how mutating the
steric gate (Y12A) decreases the efficiency of incorporation for both dNTPs and rNTPs
while simultaneously reducing sugar discrimination (Kirouac et al., 2011). It also
emphasizes the multiple roles played by the steric gate in stabilizing the incoming nucleotide
during the polymerization reaction.

E. coli DNA polymerase V (UmuD’,C) in the presence of RecA is proficient at
incorporating ribonucleotides while replicating undamaged DNA in vitro [for review of pol
V Mut (Patel et al., 2010) and (Vaisman et al., 2012)]. Although mutation of the steric gate
in other Y-family polymerases does not convert these to primer-dependent RNA
polymerases mainly because extension is inefficient (DeLucia et al., 2003), a UmuCY11A
steric gate variant incorporates stretches of RNA from a primer almost as efficiently as the
wild type enzyme synthesizes DNA (Vaisman et al., 2012; Kuban et al., 2012). E. cali pol V
can be error-prone and contributes nearly 100-fold to UV induced mutagenesis (Goodman
and Woodgate, 2013; Sutton, 2009). Interestingly, the UmuCY11A variant caused over a
12-fold decrease in UV-induced mutagenesis (Vaisman et al., 2012; Kuban et al., 2012).
Further genetic study of umuCY11A showed that the reduction in mutagenesis was due to its
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incorporation of rINMPs followed by their subsequent removal and resynthesis by DNA pol
I. The propensity of UmuCY11A to incorporate rNMPs was later harnessed to identify gene
products important for RER in E. coli (McDonald et al., 2012; VVaisman et al., 2013;
Vaisman et al., 2014) (see below Section 4.4).

The work described above shows that pol V can naturally incorporate rNMPs at a substantial
rate. Such a finding may have implications for other translesion DNA polymerases, where
these pols could use rNTPs in place of dNTPs when dNTP concentrations are low.
Mycobacterium smegmatis has three DinB paralogs (Ordonez et al., 2014). Recent work on
Mycobacteriumsmegmatis DinB2 (pol 1V) has demonstrated that this “translesion” DNA
polymerase naturally incorporates rNMPs at a high rate (Ordonez et al., 2014). DinB2 has a
leucine residue in place of the canonical tyrosine or phenyalanine at the steric gate position.
DinB2 has < 4-fold discrimination for ANTPs relative to rNTPs. Furthermore, DinB2 can
synthesize significant stretches of consecutive rNMPs (>10) demonstrating that this enzyme
is a primer and template-dependent RNA polymerase. Moreover, DinB2-like enzymes with
leucine or a similar amino acid side chain in place of the canonical steric gate side chain are
phylogenetically conserved among many bacteria. This work strongly suggests that some Y-
family polymerases may incorporate rNMPs in place of dNMPs in vivo. One possible
benefit from this activity is that DinB2 could fill in gaps during repair with a stretch of
ribonucleotides during stationary phase or other quiescent phases when dNTPs are
particularly scarce (Ordonez et al., 2014). The resulting “ribo patch” would allow for
temporary repair with rNMPs which could subsequently be removed and replaced with
dNMPs through RER (Ordonez et al., 2014). The model of temporary ribo patch repair is
very attractive, although it has yet to be demonstrated in vivo.

3.4 Ribonucleotide incorporation by polymerases during non-homologous end joining

Many bacteria can directly rejoin double-strand DNA breaks using Non-Homologous End
Joining (NHEJ). This pathway relies on a Ku homodimer that recognizes the broken DNA
ends and recruits an ATP-dependent Ligase (LigD). Most LigD homologs have a
polymerase (LigD-POL) and phosphoesterase (LigD-PE) domain in addition to their ligase
domain (LigD-LIG) [for review (Matthews and Simmons, 2014; Shuman and Glickman,
2007)]. Together, the multiple activities of LigD collaborate to modify and ultimately rejoin
broken DNA ends.

