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Abstract 
 
Misincorporated ribonucleotides (rNMPs) are the most common lesions into 
the genome. Their chemical instability represents a source of genomic 
instability, impairing replication fork progression and recognition of DNA 
binding factors. Consequently, cells evolved specific mechanisms to repair 
such damages. The most relevant is Ribonucleotide Excision Repair (RER), 
in which RNase H2 initiates the repair process nicking the DNA/RNA 
hybrid at the junction with the embedded rNMP. rNMPs can be inserted in 
the genome during replication as well as during repair pathways and 
translesion synthesis (TLS). X-family repair polymerases (Pols) and  
have essential functions in performing TLS of oxidative lesions, in 
particular 7,8-dihydro-8-oxoguanine (8-oxo-G), the most abundant 
oxidative DNA damage present in our cells. Pol , a member of Y-family 
Pols, is essential for TLS over cyclobutane pyrimidine dimers (CPDs) sites, 
8-oxo-G, abasic (AP) sites, as well as over the intrastrand crosslinks 
between two adjacent guanines caused by the anticancer drug cisplatin (Cis-
PtGG). 
Information regarding the impact of rNTPs misincorporation opposite DNA 
lesions by TLS activity, as well as the effects of such mispairs on RER 
efficiency, was missing. Therefore, we investigated the ability of 
recombinant human Pols  and  to misincorporate rNMPs specifically 
opposite oxidative lesions (8-oxo-G, 8-methyl-2’-deoxyguanosine (8-met-
G), 3-methyl deoxycytidine (3-met-C)), AP site and Cis-PtGG. 
Furthermore, we characterized the nicking ability of the human RNase H2 
on damaged-DNA/RNA hybrid substrates.  
Our results suggest that Pol , rather than Pol , can be a source of rNMPs 
incorporation into genomic DNA, both during BER opposite normal DNA 
bases and during bypass of 8-oxo-G. Indeed, having a lower selectivity for 
rNMPs, Pol  can bypass 8-oxo-G lesion also inserting rCMP (wrong 
sugar/right base), but at least excluding in most cases rAMP (wrong 
sugar/wrong base). This could be relevant since the presence of rAMP 
opposite 8-oxo-G strongly inhibits MutYH-initiated BER, while 
incorporation of rCMP would result in a 8-oxo-G:rC base pair, which is still 
processed by Ogg1 glycosylase. 
Moreover, we found that human Pol  efficiently incorporates and extends 
rNMPs opposite 8-oxo-G and 8-met-G, while it is not able to insert a rNMP 
opposite other lesions. In particular, while Pol efficiently bypasses Cis-Pt 
adducts using dNTPs, it is able to incorporate only one rCMP toward the 
3’G of the Cis-PtGG lesion.  
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Our experiments indicated that human RNase H2 shows a different 
preference in the removal of rCMP opposite DNA lesions. rCMP opposite 
8-met-G is processed with the same efficiency as opposite a normal 
guanine, while a substantial drop in reaction efficiency is observed when 
rCMP paired 8–oxo-G or cis-PtGG lesion. This suggests that insertion of 
rNMPs opposite different lesions can reduce the efficiency of RNase H2, 
thus effectively impairing RER. 
 
It has been suggested that A. thaliana Pol (AtPOLLas its human 
homolog,exerts an essential role in oxidative DNA-damage tolerance 
pathways. In mammals, Ogg1 is responsible for the excision of the damaged 
base pairing with C, thus initiating a canonical Short Patch (SP)-BER, 
leading to restoration of the correct C:G base pair. If replication occurs 
before Ogg1 action, replicative Pols likely insert the incorrect dAMP 
opposite the lesion. MutYH glycosylase is devoted to recognition of A:8-
oxoG mispair and removal of incorrect A. Both glycosylases have been 
identified in A. thaliana too. However, the mechanism of SP-BER in plants 
has not been fully elucidated yet, and the activities of the enzymes involved 
in such pathway have not been fully characterized. Therefore, we aimed to 
express and purify recombinant AtMutYH in order to better characterize 
BER pathway. In our laboratory, we previously succeeded in expressing 
AtOgg1 in E. Coli system. On the contrary, we were not able to purify 
AtMutYH because its expression in a bacterial system resulted too toxic. 
The project included also the investigation of plant cells behaviour under 
stressful conditions, specifically in a cellular background deficient for 
AtOgg1 or for AtMutYH, and with the concomitant silencing of AtPOLL.  
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BER Base Excision Repair 
BRCT Breast cancer carboxy-terminal 
BSA Bovine serum albumin 
CAT Catalase 
CI Callus Induction  
CisPt Cisplatin 
dNMPs Deoxynucleoside monophosphates 
dNTPs Deoxynucleoside triphosphates 
ds Double-stranded 
DSBs Double-strand breaks 
DTT Dithiotreitol 
EDTA Ethylenediaminetetraacetic acid 
FAM Carboxyfluorescin 
FapyGua 2,6-diamino-4-hydroxy-5-formamido-pyrimidine 
FEN Flap endonuclease 
GR Glutathione reductase 
GSH Glutathione 
GST Glutathione-S- transferase 
HD Huntington disease 
HRP Horseradish peroxidase 
HygR      Hygromycin resistance 
IFN- Interpheron alpha 
IR Ionizing radiation 
LB Left Border 
LF Little finger 
MEFs Mouse embryonic fibroblasts    
MMEJ Microhomology-mediated end joining 
MMR Mismatch repair 



 7

 

 

MS Murashige – Skoog 
MutYH MutY DNA glycosylase 
NAA Naphthaleneacetic acid 
NHEJ Non-Homologous End Joining 
Ni-NTA   Nickel-nitrilotriacetic acid 
nt Nucleotide 
Ogg1 8-Oxoguanine glycosylase 
PA Polyacrylamide 
PAD Polymerase-associated domain 
PCNA Proliferating Cell Nuclear Antigen 
PIP PCNA-Interacting peptide 
PolDIP2   DNA Polymerase Delta Interacting Protein 2 
Pol Polymerase 
p/t Primer/ template 

RB Right Border 
RER Ribonucleotide Excision Repair 
RIR Rev1 interacting region 
RNase Ribonuclease 
rNMPs Ribonucleoside monoposphates 
rNTPs Ribonucleoside triposphates 
ROS Reactive oxygen species 
SSBs Single strand breaks 
SOD Superoxide dismutase 
TLS Translesion synthesis  
TNR Trinucleotides repeat 
Top Topoisomerase 
UBZ Ubiquitinbinding zinc domain 
UV Ultraviolet 
WCE Whole cell extract 
WT Wild-type 
XP Xeroderma pigmentosum 
3-met-C 3-methyl deoxycytidine 
8-met-G 8-methyl-2’-deoxyguanosine 
8-oxo-G 7,8-dihydro-8-oxoguanine 



Contents 
 

 8

Contents 

Abstract .......................................................................................................... 3 

Acknowledgements ......................................................................................... 5 

Abbreviations ................................................................................................. 6 

Contents ......................................................................................................... 8 

1. Introduction ............................................................................................ 13 

  1.1 DNA damages in living organisms ...................................................... 13 

    1.1.1 Ribonucleotides in the genome ....................................................... 13 

      1.1.1.1 Physiological roles of ribonucleotides in the genome ............... 15 

      1.1.1.2 Damages caused by ribonucleotides .......................................... 18 

      1.1.1.3 Ribonuclease H2 (RNase H2) .................................................... 19 

      1.1.1.4 Ribonucleotide Excision Repair (RER) ...................................... 21 

       1.1.1.5 Removal of ribonucleotides in mammals .................................. 22 

    1.1.2 Translesion synthesis pathway (TLS) ............................................. 23 

      1.1.2.1 DNA polymerase  ..................................................................... 26 

      1.1.2.2 DNA polymerase and cancer .................................................. 27 

      1.1.2.3 PCNA ......................................................................................... 29 

      1.1.2.4 PolDIP2 ..................................................................................... 30 

      1.1.2.5 DNA polymerases  and  ......................................................... 30 

  1.1.3 Oxidative DNA lesions ..................................................................... 34 

      1.1.3.1 8-oxo-G lesion ............................................................................ 36 



Contents 
 

 9

      1.1.3.2 Oxidative DNA damage tolerance in plants .............................. 40 

2. Aims of the research............................................................................... 42 

3. Materials and methods .......................................................................... 43 

  3.1 Chemicals ............................................................................................. 43 

  3.2 Oligonucleotides .................................................................................. 43 

  3.3 Oligonucleotide sequences ................................................................... 43 

  3.4 Enzymes and proteins .......................................................................... 45 

  3.5 Enzymatic assays ................................................................................. 46 

  3.6 DNA glycosylase assays ...................................................................... 47 

  3.7 Kinetic analysis .................................................................................... 47 

  3.8 Electronic image manipulation ............................................................ 48 

  3.9 Cell lines and culturing conditions ....................................................... 49 

  3.10 Cell extracts and western blot. ........................................................... 49 

 

  3.11 AtMUTYH expression in bacterial strains ......................................... 50 

  3.12 AtMUTYH sequence ......................................................................... 50 

  3.13 Cloning AtMUTYH in pET30a vector .............................................. 52 

    3.13.1 Primers .......................................................................................... 52 

   

3.14 Agrobacterium-mediated stable transformation of A. thaliana cells  .. 53 

    3.14.1 Arabidopsis thaliana genotypes .................................................... 53 

    3.14.2 Callus Induction Medium .............................................................. 53 



Contents 
 

 10

    3.14.3 Murashige – Skoog Medium ......................................................... 54 

    3.14.4 Cell suspension cultures from calli ............................................... 54 

    3.14.5 Bacterial strain and plasmid .. ...................................................... 54 

    3.14.6 Co-cultivation ................................................................................ 54 

  3.15 Protein extraction and western blot .................................................... 55 

  3.16 Stable transformation by floral dipping ............................................. 55 

  3.17 DNA extraction from leaves .............................................................. 55 

    3.17.1 PCR ............................................................................................... 56 

    3.17.2 Primers .......................................................................................... 56 

    3.18 UV-B irradiation .............................................................................. 56 

4. Results ..................................................................................................... 58 

  4.1 Metal-dependent rNMPs incorporation by Pols  and ..................... 58 

  4.2 rNMPs incorporation opposite 8-oxo-G by Pol  ................................ 60 

  4.3 Fidelity of rNMPs incorporation opposite 8-oxo-G by Pol . ............. 64 

  4.4 rNMPs opposite 8-oxo-G impair repair by hOgg1 and MutYH .......... 68 

  4.5 rCMP incorporation opposite 8-oxo-G in cell extracts ........................ 70 

 

  4.6 Incorporation of ribonucleotides by human Pol  ............................... 72 

  4.7 Pol  can synthesize hybrid DNA/RNA chains ................................... 72 

  4.8 Translesion synthesis of 8-oxo-G by Pol  with ribonucleotides ........ 75 

  4.9 Ribonucleotide-mediated lesion bypass in XP-V cell extracts ............ 78 

  4.10 Pol  bypasses 8-met-G, but not 3-met-C with 
ribonucleotides..............................................................................................79 



Contents 
 

 11

  4.11 Pol  bypasses cis-PtGG but not an abasic site with ribonucleotides
 ..................................................................................................................... .82 

  4.12 Cleavage of rCMP opposite normal or damaged guanines by human   
RNase H2 ..................................................................................................... 86 

 

  4.13 Attempts of expressing AtMutYH in bacterial strains ....................... 93 

  4.14 Cloning AtMutYH gene ...................................................................... 93 

  4.15 Attempts to obtain A. thaliana cell lines characterized by silencing of    
AtPOLL in a Ogg1-/- or MutYH-/-background .............................................. 93 

  4.16 Transformation of A. thaliana mutant plants ..................................... 93 

  4.17 Analysis of the genetic background of T2 mutant lines - ................... 94 

  4.18 AtPol is silenced in T2 mutant lines ................................................ 98 

  4.19 UV-B irradiation of T2 mutant lines, AtPOLLKd ............................. 101 

5. Discussion .............................................................................................. 102 

6. Conclusions and perspectives .............................................................. 112 

References .................................................................................................. 113 
 
List of original manuscripts ....................................................................... 128 



1.Introduction 
 

13 

1. Introduction 
 
1.1 DNA damages in living organisms 
 
Endogenous and exogenous stress constantly attack cells, causing DNA 
damages. Endogenous agents include metabolic products and by-products, 
such as reactive oxygen species (ROS) and alkylating agents, while 
exogenous or environmental stresses include physical, chemical and 
biological agents such as ultraviolet (UV) light, ionizing radiation (IR), 
heavy metals, air pollutants, chemotherapeutic drugs and inflammation. 
Moreover, DNA itself possesses an intrinsic chemical instability, 
undergoing hydrolytic deamination and depurination. Up to 105 DNA 
lesions can occur per mammalian cell per day. Among them, oxidized bases 
and single strand breaks (SSBs) are particularly frequent (~104 per day). 
Other types of DNA damages include double-strand breaks (DSBs), abasic 
(AP) sites, intra- and inter- strand crosslinks and protein-DNA adducts. The 
effects of DNA damages persistence are various and sometimes deleterious. 
Indeed, DNA lesions can induce mutagenesis, such as base substitutions, 
insertions, deletions. Mutations may be a threat for both replicative and 
repair DNA polymerases (Pols). DNA damages, and DBSs in particular, can 
also lead to chromosomal aberrations. These consequences, in turn, can 
potentially activate oncogenes or inactivate tumor suppressor genes, thus 
increasing cancer risk. Therefore, the maintenance of genome integrity 
through efficient and accurate removal of DNA damage is of paramount 
importance for cells survival (Iyama and Wilson 2013; Marteijn et al. 2014). 

 
1.1.1 Ribonucleotides in the genome 
 
Pols are specialized enzymes that synthesize polymers of nucleic acids. 
They are divided into DNA and RNA Pols, based on their substrate 
specificity. DNA Pols, essential to DNA replication, selectively use 
deoxynucleoside triphosphates (dNTPs) as building blocks for the synthesis 
of DNA, while RNA Pols produce RNA chains using ribonucleoside 
triphosphates (rNTPs). rNTPs are normally introduced as ribonucleoside 
monophosphates (rNMPs) in place of the corresponding deoxynucleoside 
monophosphates (dNMPs), in eukaryotic nuclear genome during 
replication: Pol primase, associated to initiation complex at DNA origin, 
synthesizes short RNA/DNA hybrids that are then elongated by the more 
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processive Pols and , on the leading and on the lagging strand, 
respectively. Since direction of synthesis of Pols is 5’3’, replication on 
the lagging strand occurs through synthesis of short tracts of DNA called 
Okazaki fragments, with initiation events repeated at the beginning of each 
Okazaki fragment (Hübscher et al. 2002). Ribonucleases (RNases) H and 
flap endonucleases (FEN1) remove RNA primers which are replaced with 
DNA. Finally, ligase I joins the DNA fragments. The short stretches of 
RNA used as primers are about 10 nt long; as their synthesis occurs at 
multiple replication origins at about 200-bp intervals on the lagging strand, 
this means that about 5% of the genome is initially synthesized as chains of 
consecutive rNMPs (Clausen et al. 2013). 
RNA is more prone to cleavage than DNA due to the presence of the 2’-OH 
on its ribose ring. For this reason, cells need to remove RNA primers in 
order to maintain genome integrity. Most DNA Pols have therefore evolved 
to exclude rNMPs during DNA synthesis, since they can potentially lead to 
strand breaks (Yao et al. 2013). 
Ability of Pols to exclude rNMPs during DNA synthesis is based on the 
presence of a “steric gate”, where a side chain residue collides with the 2’-
OH of the incoming ribonucleotide, sterically hindering its binding (Joyce 
1997). Selectivity of incorporation of dNMPs spans from 10-fold to 106-fold 
more than rNMPs incorporation, depending on the identity of the 
polymerase, on the base examined and on rNTP:dNTP ratio (Nick 
McElhinny et al. 2010a). When Pols, occasionally, insert a wrong dNMP 
into correctly aligned primer-templates, generating a mismatch, the 
incorrect nucleotide can be excised by Pols’ 3′ to 5′ exonuclease activity. 
The rare mismatches that escape this proofreading mechanism can be 
corrected by mismatch repair (MMR) pathway. These processes of 
correction of errors, together with selectivity of Pols, ensure high fidelity 
during DNA replication, thus allowing eukaryotic nuclear genome stability 
over many generations (Williams et al. 2012). 
However, in spite of their specificity, replicative Pols discriminate dNMPs 
imperfectly and so they can frequently incorporate rNMPs during DNA 
replication; this is due to the fact that in mammalian cells, as well as in yeast  
cells, rNTPs concentration is 10-100 fold higher than dNTPs concentration 
(Clausen et al. 2013; Yao et al. 2013). Studies performed in Saccharomyces 
cerevisiae revealed that dNTPs concentration in vivo ranges from 12 to 30 
M, while rNTPs concentration ranges from 500 to 3000 M, resulting 36- 
to 190-fold molar excess over their corresponding dNTPs (e.g. rCTP:dCTP 
ratio is 36:1 and rATP:dATP ratio is 190:1) (Clausen et al. 2013). Being 
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rNTPs present physiologically in such high concentrations, it is of great 
interest to understand how frequently they are incorporated into DNA by 
replicative DNA Pols  and , which synthesize the majority of DNA in 
eukaryotic cells. In this perspective, McElhinny and co-workers performed a 
series of DNA synthesis reactions using those recombinant Pols. These in 
vitro experiments were performed using physiological concentrations of 
both rNTPs and dNTPs. The results suggested that rNMPs incorporation 
varies according to the Pols, the type of template base and the sequence 
context, predicting that thousands of rNMPs would be incorporated in S. 
cerevisiae genome during each round of replication (Nick McElhinny et al. 
2010b). Actually, insertions of rNMPs into S. cerevisiae genome were 
proven to take place also in vivo (Nick McElhinny et al. 2010a). As 
mammalian nuclear genome is approximately 500 times bigger than yeast 
nuclear genome, mammalian Pols would introduce millions of rNMPs every 
round of DNA replication, probably making misincorporated rNMPs the 
most common lesion in the genome. 
The 3’ 5’ exonuclease proofreading activity of replicative Pols can also 
remove incorporated rNMPs, but with low efficiency (Caldecott 2014). For 
example, S. cerevisiae Pol which is the main Pol involved in synthesis of 
the leading strand during DNA replication, has the potential to proofread 
rNMPs; in vitro reactions show that about one third of rNMPs can be 
removed, with the following efficiency: rU > rA > rC = rG (Williams et al. 
2012). Due to limits of proofreading rNMPs by Pols, other more efficient 
mechanisms have evolved to face the problem of rNMPs incorporation (See 
1.1.1.4 section). 
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Fig. 1: RNA contamination in DNA. Routes of ribonucleotide (R) misincorporation into 
DNA are shown in the upper part of the figure. Mechanisms of ribonucleotide removal or 
tolerance are shown in the lower part of the figure (Caldecott 2014). 

rNMPs can be inserted in the genome by Pols also during repair pathways. 
Family X includes specialized, monomeric Pols, conserved in most 
organisms from bacteria to humans (Bebenek et al. 2014), that are required 
in several DNA repair pathways. The family members are Pols and 
terminal deoxynucleotidyl transferase (TdT). They are able to insert rNMPs 
during synthesis in presence of undamaged DNA but with varying sugar 
selectivity. For high-fidelity Pols the range of sugar selectivity is 500-
4,400,000 while, for repair low-fidelity Pols, values span from 1.3 to 
50,000. This difference is probably to be ascribed to the overall flexibility 
and arrangement of repair Pols active sites (Brown and Suo 2011). In 
particular, Pol  basically has both DNA and RNA polymerase activities, 
showing a selectivity for dNMPs incorporation over rNMPs that spans from 
1 to 10-fold (Nick McElhinny and Ramsden 2003), in sharp contrast with 
the majority of DNA-dependent DNA polymerases which have an 
efficiency of discrimination of more than 1000 fold (Ruiz et al. 2003). As 
already mentioned, most Pols rely, indeed, on a nucleotide selection 
mechanism based on a steric exclusion system, that is the presence of a 
residue in the active site which collides with the hydroxyl group of rNTPs. 
Differently from Pols  and  that possess Tyr or Phe residues at the “steric 
gate” position, Pol  possesses a Gly residue that is responsible for its low 
sugar selectivity (Martin et al. 2013; Brown and  Suo 2011). Thus, both the 
active site architecture and the particular mechanism of sugar selection may 
account for the very diverse range of selectivities measured for the different 
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Pols. 

1.1.1.1 Physiological roles of ribonucleotides in the genome 
 
The incorporation of rNMPs in the genome can also have a physiological 
relevance. Some roles have been described, while some others have only 
been suggested: 

 In Schizosaccharomyces pombe, mating occurs between two 
different types of haploid cells (a and mating types) in order to 
produce diploid cells, which can then undergo mitosis and produce 
haploid spores. Haploid yeasts are capable of switching mating type; 
this switching occurs by a molecular mechanism that relies on 
asymmetry of DNA replication and it depends on the specific 
imprint at mat1 locus (Vengrova and Dalgaard 2006). Studies 
revealed that such imprint consists of two consecutive 
ribonucleotides in the genome, introduced into the lagging strand 
DNA template during S phase; so lagging strand replication is a 
possible origin for ribonucleotide imprinting, probably involving 
RNA primase or rNMPs incorporation by Pol , the more prone 
among yeast Pols in inserting rNMPs (Nick McElhinny et al. 
2010b). 

 In Schizosaccharomyces pombe, cdc22 and tds1 genes, encode, 
respectively, the large subunit of ribonucleotide reductase and a 
putative thymidylate synthase; mutations in these genes are 
associated with spreading of silencing in the mating-type switching 
region. As these two genes regulate dNTP pool, mutations may 
affect dNTP:rNTP ratio so that more rNMPs may be incorporated 
into DNA. This has been proposed as an epigenetic mechanisms 
regulating gene silencing (Nick McElhinny et al. 2010b). 

 rNMPs transiently embedded in DNA before being substituted with 
dNMPs have the potential to cause B- to A- conformation transition 
(Meroni et al. 2017). Such geometrical properties might have 
signalling function. It was demonstrated that the presence of one 
rNMP every 125 bp of DNA reduces nucleosome formation while 
DNA containing more than 5% ribonucleotide cannot form 
nucleosomes at all (Hovatter and Martinson 1987). Other signalling 
functions include gene silencing and chromatin remodelling 
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involving a non-catalytic subunit of Pol (Nick McElhinny et al. 
2010b). 

 It has been suggested that rNMPs incorporation during DNA 
replication may help recognition of the newly synthesized strand by 
MMR. MMR is targeted onto the nascent DNA strand by specific 
strand-discrimination signals: in gram-negative bacteria the signal is 
constituted of a nick generated by mismatch-activated endonucleases 
at level of transiently unmethylated adenines at d(GATC) sites. 
Differently, gram-positive bacteria and eukaryotes do not rely on 
methylation for strand discrimination; however, also initiation of 
eukaryotic MMR in vitro requires the presence of pre-existing strand 
discontinuities. Based on these observations, it was suggested that 
gaps between Okazaki fragments on the lagging strand could be a 
signal for eukaryotic MMR in vivo. On the other hand, the situation 
is less clear for the leading strand, since it is replicated in a more 
continuous manner. Different observations suggest that, in S. 
cerevisiae, rNMPs incorporated into the genome during leading 
strand replication by Pol function as signals that can direct MMR 
onto the leading strand to correct errors. The idea is that the 
subsequent processing of rNMPs through specialized repair, 
functions as strand discrimination signal. Interestingly, the non-
catalytic subunit of RNase H2 contains a putative Proliferating Cell 
Nuclear Antigen (PCNA) binding motif; so RNase H2 may also aid 
in delivering PCNA onto the nascent leading strand, where it 
contributes to strand discrimination, participating in signalling for 
MMR (Ghodgaonkar et al. 2013; Lujan et al. 2013). 
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1.1.1.2 Damages caused by ribonucleotides 
 
rNMPs inserted in the genome, both during initiation of replication or 
erroneously misincorporated by Pols, are not always removed, provoking 
deleterious consequences (Caldecott 2014). As already mentioned, the 
presence of the 2’-OH in their ribose ring renders DNA chemically unstable, 
more susceptible to strand breakage. Moreover, crystallographic and NMR 
studies revealed that the presence of rNMPs in double-stranded DNA can 
alter the double helix geometry, both increasing the rate of mutagenesis and 
decreasing the rate of DNA replication (Nick McElhinny et al. 2010b).  
Studies conducted reconstituting Escherichia coli replisome demonstrated 
that rNTPs/dNTPs pool imbalance slows fork progression. Indeed, rNTPs 
present in high amount compete with dNTPs at the active site of Pol III 
replicase, at a step preceding base pairing of dNTPs to the template base, 
causing a slower progression of the replisome from two- to three- fold. 
Among the four rNTPs, rUTP is the one causing less problems to replisome 
progression, probably because it is the only one having a difference in the 
nucleotide base compared to dTTP. Interestingly, on a template strand 
containing rNMPs the replisome pauses 4-30 fold, depending on the number 
and on the nature of rNMPs embedded in the template strand, suggesting 
that rNMPs not removed from a strand before the successive round of 
replication could also slow down replication fork progression and favour 
genomic instability (Yao et al. 2013). In particular, Pol ε is about 3 folds 
less efficient than Pol at bypassing two consecutive rNMPs. If the rNMPs 
to bypass are three, Pol ε bypass efficiency drops to 10 compared to Pol , 
while it is completely unable to bypass four consecutive rNMPs (Clausen et 
al. 2013). 
It has been shown that yeast cells defective in RNase H1 and RNase H2, the 
enzymes involved in removing incorporated rNMPs, show characteristics 
typical of replicative stress. In particular, these cells showed high rates of 
deletion of 2-5 nucleotides from repetitive DNA sequences due to the action 
of topoisomerase I, slower progression through S phase, accumulation of 
PCNA and sensitivity to hydroxyurea, an inhibitor of replication that 
reduces dNTPs pools, thus altering dNTPs : rNTPs ratio (Clausen et al. 
2013).  
Recently Meroni et al. confirmed, by means of atomic force microscopy, 
that the incorporation of rNMPs into the DNA double-helix causes 
structural and conformational changes. In particular, their presence causes a 
systematic shortening of DNA molecules. The hydroxyl group present at the 
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2’ of the ribose ring is responsible for such compaction of DNA backbone. 
Intrusion of rNMPs into DNA molecules also leads to a decrease of double 
helix flexibility. Moreover, compared to control DNA molecules that retain 
their native B conformation, a fraction (between 20 and 60%) of rNMPs-
containing DNA molecules showed B- to A- conformation transition, thus 
suggesting that conformational changes may occur also in vivo (Meroni et 
al. 2017). The DNA conformational transition caused by a 3’- terminal 
ribose may render more difficult the extension of the primer terminus (Nick 
McElhinny et al. 2010b). 
Therefore, rNMPs embedded into DNA represent an issue for the cell, 
potentially leading to stalling of replication fork to DNA strand breakage. 
Since millions of rNMPs can potentially be introduced into mammalian 
nuclear genome, these non canonical substrates of Pols can be considered as 
one of the most relevant lesions present in DNA. 
 