NHEJ is critical when bacteria are not replicating and therefore lack a homologous copy of
their chromosome for recombination. Consequently, this repair pathway operates during
conditions where cellular dNTP levels are at their lowest. It is perhaps not surprising that all
three enzymatic domains of LigD have unique properties related to ribonucleotides. The
polymerase domain is related to primase and fills in 5’ overhangs at broken DNA ends
(Gong et al., 2005). LigD-POL uses rNTPs more efficiently than dNTPs for synthesis. In the
presence of rNTPs it also has a lower fidelity, is limited to adding only four nucleotides
before further extension is inhibited, and can add a nontemplated base resulting in frameshift
mutations (Zhu and Shuman, 2005b; Yakovleva and Shuman, 2006; Gong et al., 2005;
Pitcher et al., 2005; Pitcher et al., 2007; Zhu and Shuman, 2006).
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LigD-PE is capable of both removing 3’-PO,4 groups that can persist after DNA damage as
well as stretches of RNA created by LigD-POL until only a single ribonucleotide remains
(Zhu and Shuman, 2005a; Zhu et al., 2005; Zhu and Shuman, 2006). The PE domain plays a
minor role in NHEJ in vivo, which indicates that this activity is only important for repair at a
minority of double-strand breaks (Aniukwu et al., 2008; Bhattarai et al., 2014). Even when
active, the PE domain leaves at least one ribonucleotide 3’ to the break, which stimulates the
activity of the LigD-LIG domain (Zhu and Shuman, 2008). Thus, the POL, LIG and PE
domains work together to mediate repair of DNA breaks using ribonucleotides.

In eukaryotic cells, the error prone pol p also modifies DNA ends prior to NHEJ. It has a
glycine in place of the bulky, aromatic tyrosine normally found at the steric gate and
therefore can readily use rNTPs in place of dNTPs during synthesis (Nick McElhinny and
Ramsden, 2003; Martin et al., 2013). This also results in a ribonucleotide 3’ to the break,
which stimulates Ligase IV to subsequently seal the synapsed DNA ends (Nick McElhinny
and Ramsden, 2003). Thus, the use of ribonucleotides to fill in broken DNA ends and
stimulate ligation when the dNTP pool is low is a common theme. However, it comes at the
cost of sealing in a ribonucleotide at the repair junction, which must subsequently be
corrected by RER. Considering LigD-POL may modify all DNA breaks in stationary
Mycobacterium smegmatis cells exposed to ionizing radiation (Bhattarai et al., 2014), NHEJ
may represent a considerable source of rNMP incorporation in bacteria under adverse
conditions.

4.0 Removal of rNMPs from Genomic DNA

RNase H enzymes cleave RNA in an RNA/DNA hybrid. Bacterial RNase H enzymes have
established roles in DNA replication, DNA repair and transcription [for review (Kogoma,
1997)]. RNases H from bacteria are categorized into type 1 and type 2 enzymes based on
conservation of their primary structure [for review (Tadokoro and Kanaya, 2009)]. RNase
HI is a type 1 RNase H, while type 2 enzymes include RNases HII and HIII. Bacteria
usually contain either RNases HI and HII or RNases HII and HIII [for review (Ohtani et al.,
1999b; Tadokoro and Kanaya, 2009)] (Figure 3A). Here we discuss a few examples of
RNase H enzymes. It should be noted that prokaryotic RNase H enzymes show impressive
diversity in their activity and substrate recognition. For more information please see the
following reviews (Ohtani et al., 1999b; Tadokoro and Kanaya, 2009).

In addition to the RNase H system employed for the removal of RNA from genomic DNA,
topo I removes single rINMPs in S cerevisiae and nucleotide excision repair (NER) can
remove both single rINMPs and stretches of rNMPs in E. coli (Kim et al., 2011; Vaisman et
al., 2013; Cai et al., 2014). In this section, we review the processes impacting removal of
rNMPs incorporated into genomic DNA.

4.1 Bacterial RNase HI

The E. coli rnhA gene encodes RNase HI, which cleaves stretches of RNA in an RNA/DNA
hybrid, generating a 5’-PO4~ (Miller et al., 1973; Berkower et al., 1973). RNase HI enzymes
are divided into two groups: (1) the archaeal-type hybrid binding domain (HBD) HBD-
RNase HI and (2) the E. coli type RNase HI (Tadokoro and Kanaya, 2009). The HBD
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recognizes the RNA/DNA hybrid and is important for enzyme activity (Nowotny et al.,
2008; Nowotny et al., 2005) (Figure 3B-C). In bacterial systems, E. coli RNase HI is the
best-understood enzyme with respect to its biochemical activity and the physiological
consequences that ensue in rnhA-deficient cells (Ogawa and Okazaki, 1984; Ogawa et al.,
1984; Hong and Kogoma, 1993). E. coli RNase HI cleaves stretches of RNA with a
minimum of four consecutive ribonucleotides (Hogrefe et al., 1990). The major in vivo
functions of RNase HI in E. coli are to remove R-loops resulting from transcription and to
aid pol I in processing Okazaki fragments during lagging strand synthesis (Kogoma et al.,
1993; Ogawa and Okazaki, 1984; Hong et al., 1995; Hong et al., 1996; Kogoma and von
Meyenburg, 1983). In contrast, ribonucleotide incorporation errors by replicative DNA
polymerases are unlikely to generate a substrate for RNase Hl, although “ribo patches”
incorporated by Y-family polymerases could generate a suitable substrate for RNase HI. It
should be noted that several bacteria lack RNase HI and instead have RNase HIIl. RNase
HI1I appears to provide an analogous function to RNase HI (see Section 4.3).