1.1.1.3 Ribonuclease H2 (RNase H2) 
 
RNases H are enzymes present in all living organisms that nick RNA/DNA 
hybrids at the 5’ of embedded rNMPs in a sequence aspecific manner. They 
are, therefore, fundamental for the maintenance of genome integrity. In most 
cases, organisms possess two types of RNases: RNase H1 and RNase H2, 
which belong to different classes according to amino acid sequence 
similarities. In particular, eukaryotic RNases H1 and H2 have different 
biochemical properties and substrate specificity: RNase H1 is a monomeric, 
processive enzyme, acting when four or more consecutive rNMPs are 
present in a DNA strand. It does not show any activity on a DNA substrate 
containing a single rNMP. On the other hand, RNase H2, can process the 
same substrates recognized by RNase H1, but it is also able to incise a 
single rNMP embedded within double stranded DNA. Furthermore, RNase 
H2 is the predominant source of RNase activity in eukaryotic cells. When 
RNase H2 encoding gene is deleted in in Saccharomyces cerevisiae, a 70% 
reduction in RNase H activity in crude extracts is observed (Jeong et al. 
2004; Sparks et al. 2012; Clausen et al. 2013; Chon et al. 2009; Cerritelli 
and Crouch 2009).  
Eukariotic RNase H2 is an heterotrimeric enzyme composed of subunits A, 
B and C (Chon et al. 2009). The three subunits are arranged so that the C 
subunit is in the middle while B and A subunits are on its sides (see Fig. 2) 

(Figiel et al. 2011). Subunit A is the catalytic one and it interacts almost 
exclusively with subunit C, that, together with subunit B, possesses a 
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structural role in supporting the activity of A subunit. Indeed, it seems that 
these accessory subunits form a scaffold on which the catalytic one can 
assume the appropriate conformation. They may also be relevant for RNase 
H2 processivity. Moreover, they are involved in interactions with other 
proteins. Interactions with S. cerevisiae yeast SGS1, RAD27 and ESC2 have 
been found. The three genes encode, respectively, a DNA helicase, the Fen1 
protein involved in the removal of RNA primers, and a protein that has 
effects on recombination frequencies. Such interactions suggest a role of 
RNase H2 in the processing of Okazaki fragments. Impairment of RNase 
H2 in combination with defects in DNA2 or RAD27 (FEN1) results in lethal 
or sickness phenotypes, supporting a functional role of RNase H2 in 
Okazaki fragments processing. Furthermore, a PCNA-Interacting-peptide 
box (PIP-box) has been found at the C-terminus of human RNase H2 B 
subunit, thus suggesting RNase H2 involvement in replication and repair. 
(Chon et al. 2009). 

 
 
Fig. 2: Overall structure of human RNase H2. A and B, shown is the structure of the 
RNase H2 complex colored by subunits (yellow, A; magenta, B; blue, C). β-Strands are 
indicated with darker shades of the respective colors. C and D, shown is a close-up view of 
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the interface between subunit A and the B/C dimer. The residues forming the interface are 
shown as sticks and labeled (Figiel et al. 2011). 
 
1.1.1.4 Ribonucleotide Excision Repair (RER) 
 
Ribonucleotide Excision Repair (RER) is the main pathway responsible for 
the removal of misincorporated rNMPs (Sparks et al. 2012). 
 

 
 
Fig. 3: Model for Ribonucleotide Excision Repair. Redundant functions of Fen1 with 
Exo1 and Pol  with Pol ε are indicated (Sparks et al. 2012). 
 
RNase H2 starts RER cutting DNA at the 5’ of the incorporated rNMP, 
generating 3’-OH and 5’-P ends. The clamp loader RF-C loads onto DNA 
the sliding clamp PCNA, an homotrimeric protein which encircles DNA and 
takes contacts with Pol and Pol thus allowing processive DNA synthesis 
(Hübscher et al. 2002). The 3’ hydroxyl resulting from RNase H2 incision, 
is used by DNA Pols to elongate the strand, causing the displacement of 
the downstream strand. At this point FEN1 cuts the flap, leaving a nick 
substrate for DNA ligase I, which seals the DNA backbone (Sparks et al. 
2012). 
The crucial role of RNase H2 in RER is supported by the observation that it 
cannot be substituted by RNase H1(Sparks et al. 2012). Moreover, in 
experiments performed in budding yeast, where a mutant replicative 
polymerase with low selectivity for dNMPs vs. rNMP incorporation was 
expressed, it was found that rNMPs incorporation was abundant only when 
the gene for RNase H2 was silenced (Reijns et al. 2012). 
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An alternative pathway for excision of incorporated rNMPs relies on 
topoisomerase I (TopI) type B, an eukaryotic enzyme that relaxes 
supercoiled helix by nicking reversibly dsDNA (Vaisman and Woodgate 
2015). Differently from RNase H2, TopI cuts the DNA backbone on the 3’ 
side of the rNMP; a tyrosine residue present in the active site of the enzyme 
reacts with the phosphodiester DNA backbone, generating a 3’-phospho-
tyrosyl intermediate. At this point, the 2’-OH of the ribose ring, with a 
nucleophilic addition, causes the formation of a 2’-3’-cyclic phosphate, with 
concomitant release of TopI. In this way, a single-strand break is generated 
(Sparks et al. 2012; Caldecott 2014). Currently, it is believed that the Sgs2 
helicase and the Exo1 nuclease proteins are recruited to excise the rNMP 
and to process the 5’-OH and cyclic 2’-3’phosphate ends (Williams et al. 
2013). Anyway, genetic analysis conducted in yeasts suggest that this is a 
minor pathway and unlikely to be favoured, as it seems to promote deletions 
in DNA (Caldecott 2014). 

 
1.1.1.5 Removal of ribonucleotides in mammals 
 
Removal of rNMPs from DNA, a process in which RNase H2 plays a 
fundamental role, seems to be an essential requirement also in mammals. In 
mice, rNMPs removal is necessary for embryonic development since RNase 
H2-knockout results in embryonic lethality in null mice. Lethality emerges 
knocking out any of the genes encoding the three subunits of RNase H2. In 
the genome of RNase H2-null embryos fibroblasts, more than a million of 
single and/or di-rNMPs are present, making them the most common lesion 
in the entire genome. Moreover, such fibroblasts show also a number of 
chromosomal aberrations and strand breaks. These DNA lesions, and the 
consequent genome instability, might be the consequence of undegraded 
RNA primers, misincorporation of rNMPs by DNA Pols, transcriptionally 
induced R-loops and/or consequence of TopI action (Clausen et al. 2013; 
Reijns et al. 2012). These embryos are also characterized by reduced cell 
proliferation during gastrulation; the growth arrest is the consequence of a 
p53-dependent DNA damage response due to accumulation of rNMPs in the 
genome (Reijns et al. 2012). 
Removal of misincorporated rNMPs is extremely important also in humans. 
Mutations in RNH201A/B/C genes, encoding the three subunits of RNase 
H2, are associated to the autosomal recessive Aicardi-Goutières syndrome 
(AGS). This is a rare early-onset neuroinflammatory condition, resembling 
(and hence often misdiagnosed as) a congenital viral infection since both are 
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characterized by an increased production of interferon alpha (IFN-). It also 
shows similarities to the autoimmune disease systemic lupus erythematosus, 
where altered IFN- homeostasis is altered (Reijns et al. 2012; Rice et al. 
2009).  
The rNMPs in DNA can be a threat not only for actively replicating cells, 
but also for post-mitotic cells, such as neurons. In these cells, rNMPs 
incorporation can be relevant because, even if nuclear genome does not 
duplicate, their mitochondrial genome does. Moreover, when other DNA 
lesions are present, induced, for example, by oxidative stress, short stretches 
of nucleotides are excised and replaced. Since rNMPs can be introduced 
also by repair Pols, DNA repair reactions are potentially a source of rNMPs 
incorporation in post-mitotic cells. This can be particularly relevant because, 
in brain tissue, the oxidative stress, due to extensive consumption of 
oxygen, is rather high (about 20% of inhaled oxygen is consumed by brain) 
(Caldecott 2014). 
Interestingly, defective SSBs repair has been associated to a faster 
neurodegeneration: when rNMPs are repaired through RER pathway, SSBs 
intermediates seem to be a preferred substrate for aprataxin (APTX), which 
is a SSB-repair protein that, if mutated, contributes to progressive 
neurodegeneration (Caldecott 2014).  
 
1.1.2 Translesion synthesis pathway (TLS) 
 
DNA integrity is a fundamental requirement for the transmission of proper 
and complete genetic information. As already underlined, cells are not only 
subjected to exogenous attacks as ionizing radiations, UV light and 
chemical agents, but also face endogenous reactive metabolites generated 
during normal cellular metabolism. Therefore, cells have evolved different 
repair mechanisms, mainly acting during the G0/G1 phases. However, 
lesions that escape such repair pathways can impair DNA replication 
blocking the progression of the replication fork. Indeed, replicative Pols 
possess a tight active site that does not allow the efficient bypass of 
damages encountered during the replication. To face these threatening DNA 
damages, cells have evolved other mechanisms to tolerate DNA lesions 
without actually repair them. DNA damage tolerance processes are 
important in promoting cell survival and, in some cases, contribute to 
generation of mutations (Waters et al. 2009; Chou et al. 2011; Hübscher and 
Maga 2011; Yang 2014). The number of Pols devoted to damage tolerance 
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systems underlines the importance of this essential task. In humans, 12 out 
of 17 DNA Pols are involved in TLS or DNA breaks repair (Yang 2014). 
 

 
 
Fig. 4: DNA damage repair and bypass mechanisms. DNA damage results in breakage 
of the sugar-phosphate backbone, DNA base loss (indicated by a gap in the DNA), or base 
alterations (as indicated by the gray star). This damage can be repaired/removed from the 
DNA strand or tolerated, in which case the DNA lesion remains but cellular processes 
continue (Adapted from Waters et al. 2009). 
 
In translesion synthesis (TLS), specialized Pols are recruited at the stalled 
fork where they temporarily act instead of replicative ones (Bebenek et al. 
2014). TLS Pols are able to use damaged DNA bases as template and to 
insert nucleotides opposite them. TLS Pols are present in all three domains 
of life and they mainly belong to the Y family of DNA polymerases, but 
also some A- and X- family members play a role in TLS (Waters et al. 
2009).  
A common feature of TLS Pols is the lack of intrinsic 3’  5’ exonuclease 
activity to proofread replication of the new strand. For this reason, these 
Pols display a significant lower accuracy in inserting nucleotides opposite to 
an undamaged DNA template with respect to replicative ones, with 
frequencies of erroneously incorporated bases ranging from 10-1 to 10-4. On 
the other hand, due to a wide active site, TLS Pols fulfil the important role 
of bypassing specific lesions with reasonable accuracy. Given the broad 
variety of DNA lesions, each TLS Pol has evolved the ability to bypass in a 
quite accurate way a particular damage, referred to as cognate lesion. TLS 
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Pols recognize physico-chemical features of the damaged base reading it 
“correctly”. For example, while the majority of replicative Pols insert an A 
in front of 7,8-dihydro-8-oxoguanine (8-oxo-G) lesion, TLS Pols recognize 
it as a G, inserting the right C base opposite the lesion. This ability is not 
based on a diverse mechanism of action, but on special structural features, 
some of which are generally conserved in all Y-family enzymes (such as a 
wider active site), as well as specific for each particular enzyme (such as the 
"wrist" subdomain of Pol ) (Hübscher and Maga 2011; Waters et al. 2009). 
Other important features of TLS Pols are their low catalytic efficiency and 
low processivity, compared to replicative Pols. These properties allows a 
rapid displacement of TLS Pols after lesion bypass, with their replacement 
with replicative ones. (Yang 2014). Two possible mechanisms, not mutually 
exclusive, for lesion bypass by TLS Pols have been proposed: the 
polymerase-switching model and the gap-filling model (See Fig. 5) (Waters 
et al. 2009). 
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Fig. 5: Two non exclusive models for TLS: the polymerase-switching model (A) and the 
gap-filling model (B) (Waters et al. 2009). 
 
In the polymerase-switching model, protein-protein interactions favour the 
switch between replication and TLS Pols when the replication fork 
encounters a lesion, and a further switch after the damage bypass occurs. On 
the other hand, the gap-filling model has been proposed for TLS occurring 
outside replication forks. In this situation, the replication machinery leaves a 
ssDNA gap in front of a DNA lesion due to repriming events that take place 
downstream, leaving to TLS Pols the role of gap filling (Hübscher and 
Maga 2011; Waters et al. 2009). 
 
1.1.2.1 DNA polymerase 

Pol  belongs to Y-family. It is a monomeric protein of about 78kDa 
encoded by POLH gene (also known as RAD30 gene or XP-V gene). 
Differently from replicative Pols, Y-family Pols catalytic core presents a 
preformed active site, with the finger domain in the closed conformation 
also in the absence of DNA, dNTP substrate, or both substrates. Moreover, 
the active site is also larger than the one of replicative Pols and solvent-
exposed. These features are important to confer the low fidelity, the low 
catalytic efficiency and the low processivity of DNA synthesis typical of 
TLS Pols (Yang 2014). Other than palm, thumb and finger subdomains, 
typical of all Pols, Pol  presents the additional “little finger” (LF) domain, 
also called polymerase-associated domain (PAD), that is peculiar of Y-
family Pols. Structural data indicates that the rotation of this domain gives 
rise to a “relaxed” active site, thus allowing accommodation of the bulky 
lesions present in the DNA template and the incoming nucleotides (Chou et 
al. 2011). Moreover, it possesses a PCNA interacting peptide (PIP), a Rev1 
interacting region (RIR) and a ubiquitin binding zinc domain (UBZ). Upon 
DNA damage, PCNA undergoes ubiquitination, allowing interaction with 
Pol  via PIP and UBZ domains (see 1.1.2.3 section for Pol  interaction 
with PCNA). Furthermore, Pol η itself can be ubiquitinated on a Lys residue 
present within the nuclear localization signal (NLS) segment (Yang 2014). 
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Fig. 6: Structural domains in human Pol . (A) Diagram of the linear arrangement of 
functional domains in human Pol . Domains are colorcoded. (B) Crystal structure of the 
catalytic region (amino acids 1−432) in a complex with DNA and dNTP (PDB entry 
3MR2). (C) Crystal structure of human PCNA complexed with the Pol  PIP (PDB entry 
2ZVK). All parts of human Pol  are shown as ribbon diagrams, and their interacting 
partners are shown as a molecular surface. The -helices of pol  are shown as cylinders in 
panels B and C (Adapted from Yang 2014). 
 

1.1.2.2 DNA polymerase  and cancer 
 
Pol  has always raised great interest since it is the only Pol known to be 
directly correlated with a human genetic disease. Indeed, inactivation of XP-
V gene in humans is responsible for the genetic disease known as the variant 
form of xeroderma pigmentosum (XP-V). Patients show extreme UV 
sensitivity, skin cancer predisposition and; in some cases, signs of 
neurodegeneration. Among XP patients, about 20% are XP-V. Pol  is the 
solely Pol able to perform error-free TLS at UV-light induced cyclobutane 
pyrimidine dimers (CPDs) sites, a four-member ring structure resulting from 
saturation of the pyrimidine 5,6 double-bond. Differently from the other 
Pols, Pol  is able to insert correctly two adenines in front of the two 
crosslinked thymines of CPDs lesions because of the more relaxed active 
site generated by rotation of PAD domain (see 1.1.2.1 section). This event 
allows the formation of hydrogen bonds and van der Waals forces between 
the two lesioned bases and the incoming two adenines. On the contrary, in 
case of undamaged DNA template these interactions do not form, thus 
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1.1.2.3 PCNA 
 
DNA replication is a fundamental and highly regulated step during the cell 
cycle. Other than replicative Pols, various accessory proteins are required 
during this process, in order to face all possible obstacles and to ensure a 
correct duplication of the genome. Proliferating cell nuclear antigen 
(PCNA) is an accessory protein acting during DNA replication, 
recombination and repair. Eukaryotic PCNA (Pol30 in S. cerevisiae) is a 
ring-shaped DNA slinding clamp that encircles DNA (Fig. 8). The PCNA 
homotrimer is loaded onto the 3’-end of primer/template junction by the 
clamp loader RF-C, a step that requires ATP hydrolysis. RF-C binds to the 
“C-side” of PCNA that is the protruding C-terminus of PCNA monomer. 
Also replicative Pols bind to the C-side of PCNA, ensuring their right 
orientation toward the growing primer end. Once PCNA is loaded onto 
DNA, it brings replicative Pols and other factors necessary for Okazaki 
fragment processing at the replication fork (Moldovan et al. 2007; Chon et 
al. 2009).


 
Fig. 8: Human PCNA. [https://www.rcsb.org/structure/1AXC] 
 
In vitro experiments demonstrated that PCNA greatly enhances Pols 
processivity. Being PCNA an homotrimer, it may bind more than one 
protein containing a PIP box. Examples of proteins presenting a PIP box are 
FEN I and DNA ligase I, that are part of the replication complex on the 
lagging strand. Also two subunits of Pol  and the p12 and p66 small 
subunits of Pol  contain PIP boxes (Moldovan et al. 2007).
PCNA has an important role in promoting the switch from replicative to 
TLS Pols. Indeed, upon DNA damage and/or stalled replication forks, 
PCNA undergoes mono- or poly-ubiquitination at the lysine 164, with 
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monoubiquitination that triggers TLS pathway (Moldovan et al. 2007). 
Human Pol  physically and functionally interacts with PCNA. Haracksa et 
al. reported that the addition of PCNA, RF-C and Replication Protein A 
(RP-A) in in vitro reactions, enhanced hPol  synthetic activity of about 12-
fold. However, differently from Pol , such association is not correlated to 
an increased processivity of Pol . Indeed, being Pol  able to 
misincorporate nucleotides more frequently than Pol a stronger 
processivity would have resulted in an higher mutagenic potential (Haracska 
et al. 2001). 
PCNA is also involved in Base Excision Repair (BER) pathway where it 
acts before the step of DNA repair synthesis. Some glycosylases, such as 
Uracil-DNA glycosylase 2 (UNG2), or AP endonucleases, as human APE2, 
and the repair cofactor XRCC1 have been found to interact with PCNA 
through a PIP box (Moldovan et al. 2007). 
Moreover, as already mentioned in 1.1.1.3 section, PCNA interacts with the 
B subunit of RNase H2. However, Chon et al. did not observe any 
significant effect on RNase H2 activity upon addition of PCNA in in vitro 
assays, but is rather possible a role of PCNA in loading RNase H2 at least 
on some DNA contexts (Chon et al. 2009). 

 
1.1.2.4 PolDIP2 
 
DNA Polymerase Delta Interacting Protein 2 (PolDIP2), also known as 
PDIP38 or mitogenin 1, is an ubiquitously expressed, multifunctional, 368aa 
protein. PolDIP2 has been initially discovered as a protein interacting with 
the p50 subunit of Pol  and with PCNA. Subsequently, PolDIP2 has been 
associated to a variety of tasks, including regulation of nuclear redox 
environment, assembly of the mitotic spindle, pre-mRNA processing, 
cytoskeletal reorganization and cell cycle checkpoint regulation. Moreover, 
PolDIP2 is involved not only in DNA replication but also in DNA repair 
processes. (Brown et al. 2014; Paredes et al. 2018; Guilliam et al. 2016). It 
also stimulates the processivity of Prim-Pol (Guilliam et al. 2016). 
 
1.1.2.5 DNA polymerases  and  
 
DNA Pol is the smallest Pol of the X family: it is a monomeric enzyme 
with a molecular mass of 39 kDa, constituted of a 31-kDa carboxyl-terminal 
polymerase domain (about 250 residues) connected by a short hinge region 
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to an 8-kDa amino-terminal lyase domain (about 90 residues). (Fig. 9) 
(Beard and Wilson 2006; Beard and Wilson 2000). 
Pol  is ubiquitously expressed in all vertebrates species. The high degree of 
sequence conservation of Pol  among mammalian species suggests its 
fundamental role in cells survival; this is demonstrated by embryonic 
lethality of mice in which Pol homologous gene was knocked-out (Beard 
and Wilson 2006). 
Pol  is the major Pol involved in BER. Since the majority of enzymes 
acting in BER prefer double-stranded DNA substrates, this pathway is likely 
to operate in G1 phase of the cell cycle, during which it ensures error-free 
transcription, removing eventual DNA lesions from strands that has to be 
replicated (Dianov and Hübscher 2013). 
 

 
 
Fig. 9: Domain and subdomain organization of DNA polymerase . DNA polymerase  
is composed of a polymerase (colored) and an amino-terminal lyase domain (gray). The 
polymerase domain is composed of three subdomains: D- (purple), C- (gold), and N- 
(green) subdomains (Beard and Wilson 2006). 
 
It has been demonstrated that an excess of Pol  results in high number of 
DNA breaks and that its overexpression can perturb the function of 
replicative DNA Pols, lowering their fidelity. This mutagenic potential is 
due to the intrinsic low fidelity of Pol  in replicating DNA and to a poor 
ability in discriminating damaged nucleotides. A possible mechanism 
through which this enzyme increases the genetic instability is the 
misincorporation of rNMPs. In vitro experiments demonstrated that Pol is 
able to incorporate eight successive rNMPs in a DNA primer/template 
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chain, thus acting, even if inefficiently, as an RNA-synthetizing enzyme. 
Moreover, competition experiments showed that the presence of rNMPs in 
an in vitro reaction affects the ability of Pol  to incorporate dNMPs, 
especially when the concentration of the two pools are equal or unbalanced 
in favour of rNTPs. These results suggest that rNMPs incorporation into 
DNA by Pol can occur and may be biologically relevant (Bergoglio et al. 
2003). Moreover, Pol can bypass in an error-prone manner CPDs site in 
vitro. It can also misincorporate all four rNMPs opposite to the two bases of 
CPD, reducing the efficiency of replicative Pols to further elongate the 
growing strand (Bergoglio et al. 2003). 
About 30% of tumors, among which colorectal, gastric and prostate cancer, 
express Pol  variants (Iwanaga et al. 1999; Starcevic et al. 2004; Albertella 
et al. 2005). These variants can differently affect Pol  activities, leading to 
genome instability (Lang et al. 2004). On a total of 152 tumor samples 
analyzed, Albertella et al. found that Pol was overexpressed by two fold 
or more in about one third of them. In particular, Pol  was frequently 
overexpressed in uterus, breast, ovary, stomach and skin tumors. This 
overexpression can lead to increased mutation rate and to chromosomal 
instability (Albertella et al. 2005).  
It is also interesting to notice that many studies associate defects in BER to 
trinucleotides repeat (TNR) expansion. Such expansion, leading to genome 
instability, is typical of neurodegenerative diseases, among which 
Huntington disease (HD). There are evidences supporting a possible 
involvement of Pol in somatic TNR expansion, an important field that 
deserves further investigations (Crespan et al. 2015). 
 