4.2 Bacterial RNase HiIl

E. coli rnhB (RNase HII) was first identified as a multicopy suppressor of the rnh™
temperature-sensitive phenotype (Itaya, 1990). Enzymatically, it cleaves both single
ribonucleotides and stretches of consecutive ribonucleotides (Itaya, 1990; Ohtani et al.,
1999a; Ohtani et al., 2000). Therefore, RNase HII could serve as a backup or in conjunction
with RNase HI in the processing of Okazaki fragments, while also providing the role of
removing single rINMPs incorporated during DNA replication. Interestingly, most complete
archaeal genomes show a single RNase H enzyme, RNase HII, demonstrating the strong
conservation of this enzyme among prokaryotes (Ohtani et al., 2004). Deletion of the rnhB
gene (RNase HII) from prokaryotes or inactivation of RNase H2 from eukaryotes shows the
accumulation of ribonucleotides in vivo, as judged by alkaline sensitivity of isolated
genomic DNA (Lu et al., 2012b; McDonald et al., 2012; Nick McElhinny et al., 2010b; Yao
et al., 2013; Reijns et al., 2012). In bacterial systems loss of RNase HII does not impart a
growth disadvantage or a strong phenotype. In B. subtilis loss of RNase HII activity
increases overall spontaneous mutagenesis about 2-fold, while in E. coli loss of RNase HII
does not affect mutation rate (Yao et al., 2013).

The focus of our review is on bacterial enzymes, however it should be noted that an RNase
H2 defect is embryonic lethal in mice, and people with the rare autosomal disorder Aicardi-
Goutieres syndrome (AGS) have neurological dysfunction linked to mutations in genes
important for nucleic acid metabolism including defects in RNase H2 (Reijns and Jackson,
2014; Figiel et al., 2011; Crow et al., 2006a; Crow et al., 2006b). Therefore, the phenotype
resulting from RNase H2 inactivation is more striking in mammals, which likely stems from
eukaryotes relying more heavily on RNase H2 for RNA removal in vivo than prokaryotes.
Furthermore, it is worth mentioning that superimposition of crystal structures of Thermotoga
maritima RNase HII and Bacillus stearothermophilus RNase HIll allowed for identification
of amino acid residues in the catalytic subunit of Saccharomyces cerevisiae RNase H2
responsible for each of its dual roles in hydrolysis of singly-misinserted rNMPs in DNA and
digestion of R-loops. Two amino acid substitutions in its catalytic subunit yielded S.
cerevisiae RNase H2 with greatly reduced efficiency for hydrolysis of covalent junctions
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between rNMPs and DNA, but maintained the ability to efficiently hydrolyze the RNA
strand of an RNA/DNA hybrid (Chon et al., 2013). The fact that these substitutions in the S.
cerevisiae protein were able to be rationally designed based on structural data from RNases
HIl and HIII from two distinct bacterial systems highlights the impressive conservation of
these enzymes and the importance of continued study of both eukaryotic and prokaryotic
ribonucleotide correction.

4.3 Bacterial RNase Hlll

While the genomes of most bacteria and eukaryotes encode both RNase HI and HII genes,
several bacteria, including Bacillus subtilis, B. stearothermophilus, Sreptococcus
pneumoniae, Chlamydophila pneumoniae, and Aquifex aeolicus, lack RNase HI and instead
contain RNase HIII [for review (Kanaya, 2001)]. RNase HIII is considered a type 2 RNase
H and is related to RNase HII by sequence and structural comparison (Ohtani et al., 1999a;
Ohtani et al., 1999b) (Figure 3B—C). Even though RNase HIlI is considered a type 2
enzyme, biochemical characterization indicates it is functionally analogous to E. coli RNase
HI (Lu et al., 2012b; Ohtani et al., 1999a). RNase HIll enzymes differ from other RNases H
in that they contain a TATA-Box binding Protein (TBP)-like N-terminal domain and a
distinctive active site motif modification (DEDE) where a glutamic acid replaces the
aspartic acid found in type 1 and other type 2 RNases H (DEDD) (Chon et al., 2006).