With its 575 amino acids and a molecular mass of 65k-Da, Pol is the 
largest human polymerase of the X family. It has an N-terminal breast 
cancer carboxy-terminal (BRCT) domain, separated from the catalytic core 
by a serine-proline-rich domain. The catalytic core contains an N-terminal 
8-kDa domain and a C-terminal polymerase domain. The amino acid 
sequence of its catalytic core is 30% identical to the one of Pol (Bebenek 
et al. 2014)
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Fig. 10: Domain organization of Pol  (A) Schematic representation of domains in Pol λ. 
(B) Crystal structure of the ternary complex of the catalytic domains of polymerase λ with 
bound one-nucleotide gapped DNA and an incoming nucleotide (PDB entry 2PFO). The 8 
kDa dRP lyase domain, fingers, palm, and thumb subdomains are colored lime green, 
lemon, salmon, and slate, respectively. The DNA templating strand (T) is colored olive, the 
primer strand (P) orange, and the downstream strand (D) violet. The position of the 5′-
phosphate is marked with a red asterisk. A space-filling model of the incoming nucleotide 
is colored cyan (C) (Bebenek et al. 2014). 
 
Pol is the most ancient member of the eukaryotic X family, since it is 
conserved across the biological kingdoms, which likely renders it the Pol 
most similar to the common ancestor from which members of the family 
evolved(Bebenek et al. 2014) 
Pol is a multifunctional enzyme. Like Pol , the 8-kDa domain of Pol  
possesses an intrinsic dRP lyase activity (Moon et al. 2007). Moreover, 
through the 8-kDa domain, Pol  binds the 5’-phoshate residue of the 
downstream strand in DNA gapped substrates, an event that stimulates its 
gap filling efficiency. It shows a high affinity for dNTPs, which can allow 
its activity of synthesis when the concentration of dNTPs pool in the cell is 
low. Pol compared to the other Pols, shows a different catalytic 
mechanism for incorporation of nucleotides. Indeed, it does not undergo the 
typical open-to-close transition in response to dNTP binding, which induces 
generally a relocation of fingers and thumb subdomains. Pol  catalytic 
domain remains in a close conformation throughout the catalytic cycle; the 
binding of the dNTP causes a shift of the template strand so that the 
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template nucleotide is brought at level of the active site (Bebenek et al. 
2014) 
Other than BER, Pol  plays a fundamental role during Non Homologous 
End-Joining (NHEJ), which is the principal DSBs repair system in higher 
organisms, active throughout the cell cycle. Pol seems to be involved also 
in microhomology-mediated end joining (MMEJ), a mechanism through 
which a pathway alternative to the classical NHEJ (called “alternative end-
joining” (A-EJ) pathway) can act (Frit et al. 2014; Lieber 2010; Crespan et 
al. 2012). BER and NHEJ occur during G0-G1 transition and in G1 phase, 
when dNTPs pools are particularly low (Brown and Suo 2011). Like Pol , 
during its gap-filling activity, Pol  may incorporate rNMPs. However, 
among Pols associated with NHEJ, it has been shown that Pol does not 
incorporate efficiently rNMPs, displaying higher affinity for dNMPs 
compared to the other X-family enzyme Pol  which, on the other hand, 
preferentially incorporate rNMPs during NHEJ (Pryor et al. 2018; Ramsden 
2011). Experiments demonstrated that Pol has a relatively high sugar 
selectivity (3,000 – 50,000) varying depending on the base (rUTP < rCTP < 
rGTP < rATP). Its binding affinity and rate of incorporation of rNMPs are 
on average 53-fold lower and 117-fold slower with respect to the correct 
dNMPs. However, due to the high ratio of rNTPs concentration over 
dNTPs, and since the fidelity of rNMP incorporation (from 10-4 to 10-5 ) is 
similar to values of dNMPs misincorporation, is likely that rNMPs insertion 
during DNA repair in vivo is more common than erroneous introduction of 
dNMPs by Pol (Brown and Suo 2011).  
Other than Pol , Albertella et al. also found Pol deregulated in a number 
of tumor specimens. In particular, in 24% of the tumor analysed Pol was 
overexpressed. This suggests that deregulation of specialized Pols may have 
a role in tumorigenesis (Albertella et al. 2005). 
 
1.1.3 Oxidative DNA lesions 
 
Reactive oxygen species (ROS) formed during normal cellular metabolism 
cause oxidative lesions, one the most frequent kind of DNA damage. ROS 
are mainly generated in mitochondria during electron transfer reactions, by 
the cytocrome P450 system, in microsomes, peroxisomes and by different 
cellular oxidases. (Amoroso et al. 2008; Markkanen 2017). Also ionizing or 
ultraviolet radiations may cause ROS production (COOKE et al. 2003). The 
major ROS in living cells are peroxyl radicals, such as the hydroxyl radical 
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(•OH) and the superoxide anion (O2•−). They are responsible for diverse 
types of additions to DNA bases, causing stable modifications to DNA 
(Amoroso et al. 2008). About 105 oxidative damages occur in every cell 
each day, including 8-oxoguanine (8-oxo-G) (see 1.1.3.1 section), 2,6-
diamino-4-hydroxy-5-formamido-pyrimidine (FapyGua), and the oxidised 
pyrimidines cytosine glycol and thymine glycol. Chronic oxidative stress, in 
particular in the presence of chronic inflammation, has been linked to 
carcinogenesis (Bridge et al. 2014).  
Due to their high mutagenic potential, several DNA repair pathways, often 
overlapping, have evolved to repair oxidative DNA lesions. Basically, two 
main pathways allow to remove these kind of lesions: BER and NER, that 
differ regarding the size of the damages handled. BER deals with single or 
few damaged nucleotides while NER deals with large DNA-distorting 
lesions (e.g. intra-strand crosslinks, tandem lesions, bulky adducts) (Bridge 
et al. 2014; Cooke et al. 2003). In eukaryotes BER is divided into Short-
Patch (SP) BER, to replace single lesioned nucleotides, and Long Patch 
(LP) BER, for two or more lesioned nucleotides (Fig. 11). The only Pol 
acting during SP BER is Pol . On the other hand, during LP BER Pol  is 
responsible for the incorporation of the first nucleotide while replicative 
Pols act during the elongation step (Fortini and Dogliotti 2007). In both SP 
and LP BER, a DNA glycosylase hydrolizes the N-glycosidic bond thus 
removing the base from the sugar-phosphate backbone. Subsequently, the 
main 5’ AP endonuclease in humans (APE1) can nick the sugar-phosphate 
backbone of the resulting AP site. In particular, APE1 cleaves the 
phosphodiester bond 5’ to the AP site, generating a 5’dRP and a 3’-OH. At 
this point, Pol  removes the 5’dRP through its intrinsic dRP-lyase activity, 
leaving a phosphate at 5’-end. Then Pol  fills the gap and ligase III, in 
complex with its accessory protein XRCC1, ligates the nicked DNA (Fortini 
et al. 2007; Beard and Wilson 2006). In LP BER 2-11 nucleobases can be 
synthesized via strand displacement of the downstream DNA strand. This 
synthesis is performed by the replicative Pols or or by chance also by 
Pol in association with PCNA and RF-C. FEN1 then cuts the flap and 
DNA ligase I ligates the gap (Hübscher and Maga 2011). Like Pol also 
Pol is involved in BER: while Pol is the main enzyme for BER 
occurring in nuclear DNA, Pol involvement in BER is supported by the 
observation that, it can substitute Pol  in BER reactions in vitro. Moreover, 
chicken cells and mouse fibroblasts in which genes encoding for both 
Poland were deleted, are more exposed to oxidizing DNA-damaging 
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agents than cells and fibroblasts in which only Pol gene was knocked out 
(Bebenek et al. 2014).  
 

 
 
Fig. 11: Short patch BER and long patch BER. The short patch BER machinery contains 
DNA glycosylases, APE1, DNA Pol , DNA ligase III/XRCC1; the long patch BER 
machinery consists of DNA glycosylases, APE1, DNA polymerases or PCNA, 
replication factor C, flap endonuclease 1 and DNA ligase I (Hübscher and Maga 2011). 
 
1.1.3.1 8-oxo-G lesion 

 
Purines often react with •OH, whose addition to C4-, C5- and C8- positions 
generates modified bases, threatening for DNA integrity (Roldán-Arjona 
and Ariza 2009). Among the most relevant and investigated oxidative 
lesions there are the C8-OH adducts of guanine, such as 7-hydro-8-
hydroxyguanine and 8-oxo-G, and the C2-OH adduct of adenine (Amoroso 
et al. 2008). In particular, 8-oxo-G is an abundant and threatening lesion. It 
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is estimated that at least 104 8-oxo-G damaged bases are generated 
spontaneously in cells every day (Maga et al. 2008). Due to its abundance, 
8-oxo-G is frequently used as cellular biomarker for oxidative stress (David 
et al. 2007). This lesion is potentially mutagenic in bacteria and mammals 
since it possesses the capability to pair with an A assuming a syn 
conformation (Hoogsteen base pair). This miscoding lesion, if not repaired 
before the beginning of replication, can cause G:C to T:A transversions 
(David et al. 2007). Indeed, replicative Pols and bypass 8-oxo-G 
lesion mainly in an error-prone manner, incorporating an A instead of a C 
(Hübscher and Maga 2011).8-oxo-G lesions accumulate with age, especially 
in the mitochondrial genome. They have also been correlated with different 
types of tumors, such as breast, colorectal, gastric and lung cancer and 
neurodegenerative diseases (e.g. Parkinson and Alzheimer diseases) (Bridge 
et al. 2014; Amoroso et al. 2008).  

 
 

Fig. 12: Schematic drawing of the mutagenic consequences of the 8-oxo-G lesion. 
(Amoroso et al. 2008). 
 
To avoid occurrence of mutations caused by the presence of 8-oxo-G 
lesions, a specific 8-oxo-G repair pathway exists in prokaryotic and 
eukaryotic cells, named guanine oxide or “GO” system. It relies on 8-oxo-G 
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DNA glycosylase 1 (Ogg1) and on MUTHY glycosylase (Fig. 13) 
(Amoroso et al. 2008; David et al. 2007). In all tissues Ogg1 starts the SP 
BER through recognition of 8-oxo-G when paired to a C, allowing damaged 
base removal and damage repair by BER (Amoroso et al. 2008; Hübscher 
and Maga 2011). 
On the other hand, if the 8-oxo-G is not removed through this process, when 
the replication machinery encounters an 8-oxo-G, it incorporates an A 
instead of a C in most of the cases. In such situation, MutYH recognize 8-
oxo-G:A mispair, removing the A. APE1 then incises the DNA and Pol 
together with PCNA and RP-A, inserts the correct C opposite the 8-oxo-
G still present on the template strand. Frequently Pol  can incorporate a 
second nucleotide, thus creating a 1-nt flap. FEN1 can remove the flap and 
DNA ligase I can then seal DNA. Through this process the C:8-oxo-G pair 
is restored becoming substrate of the OGG1-dependent SP BER (Hübscher 
and Maga 2011).  
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Fig. 13: Faithful BER of an 8-oxo-G lesion in a non-replicating tissue (left) and in a 
replicating tissue (right). (Hübscher and Maga 2011). 
 
The preferential selection of the Pol in the “GO” system relies on the ability 
of PCNA and RP-A to recruit Pol instead of Pol  on a 8-oxo-G lesion 
facing a window gap. It has been shown that PCNA and RP-A in association 
with Pol  ensure a 750-fold preference for dCTP vs dATP incorporation 
opposite 8-oxo-G on 1-nt gap. On the other hand, Pol bypasses the 
damage with a reduced fidelity, leading to a misincorporation of dAMP in 
about 20-30% of cases. Pol is, indeed, 145-fold less efficient than Pol in 
performing error-free TLS past 8-oxo-G damage on 1-nt gap substrate. 
(Maga et al. 2008; Maga et al. 2007). 
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1.1.3.2 Oxidative DNA damage tolerance in plants 
 
Oxidative DNA damages caused by exposure to ROS occur also in plants. 
As already mentioned, ROS are the result of endogenous and exogenous 
factors. The endogenous stresses include respiration and photosynthesis. For 
example, the singlet oxygen (1O2) and the superoxide radical (O2•−) are two 
byproducts of photosynthesis while hydrogen peroxide (H2O2), together 
with O2−, originates from peroxisomes. O2− is also the main result of the 
electron transport chain in mitochondria (Roldán-Arjona and Ariza 2009). 
Moreover, plants are sessile organisms continuously exposed to different 
environmental (exogenous) stresses like UV, IR, salinity, drought, 
pathogens that cause alteration of cellular homeostasis and, as consequence, 
higher ROS production. At high concentrations, ROS are very dangerous for 
plant cells. In particular, 8-oxo-G lesion is very dangerous not only for 
mammals but also for plants (for details on 8-oxo-G lesion see 1.1.3.1 
section) (Roldán-Arjona and Ariza 2009; Amoroso et al. 2008). 
Studies have demonstrated that plants have evolved a variety of mechanisms 
to face oxidative damages, some peculiar while others similar to those 
evolved by other eukaryotes. Plants are endowed with a lot of different 
antioxidant molecules, that can be enzymatic (e.g. superoxide dismutase 
(SOD), catalase (CAT), ascorbate peroxidase (APX); glutathione reductase 
(GR),glutathione-S- transferase (GST)) or non enzymatic (e.g. L-ascorbic 
acid ( Vitamin C); glutathione (GSH); phenolic compounds, alkaloids, non-
protein amino acids, α-tocopherols (Vitamin E), carotenoids) (Gill and 
Tuteja 2010; Roldán-Arjona and Ariza 2009). In particular, Glutathione 
(GSH) has a vital role in controlling oxidative stress. It participates in 
different metabolic processes, detoxifying ROS, modulating antioxidant 
enzymes and regulating the expression of stress defense genes 
(Hasanuzzaman et al. 2017).  
Many DNA repair pathways present in higher eukaryotes are conserved in 
plants, including BER and TLS. Plants mainly rely on BER to remove 
oxidized DNA bases. However, they lack Pol  and DNA ligase III, thus 
suggesting that some differences between plant and mammalian repair 
mechanisms do exist. On the other hand, plants possess multiple copies of 
other genes encoding for proteins involved in DNA repair. PCNA is present 
in two copies (PCNA1 and PCNA2) in A. thaliana genome (Amoroso et al. 
2011; Strzalka and Aggarwal 2013). BER is initiated by N-glycosilases, that 
leave an AP site (for details see 1.1.3 section). Generally, DNA glycosilases 
are classified into two groups: monofunctional and bifunctional 
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glycosilases. The monofunctional only catalyse the hydrolysis of the 
glycosylic bond between damaged base and sugar-phosphate backbone, 
while the glycosilases/lyases (bifunctional) are also able to incise the DNA 
backbone after base removal. Most of the glycosilases identified in 
prokaryotes and eukaryotes acting on oxidized bases are bifunctional. Ogg1 
homolog in A. thaliana (AtOgg1) is a bifunctional, purine-specific enzyme. 
As for its mammals countrepart, AtOgg1 allows the release of 8-oxo-G and 
the cleavage of DNA backbone at the resulting abasic site. Moreover, plants 
possess also a MutYH enzyme (AtMutYH), which is supposed to remove A 
paired to 8-oxo-G. However, AtMutYH has not been fully functionally 
characterized yet (Roldán-Arjona and Ariza 2009).  
In humans, Pol  interacts with PCNA and RPA allowing high-fidelity TLS 
of 8-oxo-G lesion. In higher plants, family X of DNA polymerases includes 
only POLL, which shares 30% of homology with its human homologue 
(Amoroso et al. 2011). Results obtained from Amoroso et. al indicated a 
functional cooperation between AtPOLL and PCNA2 in presence of AtRPA 
in vitro, but not between AtPOLL and PCNA1. The physical interaction 
between the two proteins was also confirmed in vivo. Plants overexpressing 
AtPOLL showed a delayed growth and treatment with UV-B irradiation, 
that contribute to ROS production, caused increasing in AtPOLL transcripts, 
both in seeds and leaves. Overall, the results suggested that A. thaliana 
possesses a TLS pathway in which, similarly to humans, AtPOLL interacts 
with AtPCNA2 and AtRPA, thus supporting the essential role of Pol  in 
oxidative DNA-damage tolerance pathway in all eukaryotes (Amoroso et al. 
2011).
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2. Aims of the research 
 
All living organisms need to preserve the integrity of their genome to 
properly store and transmit genetic informations. However, DNA is 
subjected to a variety of damages that, if not removed, can have dangerous 
effects. Misincorporated rNMPs are the most abundant lesions in the 
genome (Potenski and Klein 2014). Their permanence in the DNA has been 
linked to genome instability and replication stress (McElhinny et al. 2010a; 
Meroni et al. 2017). Indeed, other than spontaneous SSBs, unrepaired 
rNMPs lead to geometrical distortion of double helix, impairing DNA 
binding protein activities and progression of the replication fork. It is known 
that RER activity, initiated by RNase H2, is essential for the removal of 
rNMPs and for the survival of all life forms. However, it was not known if 
rNMPs could be misincorporated opposite other DNA lesions by TLS 
activity and the effects of such mispair on RER. Therefore, we attempted to 
assess these questions by comparing the ability of the two BER Pols,  and 
 and the Y-family Pol , to incorporate rNMPs versus dNMPs opposite 
different types of  DNA damages, which are linked to aging, cancer, 
neurodegenerative diseases. We then evaluated the impact of such rNMPs 
incorporation on the BER pathway, initiated by the human Ogg1 and 
MutYH glycosylases, and we characterized the cleavage ability of the 
human RNase H2 on the damaged-DNA/RNA hybrid substrates. 
The same biochemistry was applied to plants, in the attempt to better 
characterize the mechanism of SP-BER, both in vitro and in a cellular 
context. Some preliminary data are presented in this thesis. 
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3. Materials and methods 
 
3.1 Chemicals 
 
Deoxynucleotides were purchased from GeneSpin (Milan, Italy). 
Ribonucleotides were purchased from GE Healthcare (Uppsala, Sweden). 
The rNTPs stocks were double checked in house by HPLC for dNTPs 
contamination, which was found to be below the limit of detection (> 99.6% 
purity). Labelled [-32P]ATP was purchased from Hartmann Analytic 
GmbH (Braunschweig, Germany). Adenosine, guanosine, cytidine and 
uridine standards were obtained from Sigma (St Louis, MO, USA). All the 
other reagents were of analytical grade and purchased from Fluka or Merck. 
 
3.2 Oligonucleotides 
 
The 24-mer oligonucleotide containing the cis-PtGG adduct was prepared 
and purified as described previously (Nilforoushan et al. 2015). All other 
DNA oligonucleotides were synthesized by Purimex (Grebenstein, 
Germany) and purified from polyacrylamide denaturing gels. When 
indicated, oligonucleotides were 5’-labelled with T4 polynucleotide kinase 
(New England Biolabs) and [-32P]ATP, according to the manufacturer’s 
protocol or directly synthesized as 5’-labeled with carboxyfluorescin (FAM) 
group. Each labelled primer was mixed to the complementary template 
oligonucleotide at 1:1 (M/M) ratio in the presence of 25mM Tris-HCl pH 8 
and 50mM KCl, heated at 75 °C for 10 min and then slowly cooled down at 
room temperature. 

 
3.3 Oligonucleotide sequences 
 
40-mer template: 
3’-ATAGGTGGTTATGATGGGATGCTATGATAGAGGTGAGTTG-5’ . 
 
The sequence underlined corresponds to the four templating bases at 
position +1, generated on annealing of the template to the 18-merA, 19-
merT, 20-merG and 21-merC primers, respectively. 
 
18-merA primer: 
5’-TATCCACCAATACTACCC-3’  
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19-merT primer: 
5’-TATCCACCAATACTACCCT-3’  
 
20-merG primer: 
5’-TATCCACCAATACTACCCTA-3’  
 
21-merC primer: 
5’-TATCCACCAATACTACCCTAC-3’  
 
For the generation of the 1 nt-gap template, the 100mer was annealed to the 
39-mer primer and to the 60-mer downstream oligo, which has been 5’-
phosphorylated with unlabelled ATP by using T4 polynucleotide kinase 
(NEB). 
 
100 mer template: 
3’-ATGTTGGTTCTCGTATGCTGCCGGTCACGGCTTAAGTGTXCCACAACAC 
ACAACCAACACCACCACAACACACCAACAACCACAACACACACAACCACAC
-5’, where X=G or 8-oxo-G. The sequence underlined is the one 
complementary to the 39-mer primer. 
 
39-mer primer: 
5’-TACAACCAAGAGCATACGACGGCCAGTGCCGAATTCACA-3’ 
 
60-mer downstream oligonucleotide: 
5’-GGTGTTGTGTGTTGGTTGTGGTGGTGTTGTGTGGTTGTTGGTGTTGTGT 
GTGTTGGTGTG-3’  
 
20-merG primer: 
5'‐TATCCACCAATACTACCCTA‐3' 
 
72-mer template: 
3′-ATGTTGGTTCTCGTATGCTGCCGGTCACGGCTTAAGTGTXGCGGCCGCG 
GGTTGGAGGGCTTATAGATTATG–5’ 
 
where X=3‐met-C or 8‐met‐G 
24-mer template: 
5′‐CTACGGCTCACACTATCTCACACT‐3′ 
The bold letters indicate the position of the cis-PtGG crosslink. 
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40-mer rNMPs templates:  
 
40-mer rC:   
5’–ATTGAGTGGAGATATCGTAGGGTAGTATTGGTGGATA–3’ 
 
40-mer rG:   
5’–ATTGAGTGGAGATATCGTAGGGTAGTATTGGTGGATA–3’ 
 
40-mer rU:    
5’–ATTGAGTGGAGATATCGUAGGGTAGTATTGGTGGATA–3’ 
 
40-mer rA:   
 5’–ATTGAGTGGAGATATCGTAGGGTAGTATTGGTGGATA–3’ 
 
The bold letter corresponds to the single ribonucleotide present in each 40-
mer oligonucleotide, which generated, upon annealing to a complementary 
40-mer DNA oligonucleotide the 40/40-mer rC, 40/40-mer rG, 40/40-mer 
rU and 40/40-mer rA, respectively. 
 
3.4 Enzymes and proteins 
 
Human recombinant Pols  and  (Maga et al. 2007) and human 
recombinant glycosylases MutYH and Ogg1 (van Loon et al. 2009; 
Simonelli et al. 2013) were used.  
 
Recombinant human PCNA and PolDIP2 were expressed and purified as 
described (Maga et al. 2013). 
 
The bacterial clone for the expression of human Pol  was a kind gift from 
R. Woodgate (NIH, USA). Human recombinant Pol was expressed and 
purified as described (Frank et al. 2012). 
TheMIC1066 E. coli strain and the plasmid for the simultaneous expression  
of the three subunits of human RNase H2 were a kind gift of R. J. Crouch 
(National Institute of Child Health and Human development, Bethesda, MD, 
USA). The heterotrimeric human recombinant RNase H2 was expressed and 
purified as described (Chon et al. 2009), with the following modifications: 
cells were lysed for 30 min on ice in 20 mM KPO4 buffer pH 7.4, 300 mM 
NaCl, 30 mM Imidazole, 10 mg ml−1 lysozyme, 0.05% 
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phenylmethylsulfonyl fluoride and protease inhibitors. The lysate was 
sonicated and cleared by ultracentrifugation at 38000 rpm in a Ti70 
Beckman rotor. The cleared lysatewas loaded onto a FPLC-NiNTAcolumn 
(G&E Healthcare) equilibrated in 20 mM KPO4 buffer pH 7.4, 300mM 
NaCl, 30mM imidazole, 5% glycerol. The protein was eluted with a 30–500 
mM linear gradient of imidazole in the equilibration buffer. The fractions 
containing the enzyme in 20% glycerol were stored separately in liquid 
nitrogen. 
 