Invitro, RNase HIII enzymes cleave RNA/DNA substrates containing four or more rNMPS
supporting the hypothesis that RNase HIIl serves as a functional replacement for bacteria
that lack RNase HI (Itaya et al., 1999). For a long time the function of the large N-terminal
TBP-like domain, unique to RNase HIII, was unknown. Recently the function of this
domain has been determined to be important for substrate binding (Jongruja et al., 2012;
Miyashita et al., 2011). Truncation of the N-terminal domain decreases enzymatic efficiency
in vitro and recent data in B. stearothermophilus have shown that six amino acids in this N-
terminal domain when mutated individually to alanine show reduced enzymatic activity
and/or reduced substrate binding (Miyashita et al., 2011). Purified Thermovibrio
ammonificans RNase HIII TBP domain alone is sufficient to bind an RNA/DNA hybrid, but
does not bind DNA/DNA or RNA/RNA duplex molecules (Figiel and Nowotny, 2014;
Miyashita et al., 2011). The crystal structure of T. ammonificans RNase HIIl bound to an
RNA/DNA hybrid substrate reveals two potential “steric gate” residues in the TBP-like
domain that interact with the DNA strand of the RNA/DNA substrate and would sterically
clash with the 2’-OH of RNA, but this has not been experimentally tested (Figiel and
Nowotny, 2014).

RNase HIIl enzymes are not known to cleave at single rNMPs, with one interesting
exception. Chlamydophila pneumoniae RNase HIIl (Cpn-HII) can complement an E. coli
rnhB knockout when cells are grown in the presence of high Mn?* concentrations.
Alternatively Cpn-HIII can also complement an E. colirnhA knockout when grown in the
presence of Mg2* (Lu et al., 2012b). Purification and subsequent in vitro characterization
demonstrated that Cpn-HIII cleaves at a single rNMP in the presence of Mn2* but not with
Mg?2*. Therefore Cpn-HIl1l is the first RNase HIII that we are aware of to be shown to cleave
at stretches of four or more rNMPs in RNA-DNA/DNA hybrids and at a single rNMP nested
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in duplex DNA. This activity has been attributed to Ser 94, which binds the substrate for
Cpn-HIII at the RNA-DNA junction, possibly shifting the conformation and allowing a
G(R/K)G motif to form hydrogen bonds with the single rINMP. The G(R/K)G motif is
responsible for recognizing single ribonucleotides in RNase HIl enzymes (Lu et al., 2012a)
and is not conserved amongst all RNases HIII. Nicking activity at single rNMPs in the
presence of Mn2* has yet to be detected in RNase HIII from any other organism (Lu et al.,
2012a). Interestingly, high levels of Mn2* also inhibit RNase HII in Chlamydophila
pneumoniae, suggesting a possible adaptation to high levels of manganese (Lu et al., 2012).

4.4 Ribonucleotide Excision Repair (RER)

Ribonucleotide excision repair (RER) refers to the removal of rNMPs and their replacement
with dNMPs. Any process that removes rNMPs from DNA can be referred to as RER,;
however, here we will focus on the RNase HIl-dependent pathway because this represents
the dominant process for removing rNMPs from genomic DNA. The RER pathway for S.
cerevisiae has been reconstituted with purified proteins to understand the discrete steps
(Sparks et al., 2012). During this process, RNase H2 nicks a single ribonucleotide generating
a5’-PO,~, the processivity clamp PCNA and Pol & or ¢ catalyze strand displacement
synthesis followed by removal of the RNA-containing flap by FEN1 or Exo I. The nick is
then sealed by DNA ligase to complete RER (Sparks et al., 2012).

In bacteria, RER is less clear and we expect considerable redundancy in this pathway.
Woodgate and co-workers have gained insight into RER in E. coli by taking advantage of
the propensity of UmuCY11A to readily incorporate rNMPs (Vaisman et al., 2014). In E.
coli RER, RNase HII nicks at the rINMP generating a 5’-PO4~ rNMP at the nick. DNA pol I,
by nick translation, can remove the RNA-containing strand while gap filling with dNMPs
(Vaisman et al., 2014). The nick is then sealed by DNA ligase to finish repair. In E. coli, pol
I was shown to have a critical role in RER although pol 111 can function in the absence of pol
| (Vaisman et al., 2014). Furthermore, pol | is most-likely responsible for removing the 5’
flap although redundancy with other 5" flap endo- and 5’ to 3’ single stranded exonucleases
capable of providing the same function has been shown (Vaisman et al., 2014).

4.5 Removal of Ribonucleotides by Topo | and NER

In addition to the well-characterized role for the RNases H in removal of ribonucleotides
from DNA, other pathways also participate. In yeast, topoisomerase | removes single
embedded rNMPs yielding a 2-5 bp deletion, which can be mitigated by helicase Srs2 in
collaboration with Exo | (Kim et al., 2011; Sekiguchi and Shuman, 1997; Williams et al.,
2013; Potenski et al., 2014). Woodgate and co-workers again used the frequent rNMP
incorporation by UmuCY11A variant and found that nucleotide excision repair (NER)
serves as a backup pathway for removal of rNMPs in cells deficient for rnhB [(Vaisman et
al., 2013) for review (Cai et al., 2014)].

Specifically, this work showed that base excision repair and mismatch repair have minimal
to no effect on ribonucleotide excision repair in vivo. Their work did show that UvrABC
incises RNA in duplex DNA containing a single, two, or five consecutive rNMPs in a
purified system (Vaisman et al., 2013). The involvement of NER in removal of rNMPs from
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genomic DNA was an important step forward in identifying other pathways capable of
removing ribonucleotide misincorporations. How does NER recognize single rNMPs in
DNA? A recent model has been proposed where the 2’-OH in the ribose sugar forms
electrostatic and hydrogen bonding interactions with tyrosine residues in the B-hairpin of
UvrB resulting in “damage” recognition (Cai et al., 2014). Although this model needs to be
tested biochemically, it provides a basis for understanding ribose sugar recognition by NER.
It is not yet known if eukaryotic NER also recognizes and incises at rNMPSs in genomic
DNA. If so, it will provide yet another pathway capable of removing rNMPs from genomic
DNA in eukaryotic cells.

5.0 Consequences of INMPs in Genomic DNA

5.1 Genome

Phosphodiester bonds 3’ to rNMPs are inherently less stable than those 3’ to ANMPs due to
the presence of the 2’-OH, which can act as a nucleophile to attack the 3’-PO,4", yielding 5’-
OH and a cyclic 2/, 3-PO,4" that is quickly hydrolyzed to 2’- or 3’-PO4~ (Oivanen et al.,
1998). Furthermore, rNMPs in the template strand for DNA synthesis can stall or slow the
DNA polymerase (Yao et al., 2013). Should ribonucleotides go unrepaired in DNA, this
could have severe consequences for genome integrity. However, the ubiquity and great
frequency of ribonucleotide incorporation by DNA polymerases in systems from bacteria to
mammals suggests that organisms may have evolved ways to benefit from rNMPs
embedded in DNA. Indeed, a role for ribonucleotides in DNA during NHEJ has already
been discussed (Section 3.4) and will not be covered further in this section. A long-standing
body of evidence also suggests that DNA replication is able to initiate from transcripts that
anneal to template DNA (R-loops) in a process known as constitutive stable DNA
replication (cSDR). Here, we discuss potential consequences of ribonucleotide incorporation
into and hybridization with DNA, including genome instability, DNA mismatch repair and
DNA replication.

instability

Ribonucleotides that go unrepaired in DNA can hydrolyze to yield 2’- or 3/-POg4".
Interestingly, an RNA ligase found in all three domains of life, RtcB, may play a role in
repair of 3’-PO,4~ in DNA (Englert et al., 2012; Popow et al., 2011; Tanaka et al., 2011; Das
et al., 2013). Work performed using E. coli RtcB revealed that as part of its catalytic
mechanism, RtcB becomes covalently linked to GMP, which is then transferred to the 3’-
PO, to form a 3’-guanylate (DNA-3’-P-GMP) intermediate (Figure 4A). When acting on
single-stranded DNA or RNA, RtcB then catalyzes attack of the 5-OH on the DNA-3'-P-
GMP such that a new phosphodiester bond is formed, with GMP as a leaving group.
Completion of ligation requires that RtcB act on a single-stranded substrate, but it is able to
guanylate 3’-PO,4~ in nicked duplex DNA (Das et al., 2013). The 3’-guanylate cap is also
able to protect DNA from exonucleolytic digestion and can be used to prime DNA synthesis
by Klenow fragment and Mycobacterium smegmatis DinB1, which therefore seals the rGMP
into the DNA (Das et al., 2014). The in vivo relevance of this process has not been tested,
nor has the effect of RtcB on a 3'-PO4~ following an rINMP at a nick in duplexed DNA.
Further study of the biochemical pathways processing hydrolyzed DNA 3’ to

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schroeder et al.

Page 12

ribonucleotides will be of great interest in understanding how bacteria avoid death when
rNMPs go unrepaired in genomic DNA (Figure 4A).