3.5 Enzymatic assays 
 
All reactions were in a 10 l final volume. 
Reactions with Pols  and  were incubated for 10 min at 37 °C in the 
presence of 5’-labelled p/t at the concentrations stated in the figure legends. 
Pol  reaction buffer: 50mM Tris pH 7.5, 1mM DTT, 0.2 mg ml1 BSA. 
Mg++ was included for all Pols at 5 mM, unless otherwise stated in the 
figures or figure legends. When crude extracts were used, the reaction 
mixture was supplemented with 0.1 mg ml-1 aphidicolin and 1 M of a 
49mer single-stranded DNA oligonucleotide with a non-complementary 
sequence to the DNA substrate, to inhibit exonuclease degradation. Crude 
whole cell extracts were prepared as described in ref. (Furrer and van Loon 
2014). Proteins, Mg++, Mn++ and nucleotides were in the concentration 
specified in the figures and figure legends.  
Pol reaction buffer: 40 mM Tris pH 8, 1 mM dithiotreitol, 0.25 mg/ml 
bovine serum albumin (BSA). Mg++ was included at 5 mM, unless 
otherwise stated in the figures or figure legends. 
RNase H2 reaction buffer: 50mMTris-HCl pH8.5, 25mM NaCl, 50  g ml−1 
BSA, 1mM 2-mercaptoethanol, 1% glycerol, 5mM Mg++. Enzymes and 
DNA substrates concentrations are indicated in the figures or figure legends. 
Reactions were incubated at 37◦C for 5 min, unless otherwise stated in the 
figures or figure legends. 
For denaturing gel analysis of the DNA products, the reaction mixtures were 
stopped by addition of standard denaturing gel loading buffer (95% 
formamide, 10mM EDTA, xylene cyanol and bromophenol blue), heated at 
95 ° C for 5min and loaded on a 7-M urea 12% polyacrylamide (PA) gel. 
The reaction products were analysed by using Molecular Dynamics 
Phosphoimager (Typhoon Trio, GE Healthcare) and quantified by the 
program Image Quant. 
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3.6 DNA glycosylase assays 
 
hOgg1 was incubated with 5’-labelled ds 100-mer DNA with 8-oxo-G:dC or 
8-oxo-G:rC mispairs. On incubation, the reaction products were treated with 
NaOH (2M), heated for 15 min at 75 °C and reactions analysed on a 7-M 
urea 10% polyacrylamide gel. The reactions were performed at 37 °C in 
final volume of 10 l containing 20 fmol 5’-labelled ds 100-mer DNA with 
8-oxo-G:dC or 8-oxo-G:rC, 20mM Tris-HCl (pH 8), 1mM DTT, 1mM 
EDTA and 0.1 mg ml-1 BSA. hOGG1 concentration and incubation times 
varied and are indicated in figures. On incubation hOGG1 reaction products 
were treated with 1 ml NaOH (2M), heated for 15 min at 75 _C and 
reactions stopped by the addition of denaturing gel loading buffer and 
heating at 95 _C for 5min. The samples were separated on 7M urea 10% PA 
gel, analysed by Phosphoimager and quantified by GelEval 1.35 scientific 
imaging software (FrogDance Software, UK). 
 
MutYH assay (van Loon and Hübscher 2009) was performed in 10 l 
reactions containing 25mM Hepes–KOH pH 6.8, 5mM EDTA, 1.5% 
glycerol, 50 M ZnCl2, 50mM NaCl, 7.5mM MgCl2, 20fmol 5’-labelled ds 
100-mer DNA with dA:8-oxo-G or rA:8-oxo-G, 200nM MutYH and 
varying amounts of APE1.Reactions were stopped by the addition of 
denaturing gelloading buffer, heating at 95°C for 5min and separated on 7-
M urea 10% PA gel. The products were detected by Phosphoimager and 
quantified by GelEval 1.35 scientific imaging software (FrogDance 
Software, UK). 
 
3.7 Kinetic analysis 
 
Due to the highly distributive nature of the reaction and the relatively low 
efficiency of rNTPs incorporation, the enzymes and the DNA substrate were 
used at similar concentrations. This implies that, at equilibrium, the 
concentration of the binary enzyme–DNA complex does not approximate 
the total enzyme concentration, but there is always a fraction of enzyme not 
bound to the DNA substrate, that does not participate in catalysis. Thus, to 
account for the fraction of enzyme not bound to the DNA substrate at 
equilibrium, the variation of the nucleotide incorporation rates (v) as a 
function of the nucleotide substrate concentration was fitted to the modified 
Briggs–Haldane equation: 
 



 
3. Materials and methods  

 

 48

 (1) 𝑣 =
(  ∙ ) ( ∙ )

 

 
where kcat is the apparent catalytic rate, E0 is the input enzyme 
concentration, S is the variable nucleotide substrate concentration, Km is the 
apparent equilibrium dissociation constant of the nucleotide substrate from 
the catalytically active ternary complex, a and b are two constants, whose 
values were kept fixed during the computer fitting and were calculated from 
the expressions: 
 

(2) a = 1

1+
𝐾𝑚

𝐾′

 

 

(3) b = 1

1+
𝐾′

𝑆′

 

 
where Km is the same as in Eq. (1), K' is the apparent dissociation constant 
for binding to the DNA substrate and  S' is the concentration of DNA used 
in each experiment. The values of K' used for the fitting process were: Pol  
= 22 nM (Batra et al. 2012); Pol = 29 nM (Cavanaugh et al. 2011); Pol  
1.1 nM (Washington et al. 2001). Under conditions of forced termination 
(single nucleotide incorporation), Km = Ks(koff/(kpol+koff)) and kcat = 
kpol(koff/(kpol+koff)). Where Ks is the Michaelis constant for nucleotide 
binding, koff is the dissociation rate of the enzyme from the DNA substrate 
and kpol is the polymerization rate. Hence kcat/Km = kpol/Ks. 
In the case of RNase H2, the apparent initial velocities were plotted as a 
function of the DNA substrate concentrations and fitted to the Michaelis-
Menten equation: 
 

(4) v = 
𝐸0

𝐾M  
 

 
Here kcat is the apparent catalytic rate, E0 is the input enzyme 
concentration, S is the variable DNA substrate concentration, KM is the 
apparent Michaelis constant. Fitting was obtained with the GraphPad Prism 
5.0 computer program. 
 
3.8 Electronic image manipulation 
 
Linear transformations have been applied in some instance to the whole 
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images using the exposure/brightness filters of Adobe Photoshop CS6 with 
the sole purpose of reducing excessive background. No 
masking/enhancement was applied to any specific feature of the images. 
Solid lines identify different portions of the same gel brought next for 
clarity of presentation. 
 
3.9 Cell lines and culturing conditions 
 
Immortalized Pol+/+, Pol -/-, Pol +/+ and Pol -/- MEFs (Bertocci et al. 
2006),(Sobol et al. 1996) were grown in a humidified 5% CO2 atmosphere 
in Dulbecco’s modified Eagle’s medium containing GlutaMAX-I 
supplemented with 10% fetal bovine serum and 100U ml-1 penicillin–
streptomycin (all obtained from Gibco, Invitrogen). XP-V patient-derived  
XP30R0 fibroblast cells transformed with simian virus 40 were a gift from 
Alan Lehman (University of Sussex, Brighton,  UK). XP-V cells were 
grown in a humidified 5% CO2 atmosphere in Dulbecco’s modified Eagle’s 
medium containing GlutaMAX-I supplemented with 10% fetal bovine 
serum and 100 U/ml penicillin– streptomycin (all obtained from Gibco, 
Invitrogen). To complement XP-V cells, human Pol mammalian 
expression vector pJRM56 (kindly provided by Roger Woodgate, NIH, 
USA) was used. pJRM56 or empty pcDNA 3.1 (Invitrogen) constructs were 
transiently transfected into XPV cells using lipofectamine (Invitrogen) 
according to manufacturers protocol. Alternatively XP30RO cells stably 
expressing eGFP-Polwere used (Kannouche et al. 2001; Bienko et al. 
2010). Cells were harvested 48 h respectively after transfection or seeding 
and wholecell extract (WCE) were prepared. Cells were harvested 48 h after 
the transfection and WCE prepared. 
 
3.10 Cell extracts and western blot 
 
Cell extracts were prepared as described (Furrer and van Loon 2014). 
Proteins were separated on 10% Bis-Tris poly-acrylamide gels and 
transferred to Immobilon-FL membrane (Millipore) for immunoblotting 
analysis. Primary antibodies against Pol  (Abcam), Pol  (custom made 
antibody) and Tubulin (Sigma) were detected using infrared dye-conjugated 
secondary antibodies (LI-COR Biosciences). For signal visualization the 
Odyssey Scanner (LI-COR Biosciences) was used.  
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3.11 AtMUTYH expression in bacterial strains  
 
pTrcHisA vector expressing N-terminal His-tagged Arabidopsis thaliana 
MutYH (at4g12740) gene was from Genscript. C43(DE3) (Lucigen) and 
BL21(DE3)pLysS (Promega) competent cells were transformed with 
pTrcHisA vector. Plates containing 50g/ml ampicillin or 50g/ml 
ampicillin and 34g/ml chloramphenicol were used to identify ampicillin-
resistant or ampicillin/ chloramphenicol-resistant colonies that were picked 
and grown overnight at 37°C. DNA purified from bacterial cultures using 
PureYield™ PlasmidMiniprep System (Promega) was digested to confirm 
the presence of the gene expressing MutYH. Bacterial glycerol stocks were 
made and used to inoculate 20ml starter cultures. After overnight growth at 
37°C, each starter culture was put in 200ml of LB medium (containing 
50g/ml ampicillin or 50g/ml ampicillin and 34g/ml chloramphenicol). 
Bacterial cultures were grown until Optical Density (OD)600 of 0.4 or 1.0. 
Isopropil-β-D-1-tiogalattopiranoside (IPTG) 0.1 or 0.3 or 0.6 mM was 
added. Cells were grown for 4 hour at 37°C or O/N at 15°C, harvested by 
centrifugation and pellets frozen at -80°C. Each pellet was resuspended in 
lysis buffer (0.1M KPO4 pH7.4, Nonidet P-40 0.01%), 1X lysozime 
(Eurobio, Courtaboeuf, France), 1X ethylenediaminetetraacetic acid 
[EDTA]-free protease inhibitor (SIGMAFAST™ Protease Inhibitor 
Cocktail Tablets, Sigma-Aldrich), 1mM phenylmethane sulfonyl fluoride 
[PMSF] and lysed through sonication. After centrifugation at 20,000g at 
4°C for 20minutes, the supernatant or soluble fraction was collected. The 
remaining pellets were resuspended in water and lysed through sonication. 
Laemmli buffer 1X was added, samples were heated for 8 minutes at 95°C, 
centrifuged 20,000g at 4°C for 20minutes and the supernatant, representing 
the insoluble fraction,  was collected. Samples were resolved on 10% SDS-
PAGE gels that were either stained with Coomassie Brilliant Blue dye or 
used for immunoblotting analysis. Primary anti-His6 (1:500) rabbit IgG 
antibody (Cell Signaling) and HRP-conjugated anti-rabbit secondary 
antibody (Jackson ImmunoResearch) were used. Detection was performed 
by using chemiluminescence reagents (Pierce Thermo Scientific). The 
signal was visualized through Chemidoc Imaging System (Bio-Rad). 
 
3.12 AtMutYH sequence  
 
AtMutYH coding sequence cloned between BamHI and EcoRI sites in 
pTrcHisA: 



 
3. Materials and methods  

 

 51

5'-GATCCATGGCTTGTCTTCTCCGCGTGGCTCTAAACCCTACATTCGAAAG 
ATCAACGGTCGCTTCACAGAGACAAAATCCAAAGACCATTCTAAGTTTTCA
TTGCAAAGTTTCGAGCTTTAAGACCAAAACGATGTCCCAATCTTTTGCTCC
TCGCGAGAAACTCATGAGAAAGTGTCGAGAGAAAAAAGAAGCAGAACGAGA
AGCAGAACGAGAAGCAAACGAGAAGCAGAAGAAGAAGAAAAAGCAGAAGAA
GCAGAAGCAGAAGCAGACAAAGAAGAAGCAGAAGAAGAATCAGAAGAAGAG
AAGAAGAAGAAGAAGAAGAAGCAGAAGCAGAAGAAGAAGCGCTTGGAGGAG
ATATAGAGGATCTCTTTAGTGAAAATGAAACTCAGAAAATCAGAATGGGTT
TGCTTGATTGGTACGATGTGAATAAGAGAGATCTTCCATGGAGGAACAGAA
GAAGTGAAAGTGAAAAGGAGAGAAGAGCTTATGAGGTTTGGGTATCGGAGA
TTATGCTTCAGCAAACTAGGGTTCAGACTGTAATGAAGTATTATAAACGTT
GGATGCAGAAATGGCCAACCATTTATGACCTTGGTCAAGCTTCTCTTGAGA
ATCTTATCGTTAGTAGATCAAGAGAGCTTTCTTTTCTTAGGGGGAATGAGA
AAAAAGAGGTAAACGAAATGTGGGCAGGTTTGGGATACTATCGGCGGGCAC
GTTTTCTTTTAGAGGGTGCAAAGATGGTTGTTGCAGGGACGGAGGGTTTCC
CTAATCAAGCGTCTAGCTTGATGAAAGTTAAAGGAATAGGACAGTACACAG
CCGGAGCAATTGCCTCAATTGCTTTCAATGAGGCAGTACCTGTTGTTGATG
GAAATGTGATAAGAGTGCTTGCTAGATTAAAAGCCATCTCAGCTAATCCAA
AAGACCGACTTACGGCCAGGAATTTCTGGAAACTAGCTGCTCAGCTAGTGG
ATCCTTCACGCCCTGGAGATTTCAACCAATCTCTGATGGAGCTTGGTGCTA
CACTATGCACTGTATCAAAGCCAAGTTGCTCTTCTTGTCCTGTTTCCAGCC
AATGTCGTGCATTTTCACTTTCCGAGGAAAACAGAACGATTTCCGTGACAG
ATTATCCTACAAAAGTAATCAAGGCCAAGCCAAGGCACGACTTTTGTTGCG
TTTGTGTTTTGGAGATACATAATCTGGAGAGGAACCAATCAGGAGGTAGAT
TTGTTCTTGTAAAAAGACCCGAACAAGGTCTGCTTGCTGGTCTTTGGGAGT
TCCCATCTGTTATATTAAATGAGGAAGCTGATTCGGCAACAAGGAGGAACG
CAATAAACGTCTACCTTAAGGAAGCATTTCGTTTTCATGTAGAACTCAAGA
AAGCATGCACTATAGTTTCAAGAGAAGAACTCGGAGAATTCGTCCACATAT
TCACTCACATTCGTCGAAAAGTTTATGTGGAGCTATTAGTTGTACAACTTA
CAGGCGGAACCGAAGATCTGTTCAAAGGTCAGGCAAAGGACACTCTAACAT
GGAAGTGTGTGAGCAGTGATGTTCTTTCTACCTTGGGACTGACATCAGCTG
TTAGAAAGGTACCTCCTTTTCGTCTTCAACATATTAAAAGACTATCCTTGG
ATGTGATGGTTGAGAAGGAACAAATTTTGGAGTGCAGGTGTATTCAATGGT
TGAAGCACACAAGCAAGGCTTATCTGTTTCTCATGTCTCATCAAATAGAAC
AGCCATATCGAGGAAACGAAAATTCTCATGATCTCCTTCTCACACTTTTCT
TCATGTTGCTTAGCTTCTATAGTTCTTGTCTAGCATTGGGAATCAAATTTG
GTGATCTTGGTTTGAAATTGAACAGCTTAGTTTCTACTGAGAAAAGTGACG
GTGATGTGTGAGAATTC-3' 
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3.13 Cloning AtMutYH in pET30a vector 
 
Primers (Invitrogen, Thermo Fisher Scientific) to PCR-amplify the gene 
encoding AtMutYH protein were designed to facilitate incorporation into 
the pET-30a(+) expression vector (Novagen). The forward and reverse 
primers are listed in Table 1, with NdeI and NotI restriction sites underlined. 
PCR amplification was carried out using Pfu DNA polymerase (Promega). 
Following amplification, the AtMutYH DNA was cleaned using the 
ISOLATE II PCR and Gel Kit (Bioline). The pET-30a (+) vector and 
amplified AtMUTYH DNA were double-digested using NdeI and NotI 
restriction enzymes in buffer D (Promega). After digestion, all DNA 
fragments were cleaned using the ISOLATE II PCR and Gel Kit (Bioline) 
and the fragments were ligated at 15 °C overnight using T4 DNA ligase 
(Promega). The ligation product was transformed into DH5 competent 
cells (Thermo Fisher Scientific) for DNA amplification. The DNA was used 
for PCR amplification, carried out using the forward and reverse primers of 
Table 1 and Pfu DNA polymerase. PCR products were separated by 
electrophoresis. 
 
3.13.1 Primers 
 

PCR primer Sequence (5′–3′) 
Frw_AtMutYHpET TAGGCCTACATATGATGGCTTGTCTTCTCCGCGT 
Rev_AtMutYHpET TATAGCGGCCGCTCACACATCACCGTCACTTTTCTC 

 
DNA oligomers used for cloning. 
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3.14 Agrobacterium-mediated stable transformation of A. thaliana cells  
 
3.14.1 Arabidopsis thaliana genotypes 
 
Three genotypes of Arabidopsis thaliana were used: wild-type Columbia 
(Col-8, N60000), Ogg1-/- (N53545) and MutYH-/- (N657044) homozygous 
mutants (NASC, The European Arabidopsis Stock Centre). The two mutant 
lines were obtained through T-DNA insertion inside MutYH coding 
sequence or inside Ogg1 promoter, thus preventing proper transcript 
expression. Both alleles are knockout.   
MutYH , TAIR: AT1G21710, polymorphism SALK_053545.54.75.x 
Ogg1, TAIR: AT4G12740.1, polymorphism SALK_140362.26.50.n 
 
3.14.2 .Murashige – Skoog (MS) Medium (Murashige and Skoog 1962) 

 
Component Concentration (mg/l) 
NH4NO3  1650  
CaCl2 · 2H2O  440 
MgSO4 · 7H2O  370 
KH2PO4  170 
KNO3  1900 
H3BO3  6.2 
CoCl2 · 6H2O  0.025 
CuSO4 · 5H2O 0.025 
FeSO4 · 7H2O  27.8 
MnSO4 · 4H2O  22.3 
KI  0.83 
Na2MoO4 · 2H2O 0.25 
ZnSO4·7H2O  8.6 
Mio-inositolo  100 
Niacina  0.5 
Piridossina · HCl  0.5 
Tiamina · HCl  0.1 
Na2EDTA · 2H2O  37.2 
Glicina  2000 
Etilendiammina  1000 

 
Agar 8 g/l was also added in the case of semi-solid MS Medium. 
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3.14.3 Callus Induction Medium (Gamborg et al. 1968) 
 
 
 
 
 
 
 
 
 
 

3.14.4 Cell suspension cultures from calli 
 
A. thaliana seeds WT, Ogg1-/- and MutYH-/- were sterilized using bleach 
(Lindsey et al. 2017) and germinated on plates containing MS Medium 
without hormones. Leaf pieces were put on plates containing Callus 
Induction Medium. The dishes were stored at 25°C in the dark until calli 
formation was observed, usually after 2 or 3 weeks. Calli were then grown 
on liquid MS medium, gently shaking at 25°C in the dark. For the mutants, 
kanamycin 50g/ml (Duchefa Biochemie) was added.  
 
3.14.5 Bacterial strain and plasmid  
 
Agrobacterium tumefaciens EHA105 strain (Lifescience) was used. 
pGWB5kdPOLL plasmid used to engineer A.tumefaciens was previously 
obtained in our laboratory. The plasmid contains the cassette expressing an 
artificial microRNA (amiRNA) to silence AtPol and the gene for resistance 
to Hygromycin (HygR).  
 
3.14.6 Co-cultivation 
 
Agrobacterium-mediated transformation of A. thaliana cell suspension 
cultures was performed following a protocol obtained from VIB (Flanders, 
Belgium). A. thaliana WT, Ogg1-/- and MutYH-/- cell suspension cultures 
were diluted 1:5. 2ml of Agrobacterium culture was grown in LB (Luria-
Bertani) broth at 28°C o/n with shaking and then transferred in 20ml MS 
medium. The day after, the bacterial culture was washed twice with 40ml of 
MS (4500g 20’, discard supernatant, add 40ml MS, repeat the steps). 660l 
of bacterial culture at (OD)600 of 1.0 was used to perform each co-

 Component Concentration 

Gamborg’s B-5 salts 3051,98 mg/l 

Glucose 2% w/v 

Agar  0,8% w/v 

MES 0,5 g/l  

2,4-Dichlorophenoxyacetic acid (2,4-D) 0,5 mg/l 

Kinetin 0,05 mg/l  
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cultivation with 10ml of 2-days old A. thaliana cell suspension cultures in 
presence of 20l of Acetosyringone 100mM. Three days after, 5ml of MS 
medium, supplied with appropriate antibiotics, was added to each co-
cultivation. Co-cultivations were propagated weekly, for about three 
months. 
 
3.15 Protein extraction and western blot 
 
Proteins were extracted from co-cultivations or from leaves according to 
(Tsugama et al. 2011) with the following modification: 0.1% SDS in lysis 
buffer. Proteins were separated on 10% Bis-Tris poly-acrylamide and used 
for immunoblotting analysis. Primary anti-human rabbit Pol  antibody 
(1:2,000) (Bethyl Laboratories) and HRP-conjugated anti-rabbit secondary 
antibody (Jackson ImmunoResearch) were used. Detection was performed 
by using chemiluminescence reagents (Pierce Thermo Scientific). The 
signal was visualized through Chemidoc Imaging System (Bio-Rad). 
 
3.16 Stable transformation by floral dipping 
 
Stable transformation by floral dipping of A. thaliana MutYH-/- plants was 
performed by Dr. Raynaud Cécile, Institute of Plant Sciences Paris Saclay,  
Equipe Chromosome Dynamics as described in (Clough and Bent 2008). 
pGWB5kdPOLL plasmid was used. Seeds were harvested from transformed 
plants. For each T2 line, 40 seeds were sterilized using bleach (Lindsey et 
al. 2017) and put on solid MS medium with hygromycin 15g/ml. Seeds 
were grown at 25°C in long-day conditions (17hours light, 7hours dark) for 
three weeks. Only dishes showing the appropriate 3:1 ratio were selected. 
Seedlings were transferred into jiffy pots and put in growth chamber in 
short-day conditions (Amoroso et al. 2011). 
 
3.17 DNA extraction from leaves 
 
Healthy leaves (0.035 – 0.045 g) were collected from each plant and grinded 
using a porcelain mortar and pestle in liquid nitrogen. The homogenates 
were transferred into microcentrifuge tubes. DNA was extracted modifying 
the protocol described in (Doyle 1990). 800l of DNA extraction buffer 
(1% CTAB, 1.4 M NaCl, 75 mM TrisHCl pH8, 100 mM EDTA) and 2% β-
mercaptoethanol were added to the tubes. Afer 30 min at 60°C, 2l of 
RNase A Solution (Promega) were added. Tubes were put 30 min at 37°C 
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and 660l of P-C-I (Phenol-Chloroform-Isoamyl alcohol) 25:24:1 were 
added. Tubes were spinned at 15500g for 10 min, supernatant was collected, 
0.56Volumes of cold isopropanol were added. Tubes were put at -20°C for 
1hour and then spinned at 17000g for 10 min at 4°C. Supernatant was 
discarded, 100l of cold ethanol were added to the tubes that were then 
spinned at 17000g for 10 min at 4°C. Ethanol was removed, DNA was 
dryed and resuspended in 100 l of RNAse-free water.  
 
3.17.1 PCR 
 
PCR amplification of DNA extracted from leaves was carried out using the 
following conditions: 1X Green GoTaq® Flexi Buffer, 1.25U GoTaq® 
Flexi G2 DNA Polymerase (Promega), 2.5mM MgCl2, 3% DMSO, 200M 
dNTPs, 0.5M primers, 100ng DNA. The PCR reaction was performed in a 
thermal cycler (Mastercycler epGradient 5341, Eppendorf) using an initial 
94 °C denaturing step for 2 min followed by 30 cycles at 94 °C for 1 min, 
annealing for 1 min at the primer's annealing temperature, extension at 72 
°C for 5 min 15 s and a final extension at 72 °C for 5 min. 
 
3.17.2 Primers 
 

PCR primer Sequence (5’- 3’) 
LBb1.3 ATTTTGCCGATTTCGGAAC 
LPMUT ACCAGGCAGTACCTGTTGTTG 
RPMUT CACCAAATTTGATTCCCAATG 
LPOGG TTAGGGCTTGTGCTACAATGG 
RPOGG ACGTCATCCATTTCTTCGTTG 
Frw_AtpPolL TAAGGGATGACGCACAAT 
Rev_AtpPolL ACAAGAAAGCTGGGTCATG 

 
3.18 UV-B irradiation 
 
Healthy leaves were sterilized using bleach (Lindsey et al. 2017), cut and 
put on plates containing MS Medium including 0.5 mg/L naphthaleneacetic 
acid, 0.05 mg/L kinetin, 3% (w/v) sucrose, pH adjusted to 5.8 using 1 N 
KOH ( MS Medium + NAA )(May and Leaver 1993) and MS Medium 
including vitamins 3% sucrose, 0.5 μg/ml 2,4-dichlorophenoxyacetic acid 
(2,4-d), 0.25 μg/ml 6-benzylaminopurine (BAP), 0.8% plant agar, pH 
5.5(Sello et al. 2017) (MS Medium + BAP). The dishes were stored at 25°C 
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in the dark overnight and then UV-B irradiated for 27 minutes at 216nm. 
After the irradiation, plates were stored again at 25°C in the dark for about 
one month. 
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4. Results 
 
4.1 Metal-dependent rNMPs incorporation by Pol  and
 
All Pols require for their catalytic activity a divalent metal cation, Mg++ or 
Mn++, whose identity can deeply influence both Pols fidelity and activity. 
(Steitz 1999). Two metal ions are generally coordinated by acidic amino 
acids in the active site of the polymerase, facilitating the contact between 
the enzyme and the terminal phosphoryl group of the substrate, thus acting 
as activator cofactor (Frank and Woodgate 2007). The levels of Mg++ and 
Mn++ are finely regulated in the cells and their physiological range of 
concentrations is quite different depending on the cell type and cell cycle 
phase. Intracellular concentrations of Mg++ range from 1 to 20 mM (Romani 
2007) while Mn++ is usually found between 0.01 and 0.2 mM (Aschner and 
Aschner 2005; Roth 2006). Different studies have demonstrated that Pols 
Cavanaughet al and  (Gosavi et al. 2012) can incorporate 
rNMPs in vitro. However, in many experiments only one cation was used as 
metal activatort and at a fixed concentration. Therefore, to compare the 
influence of Mg++ and Mn++ on the ability of Pols  and to incorporate 
rNMPs, DNA polymerization assays were performed on a 20/40mer 
primer/template (p/t) oligonucleotide, in the presence of different 
concentrations of the two metal activators, with values remaining in their 
physiological ranges. Similarly, dNTPs and rNTPs concentrations were non-
equimolar and chosen according to previously published cellular 
concentrations (Traut 1994; Ferraro et al. 2010). Pols and  show different 
optimal Mg++ and Mn++ conditions for incorporation of rNMPs on 
undamaged DNA. As shown in Fig. 14 A andB, Pols and  were able to 
incorporate rNMPs at physiological (1–5mM) Mg++ concentrations, while 
significant rNMPs incorporation in the presence of Mn++ occurred only at 
0.5–1 mM concentrations, higher than those normally measured in the cell. 
Therefore, it seems that the main physiological activator for rNMPs 
incorporation by Pols  and  is Mg++ , even if it is possible to find higher 
Mn++ concentration in certain cell types. Therefore, we decided to perform 
subsequent experiments using Mg++. 
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Fig. 14: Nucleotide incorporation by Pols  and under different Mg++

 and 
Mn++conditions. Pol  (A) and B) activity was assayed in the presence of a 5’-labelled 
20/40mer p/t oligonucleotide, at increasing Mg++

 or Mn++concentrations and with all four 
rNMPs or dNMPs at fixed concentrations in their physiological range. The sequence of the 
template strand of the 5'- labelled 20G/40mer p/t is shown on the right side of each panel. 
The rNMPs and dNMPs concentrations used are indicated at the bottom of each panel. 
 
The fidelity of rNMPs incorporation was investigated for all the sixteen 
possible base pairs in the presence of Mg++. Primer/template substrates used 
are reported in Fig 15. Commercial rNTPs stocks often contain small (<1%) 
amounts of contaminating dNTPs, that could be incorporated by Pols. 
However, the products resulting from rNMPs incorporation could be 
distinguished since they migrate slower on the sequencing gels compared to 
products arising from dNMPs incorporation. As shown in Fig. 15A, Pol 
was able to insert the correct rNMP opposite to the complementary 
template base (lanes 5, 9, 19, 25). Pol is quite faithful in inserting rNMPs. 
The rGMP incorporation with the 20merG/40mer primer template leading to 
a +2 product observed in lane 17, is likely the result of incorporation of 
dCMP (contaminating the rGMP preparation), followed by incorporation of 
rGMP opposite the C at template position +2. On the other hand, Pol  was 
able to incorporate rCMP opposite G and, to a lower extent, rGMP opposite 
C (Fig 15B lanes 19 and 27), while rUMP and rAMP incorporation opposite 
their complementary bases was minimal (lanes 7 and 11). The product 
detected in lane 5 (rCMP) with the 18merA/40mer p/t runs with the same 
mobility of the dTMP control (lane 3), hence it is likely due to 
misincorporation of contaminating dTMP present in the rCMP preparation. 
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Overall, these data revealed that Pols and  incorporate rNMPs opposite 
undamaged bases with different efficiency and fidelity. 
 

 
 
Fig. 15: A. Pol  (20 nM) was incubated in the presence of 10 nM of the 5'-labelled 
18A/40mer p/t (lanes 1-6), 19T/40mer p/t (lanes 8-13), 20G/40mer p/t (lanes 14-20), 
21C/40mer p/t (lanes 21-26), in the presence of different combinations of rNMPs and 
dNMPs, as indicated. Lanes 1, 8, 14, 21, control reactions in the absence of nucleotides. B. 
As in panel A, but in the presence of 50 nM Pol  and 100 nM templates. Lanes 1, 8, 15, 
22, control reactions in the absence of nucleotides. Solid lines indicate different parts of the 
same gel. 
 

4.2 rNMPs incorporation opposite 8-oxo-G by Pol 
 
Repair Pols could potentially incorporate rNMPs also opposite damaged 
DNA bases. Among the various DNA damages, we chose 8-oxo-G as 
relevant example. 8-oxo-G is a common oxidized base that can be correctly 
bypassed by Pol using dCTP (Maga et al. 2007). To test if Pol is able to 
bypass 8-oxo-G lesion inserting a rNMP, DNA polymerases assays were 
performed in the presence of eacha rNTPs on a 39/100mer p/t or using a 
single nucleotide (1 nt)-gap template, which resembles a BER intermediate. 
Both substrates beared at the +1 position either 8-oxo-G or G. On both 
substrates, Pol significantly incorporated only rCMP opposite a normal G 
(Fig. 16A, lane 4; Fig. 16C, lane 10), while it incorporated both rCMP and 
rAMP opposite an 8-oxo-G (Fig. 16B,C, lanes 5 and 6). On both substrates, 
low level of rGTP incorporation can be observed opposite a normal G or 8-
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oxo-G (Fig. 16A, lane 2; Fig. 16B, lane 3; Fig. 16C, lanes 3 and 8). 
However, as indicated by the faster electrophoretic mobility of the resulting 
+1 product, such events were due to contaminating dNTPs in the 
commercial rGTP stock. Only minimal rGMP incorporation was observed 
opposite 8-oxo-G on the 1 nt-gap template (Fig. 16C, lane 3). 
 

 
 

Fig. 16: Enzyme, substrate and nucleotide concentrations are indicated at the bottom of 
each panel. Solid lines indicate that different portions of the same gel were brought next to 
each other for better clarity. A Pol activity was measured on the undamaged 5’-labelled 
39/100mer p/t, in the presence of each of the four rNTPs. Lane 6, 40mer rCMP-terminated 
oligonucleotide marker. Lane 7, dCMP-terminated 40mer oligonucleotide marker. B. As in 
panel A, but in the presence of the 5’-labelled 39/100mer p/t containing 8-oxo-G. Lane M, 
a mixture of 5’-labelled 40mer oligonucleotides bearing either dCMP or rCMP as the 
terminal nucleotide, as markers. C. Pol  activity was tested in the presence of the 5'-
labelled 39/60/100mer 1-nt gap template either bearing 8-oxo-G (lanes 1 – 6) or undamaged 
(lanes 7 – 11), in the presence of each of the four rNTPs. Lane M1, a mixture of 5’-labelled 
40mer oligonucleotides bearing either dAMP or rAMP as the terminal nucleotide, as 
markers. Lane M2, a mixture of 5’-labelled 40mer oligonucleotides bearing either dCMP or 
rCMP as the terminal nucleotide, as markers. 
 
Incorporation was monitored as a function of dCTP, rCTP, dATP or rATP 
concentrations (Fig.17) on both substrates. Kinetic parameters of the 
reactions and sugar selectivity are reported in Table 1. According to 
previously published data (Brown and Suo 2011), Pol  showed a 7,500-



 
4. Results  

 

 62

fold selectivity for dCMP over rCMP when the template base was a G in a 
1-nt gap template. However, this selectivity increased to 14,000-fold when 
incorporation occured opposite an 8-oxo-G. On this template Pol  also 
strongly preferred to misincorporate dAMP rather than  rAMP, with a 
selectivity toward dATP of 17,840-fold. Interestingly, Pol maintains a 
relative fidelity also in the case of rNMPs insertion since it clearly 
incorporates rCMP better than rAMP opposite 8-oxo-G, at a similar rate 
observed in the case of dCMP over dAMP insertion (5,5 fold and 4,5 fold 
respectively). Using p/t substrates, the preference of incorporation of dCMP 
with respect to rCMP opposite G was of 5,140 fold. When the template 
contained 8-oxo-G lesion this preference increased to 9,500 fold. In the case 
of p/t substrates containing 8-oxo-G lesion, Pol shows a decreased fidelity 
and selectivity with respect to 1-nt gap substrates bearing the lesion. In fact, 
it showed 3,000 fold preference for dAMP incorporation vs rAMP and a 
preference for rCMP over rAMP of only 0.9, suggesting that both rNTPs 
may be used in a similar way to bypass 8-oxo-G on this type of template. 
Taken together, these data clearly indicated that fidelity and sugar 
selectivity of Pol during 8-oxo-G bypass in the presence of rNMPs is 
influenced by the structure of the DNA substrate. On its preferred 1-nt gap 
BER-mimicking template containing an 8-oxo-G, Pol increases its 
preference for dCMP incorporation relative to rCMP incorporation. Since 
Pol  acts in the specialized MutYH-dependent BER of A:8-oxo-G 
mismatches (Maga et al. 2007; van Loon and Hubscher 2009), our results 
suggest that Pol  not only incorporates the correct dCMP over the incorrect 
dAMP (Maga et al. 2007) but that it also minimizes the chances of 
incorporating rNMPs opposite this lesion. 
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Fig. 17. The fidelity of 8-oxo-G bypass by DNA polymerase in the presence of rNTPs 
is influenced by the structure of the DNA template. (A) Pol  activity was measured on 
the undamaged 5’-labelled 39/100mer p/t, in the presence of increasing concentrations of 
rCTP or dCTP. Lane 1, control reaction in the absence of nucleotides. (B) As in A, but in 
the presence of the undamaged 5’-labelled 39/60/100mer 1 nt-gap template. M, a mixture of 
5’-labelled 40mer oligonucleotides bearing either dCMP or rCMP as the terminal 
nucleotide, as markers. Lane 13, control reaction in the absence of nucleotides. (C) Pol 
activity was measured on the 50-labelled 39/100mer p/t containing 8-oxo-G, in the 
presence of different concentrations of dCTP and rCTP (top panel), or dATP and rATP 
(bottom panel). 5’-Labelled 40mer oligonucleotides bearing either dCMP, rCMP, dAMP or 
rAMP as the terminal nucleotide, were used as markers. Lane 20, control reaction without 
nucleotides. (D) As in C, but in the presence of the 5’-labelled 39/60/100mer 1 nt-gap 8-
oxo-G template. Lane M, 5’-labelled 40mer oligonucleotides bearing either dCMP, rCMP, 
dAMP or rAMP as the terminal nucleotide, were used as markers. 
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 Km
a, µM kcat

a (min-1) kcat/Km
a 

(M-1 s-1) 
f inc

b 
dNTP/rNTP 

f inc 
rNTP/dNTP 

f inc 
C vs A 

1nt gap control 
Pol  
rCTP 83±4 0.024±0.003 4.8  1.3 x 10-4 n.a. 
dCTP 0.018±0.004 0.039±0.002 3.6 x 104 7,500  n.a. 
1nt gap 8-oxo-G 
Pol  
rCTP 50±10 0.06±0.003 20  7.1 x 10-5 5.5 
rATP 185±20 0.04±0.01 3.6  5.8 x 10-5  
dCTP 0.007±0.001 0.12±0.01 28 x 104 14,000  4.5 
dATP 0.015±0.001 0.056±0.01 6.2 x 104 17,840   
39/100mer control 
Pol 
rCTP 38±0.5 0.008±0.0003 3.5  1.9 x 10-4 n.a. 
dCTP 0.03±0.005 0.032±0.007 18 x 103 5,140  n.a. 
39/100mer 8-oxo-G 
Pol 
rCTP 155±18 0.02±0.004 2.1  1 x 10-4 0.9 
dCTP 0.05±0.004 0.08±0.008 20 x 103 9,500  4 
rATP 200±5 0.027±0.009 2.2  3.3 x 10-4  
dATP 0.15±0.004 0.06±0.01 6.6 x 103 3,000   

 
Table 1: Kinetic parameters for rNTPs incorporation by DNA polymerase  . The 
meaning of the kinetic parameters Km, kcat and kcat/Km and their calculations are described 
in Materials and Methods. Values are the means of two independent estimates ± S.D. b. finc, 
relative incorporation frequencies for the different nucleotide pairs, defined as the ratio of 
the respective kcat/Km values. 
 
4.3 Fidelity of rNMPs incorporation opposite 8-oxo-G by Pol  
 
Previous experiments demonstrated that Pol  can bypass 8-oxo-G lesion in 
a less accurate way than Pol often misincorporating dAMP opposite it 
(Maga et al. 2007). As shown in Fig. 18, with the 1-nt gap BER-mimicking 
template, Pol  incorporated both rCMP and rAMP opposite 8-oxo-G (lanes 
1 and 2), while only rCMP was inserted opposite a normal G (lane 9). As 
already noticed above, with rUTP and rGTP, only incorporation of 
contaminating dNTPs was detected.  
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Fig. 18: Pol activity was tested in the presence of the 5'-labelled 39/60/100mer 1nt-gap 
template either bearing 8-oxo-G (lanes 1 – 6) or undamaged (lanes 7 – 11), in the presence 
of each of the four rNTPs. Enzyme, substrate and nucleotide concentrations are indicated at 
the bottom of the panel. Lane M1, a mixture of 5’-labelled 40mer oligonucleotides bearing 
either dAMP or rAMP as the terminal nucleotide, as markers. Lane M2, a mixture of 5’-
labelled 40mer oligonucleotides bearing either dCMP or rCMP as the terminal nucleotide, 
as markers. Lanes 7 and 13 control reactions in the absence of nucleotides. 
 
Substrate titrations with increasing concentrations of dCTP, rCTP, dATP or 
rATP were performed on both the 39/100 mer p/t and the 1 nt-gap templates 
(Fig. 19). The results of the kinetic analysis (Table 2) showed that on the 1-
nt gap BER-mimicking template containing the normal G base, Pol had a 
sugar selectivity of 3,400 for incorporation of dCMP vs rCMP, in line with 
previously published data (Brown and Suo 2011; Cavanaugh et al. 2010). 
On 1-nt gap substrate bearing 8-oxo-G the value remains very similar 
(3,200), a different behaviour with respect to Pol , which increased its 
selectivity for dCMP insertion in the presence of the lesion. Interestingly, on 
the same template containing 8-oxo-G, Pol  showed strong discrimination 
against rAMP incorporation, with selectivity value of 25,600. Incorporation 
of rCMP opposite 8-oxo-G lesion is 13.4-fold more than rAMP, while the 
preference of Pol for dCMP vs dAMP is only of 1.65-fold. On the 39/100 
mer p/t containing the undamaged G, the selectivity value for dCMP vs 
rCMP incorporation was 1,690 while on the same substrate bearing the 8-
oxo-G the value was 4,250. On the latter template however, the selectivity 
for dAMP versus rAMP incorporation opposite the lesion was 1,750. The 
fidelity was similar, with 2.6-fold and of 2.9-fold respectively for rCTP vs 
rATP and for dCTP vs dATP usage. These data suggested that Pol  was 
sensitive to the structure of the DNA template, similarly to Pol . In 
particular, while Pol  showed lower sugar selectivity for rCMP versus 
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dCMP incorporation than Pol  on the 1-nt gap BER-mimicking template, 
its bypass fidelity with rNTPs was higher, since it it shows a relevant 
preference for rCMP vs rAMP utilization opposite 8-oxo-G lesion. 
 
 Km

a, µM kcat
a (min-1) kcat/Km

a 
(M-1 s-1) 

finc
b  

dNTP/rNTP 
finc  

rNTP/dNTP 
f inc 
CvsA 

1nt gap control 
Pol  
rCTP 47±3 0.034±0.002 12  2.9 x 10-4 n.a 

dCTP 0.03±0.004 0.074±0.002 4.1 x 104 3,400  n.a 

1nt gap 8-oxo-G 
Pol  
rCTP 29±1 0.018±0.002 10.3  3.1 x 10-4 13.4 
dCTP 0.01±0.01 0.02±0.001 3.3 x 104 3,200  1.65 
rATP 367±30 0.017±0.003 0.77  3.9 x 10-5  
dATP 0.017±0.002 0.021±0.002 2 x 104 25,600   
39/100mer control 
Pol  
rCTP 64±7 0.015±0.003 3.9  6 x 10-4  
dCTP 0.05±0.01 0.02±0.002 6.6 x 103 1,690   
39/100mer 8-oxo-G 
Pol  
rCTP 73±13 0.007±0.002 1.6  2.3 x 10-4 2.6 
dCTP 0.04±0.01 0.018±0.002 6.8 x 103 4,250  2.9 
rATP 150±15 0.007±0.003 0.8  5.7 x 10-4  
dATP 0.25±0.02 0.021±0.003 1.4 x 103 1,750   

 
Table 2: Kinetic parameters for rNTPs incorporation by DNA polymerase  The 
meaning of the kinetic parameters Km, kcat and kcat/Km and their calculations are described 
in the Experimental Procedures section. Values are the means of two independent estimates 
± S.D. b. finc, relative incorporation frequencies for the different nucleotide pairs, defined as 
the ratio of the respective kcat/Km values 
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Fig. 19: DNA polymerase  bypasses 8-oxo-G more faithfully in the presences of 
rNTPs than dNTPs. (A) Pol  activity was measured on the undamaged 5’-labelled 
39/100mer p/t, in the presence of increasing concentrations of rCMP or dCMP. (B) As in A, 
but in the presence of the undamaged 5’-labelled 39/60/100mer 1 nt-gap template. M, a 
mixture of 5’-labelled 40mer oligonucleotides bearing either dCMP or rCMP as the 
terminal nucleotide, as markers. Lane 7, control reaction in the absence of nucleotides. (C) 
Pol  activity was measured on the 5’-labelled 39/100mer p/t containing 8-oxo-G, in the 
presence of different concentrations of dCMP and rCMP (top panel), or dAMP and rAMP 
(bottom panel). 50-Labelled 40mer oligonucleotides bearing either dCMP, rCMP, dAMP or 
rAMP as the terminal nucleotide, were used as markers. Lanes 1 and 15, control reactions 
without nucleotides. (D) As in C, but in the presence of the 5’-labelled 39/60/100mer 1 nt-
gap 8-oxo-G template. Lanes M, 5’-labelled 40mer oligonucleotides bearing either dCMP, 
rCMP, dAMP or rAMP as the terminal nucleotide, were used as markers. Lane 25, control 
reaction in the absence of nucleotides. 
 
To directly visualize simultaneous incorporation of rCMP or dCMP 
opposite 8-oxo-G, competition experiments were performed on the 1 nt-gap 
template (Fig. 20). As in the other gels,the products coming from the 
incorporation of either rCMP or dCMP could be distinguished, as they differ 
in electrophoretic mobility. By titrating increasing amounts of one 
nucleotide (either dCTP or rCTP), in the presence of a fixed amount of the 
other competing nucleotide, both Pol  (lanes 1–11) and Pol  (lanes 12–16) 
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showed a dose-dependent increase in the band corresponding to the 
nucleotide titrated into the reaction, while the band corresponding to the 
incorporation of the nucleotide at a fixed concentration, decreased. These 
experiments confirmed that rCTP and dCTP compete as substrates for 
incorporation opposite 8-oxo-G by both Pols. 
 

 
 
Fig. 20: Pol (lanes 2 – 11) or Pol  (lanes 12 – 16) activity was tested in the presence of 
fixed concentrations of rCTP (lanes 2 – 6) or dCTP (lanes (7 – 16), alone (lanes 2, 7, 12) or 
in combination with increasing concentrations of rCTP (lanes 8 -11, 13 – 16) or dCTP 
(lanes 3 – 6). Lanes M, a mixture of 5’-labelled 40mer oligonucleotides bearing either 
dCMP or rCMP as the terminal nucleotide, as markers. Lane 1, 39mer primer alone. 
 
4.4 rNMPs opposite 8-oxo-G impair repair by hOgg1 and MutYH 
 
The BER glycosylase Ogg1 is responsible for the removal of 8-oxo-G 
paired to dC in double-stranded (ds) DNA (van Loon et al. 2010). From our 
data clearly emerged that rCMP could be incorporated opposite 8-oxo-G by 
the specialized repair Pols  and Thereforeto investigate whether this 
fundamental glycosylase reaction was affected by the pairing of a rC base to 
an 8-oxo-G, a glycosylase assay was performed, with hOgg1 and a ds DNA 
oligonucleotide bearing either a dC:8-oxo-G or a rC:8- oxo-G base pair. 
Interestingly, hOgg1 was able to remove the 8-oxo-G incorporated opposite 
rCMP, even if at a 4-folds slower rate (Fig. 21A; Fig. 22A). Besides rC:8-
oxo-G pair, both Pols  and  may also generate rA:8-oxo-G mispairs (Figs 
17 and 19). The removal of dA erroneously paired with 8-oxo- G is mainly 
accomplished by the BER glycosylase MutYH (van Loon and Hübscher 
2009). To address wether MutYH is also able to act on rA:8-oxo-G mispair, 
a glycosylase assay was performed using ds DNA oligonucleotide substrate 
bearing either a dA:8-oxo-G or a rA:8-oxo-G mismatch. MutYH very 
efficiently removed dA opposite 8-oxo-G, on the contrary its activity on a 
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rA:8-oxo-G mismatch was severely impaired (Fig. 21B; Fig. 22B). Taken 
together, these results suggest that incorporation of rNMPs opposite 8-oxo-
G may impair repair of the damaged base by the BER pathway, potentially 
posing a threat to genomic stability. 
 

 
 
Fig. 21: Incorporation of rNMPs opposite 8-oxo-G inhibits DNA repair and is reduced 
in the absence of DNA polymerase . (A) Time course of the excision products 
accumulation generated by hOgg1 in the presence of a 8-oxo-G:dC (empty circles) or 8 
oxo-G:rC (filled triangles) base pairs. The kapp values refer to the apparent rates for the 
exponential phase. Values are the mean of three independent replicates, error bars represent 
±s.d. A representative experiment is shown in Fig. 22A. (B) Quantification of the excision 
products generated by MutYH in the presence of a 8-oxo- G:dA (grey bars) or 8-oxo-G:rA 
(black bars) mismatch. Values are the mean of three independent replicates as the one 
presented in Fig. 22B, error bars represent ±s.d. The P values were calculated by two-tailed 
Student’s t-test. (C) Increasing amounts of the different cell extracts were titrated in the 
presence of the 1 nt-gap template bearing an 8-oxo-G and 200 mM rCTP. Lanes 13 and 14, 
control reactions in the absence of extracts. (D) The rCMP incorporation activity (expressed 
as pmols of rCTP incorporated opposite 8-oxo-G per g of proteins of each extract) was 
normalized to the total DNA polymerase activity (expressed as pmols of dCMP 
incorporated opposite undamaged dG per g of proteins of each extract). Values are the 
mean of three independent replicates like the one shown in c, error bars represent ±s.d. The 
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P values were calculated by two-tailed Student’s t-test. 
 

 
 
Fig. 22: (A) Time course of the reaction catalyzed by hOgg1 at 5nM (lanes 1- 10) or 10nM  
(lanes 11-20) on the ds100mer substrate containing a 8-oxo-G:dC (lanes 1 – 5; 11 – 15) or a 
8-oxo-G:rC (lanes 6 – 10; 16 - -20) mispair. (B) Titration of APE1 in the presence of 
MutYH on the ds100mer substrate containing a 8-oxo-G:dA (lanes 1 – 6) or a 8-oxo-G:rA 
(lanes 7 – 12) mispair. Lanes 13 – 17, various control reactions for the 8-oxo-G:dA (lanes 
13 – 15) or a 8-oxo-G:rA (lanes 16 – 17) templates. The conditions are specified at the 
bottom of each lane. (C) Increasing amounts of extracts from Pol-/- (lanes 1 – 4; 9 – 12) or 
Pol+/+ (lanes 2 – 8; 13 – 16) cells, were titrated with the 1-nt gap template containing an 8-
oxo-G (lanes 1 – 8) or undamages (lanes 9 – 16), in the absence (lanes 1, 2, 5, 6, 9, 10, 13, 
14) or in the presence of rCTP (lanes 3, 4, 7, 8) or dCTP (lanes 11, 12, 15, 16). Solid lanes 
indicate that lanes 1 – 8 and 9 – 16 represent different portions of the same gel. (D) 
Increasing amounts of extracts from Pol-/- (lanes 1, 2) or Pol+/+ (3, 4) cells were titrated 
with the undamaged 1-nt gap template in the presence of dCTP. 
 