Action of RNase HII on single rNMPs in DNA results in a 5’-rNMP (see section 4.2). RER
in eukaryotic systems and bacteria has been discussed (section 4.4), but there are a number
of enzymes that could act aberrantly on the 5-PO,~ at a 5’-rNMP generated by RNase HII
enzymes. For instance, it was recently determined that ATP-dependent DNA ligases
frequently carry out abortive ligation in vitro when presented with a 5-rNMP at a nick in
DNA (Tumbale et al., 2014). Abortive ligation is the process by which a DNA ligase begins
to act on a 5’-PO4~ but ultimately fails to complete ligation, resulting in a 5’-adenylated
product. In eukaryotes, archaea, and viruses all DNA ligases identified are ATP-dependent
(Wilkinson et al., 2001). However, all bacteria encode NAD(+)-dependent DNA ligases
(Wilkinson et al., 2001), and the E. coli DNA ligase, LigA is able to complete ligation of
DNA to an oligonucleotide with a 5-rNMP end (Tumbale et al., 2014). This is an interesting
finding, given that both ATP- and NAD(+)-dependent DNA ligases employ a reaction
mechanism in which 5’-adenylation is an intermediate. It is an intriguing possibility that use
of NAD(+)-dependent DNA ligases that are apparently able to carry out complete ligation at
5’-rNMPs in bacteria may circumvent the need for aprataxin homologs responsible for
reversing 5’-adenylation in eukaryotic systems (Tumbale et al., 2014). Interestingly,
aprataxin is also able to resolve a 3’-guanylate cap to a 3’-PO,~ (Das et al., 2014). It is not
known whether bacteria which also express ATP-dependent DNA ligases exhibit abortive
ligation on 5" rINMP ends or whether NAD(+)-dependent ligases act on 5’-rNMPs in vivo. If
they do, then this action would likely be antagonistic to RER and may represent a backup
pathway for dealing with 5’-rNMPs in DNA should RER fail after RNase HII nicking.

We have discussed the implications of INMPs in DNA with respect to their increased rate of
hydrolysis, but what happens during DNA replication when rNMPs are in the template
strand? On average, E. coli pol 111 takes ~3 ms to replicate over a dNMP in template DNA in
vitro (Yao et al., 2013). When pol 111 encounters rUMP in the template the pause is
increased to ~14 ms, and with rGMP the pause is ~90 ms (Yao et al., 2013). This represents
a 30-fold increase in the time required for pol 111 to replicate over rGMP. This large effect
on DNA polymerase kinetics is not entirely surprising, given that the C3’-endo sugar pucker
of an rNMP in DNA will distort the geometry of the local DNA toward the A-form (Rychlik
etal., 2010; DeRose et al., 2012). In eukaryotic systems, loss of RNase H2 results in what is
likely a replication-dependent DNA damage response (Allen-Soltero et al., 2014; Reijns et
al., 2012). The effect of template rNMPs on DNA polymerase accuracy is not clear, but
there is a role for INMPs and RER in the accuracy of the overall process of DNA
replication, specifically through their effect on DNA mismatch repair.

5.2 Mismatch Repair

We have already covered a beneficial role for NMP incorporation into genomic DNA (Zhu
and Shuman, 2008) (Section 3.4). Does rNMP incorporation have other important biological
roles? In E. coli Dam methylation at d(GATC) sequences provides the basis for strand
discrimination during mismatch repair (lyer et al., 2006; Lahue et al., 1989). In most
bacteria and all eukaryotic organisms the mechanism used by the mismatch repair
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machinery to distinguish the nascent strand from the template strand has remained unclear.
Several lines of evidence demonstrate that nicks in the DNA can direct mismatch repair to
the error containing strand in Sreptococcus pneumoniae and several eukaryotic organisms
(Holmes et al., 1990; Thomas et al., 1991; Lacks et al., 1982). A prominent model is that the
DNA ends corresponding to Okazaki fragments transiently formed during discontinuous
DNA synthesis provide strand discrimination signals for mismatch repair (Pavlov et al.,
2003). However, in eukaryotes and most bacteria the strand discontinuities that are used by
the mismatch repair pathway to target correction to the nascent leading strand have remained
unclear.