4.5 rCMP incorporation opposite 8-oxo-G in cell extracts 
 
Our results indicated that both Pols  and  bypass an 8-oxo-G lesion 
utilizing rCTP as a substrate, thus generating a rC:8-oxo-G base pair, on 
which hOgg1 acted less efficiently. To better understand to which extent 
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Pols  and  contribute to this potentially harmful event, the incorporation 
opposite 8-oxo-G on a BER mimicking 1 nt-gap template was measured in 
extracts from mouse embryonic fibroblasts (MEFs) either proficient or 
deficient for Pol  or . Many other specialized Pols present in the cell, such 
as Pols or, can efficiently fill 1-nt gaps. As Pols  and , they 
are all resistant to the inhibitor aphidicolin. On the contrary, replicative Pols 
,  and are sensitive to this inhibitor. The specialized Pol  is also 
aphidicolin sensitive, but its contribution to rNMPs incorporation in the cell 
was proposed to be minimal (Makarova et al. 2014). Therefore, aphidicolin 
was added to the reactions, thus blocking the incorporation by family B Pols 
, ,  and . The specific incorporation frequency (expressed as pmols of 
rCMP incorporated opposite 8-oxo-G per g of proteins of the extract) was 
calculated in each extract and normalized to the normal DNA synthesis 
(pmols of dCMP opposite guanine per g of proteins of the extract). As 
shown in Fig. 21C on the 1-nt gap on BER-mimicking template, Pol -/- 
MEFs displayed severely reduced rCMP incorporation opposite 8-oxo-G, 
with respect to Pol , as well as to Pol  and Pol -/- MEFs (compare 
lanes 1–3 with 4–12). In contrast, incorporation of dCMP opposite normal G 
was almost equal between Pol -/- and Pol MEFs (Fig. 22C, compare 
lanes 11 and 12 with lanes 15 and 16) and comparable with Pol  extracts 
(Fig. 22C,D). Overall these results suggest that, among the aphidicolin-
resistant Pols, Pol  seems to be the main responsible for the incorporation 
of rCMP opposite 8-oxo-G in the extracts. On the other hand, no statistically 
significant differences were found between Pol  proficient and deficient 
cells (Fig. 21D). 
 
These results are part of a paper published on Nature Communications. in 
2016. The original paper is attached. 
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4.6 Incorporation of ribonucleotides by human Pol

Human Pol  was incubated in the presence of a mixture of the four rNTPs 
or dNTPs, each present at its average intracellular concentration. 
Incorporation was measured as a function of increasing concentrations of 
Mg2+ or Mn2+ cofactors. As shown in Fig. 23A, Pol  incorporated multiple 
rNMPs in the presence of physiological concentration (5 mM) of Mg2+ (Fig. 
23A, lane 9), but also at Mn2+ concentrations as low as 0.1 mM, even 
displaying more robust activity than with Mg2+, at relatively high Mn2+ 
concentrations (0.5 - 1 mM) (Fig. 23A, lanes 4, 5). The 5 mM Mg2+ 
concentration was then used for all subsequent experiments. Pol  showed 
remarkable fidelity, being able to significantly incorporate rCMP only 
opposite an undamaged guanine (Fig. 23B). When dCTP or rCTP were 
titrated into the reaction, robust incorporation of both nucleotides was 
observed opposite the template G, along with some misincorporation events 
leading to a +2 product (Fig. 23C, lanes 4 – 7 and 12 – 15). The kinetic 
parameters for rCMP vs. dCMP incorporation opposite a normal G are 
summarized in Table 3. On this template, the discrimination factor for 
deoxy- vs. ribonucleotide incorporation by Pol was 400. Since the 
products arising from rCMP incorporation had a different electrophoretic 
mobility with respect to those due to dCMP incorporation, it was possible to 
simultaneously visualize both incorporation events in the same reaction. 
Indeed, titrating rCTP in the reaction, in the presence of fixed amounts of 
dCTP, led to the accumulation of the +1 rCMP product with concomitant 
reduction of the +1 dCMP product (Fig. 23D, lanes 3 – 8). The same pattern 
was observed in the reciprocal experiment, i.e. titrating dCTP while keeping 
rCTP fixed (Fig. 23D, lanes 9 – 13). These results confirmed that dCTP and 
rCTP can compete for incorporation opposite G. Comparable amounts of 
either products were observed at a rCTP/dCTP (M/M) ratio between 500 
(Fig. 23D, lane 8) and 300 (Fig. 23D, lane 11), in agreement with the 
selectivity value derived from the kinetic analysis. 
 
4.7 Pol  can synthesize hybrid DNA/RNA chains 
 
Next, different combinations of the four deoxy- or riboncleotides were 
tested, according to the template sequence. As shown in Fig. 23E, after 
rCMP incorporation at position +1, Pol  was able to efficiently elongate by 
incorporating either deoxy- (Fig. 23E, lane 3) or ribo-GMP (lane 5) opposite 
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C at position +2. Similarly, efficient elongation was observed starting from 
a dCMP-terminated primer, with either deoxy- or ribo-GMP (Fig. 23E, lanes 
4 and 6). Long products were synthesized by Pol  when provided with all 
four rNTPs at equimolar (Fig. 23E, lane 7) or physiological (lane 10) 
concentration ratios. Comparable products were observed when rCTP was 
provided in combination with the three remaining dNTPs (Fig. 23E, lane 8). 
These products, however, were shorter than those synthesized in the 
presence of dNTPs only (Fig. 23E, lanes 9 and 11). Overall, these results 
indicated that Pol  can efficiently elongate rNMP-terminated primers, 
synthesizing both RNA and RNA/DNA polynucleotide chains. 
Physiologically, this RNA-synthetic activity may potentially be a threat for 
the replicative Pols  and , that cannot bypass more than few consecutive 
rNMPs (Clausen et al. 2013). 
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Fig. 23: Incorporation and elongation of ribonucleotides by human Pol  The 
sequence of the 5’ 32P-labelled 20/40mer substrate (50 nM) used in all the experiments is 
indicated on top of each panel. (A) Pol  (20 nM) was incubated in the presence of non-
equimolar mixtures of rNTPs (lanes 1 – 9) or dNTPs (lanes 10 – 18) and different amounts 
of Mn2+ (lanes 1 – 5; 10 – 14) or Mg2+ (lanes 6 – 9; 15 – 18). The final concentrations of the 
individual rNTPs and dNTPs are indicated on the bottom of the panel. (B) Increasing 
amounts of Pol  were titrated in the presence of fixed concentrations of each individual 
rNTP (lanes 1 – 4; 6 – 9; 11 – 14) or dCTP (lanes 5, 10, 15). Lane 16, control reaction in 
the absence of nucleotides. (C) Pol  (40 nM) was tested in the presence increasing 
concentrations of dCTP (lanes 1 – 7) or rCTP (lanes 9 – 15). (D) Pol  (20 nM) was tested 
in the presence of a fixed dose of dCTP and increasing concentrations of rCTP (lanes 2 – 8) 
or a fixed dose of rCTP and increasing concentrations of dCTP (lanes 9 – 13). Lane 1, 
control reaction in the absence of nucleotides. (E) Pol (40 nM) was tested in the presence 
of various combinations of dNTPs or rNTPs. Lane 12, control reaction in the absence of 
nucleotides. 
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4.8 Translesion synthesis of 8-oxo-G by Pol  with ribonucleotides 
 
Pol  can perform faithful bypass of 8-oxo-G, inserting dCMP. In line with 
the experiments performed with Pols  and , we wanted to test if and to 
what extent Pol  is capable to perform TLS past 8-oxo-G lesion using 
rNTPs. When rCTP was provided in the reaction, robust incorporation 
opposite 8-oxo-G was observed for both a 1-nt gapped (Fig. 24A, lanes 1 - 
6) or an open primer/template (Fig. 24B, lanes 1 - 5). The kinetic parameters 
for rCMP and dCMP incorporation opposite 8-oxo-G are summarized in 
Table 3. The selectivity of Pol for dCMP vs. rCMP incorporation opposite 
the lesion was increased 3.5-fold, with respect to a normal G, showing a 
value of 1428. Pol  could also incorporate both dAMP and rAMP, opposite 
the lesion (Fig. 24C). The selectivity for dAMP vs. rAMP was in the order 
of 3800, while the preference for dCMP vs. rAMP incorporation was 12700 
(Table 3). Interestingly, the fidelity of lesion bypass was increased with 
rNTPs relative to dNTPs, with a 3.3-fold preference for dCMP vs. dAMP 
incorporation and an 8.9-fold preference for rCMP vs. rAMP incorporation, 
respectively (Table 3). These values were also in agreement with those 
reported in a recent study (Su et al. 2016). When all four dNTPs or rNTPs 
were provided, Pol  could perform efficient TLS (Fig. 24D, compare lane 
1 with lane 5). The products synthesized in the presence of rNTPs were 
sensitive to RNase treatment (Fig. 24D, lane 3), confirming that they were 
authentic RNA chains. These results indicated that Pol  can synthesize 
RNA chains as a result of TLS past an 8-oxo-G lesion. 
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Fig. 24: Translesion synthesis of 8-oxo-G by Pol  with ribonucleotides. The sequences 
of the 5’ 32P-labelled DNA substrates used are indicated on top of each panel. (A) Pol  (40 
nM) was incubated with the 1-nt gapped 8-oxo-G template, in the presence of increasing 
concentrations of rCTP (lanes 1 – 6) or dCTP (lanes 7 – 11). (B) Pol was incubated with 
the 39/100-mer 8-oxo-G template, in the presence of increasing concentrations of rCTP 
(lanes 1 – 5) or dCTP (lanes 6 – 9).(C) Pol  was incubated with the 39/100-mer 8-oxo-G 
template, in the presence of increasing concentrations of dATP (lanes 2– 6) or rATP (lanes 
7 – 11). Lane 1, control reaction in the absence of nucleotides. (D) Pol  was incubated 
with the 39/100-mer 8-oxo-G template, in the presence of all four rNTPs (lanes 2, 3) (1 mM 
each, final concentration) or dNTPs (lanes 4, 5) (5 µM each, final concentration). 2 Units of 
RNaseA (lanes 3, 5) or buffer (lanes 2, 4) were added after 10 min and the incubation 
continued for additional 5 min. Lane 1, control reaction in the absence of nucleotides. 
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Table 3: a. Kinetic parameters were calclulated as indicated in the Methods section. Values 
are the means of three independent experiments ±S.D. b. Relative incorporation frequency 
frel was calculated as the ratio between the kcat/KM values for the indicated nucleotide pairs. 
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4.9 Ribonucleotide-mediated lesion bypass in XP-V cell extracts 
 
In humans, defective Pol  causes a variant form of the genetic disease 
Xeroderma pigmentosum (XP-V). We decided to evaluate the rCMP 
incorporation opposite 8-oxo-G in extracts from XP-V cells lacking Pol , 
in comparison with the same XP-V cell line complemented with ectopic 
expression of human Pol  (XP-V/). As shown in Fig. 25A, TLS of 8-oxo-
G with rCMP was detected in both XP-V and XP-V/ extracts (lanes 1 - 3). 
When this activity was normalized to the total Pol activity (measured as 
incorporation of dCMP opposite a normal G, Fig. 25B), rCMP incorporation 
was reduced by about 25% in the absence of Pol  (Fig. 25C). We have 
found that the majority of rCMP incorporation opposite 8-oxo-G is carried 
out by Pol . Western blot analysis of the extracts confirmed that both Pol  
and Pol  were present in the extracts (Fig. 25D). Thus, the apparently 
modest contribution of Pol  to rCMP incorporation opposite 8-oxo-G, 
could be explained by the competition of Pol . On the other hand, when the 
extracts were tested with the cis-PtGG template, bypass was observed only 
in XP-V/ cells, with either dCMP or rCMP (Fig. 25E), in agreement with 
the notion that Pol  contributes most to TLS past this lesion. Collectively, 
these data suggest that the frequency of rNMP incorporation opposite a 
certain lesion is a function of (i) the type of TLS pols potentially acting on 
that lesion, (ii) their sugar selectivity and (iii) their relative affinity for the 
lesion. 
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Fig 25. : (A) XP-V (lanes 1- 3) or XP-V/ (lanes 4 - 6) extracts were incubated with the 1 
nt-gapped 8-oxo-G template in the presence of rCTP. (B) XP-V (lanes 1- 2) or XP-V/ 
(lanes 3 - 4) extracts were incubated with the 1 nt-gapped undamaged template in the 
presence of dCTP. (C) The TLS activity in the XP-V (grey bar) or XP-V/ (black bar) 
extracts, expressed as pmols of rCMP incorporated opposite 8-oxo-G x µg-1 of proteins, 
was normalized to the total polymerase activity, expressed as pmols of dCMP incorporated 
opposite undamaged guanine x µg-1 of proteins. Values are the means of two independent 
estimates, error bars indicate S.D. The p values were calculated with Student's t test. (D) 
Western blot analysis for Pols  and  in the XP-V/ (lane 1) or XP-V (lane 2) extracts. 
Tubulin was used as internal control. (E) XP-V (lanes 3, 7 - 9) or XP-V/ (lanes 2, 4 - 6) 
extracts, or purified human Pol  (lanes 10, 11) were incubated with the cis‐PtGG template 
in the presence of dCTP (lanes 2, 3, 10) or rCTP (lanes 4- 9, 11). Lane 1, control reaction in 
the absence of extracts. 
 
4.10 Pol bypasses 8-met-G, but not 3-met-C with ribonucleotides 
 
We extended our investigation of Pol  bypass to the 3-met-C and 8-met-G 
alkylation lesions. Pol  incorporated all four dNMPs opposite 3-met-C or 
8-met-G (Fig. 26A, lanes 2 – 5; 11 – 14). On the contrary, while none of the 
rNMPs was incorporated opposite 3-met-C (Fig. 26A, lanes 1 – 9), robust 
rCMP incorporation was observed opposite 8-met-G (lane 16). Titration of 
dCTP or rCTP in the reaction revealed the accumulation of the expected +2 
product (Fig. 26B), indicating efficient translesion synthesis by Pol  with 
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both deoxy- and ribonucleotides. The kinetic parameters for 8-met-G bypass 
are summarized in Table 3. The selectivity for dCMP vs. rCMP 
incorporation by Pol  opposite 8-met-G was 693, which is only slightly 
higher than the selectivity measured opposite a normal G. To the best of our 
knowledge, this is the first report of bypass of the 8-met-G lesion by a 
human pol with rNTPs.  
Next, the effect of the auxiliary proteins PCNA and PolDIP2 was tested. 
PCNA did not stimulate rCMP incorporation opposite 8-met-G by Pol 
(Fig. 26C, compare lanes 1 – 4 with lanes 7 – 10). On the other hand, a 
significant stimulation was observed in the presence of PolDIP2 (Fig 26C, 
lanes 11 – 14). Kinetic analysis showed that PolDIP2 increased the apparent 
catalytic efficiency (kcat/KM) for rCMP incorporation by 6- fold, lowering 
the selectivity value of Pol  for dCMP vs. rCMP incorporation to 111 
(Table 3). PolDIP2 stimulated translesion synthesis by Pol  past 8-met-G 
also when all four dNTPs or rNTPs were provided to the reaction at their 
average physiological concentrations (Fig. 26D). However, the length of the 
RNA chains synthesized were limited to about 5 nucleotides (Fig. 26D, 
lanes 5 – 8), while full length products were detected with dNTPs (Fig. 26D, 
lanes 1 – 4). When PCNA was added in the reaction in a molar excess with 
respect to PolDIP2, TLS by Pol  with rNTPs was partially inhibited (Fig. 
27A, lane 4). However, this effect was abolished when the PolDIP2 
concentration was increased (lane 8), suggesting a possible competition 
between PCNA and Pol  for binding to PolDIP2. 
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Fig. 26: Pol  bypass of 8-met-G and 3-met-C with ribonucleotides. The sequences of 
the 5’ 32P-labelled DNA substrates used are indicated on top of each panel. (A) 20 nM Pol 
 was incubated in the presence of the 3-met-C (lanes 1 – 9) or 8-met-G (lanes 10 – 18) 
39/72mer substrates and a fixed concentration of each dNTP (lanes 2 – 5; 11 - 14) or rNTP 
(lanes 6 – 9; 15 – 18). Lanes 1 and 10, control reactions without nucleotides. (B) 20 nM Pol 
 was incubated with the 8-met-G substrate, in the presence of increasing concentrations of 
dCTP (lanes 2 – 6) or rCTP (lanes 7 – 11). Lane 1, control reaction in the absence of 
nucleotides. (C) 20 nM Pol  was incubated with the 8-met-G substrate, in the presence of 
rCTP (lanes 1 – 4; 7 – 14) or dCTP (lane 5) and in the absence (lanes 1 – 5) or in the 
presence of PCNA (lanes 7 – 10) or PolDIP2 (lanes 11 – 14). Lane 6, control reaction in the 
absence of nucleotides. (D) 20 nM Pol  was incubated with the 8-met-G substrate, in the 
presence of non-equimolar mixtures of dNTPs (lanes 1 – 4) or rNTPs (lanes 5 – 8) and in 
the absence (lanes 1, 5) or in the presence of increasing concentrations of PolDIP2 (lanes 2 
– 4; 6 – 8). The final concentrations of the individual rNTPs and dNTPs are indicated on 
the bottom of the panel. 
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Fig. 27: (A) Pol  (20 nM), was tested on the 8-met-G containing primer/template, in the 
presence of all four rNTPs in the non-equimolar concentrations indicated at the bottom of 
the panel, and in the presence of PolDIP2 alone (lanes 1, 5) or in combination with PCNA 
(lanes 2 - 4; 6 - 8). (B) Pol  was tested on the 18/24 control template (lanes 1 - 6) or the 
18/24 cisPt-GG template (lanes 7 - 12) in the presence of dCTP (lanes 2, 7), or rGTP (lanes 
3 - 6; 8 - 11). Lanes 1, 12, control reactions in the absence of nucleotides. (C) Pol  was 
tested on the 18/24 control template in the presence of dCTP (lane 2), rCTP (lane 3) or 
rGTP (lanes 4 - 7). Lane 1, control reaction in the absence of nucleotides.(D) Pol  was 
incubated with AP containing template, in the presence of each single rNTP (lanes 1 – 4), 
all four dNTPs (lanes 5, 11) or dATP (lanes 6, 12) and in the absence (lanes 1 – 6) or in the 
presence (lanes 7 – 12) of PolDIP2. Lane 13, control reaction without nucleotides. 
 
4.11 Pol  bypasses cis-PtGG but not an abasic site with ribonucleotides 
 
Pol  is the main enzyme involved in the bypass of the intrastrand guanine 
crosslinks (cisPt-GG) caused by the anticancer drug cisplatin (Vaisman et 
al. 2000). Such crosslinks hamper DNA replication by interfering with 
replication fork progression, thus requiring the intervention of a specialized 
TLS Pol. Pol  is thought to be the main Pol responsible for Cis-Pt tolerance 
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since it can bypass the lesion in vitro and cells lacking this Pol are 
hypersensitive to Cis-Pt treatment (Albertella et al. 2005; Chen et al. 2006). 
In cancer cells, Pol  overexpression is induced by cis-Pt treatment and its 
levels correlate with chemoresistance and poor clinical outcomes of several 
tumors, such as non-small-lung or ovarian cancers (Chen et al. 2006, 
Srivastava et al. 2015). We were then interested in understanding if Pol  
was able to insert ribonucleotides opposite Cis-PtGG lesion.  
When tested in the presence of each of the four rNTPs, Pol  was capable of 
incorporating rCMP opposite the lesion (Fig. 28A, lane 10). The products 
observed with rGTP and rUTP as substrates resulted from the incorporation 
of dNTPs contaminating  the commercial preparation used, as judged by 
their electrophoretic mobility, which was similar to those of products 
obtained with dCTP as substrate (Fig. 28A, compare lanes 8, 9 with lane 7; 
Fig. 27B and 1 C). Interestingly, the incorporation of rCMP was largely 
limited to the +1 product (Fig. 28A, lane 10), corresponding to 
incorporation opposite the first guanine (termed 3’-G, according to the 
template strand orientation) of the adduct, similar to what has been observed 
for the insertion of non-canonical dNTPs opposite Pt-GG by Pol , while 
dCMP was correctly incorporated opposite both guanines, yielding the 
expected +2 product (Fig. 28A, lane 2). Titration of dCTP (Fig. 28B) or 
rCTP (Fig. 28C) into the reaction confirmed that rCMP incorporation was 
limited to opposite the 3’-G of cisPt-GG (Fig. 28C, lanes 9 – 14). PolDIP2 
stimulated rCMP (Fig. 28D) and dCMP (Fig. 28E) incorporation by Pol  
opposite cis-PtGG, but  even in the presence of PolDIP2, rCMP 
incorporation was limited to the first position (Fig. 28D, lanes 5 – 13). 
When a primer/template bearing a rCMP opposite the 3’-G of the lesion was 
tested, only dCMP, but not rCMP, was incorporated opposite the 5’-G (Fig. 
28F). Interestingly, when a primer/template with a dCMP opposite the 3’-G 
was used, no incorporation of rCMP was observed either (Fig. 28G). 
Overall, these results indicated that bypass of a cis-PtGG adduct by Pol  
can lead to incorporation of rCMP opposite the first guanine (3’-G) only. 
The bypass, however, can be subsequently completed by incorporating 
dCMP opposite the 5’-G. The selectivity for dCMP vs. rCMP incorporation 
opposite the two guanines on the undamaged template was 546, similar to 
the one observed on the template with a single guanine (Table 3). This 
selectivity was increased to about 1200, opposite the 3’-G of cisPt-GG, a 
value similar to the one observed for 8-oxo-G (Table 3).  
In a competition experiment, dCTP was titrated in the presence of the cisPt-
GG template and fixed amounts of rCTP, resulting to the accumulation of 
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the +1 dCMP product with concomitant reduction of the +1 rCMP product 
(Fig. 28H, lanes 2 – 6). The same pattern was observed in the reciprocal 
experiment, i.e. titrating rCTP while keeping dCTP fixed (Fig. 28H, lanes 7 
– 10). These results confirmed that dCTP and rCTP can compete for 
incorporation opposite the 3'-G of a cisPt-GG adduct. Comparable amounts 
of either products were observed at a rCTP/dCTP (M/M) ratio of 1/1000 
(Fig. 28H, lanes 4 and 10), in agreement with the selectivity value derived 
from the kinetic analysis (Table 3). Simultaneous incorporation of rCMP 
and dCMP opposite the lesion was also observed in a similar competition 
experiment carried out with XP-V/ extracts (Fig. 28I, lane 6), suggesting 
that rCMP incorporation opposite the cisPt-GG lesion by Pol  can also 
occur in a cellular context.  
Finally, when tested in the presence of an AP site, Pol  was unable to 
significantly incorporate rNMPs opposite the lesion (Fig. 27D, lanes 1 – 4), 
even in the presence of PolDIP2 (lanes 7 – 10), with the exception of a very 
weak incorporation of rCMP (Fig. 27F, lane 10), while it efficiently 
bypassed the lesion with either dATP or all four dNTPs ( Fig. 27D, lanes 5, 
6, 11, 12). 
  



 
4. Results  

 

 85

 

 
 
Fig. 28: Pol  bypass of cis-PtGG and abasic site with ribonucleotides. The 5’ FAM-
labelled DNA substrates used are indicated on top of each panel. (A) Pol  was incubated 
with the undamaged (lanes 1 – 6) or the cis-PtGG (lanes 7 – 12) templates, with dCTP 
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(lanes 5, 7) or each rNTP (lanes 3 – 6; 8 – 11). Lanes 1, 12, control reactions without 
nucleotides. (B) Pol  was incubated with the undamaged (lanes 1 – 7) or the cis-PtGG 
(lanes 8 – 14) templates, in the presence of dNTPs (lanes 2, 8) or dCTP (lanes 3 – 7; 9 – 
13). Lanes 1, 14, control reactions without nucleotides. (C) Pol  was incubated with the 
undamaged (lanes 1 – 8) or the cis-PtGG (lanes 9 – 14) templates, in the presence of rCTP 
(lanes 3 - 14). Lane 1, control reaction without nucleotides. Lane 2, control reaction with 
dCTP. (D) Pol  was incubated with the cis-PtGG template in the presence of rCTP (lanes 
1- 4; 6 – 13) and in the absence (lanes 1 – 4) or in the presence of PolDIP2 (lanes 6 – 13). 
Lane 5, control reaction with dCTP. Lane 14, control reaction without nucleotides. (E) Pol 
 was incubated with the cis-PtGG template in the presence of dNTPs (lanes 6, 12) or 
dCTP (lanes 1 – 5; 7 – 11) and in the absence (lanes 1 – 6) or in the presence of PolDIP2 
(lanes 7 – 12). Lane 13, control reaction without nucleotides. (F) Pol  was incubated with 
the cis-PtGG template bearing a rCMP opposite the 3’-G of the lesion, in the presence of 
rCTP (lane 1) or dCTP (lanes 2 – 6). (G) Pol  was incubated with the cis-PtGG template 
bearing a dCMP opposite the 3’-G of the lesion, in the presence of dCTP (lane 1) or rCTP 
(lanes 2 – 5). Lane 6, control reaction without nucleotides. (H) Pol  (20 nM) was tested in 
the presence of a fixed dose of rCTP and increasing concentrations of dCTP (lanes 2 – 6) or 
a fixed dose of dCTP and increasing concentrations of rCTP (lanes 7 – 10). Lane 1, control 
reaction in the absence of nucleotides. (I) XP-V (lanes 3, 5) or XP-V/ (lanes 2, 4, 6 - 9) 
extracts, were incubated with the cis-PtGG template in the presence of dCTP alone (lanes 2, 
3), rCTP alone (lanes 4, 5), or both nucleotides at different M/M ratios (lanes 6 - 9). Lane 1, 
control reaction in the absence of extracts. 
 
4.12 Cleavage of rCMP opposite normal or damaged guanines by 
human RNase H2 
 
In a 1993 report of the first purification from mammalian cells of the 
enzyme later identified as RNase H2, Eder et al. showed that the efficiency 
of the enzyme depended on the identity of the base pair being cleaved (Eder 
et al. 1993). To verify this property, we expressed and purified the 
recombinant human trimeric RNase H2 (Fig. 30A) and tested it with all four 
ribo-to-deoxynucleotide base pairs. Time course experiments were 
performed with increasing amounts of the 40/40mer ds DNA 
oligonucleotide substrates, bearing either a rC:dG, rG:dC, rA:dT or rU:dA 
pair at a specific position. The strand containing the single rNMPs was 5’-
labelled so that after cleavage by RNase H2, products of a defined length 
were generated and resolved by sequencing gel electrophoresis. 
Representative experiments are shown in Fig. 29A – D, while the kinetic 
parameters are summarized in Table 4. Human RNase H2 had a strong 
preference for rA:dT cleavage, followed by rU:dA. Interestingly, rC:dG and 
rG:dC pairs were cleaved with a 6-fold and 15-fold reduced efficiency with 
respect to rA:dT. RNase H2 subunit H2B contains a PCNA-binding domain 
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and PCNA has been shown to interact with RNase H2 and direct it to the 
DNA substrate. We therefore tested whether PCNA could rescue the 
reduced catalytic activity of human RNase H2 with rC- or rG-containing 
substrates. As shown in  Fig. 30 B and C, however, PCNA did not stimulate 
rC:dG or rG:dC cleavage by RNase H2. Next, we evaluated whether rCMP 
paired to a damaged guanine may affect RNase H2 cleavage. RNase H2 
showed a 3.4-fold reduced efficiency in removing rCMP when it was 
opposite 8-oxo-G vs. G (Fig. 31A and B). On the other hand, no differences 
were seen in cleavage efficiency between rC:dG and rC:8metG pairs (Fig. 
31C and D). RNase H2 exhibited reduced cleavage efficiency of rCMP 
opposite both the 3’-G and 5’-G of cis-PtGG relative to the controls (Fig. 
29D). Since rCMP incorporation by Pol  can occur only opposite the 3’-G 
(see Fig. 28), we better characterized RNase H2 cleavage at this position 
(Fig. 31E). Quantification of the results indicated a 3.8-fold reduced 
cleavage efficiency by RNase H2 when rCMP was opposite the 3’-G of a 
cis-PtGG lesion, relative to it being opposite an undamaged guanine at the 
same position (Fig. 31F). Overall, these results indicated that rCMP 
opposite an undamaged guanine is already less efficiently cleaved by RNase 
H2 and incorporation of rCMP as a result of TLS can further reduce the 
efficiency of its removal by RNase H2. 
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Fig. 29: Time course of the reaction of recombinant human RNase H2 (2.8 nM) with 
increasing concentrations of the the 5’‐32P labeled 40/40mer containing a single rCMP (A), 
rGMP (B), rAMP (C) or rUMP (D). The position of the single rNMP in each substrate is 
indicated on top of each panel, along with the position of the RNase H2 cleavage (arrows). 
Asterisk indicates the labeled strand. 
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Fig. 30: (A). Coomassie stained SDS gel of the fractions from the Rnase H2 purification. L, 
loading; FT, flow‐through; W, wash; MWM, molecular weight markers. The bands 
corresponding to the subunits H2A, H2B and H2C of the trimeric Rnase H2 complex are 
indicated. Fraction 16 (4.8 mg ml-1; 56 µM) was used for all the experiments. (B) RNase 
H2 was tested in the absence (lanes 2, 3) or in the presence (lanes 4 - 7) of PCNA on the 5’-
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32P labeled 40/40mer substrate containing a single rCMP. Lane 1, control reaction without 
RNase H2 or PCNA. (C) Time course of RNase H2 digestion of the 40/40mer bearing a 
single rGMP, in the absence (lanes 1 - 5) or in the presence of PCNA (lanes 6 - 20). 
Asterisk indicates the labeled strand.(D) RNase H2 was titrated in the presence of the 5’-
FAM labelled 24/24mer substrate bearing a single rCMP opposite the 3’‐G (lanes 2 - 4) or 
the 5’‐G (lanes 6 - 8) of a cis‐PtGG adduct, or the corresponding control templates (lanes 
10 - 15). Lanes 1, 9, control reactions without RNase H2. Asterisk indicates the labeled 
strand. 
 

Basepair KM (nM)a kcat (min-1) kcat/KM (M-1, 
s-1) 

efficiency (-
fold) 

rA:dT 10±3 6.7±0.2 11 x 106 6.1 
rU:dA 12±2 3.1±0.5 4.3 x 106 2.4 
rC:dG 8±2 0.9±03 1.8 x 106 1 
rG:dC 27±5 1.2±0.3 0.7 x 106 0.4 

 
Table 4: Kinetic parameters for RNase H2 cleavage of different ribo-/deoxynucleoside 
basepairs . Kinetic parameters have been calculated as indicated in the Methods section. 
Values are the means of four independent experiments ±S.D. 
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Fig. 31: Cleavage of rCMP opposite normal or damaged guanines by human RNase 
H2. The 5’ FAM-labelled templates used are indicated on top of each panel. Asterisks 
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indicate the labeled strands. (A) Time course of RNase H2 digestion of the DNA substrate 
containing a single rCMP opposite 8-oxo-G (lanes 1 – 6) or undamaged guanine (lanes 7 – 
12). (B) Quantification of the experiment shown in panel A. Data points were fitted to the 
simple exponential ([substrate]/[substrate+ product]) = e-k

obs
t. (C) RNase H2 was titrated in 

the presence of the DNA substrate containing a single rCMP opposite an undamaged 
guanine (lanes 3 – 6) or opposite a 8-met-G lesion (lanes 8 – 11). Lanes 7, 12, control 
reactions in the absence of enzyme. Lanes 1, 2, control reactions with the DNA substrate 
bearing a dCMP opposite guanine with or without enzyme, respectively. (D) Quantification 
of the experiment shown in panel A. No curve fitting was applied. (E) RNase H2 was 
titrated in the presence of the DNA substrate containing a single rCMP opposite either the 
3’ G (lanes 1 - 4) or the 5’ G (lanes 5 - 8) of a cis-PtGG lesion (lanes 1 – 8) or the same 
guanines in an undamaged template (lanes 9–15). (F) Time course of RNase H2 digestion 
of the DNA substrate containing a single rCMP opposite the 3’-G of a cis-PtGG lesion 
(lanes 1 – 10) or the same guanine in an undamaged template (lanes 8 – 12) Lanes 6, 7, 
rCMP- and dCMP-terminated 19mer oligonucleotides, respectively, as markers. (G) 
Quantification of the experiment shown in panel E. Data points were fitted to the simple 
exponential ([substrate]/[substrate+ product]) = e-k

obs
t. 

 
These results are part of a paper published in Nucleic Acids Res. in 2017. 
The original paper is attached. 
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4.13 Attempts of expressing AtMutYH in bacterial strains 
 
We repeatedly attempted to express Arabidopsis thaliana MutYH gene in 
two different strains of E. coli. Details of the steps performed are reported in 
the Materials and methods section. Nonetheless, Western Blot analysis 
failed to show the presence of any band corresponding to AtMutYH.  
 
4.14 Cloning AtMutYH gene  
 
We therefore decided to clone AtMutYH gene in pET30a(+) plasmid. Details 
of the steps performed are reported in the Materials and methods section. 
The cloning procedure, which was attempted twice, did not succeed.  
 
4.15 Attempts to obtain A. thaliana cell lines characterized by silencing 
of AtPOLL in a Ogg1-/- or MutYH-/-background. 
 
A. thaliana WT (Col-8), Ogg1-/- and MutYH-/- cell suspension cultures were 
co-cultivated with a Agrobacterium tumefaciens EHA105 strain that was 
previously engineered with pGWB5kdPOLL (HygR) (provided by Camilla 
Valdesturli and Matteo Faè), a plasmid that contains a cassette expressing 
an artificial microRNA (amiRNA) necessary to silence AtPOLL.The 
marker gene present in this cassette confers the resistance to hygromycin. It 
is worth noting that a hygromycin resistance marker was required since 
Ogg1-/- and MutYH-/- lines were obtained by insertional mutagenesis using a 
T-DNA containing a kanamycin-resistance gene. After several months of 
stunted growth we extracted proteins and separated them by SDS-PAGE. 
However, Western Blot analysis failed to reveal the presence of any band 
thus indicating that transformed cells did not proliferate. For details see the 
Materials and Methods section. 
 
4.16 Transformation of A. thaliana mutant plants 
 
To overcome the problems encountered with the co-cultivation of 
suspension cell lines, A. thaliana MutYH-/- plants were transformed by 
floral dipping using pGWB5kdPOLL plasmid (HygR). Seeds of the 32 T2 
mutant lines were germinated on Hygromycin-containing medium in order 
to select them. We expected two phenotypes; growing or non-growing, 
corresponding, respectively, to plants containing or not containing the HygR 
gene marker. Viable seeds able to germinate on the selective medium, 
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should contain the recombinant AtPOL silencinggene. Resistant plantlets 
are heterogeneus since they comprise both homozygous and heterozygous 
genotypes for the HygR gene. Moreover, the ratio between viable and 
unviable seeds indicates the copy number of transferred T-DNA. To proceed 
with this analysis 40 seeds of each T2 line were plated on selective dishes in 
order to visualize seeds germinated : seeds aborted ratio. A 3:1 ratio (30 
seeds grown : 10 seeds not grown) corresponds to one integration event 
while a higher ratio means that more than one integration events had 
occurred. In general, one integration event is preferable (Smith et al. 2001). 
The T2 mutant lines in which the ratio was 3:1 were: 1; 2; 3; 4; 30; 31; 32.  
Some seedlings of these lines were transferred to jiffy pots and grown until 
we had sufficient material to perform DNA extraction from healthy leaves. 
As control, we seeded Col-8 (wt) and mutant parental lines. Moreover, we 
transferred into jiffy pots also some seedlings of the T2 mutant line 29 ( 
which did not show the 3:1 ratio). Results presented here are only a part of 
the entire work, since we had to perform two rounds of sowing for reasons 
of space. Analysis of half of the 32 lines are still ongoing. Details of the 
conditions and of the steps performed are reported in the Materials and 
methods section.  
 
4.17 Analysis of the genetic background of T2 mutant lines  
 
First of all, we carried out a PCR analysis to be sure that the parental line, 
transformed by our collaborators with the silencing plasmid, was really 
MutYH-/-. A. thaliana MutYH-/- and Ogg1-/- mutants have been obtained 
through the insertion of a 4000bp T-DNA, flanked by Left Border (LB) and 
Right Border (RB) sequences, inside MutYH coding sequence or inside 
Ogg1 promoter. Therefore, primers were previously chosen in our 
laboratory to reveal the presence or the absence of the T-DNA, to 
distinguish homozygous mutants, with both alleles knockout or 
heterozygous mutants, with just one allele knockout or plants with both 
alleles wt. The five primers (LPMUT, RPMUT, LBb1.3, LPOGG and 
RPOGG), coupled in different combinations, are able to reveal the bands 
corresponding to wt or mutant alleles. The LP primers (forward primers) 
anneal upstream the site of T-DNA insertion while the RP primers (reverse 
primers) anneal downstream the site of T-DNA insertion. LBb1.3 primer 
anneals to the LB that flanks the T-DNA. The length of the bands expected 
is reported in the table below. 
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MutYH (wt) LPMUT + RPMUT 1158bp  
LBb1.3 + RPMUT No band (no insertion) 

MutYH-/- LPMUT + RPMUT No detectable band (1158+4000)bp 
LBb1.3 + RPMUT 710bp 

Ogg1(wt) LPOGG + RPOGG 1055bp 
LBb1.3 + RPOGG No band (no insertion) 

Ogg1 -/- LPOGG + RPOGG No detectable band (1055+4000)bp 
LBb1.3 + RPOGG 830-840bp 

 
Table 5: Length of the fragments expected utilizing the indicated primers. In the PCR 
reaction with LPMUT and RPMUT primers on DNA extracted from a wt line, a 1158bp 
band is expected, corresponding to the length of MutYH wt allele. Utilizing, instead, 
RPMUT primer coupled to LBb1.3 one, no band is expected in the case of a wt line, since 
the insertion of T-DNA is not present and so the LBb1.3 primer can not anneal to the LB. 
In tha case of MutYH-/- line, the PCR reaction with LPMUT and RPMUT primers should 
produce a band of 5158bp, corresponding to the length of the wt allele (1158bp) and the 
length of T-DNA insertion (4000bp). However, in this situation the band expected is too 
big to be amplified by the Taq Polymerase used in PCR reactions, therefore we should not 
be able to observe this band. A band of 710bp is expected in the case of MutYH-/- line, 
utilizing LBb1.3 an RPMUT primers. In the case of LPOGG and RPOGG primers used on 
a wt line, the band expected is of 1055bp, corresponding to the length of Ogg1 wt . As for 
LBb1.3 and  RPMUT primers, also in the case of LBb1.3 + RPOGG primers no band is 
expected in the case of a wt line, since the insertion of T-DNA is not present and so the 
LBb1.3 primer can not anneal to the LB. In the case of Ogg1-/- line, the PCR reaction with 
LPOGG and RPOGG primers should produce a band of 5055bp, corresponding to the 
length of the wt allele (1055bp) and the length of T-DNA insertion (4000bp). Again, also in 
this situation the band expected is too big to be amplified by the Taq Polymerase used in 
PCR reactions, therefore we should not be able to observe this band. Finally, the band 
obtained by PCR utilizing LBb1.3and RPOGG primers on Ogg1-/- line should be of 830-
840bp. 
 
As shown in Fig. 32A (Lane 8) and in Fig. 32B (Lane 3), two bands of 
710bp and 1055bp were obtained using the parental DNA, thus confirming 
that the parental line is MutYH-/-. The same pattern was obtained for T2 
mutant line 2, plant n°1 (Lane 11 Fig. 32A and Lane 5 Fig. 32B), indicating 
that this line is knockout for both MutYH alleles and wt for Ogg1. On the 
other hand, we did not observe any band of the expexted 710bp length in the 
case of T2 mutant line 30, plant n° 1 (Fig. 32A, Lane 10). Moreover, also 
the band in lane 4 of Fig. 32B was uncertain. Since we could not confirm 
that this plant is knockout for MutYH, we did not consider it for further 
investigations. As expected Col-8 line is wt for both genes (see Lane 2 Fig. 
32B and Lane 2 Fig. 32C). 



 

 

Fig. 32: The parental line that was transformed with 
knockout for both MutYH
utilizing all the different combinations of primers on DNA extracted from parental line, 
Col-8 wt line,T2 mutant line 30 and T2 mutant line 2. 
5: LPMUT+RPMUT primers and DNA of parental/Col
+ RPMUT primers and DNA of parental/Col
Lanes 2-5: LPOGG + RPOGG primers and 
11: LBb1.3 + RPOGG primers and DNA of parental/Col
LPMUT+RPMUT primers and DNA of Col
control. 
 
In the same way, we performed PCR reactions with the DNA of th
T2 mutant lines (Figs. 33 and 34
line 3 plant n°1, were used for the subsequent experiments.
 
 
 
 
 
 
 

 
 

The parental line that was transformed with pGWB5kdPOLL plasmid is 
MutYH alleles and wt for Ogg1. PCR reactions were performed 

utilizing all the different combinations of primers on DNA extracted from parental line, 
8 wt line,T2 mutant line 30 and T2 mutant line 2. (A) Lanes 1 and 7: controls. Lanes 2

5: LPMUT+RPMUT primers and DNA of parental/Col-8/30/2 lines. Lanes 8 –
primers and DNA of parental/Col-8/30/2 lines. (B) Lanes 1 and 7: controls. 
POGG + RPOGG primers and DNA of parental/Col-8/30/2 lines. Lanes 8 

primers and DNA of parental/Col-8/30/2 lines. (C) 
LPMUT+RPMUT primers and DNA of Col-8 and T2 30 mutant line, plant n°1. Lane 4: 

In the same way, we performed PCR reactions with the DNA of th
T2 mutant lines (Figs. 33 and 34). All the mutant plants, except T2 mutan
line 3 plant n°1, were used for the subsequent experiments. 
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Fig. 33: All the T2 mutant lines tested, except one, are MutYH-/- and Ogg1+/+. (A) 
Lanes 2-5: DNA of T2 mutant line 1, plant n°2. Lanes 6-9: DNA of T2 mutant line 3, plant 
n°1. Lanes 10-13: DNA of T2 mutant line 4, plant n°3. Lanes 14-17: DNA of T2 mutant 
line 2, plant n°1 (PCR was repeated for this plant, to confirm the previous result). Lanes 2, 
6, 10, 14: LPMUT+RPMUT primers. Lanes 3, 7, 11, 15: LBb1.3+RPMUT primers. Band 
of 710bp, corresponding to MutYH-/-. Lanes 4, 8, 12, 16: LPOGG+RPOGG primers. Band 
of 1055bp, corresponding to Ogg1 wt. No band in lane 8. Lanes 5, 9, 13, 17: 
LBb1.3+RPOGG primers. Lanes 18, 19: controls. (B) Lanes 1-4: DNA of T2 mutant line 
29, plant n°1. Lanes 6-9: DNA of T2 mutant line 30, plant n°1. Lanes 10-13: DNA of T2 
mutant line 31, plant n°2. Lanes 14-17: DNA of T2 mutant line 32, plant n°2. Lanes 1, 6, 
10, 14: LPMUT+RPMUT primers. Lanes 2, 7, 11, 15: LBb1.3+RPMUT primers. Band of 
710bp, corresponding to MutYH-/-.Lanes 3, 8, 12, 16: LPOGG+RPOGG primers. Band of 
1055bp, corresponding to Ogg1 wt. Lanes 4, 9, 13, 17: LBb1.3+RPOGG primers. Lanes 18, 
19: controls. 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
Fig. 34: All the T2 mutant lines tested are MutYH
primers. Band of 710bp, corresponding to 
of 1055bp, corresponding to 
n°1. Lane 2: DNA of T2 mutant line 1, plant n°3. Lane 3: DNA of T2 mutant line 2, plant 
n°2. Lane 4: DNA of T2 mutant line 2, plant n°3. Lane 5: DNA of T2 mutant line 3, plant 
n°2. Lane 6: DNA of T2 mutant line 3, pla
n°2. Lane 8: DNA of T2 mutant line 30, plant n°2. Lane 9: DNA of T2 mutant line 31, 
plant n°1. Lane10: DNA of T2 mutant line 32, plant n°1.
 
4.18 AtPOLL is silenced in T2 mutant lines
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from Col-8. Proteins were separated on SDS
Immunoblotting was performed (see Material and Methods section for 
details). As expected, bands of around 60kDa, corresponding to 
are visible in lanes 1 and 2 of Fig. 35
and MutYH parental lines were loaded. Bands are also vis
5 of Fig. 35, meaning that silencing of 
mutant line 4, plant n°
line 29, plant n°1. Fig 36
other T2 mutant lines, is more uncertain.

 

All the T2 mutant lines tested are MutYH-/- and Ogg1+/+. (A) LBb1.3+RPMUT 
primers. Band of 710bp, corresponding to MutYH-/-. (B) LPOGG+RPOGG primers. Band 
of 1055bp, corresponding to Ogg1 wt. (A and B) Lane1: DNA of T2 mutant line 1, plant 
n°1. Lane 2: DNA of T2 mutant line 1, plant n°3. Lane 3: DNA of T2 mutant line 2, plant 
n°2. Lane 4: DNA of T2 mutant line 2, plant n°3. Lane 5: DNA of T2 mutant line 3, plant 
n°2. Lane 6: DNA of T2 mutant line 3, plant n°3. Lane 7: DNA of T2 mutant line 4, plant 
n°2. Lane 8: DNA of T2 mutant line 30, plant n°2. Lane 9: DNA of T2 mutant line 31, 
plant n°1. Lane10: DNA of T2 mutant line 32, plant n°1. 

4.18 AtPOLL is silenced in T2 mutant lines 

We then extracted proteins from the plants resulted MutYH-/- and Ogg1
8. Proteins were separated on SDS-PAGE gels and 

Immunoblotting was performed (see Material and Methods section for 
details). As expected, bands of around 60kDa, corresponding to 

le in lanes 1 and 2 of Fig. 35, where proteins extracted from Col
and MutYH parental lines were loaded. Bands are also visible in lanes 4 and 

, meaning that silencing of AtPOLLwas not successful in T2 
mutant line 4, plant n°3 and, as expected since the beginning, in T2 mutant
line 29, plant n°1. Fig 36, showing the results of Immunoblotting on the 
other T2 mutant lines, is more uncertain. 
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Fig. 35: The AtPOLL gene is silenced in four T2 mutant plants
Lane 2: Parental (MutYH
line 4, plant n°3. Lane 5: 
Lane 7: T2 mutant line 31, plant n°2. Lane 8: T2 mutant line 32, plant n°2. 75
sample were loaded. Lane 9: Control, human recombinant Pol

 

gene is silenced in four T2 mutant plants. Lane 1: Col
Lane 2: Parental (MutYH-/-) line. Lane 3: T2 mutant line 1, plant n°2. Lane 4:

 T2 mutant line 29, plant n°1. Lane 6: T2 mutant line 30, plant n°1. 
Lane 7: T2 mutant line 31, plant n°2. Lane 8: T2 mutant line 32, plant n°2. 75
sample were loaded. Lane 9: Control, human recombinant Pol, 100ng. 
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. Lane 1: Col-8 (wt) line. 
Lane 4: T2 mutant 

1. Lane 6: T2 mutant line 30, plant n°1. 
Lane 7: T2 mutant line 31, plant n°2. Lane 8: T2 mutant line 32, plant n°2. 75g of each 



 

 

 
Fig. 36: Western blot analysis shows that AtP
plants. Lane 1: Control, 
n°1. Lane 3: T2 mutant line 1, plant
mutant line 2, plant n°2. Lane 6: T2 mutant line 2, plant n°3. Lane 7: T2 mutant line 3, 
plant n°2. Lane 8: T2 mutant line 3, plant n°3. Lane 9: T2 mutant line 4, plant n°2. Lane 10: 
T2 mutant line 32, plant n°1. Lane 11: T2 mutant line 31, plant n°1. Lane 12: T2 mutant 
line 30, plant n°2. Lane 13: 
were loaded. 
 
Therefore, as further control, we performed PCR reactions to confirm the 
presence of pGWB5kdPOLL plasmid, by utilizing Frw_AtpPolL and 
Rev_AtpPolL. The primers anneal to the promoter region of the plasmid and 
to the amiRNA sequence. As shown in Fig. 37
band of 713bp in all the plants of T2 mutant lines 2, 3, 4, 30
were used for next analysis. No bands were observed for the control lines 
Col-8 and the parental MutYH
 
 
 
 
 
 
 
 

 
 

Western blot analysis shows that AtPOLL is not present in all T2 mutant 
Lane 1: Control, human recombinant Pol, 50ng. Lane 2: T2 mutant line 1, plant 

n°1. Lane 3: T2 mutant line 1, plant n°3. Lane 4: T2 mutant line 2, plant n°1. Lane 5: T2 
mutant line 2, plant n°2. Lane 6: T2 mutant line 2, plant n°3. Lane 7: T2 mutant line 3, 
plant n°2. Lane 8: T2 mutant line 3, plant n°3. Lane 9: T2 mutant line 4, plant n°2. Lane 10: 

plant n°1. Lane 11: T2 mutant line 31, plant n°1. Lane 12: T2 mutant 
line 30, plant n°2. Lane 13: Control, human recombinant Pol, 50ng. 75g of each sample 

Therefore, as further control, we performed PCR reactions to confirm the 
pGWB5kdPOLL plasmid, by utilizing Frw_AtpPolL and 

Rev_AtpPolL. The primers anneal to the promoter region of the plasmid and 
NA sequence. As shown in Fig. 37, we observed the expected 

band of 713bp in all the plants of T2 mutant lines 2, 3, 4, 30 and 32, that 
were used for next analysis. No bands were observed for the control lines 

8 and the parental MutYH-/-. 
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is not present in all T2 mutant 
T2 mutant line 1, plant 

n°3. Lane 4: T2 mutant line 2, plant n°1. Lane 5: T2 
mutant line 2, plant n°2. Lane 6: T2 mutant line 2, plant n°3. Lane 7: T2 mutant line 3, 
plant n°2. Lane 8: T2 mutant line 3, plant n°3. Lane 9: T2 mutant line 4, plant n°2. Lane 10: 

plant n°1. Lane 11: T2 mutant line 31, plant n°1. Lane 12: T2 mutant 
g of each sample 

Therefore, as further control, we performed PCR reactions to confirm the 
pGWB5kdPOLL plasmid, by utilizing Frw_AtpPolL and 

Rev_AtpPolL. The primers anneal to the promoter region of the plasmid and 
, we observed the expected 

and 32, that 
were used for next analysis. No bands were observed for the control lines 



 

 

 
Fig. 37: pGWB5kdPOLL plasmid is present in T2 mutant lines 2, 3, 4, 30 and 32. 
Lanes 1 – 3 : T2 mutant line 1, plants n°1, 2, 3. 
2, 3. Lanes 7, 8 : T2 mutant line 3, plants n°
10 – 11: T2 mutant line 30, plants n° 1, 2. Lanes 12 
Lanes 14 – 15: T2 mutant line 32, plants n° 1, 2.Lane 16: Col
MutYH-/-. Lane 18: Control
 
4.19 UV-B irradiation of T2 mutant lines AtP
 
Healthy leaves were harvested from Col
T2 mutant lines 2 (plants n°1,2,3), 3 (plants n°2,3), 4 (plant n°2), 30 (plants 
n°1,2), 32 (plants n°1,2) and sterilized. S
sterile conditions, from each leaf 
either MS Medium + NAA
(Sello et al. 2017) (see the Materials and methods section for details), t
allow calli formation. Each p
sections always contained pieces of leaves from 
as control. In (Amoroso et al. 2011), plants were UV
at 0.3 mW/cm2, corresponding to 2
Similarly, we irradiated the plates for 27 minutes at 216nm. After the 
irradiation, plates were stored again 
month. 
 