Using variants of the leading strand (pol €) and lagging strand (pol 8) polymerases in S.
cerevisiae that increase rINMP incorporation it was shown that loss of RER through
inactivation of RNase H2 reduced the efficiency of mismatch repair on the leading strand
only (Lujan et al., 2013; Ghodgaonkar et al., 2013). Furthermore, a single rNMP and RNase
H2 provide an initiation site for mismatch repair targeted to the rNMP-containing strand in
vitro (Ghodgaonkar et al., 2013). In B. subtilis, loss of RNase HII increases mutation rate
suggesting a possible role in mismatch repair, although the mechanism underlying the
mutagenesis is unknown (Yao et al., 2013). Considering these studies, evidence is emerging
that removal of rINMPs contribute to the efficiency of mismatch repair during replication by
providing an entry point for mismatch repair to correct ANMP errors in the nascent leading
strand.

Constitutive stable DNA replication (cSDR) is the process by which DNA replication is able
to proceed in bacteria from sites termed oriK in the absence of the normal DnaA and oriC
dependent mode of replication initiation (Kogoma, 1997). Loss of RNase HI activity in E.
coli leads to cSDR, which is dependent on transcription and the presence of active RecA [for
review (Kogoma, 1997)]. This has led to the model that RecA mediates strand invasion of
nascent transcripts such that they anneal to the template DNA strand forming an R-loop. In
the absence of RNase HI, the R-loop is not degraded and the 3’-OH of the annealed
transcript can serve as a primer for DNA replication. Loss of RecG, a helicase capable of
displacing R-loops (Vincent et al., 1996), in E. cali also leads to cSDR, though apparently
not to the extent that it will allow replication of the entire chromosome in the absence of
DnaA activity (Rudolph et al., 2013; Hong et al., 1995). Loss of recG and rnhA (RNase HI)
together is synthetically lethal in E. coli (Hong et al., 1995), and it is therefore hypothesized
that unresolved R-loops lead to cell death. Ectopic expression of UvsW, a bacteriophage T4
helicase which is able to unwind R-loops in vitro (Dudas and Kreuzer, 2001), suppresses
synthetic lethality of deletion of rnhA and recG together (Carles-Kinch et al., 1997), further
supporting the notion that unresolved R-loops in E. coli result in cell death.

Mechanistic evidence that cSDR may be able to initiate from R-loops in vitro comes from
the observation that E. coli pol 111 is able to use codirectionally transcribed mRNA at a
halted RNA polymerase elongation complex as a primer for DNA synthesis (Pomerantz and
O'Donnell, 2008). Interestingly, the replicative helicase does not dissociate from the DNA
upon collision with a halted elongation complex, but rather, RNA polymerase dissociates
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from the RNA/DNA hybrid so that the mMRNA may prime DNA synthesis. Use of the
mMRNA in this way does require a collision between the DNA polymerase and the halted
elongation complex, and until the collision occurs no DNA synthesis is initiated from the
mRNA molecule (Pomerantz and O'Donnell, 2008).

Marker frequency analysis originally suggested the existence of four or five discrete oriK
sites on the E. coli chromosome in a strain lacking rnhA and oriC (de Massy et al., 1984).
Recent work suggests that oriK sites are either more cryptic than previously thought or are
randomly distributed. Two studies of genome-wide marker frequency suggest models for the
origin of cSDR in E. cali lacking recG or rnhA. Lloyd and co-workers show that in the
absence of recG, replication appears to initiate from within the Tus/ter trap. Deletion of tus
therefore allows recG-deficient E. coli to survive in the absence of DnaA-initiated DNA
replication. It was concluded that replication fork collisions in the Tus/ter trap allow
replication fork restart in the absence of recG, thereby leading to cSDR (Rudolph et al.,
2013). However, it is unclear by what mechanism these DnaA-independent replication forks
come into being so that they may then collide at the normal site of replication termination in
the absence of Tus. Kreuzer and co-workers show that E. coli lacking rnhA, tus, and dnaA
display the greatest sequencing coverage nearby the site of normal replication termination,
with lowest coverage in this strain near oriC. Treatment of cells lacking rnhA and dnaA with
hydroxyurea (HU) increases sequencing coverage at particular locations, but it is unclear
whether overinitiation of replication upon HU treatment occurs by the same mechanism as
initiation at an oriK site. The authors suggest that it is likely that the strongest oriK site(s)
exist near terA (Maduike et al., 2014). Another possibility is that replication is able to
initiate at R-loops randomly along the chromosome, and that replication forks, which
progress codirectionally with transcription and therefore toward the site of replication
termination do so with fewer replication/transcription conflicts. This model suggests that in
the population of chromosomes sequenced the highest coverage is achieved near terA due to
the mass action of replication initiating randomly but progressing more efficiently
codirectionally with transcription, culminating in a higher chromosomal copy number in that
region.

cSDR has been fairly well studied in E. coli, which, as discussed above, contains RNases Hl
and HII. ¢SDR has not been studied in bacteria expressing RNases HII and HIII, and it is not
known whether loss of RNase HIII in these bacteria will allow DNA replication in the
absence of dnaA or oriC. Thus, further study of cSDR in a diverse range of bacteria has the
potential to reveal both similarities and differences between the functions of RNases H in
bacteria expressing RNases HI and HIl compared to those expressing RNases HIl and HIlI.

6. Conclusion

Ribonucleotide incorporation into genomic DNA occurs ubiquitously in living organisms.
Despite most polymerases having structural deterrents against incorporation of both single
and consecutive rNMPs, both are still incorporated. This can serve many biological roles
including providing primers for DNA replication, allowing DNA gaps to be filled when
dNTP pools are low, and providing a means for the cell to identify the nascent leading strand
during mismatch repair. However, regardless of the nature of inclusion, ribonucleotide
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incorporation creates a high risk for the cell. Consequently, an arsenal of enzymes is
employed to continuously cull rNMPs from the genome. By further investigating these
systems we can begin to reconcile how cells tolerate the highly dynamic exchange of
ribonucleotides with the chemically stable genomic DNA and the far-reaching consequences
of their interplay on bacterial physiology.
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Figure 1. Ribonuclectide incor poration into bacterial DNA
A) A table displaying current information on polymerases that incorporate rNMPs into DNA

with the expected number of incorporations per newly replicated strand per round of
replication. @ Based on E. coli proteins (Yao et al., 2013). ? Estimated for the replication of a
single strand of the E. coli chromosome (Rowen and Kornberg, 1978). B1) During
replication of DNA, concentrations of rNTPs exceed those of dNTPs, increasing the
likelihood of rNTP misincorporation by a replicative DNA polymerase (Buckstein et al.,
2008a; Ferraro et al., 2010; Nick McElhinny et al., 2010a). B2) Primase (pink), a DNA
dependent RNA polymerase, synthesizes RNA, priming replication by pol 11 (Kuchta and
Stengel, 2010). B3) Pol 111 (purple, B-clamp blue) misincorporates rNTPs during replication
of the newly synthesized strand (Yao et al., 2013). B4) Pol | (green) removes RNA primers
left by primase after pol 111 loading (Ide et al., 1993a; Ogawa and Okazaki, 1984).
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Figure 2. Steric gateresidues clash with ribonucleotides
DNA polymerase 1V from Sulfolobus solfataricus (PDB 4QWS8) is shown as a ribbon

diagram bound to template DNA and a nucleotide (dCTP) represented as sticks (Gaur et al.,
2014). The palm (green), thumb (blue) and finger (purple) subdomains have a
semitransparent surface. The zoomed view demonstrates the close proximity of the
deoxyribose C2’ from dCTP with the tyrosine steric gate side chain (Y12). Oxygen atoms
are colored in red, nitrogen in blue, and phosphorous in orange.
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Figure 3. Bacterial recognition and removal of rNMPs
A) Schematic evolutionary history of the family of RNase H enzymes with respect to

sequence similarity (Ohtani et al., 1999b). B) Domain structures of functional E. coli and B.
subtilis RNases H. Triangles denote the location and identity of the residues stabilizing the
metal ions necessary for catalytic activity (Tadokoro and Kanaya, 2009). C) The ability of
the RNases H, NER and pol | to recognize or engage in repair of different RNA/DNA
hybrids (Tadokoro and Kanaya, 2009; Vaisman et al., 2013; Vaisman et al., 2014).
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Figure 4. Consequences of ribonucleotidesin genomic DNA
Shown is a single ribonucleotide embedded in DNA, which can have many consequences to

genome integrity. A) If the ribonucleotide remains in the genome it is prone to hydrolysis,
producing a 2’- or 3’-PO,4~ (Oivanen et al., 1998). The resulting nick could cause a double-
stranded break during the next round of DNA replication, or it may be guanylated by an
RtcB-like enzyme so that it can be used to prime DNA synthesis by pol | or DinB (Das et
al., 2014). This would result in the original rINMP as well as the rGMP added by RtcB to
remain in the genome. Thus, such a mechanism for tolerance of rNMPs in DNA is likely to
represent a futile cycle and may even serve to exacerbate problems caused by rNMPs. B)
RNase HII can generate a nick 5’ to the rINMP, which can then direct DNA mismatch repair
to target the rNMP-containing strand for replacement (Ghodgaonkar et al., 2013; Lujan et
al., 2013).
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