 

pGWB5kdPOLL plasmid is present in T2 mutant lines 2, 3, 4, 30 and 32. 
T2 mutant line 1, plants n°1, 2, 3. Lanes 4 – 6 : T2 mutant line 2, plants n°1, 

T2 mutant line 3, plants n° 2, 3. Lane 9: T2 mutant line 4, plant n°2. Lanes 
11: T2 mutant line 30, plants n° 1, 2. Lanes 12 – 13: T2 mutant line 31, plants n° 1, 2. 

15: T2 mutant line 32, plants n° 1, 2.Lane 16: Col-8. Lane 17: parental line 
ntrol. 

B irradiation of T2 mutant lines AtPOLLKd 

Healthy leaves were harvested from Col-8, parental MutYH-/- and 
2 (plants n°1,2,3), 3 (plants n°2,3), 4 (plant n°2), 30 (plants 

n°1,2), 32 (plants n°1,2) and sterilized. Small pieces (4x4mm) were cut, in 
sterile conditions, from each leaf and put overnight on plates containing 

MS Medium + NAA (May and Leaver 1993) or MS Medium
(Sello et al. 2017) (see the Materials and methods section for details), t
allow calli formation. Each plate was divided into three sections. Two 
sections always contained pieces of leaves from Col-8, parental 

In (Amoroso et al. 2011), plants were UV-B irradiated for 30min 
at 0.3 mW/cm2, corresponding to 2.9 J/m2/s, at 243 nm of wavelength. 
Similarly, we irradiated the plates for 27 minutes at 216nm. After the 
irradiation, plates were stored again at 25°C in the dark for about one 
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pGWB5kdPOLL plasmid is present in T2 mutant lines 2, 3, 4, 30 and 32. 
T2 mutant line 2, plants n°1, 

2, 3. Lane 9: T2 mutant line 4, plant n°2. Lanes 
13: T2 mutant line 31, plants n° 1, 2. 

8. Lane 17: parental line 

and AtPolKd 
2 (plants n°1,2,3), 3 (plants n°2,3), 4 (plant n°2), 30 (plants 

mall pieces (4x4mm) were cut, in 
and put overnight on plates containing 

MS Medium + BAP 
(Sello et al. 2017) (see the Materials and methods section for details), to 

late was divided into three sections. Two 
8, parental MutYH-/-, 

B irradiated for 30min 
.9 J/m2/s, at 243 nm of wavelength. 

Similarly, we irradiated the plates for 27 minutes at 216nm. After the 
at 25°C in the dark for about one 



5. Discussion  
 

 102

5. Discussion 
 
Specialized DNA polymerases are involved in different DNA damage 
tolerance systems to maintain genome integrity, both in mammalian and 
plants. We focused our attention on the specialized DNA polymerases  
and  that have essential roles in various DNA repair or DNA damage 
tolerance pathways such as NHEJ, BER and TLS. NHEJ, during which Pol 
acts, allows the repair of DSBs. This pathway is of paramount importance 
for cells: unrepaired DSBs would result in apoptosis or senescence while 
mis-processing of DSBs can result in genomic instability and carcinogenesis 
(Davis and Chen 2013). BER, whose main actor is Pol , deals with 
damages that do not distort DNA lesions, such as abasic sites, oxidised, 
deaminated and alkylated bases and SSBs. BER is important in relation to 
neurodegeneration, aging and cancer (Krokan and Bjørås, 2013; Jeppesen et 
al. 2011). TLS is the main DNA damage tolerance system, during which 
different DNA Pols act, mainly those belonging to Y-family (such as Pol ) 
but also to X-family (such as Pol ). Perturbation of TLS polymerase 
activity may lead to accumulation of mutations in cells exposed to specific 
carcinogens (Makridakis and Reichardt, 2012). Another source of genomic 
insability is the persistence of ribonucleotides in the DNA (McElhinny et al. 
2010a; Meroni et al. 2017), that can be incorporated both during replication 
and repair pathways. Moreover, misincorporated ribonucleotides are the 
most frequent lesions in the genome (Potenski and Klein 2014). Information 
regarding the ability of Pols  and  to incorporate ribonucleotides 
opposite the different DNA lesions they deals with during TLS, was 
missing. Therefore, we performed a series of experiments in order to 
understand to which extent such Pols may bypass the various lesions by 
inserting ribonucleotides. In particular, we compared incorporation of 
ribonucleotides catalysed by these Pols opposite normal or damaged bases, 
under physiological concentrations of metal activators and nucleotides and 
in presence of accessory proteins, such as PCNA and PolDIp2. We also 
evaluated the effect of ribonucleotide incorporation on the subsequent steps 
of BER (in the case of 8-oxo-G lesion) or on the ability of RNase H2 
enzyme to remove ribonucleotides inserted opposite canonical bases as well 
as opposite the lesions. Moreover, our research was extended to the 
characterization of BER pathway in plants, using A. thaliana as model 
organism.  
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One of the major DNA repair pathways is BER, acting both in resting and 
proliferating cells. Pols  and are responsible for gap-filling synthesis in 
this process. It was previously demonstrated that both Pols also participate 
in the 8-oxo-G TLS pathway (Maga et al. 2008). However, the contribution 
of BER to the incorporation of rNMPs into the genome was not fully 
understood. Therefore, we decided to investigate incorporation of rNMPs 
catalysed by Pols and opposite normal or damaged bases under 
physiological concentrations of metal activators and nucleotides. Data 
obtained from previous studies already shown differences in sugar 
discrimination ability among these Pols (Brown and Suo 2011) but those 
experiments were performed in some cases with Mg2+ and in some others 
with Mn2+, as well as using different substrates. So, we started by 
comparing Pols  and  under identical conditions (i.e. in the presence of 
Mg2+ and on the same substrates) obtaining results that highlight clear 
differences in their sugar discrimination ability which agree with the 
previous studies. Pols  and showed, respectively, a sugar selectivity of 
5,100–7,500 and of 1,690–3,400 for incorporation of rCMP opposite a G 
present in the DNA template, depending on the structure of the template 
itself (Tables 1 and 2). Previous studies revealed that rCMP/dCMP 
selectivity values were 4,000 and 2,000–8,000 for Pols  and , respectively 
(Nick McElhinny and Ramsden 2003; Brown and Suo 2011; Cavanaugh et 
al. 2010). While these results suggest that Pols and can incorporate 
rNMPs opposite canonical DNA bases, it was not known so far whether 
these Pols could also incorporate rNMPs opposite oxidative DNA damages. 
We chose 8-oxo-G, a very frequent oxidative DNA lesion, to investigate this 
issue. Results obtained from Donigan et al. (Donigan et al. 2014) showed 
that Pol  and, to a much lesser extent, Pol , can bypass 8-oxo-G by 
incorporating rNMPs. Interestingly, we observed that the presence of an 8-
oxo-G damage on the template strand significantly affected Pol  selectivity 
for rNMP/dNMP: when Pol activity was tested on 1nt gap template, its 
preference of dCMP incorporation vs rCMP increased two-fold when 8-oxo-
G was present. Itsfidelity was, instead, not influenced, since its preference 
for rCMP incorporation over rAMP was similar to those of dCMP over 
dAMP. Previous studies showed that Pol is mainly used in MUTHY-
dependent BER acting on 8-oxo-G:A, because of its higher efficiency in 
incorporating the correct dCMP instead of the incorrect dAMP opposite the 
lesion (Maga et al. 2008; Maga et al. 2007; van Loon and Hübscher 2009). 
Our results suggest that Pol also lowers the probability of incorporation of 
rNMPs opposite the damaged base. On the contrary, Pol  has a lower 
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selectivity for rCMP incorporation opposite 8-oxo-G than Pol (Table 2). 
Pol can incorporate dAMP or dCMP opposite the lesion almost with the 
same efficiency (Maga et al. 2007). We found that when it acts on 1-nt gap 
template, mimicking a BER intermediate, it shows only 1.6-fold preference 
for dCMP vs dAMP incorporation, but 13-fold preference for rCMP 
incorporation than rAMP (Table 2). A possible explanation for this 
difference comes from crystal structures. In the crystal structure of the 
ternary complexes of Pol  with a (syn)8-oxo-G:(anti)dATP base pair, the 
oxidized guanine was accommodated in the enzyme active site in its syn 
conformation by a hydrogen bond between the 8-O of the guanine and the 
side chain of Arg283 (Batra et al. 2012). On the other hand, the structure of 
a ternary complex of Pol  with an incoming rCTP and an undamaged 
template showed that when a rNTP is accommodated into the enzyme’s 
active site, a displacement of the sugar-phosphate backbone occurs and the 
2’-OH of the ribose collides with the backbone carbonyl of Tyr271. 
Moreover, the hydroxyl group of this Tyr cannot form a hydrogen bond with 
the primer end base. The barrier could become stronger due structural 
rearrangements in the enzyme active site that take place to accommodate the 
8-oxo-G base, which may exacerbate the unfavourable interactions of 
Tyr271 with the ribose sugar and the primer end, rendering stronger the 
steric gate (Cavanaugh et al. 2011). Anyway, crystal structures of Pol  in 
complex with an 8-oxo-G template and an incoming rNTP are needed to 
further clarify the molecular basis for this difference. 
The experiments performed with extracts from cells defective in either Pol  
or  revealed that, after inhibition of Pols  and  by aphidicolin, Pol  
was responsible for the majority of rCMP incorporation opposite 8-oxo-G 
while Pol  did not contribute significantly to rCMP-mediated bypass of 8-
oxo-G. This is in agreement with our kinetic data, showing that Pol 
discriminates against rCMP incorporation much more than Pol  (Tables 1 
and 2). In proliferating cells, the majority of rNMPs incorporation occurs 
during DNA replication. Our in vitro data suggest that also DNA synthesis 
during DNA repair pathways of oxidative damages, among which the main 
one is BER, may be a source of rNMPs incorporation. 
As shown in Table 6, we estimated the theoretical frequency of rCMP 
versus dCMP incorporation opposite a normal G or 8-oxo-G for three 
representative mammalian tissues, based on the selectivity values and on the 
known intracellular nucleotide concentrations (Traut 1994; Ferraro et al. 
2010). In agreement with previously published data (Cavanaugh et al. 
2010), Pol  may incorporate rCMP opposite a normal G with frequencies 
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about twofold higher than Pol  (0.38–5.8% versus 0.23–2.6%, 
respectively). Moreover, under physiological rCTP/dCTP ratios, Pol  may 
incorporate rCMP opposite 8-oxo-G fourfold more frequently than Pol . 
Our results indicated that Pol  could bypass an 8-oxo-G with either rCMP 
or rAMP, depending on the template. However, its high discrimination 
against rNMPs incorporation and its preference for dCMP over dAMP, 
ensures that in most cases dCMP incorporation will occur. Pol , on the 
other hand, having a lower selectivity for rNMPs, can bypass 8-oxo-G 
lesion also inserting rCMP (wrong sugar/right base), but at least excluding 
in most cases rAMP (wrong sugar/wrong base). This could be relevant since 
the presence of rAMP opposite 8-oxo-G strongly inhibits MutYH-initiated 
BER, while incorporation of rCMP would result in a 8-oxo-G:rC base pair, 
which can be still repaired by the Ogg1 glycosylase, even if with a lower 
rate (Fig. 21A,B). It has been shown (Cilli et al. 2015) that insertion of 
rNMPs opposite 8-oxo-G in the context of CAG triplet repeats sequences, 
can negatively affect its subsequent repair. Moreover, it has been found that 
Schizosaccharomyces pombe RNase H2 can remove rCMP incorporated 
opposite 8-oxo-G (Albertella et al. 2005), while E. coli RNase H2 in the 
presence of MutYH removed less efficiently rAMP opposite 8-oxo-G 
(Gasparutto et al. 2002). These results suggest that the RER pathway can 
face the deleterious effects of rNMPs accumulation during DNA repair 
mechanisms, but possibly with some loss of efficiency when rNMPs are 
incorporated opposite an oxidize base.  
Another aspect that should be taken into account concerns accumulation of 
rNMPs in the brain that, together with the increase in the amount of 
oxidative DNA lesions, have been linked to neurodegeneration (Chen et al. 
2006; Srivastava et al. 2015). Since Pol  is the major Pol expressed in post-
mitotic neurons, which are cells with a low dNTPs levels and that undergo 
severe oxidative stress, its ability to misincorporate rNTPs may have a 
physiological relevance in enhancing the deleterious effects of DNA 
oxidation in the brain. 
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Tissue 

 
rCTP/dCTP ratio 

Template G 
f(rCTP/dCTP)*x10-3 

Template 8-oxo-G 
f(rCTP/dCTP)*x10-3 

Pol    
Skin fibroblasts 18** 2.3 1.3 
Lymphocytes 200*** 26 14 
Liver 13*** 1.7 0.9 
Pol    
Skin fibroblasts 18** 5.2 5.6 
Lymphocytes 200*** 58 62 
Liver 13*** 3.8 4 

 
Table 6: Estimated misincorporation frequencies of rCTP versus dCTPs opposite 8-
oxo-G or a normal G, for DNA polymerases  and  under physiological 
dNTPs/rNTPs concentrations. 
* Frequencies of incorporation for each ribo-/deoxy-nucleotide substrate pair were 
calculated according to the Cornish–Bowden relationship: f(rCTP/dCTP) = (kcat/KmrCTP)/ 
(kcat/KmdCTP)(rCTP)/(dCTP) using the values from Tables 1 and 2 for the 1-nt gap and 
from refs (Traut 1994; Ferraro et al. 2010). 
** The rCTP and dCTP concentrations have been taken from ref. (Ferraro et al. 2010). 
*** The rCTP and dCTP concentrations have been taken from ref. (Traut 1994). 
 
In the second part of this work, we focused our attention on human Pol 
We evaluated the possible consequences of insertion of rNMPs opposite 
five different lesions (8-oxo-G, 8-met-G, 3met-C, cis-PtGG and AP site) 
and their subsequent cleavage by human RNase H2. Our results indicate that 
human Pol  behaves differently from Pols  and , that are able to 
incorporate one or two rNMPs, but it behaves similarly to the X-family Pol 
 (Nick McElhinny and Ramsden 2003; Martin et al. 2013) or the Y-family 
Pol  (Donigan et al. 2014). Indeed, we found that human Pol  has robust 
DNA-dependent RNA polymerase activity at physiological concentrations 
of Mg2+ and rNMPs both on undamaged DNA or during TLS. The long 
RNA chains synthesized may be physiologically relevant for the cells since 
replicative Pols  and  are not able to bypass more than few consecutive 
rNMPs (Clausen et al. 2013). Lazzaro et al. demonstrated that accumulation 
of rNMPs in S. cerevisiae genome influences negatively replication and has 
toxic effects, especially when genes encoding RNase H2 and RNase H1 are 
inactivated. When the gene encoding yeast Polwas deleted, cells 
exhibited less negative effects, even in the absence of RNase H-2 and -1 
(Lazzaro et al. 2012). Overall, these findings suggest that Polmay cause 
accumulation of RNA chains in cells where RNase H-2 and -1 are not 
present. 
We found that human Pol  has the ability to bypass some of the lesions 
tested incorporating rNMPs. In particular, Pol  inserts rCMP opposite 8-
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oxo-G and 8-met-G. No incorporation was observed against 3-met-C and  
AP site. Moreover, we observed that sugar selectivity of human Pol is 
influenced by the type of damage. While dCMP vs. rCMP preference for 
incorporation opposite 8-met-G was similar to the one opposite a normal G 
(693 vs. 400, respectively, Table 3), when it encounters 8-oxo-G lesion, it 
incorporates more efficiently dCMP than rCMP (about 1400, Table 3). Also  
the fidelity of 8-oxo-G bypass was increased: the preference for rCMP vs. 
rAMP incorporation was 8.9, while the one for dCMP vs. dAMP was 3.3 
(Table 3). Another study also found a similar increase in fidelity for the 
bypass of 8-oxo-G with rNMPs by human Pol  (Su et al. 2016). 
The other lesion considered was 8-Met-G, a major alkylation product of 
deoxyguanosine that has miscoding properties (Kohda et al. 1996). Up to 
now, no human glycosylase able to remove this lesion has been identified 
(Gasparutto et al. 2002). Thus, cells may rely mainly on the TLS pathway 
for its tolerance. However, the capability of human Pols to perform TLS 
over 8-met-G is still mostly unknown. This modification occurs at the C-8 
of the purine ring of a guanine, in the same position as in the 8-oxo-G, thus 
offering an interesting opportunity of comparison of the effects of the two 
lesions. From our experiments, it emerged that human Pol  bypasses 8-
met-G misincorporating diverse dNMPs, or inserting rCMP. Efficient 
elongation past 8-met-G was observed with both dNMP and rNMP 
insertion. As far as we know, this is the first indication of a human DNA 
polymerase that can perform TLS past 8-met-G lesion. 
Pol  is also the major Pol involved in the bypass of Cis-Pt adducts 
(Vaisman et al. 2000) caused by the anticancer drug cisplatin. When we 
tested the ability of human Pol to perform TLS on cisPt-GG using rNMPs, 
we found that it can incorporate rCMP opposite the 3’-G of the lesion and 
then inserting a dCMP opposite the 5’-G. No rCMP incorporation occurred 
opposite the 5’-G, either starting from a rCMP- or a dCMP-terminated 
primer. Crystal structures of Pol  in complex with a cis-PtGG and an 
incoming dCTP (Alt et al. 2007; Zhao et al. 2012) clearly show that 
incorporation opposite the 5’-G requires structural rearrangements. The 5’-
G of the adduct can adopt either an inactive “open” conformation or a 
catalytically active “stacked” conformation. It is possible that the presence 
of a 2’-OH group in the sugar of the incoming nucleotide cannot be 
accommodated opposite the 5’-G in the stacked conformation. 
RNase H2 is the main enzyme that processes rNTPs incorporated into DNA. 
Since very little is known about the capability of human RNase H2 to 
remove rNMPs incorporated opposite DNA lesions, we investigated the 
ability of the human recombinant enzyme to remove rNMPs 
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misincorporated opposite the five lesions under investigation.  
When rNTPs are paired to their complementary undamaged dNTPs, RNase 
H2 displayed a preference of their removal that follow the order 
rA>rU>rC>rG. There is not a clear explanation for such behavior. A 
possible explanation comes from the crystal structure of Thermotoga 
maritima RNase H2 in complex with DNA/RNA substrate (Rychlik et al. 
2010), from which it emerges that, at the level of the DNA/RNA junction, 
cleavage requires structural rearrangement of the sugar-phosphate backbone. 
Possibly, such local backbone distortion, may be energetically more favored 
when the rNMP to be cleaved is part of a less stable rA:dT or rU:dA with 
respect to rC:dG or rG:dC pair. The preferential activity of RNase H2 may 
contribute to persistence of rNMPs in genome. Moreover, the enzyme 
exhibited a difference in removing rCMP opposite different type of lesions. 
E.g. RNase H2 is very efficient in processing rCMP opposite 8-met-G but 
not when the ribonucleotide pairs 8-oxo-G or the 3’-G of cisPt-GG 
crosslink. Interestingly, this order of preference is paralleled by Pol , that 
prefers to incorporate a rCMP opposite 8-met-G than opposite 8-oxo-G or 
cisPt-GG. Therefore, a sort of mechanism of compensation between rNMPs 
incorporated by Pol and their removal by RNase H2 may exist. On the 
contrary, incorporation of rCMP opposite 8-oxo-G or cis-PtGG may lead to 
a substantial delay in their processing by RNase H2.  
rNMPs incorporation during TLS can also be influenced by auxiliary 
proteins. It has been demonstrated that PCNA interacts with both Pol  and 
RNase H2, thus recruiting them at DNA repair foci (Chon et al. 2009) 
(Bubeck et al. 2011; Kannouche et al. 2004). However, we did not observe 
any enhancement of rNMP incorporation by Pol  or of rNMP cleavage by 
RNase H2 in presence of PCNA. We also tested PolDIP2, a recently 
identified auxiliary factor that stimulates the activity of Pols  and  (Maga 
et al. 2013). We found that PolDIp2 significantly stimulated rNMP 
incorporation by Pol  on both undamaged DNA and during TLS of 8-oxo-
G, 8-met-G and cis-PtGG. It has been shown PCNA can functionally 
interact with both Pol  and PolDIP2 (Maga et al. 2013; Tissier et al. 2010). 
Therefore, our in vitro data suggest that Pol  and PCNA may compete for 
their binding to PolDIP2 in a mutually exclusive way, a point that requires 
further investigation.  

As all living organisms, also plant cellular metabolism normally generates 
reactive oxygen species (ROS), including superoxide anion radical (O2-), 
hydrogen peroxide (H2O2) and hydroxyl radical (•OH). ROS are, indeed, 
byproducts of metabolic reactions taking place at level of plasma membrane 
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and in different cellular compartments such as peroxisomes, plastids and 
mitochondria (Foyer and Noctor 2003; Bailey-Serres and Mittler 2006; 
Sharma et al. 2012). Various types of environmental stress, including UV-B, 
irradiation, adverse conditions and pathogens can lead to an alteration of 
cellular homeostasis in plants and, in turn, an increase in ROS production. 
At high concentrations, ROS are very dangerous for cells (Amoroso et al. 
2008). They can cause oxidation of DNA bases, which may result in stalling 
of Pols at replicative fork or lead to mutations by mispairing if not properly 
corrected by DNA repair mechanisms. Oxidative DNA lesions, including 8-
oxo-G, are mainly repaired trough Base Excision Repair (BER) pathway. In 
humans, when in the dsDNA 8-oxo-G lesion is present in front of a C, the 8-
Oxoguanine glycosylase (Ogg1) is responsible for the excision of the 
damaged base, thus initiating a canonical Short Patch (SP)-BER, that leads 
to restoration of the original C:G base pair. If Ogg1 fails to repair all 8-oxo-
G lesions before the beginning of replication, A residues will be incorrectly 
inserted by the majority of DNA Pols. MutYH glycosylase, the homologue 
of E. coli MutY, is devoted to recognition and removal of misincorporated 
A residues (Markkanen et al. 2013). Different DNA glycosylases have been 
identified and characterized in A. thaliana; including AtOgg1 and 
AtMutYH. MutYH-dependent BER requires the action of a TLS Pol, able to 
insert a C residue opposite 8-oxo-G lesion. In humans, Pol interacts with 
PCNA and RPA, and it is considered the TLS Pol devoted to high-fidelity 
bypass of 8-oxo-G (Amoroso et al. 2011; Crespan et al. 2016). In higher 
plants, family X of DNA polymerases includes only POLL, which shares 
30% of homology with its human homologue. On the other hand, plants 
possess two genes encoding for two PCNA proteins. (Amoroso et al. 2011). 
In vitro assays showed that AtPOLL and PCNA2 interacts during TLS 
bypass of 8-oxo-G. The physical interaction between the two proteins was 
also confirmed in vivo. Plants overexpressing or knockdown for AtPOLL 
were also obtained and the physiological responses investigated. In 
particular, plants overexpressing AtPOLL showed a delayed growth, while 
the knockdown plants had early flowering. UV-B irradiation, that is known 
to contribute to ROS production, caused increasing in AtPOLL transcripts, 
both in seeds and leaves. Overall, the results suggested that A. thaliana 
possesses a TLS pathway in which, similarly to humans, AtPOLL interacts 
with AtPCNA2 and AtRPA, thus supporting the essential role of Pol  in 
oxidative DNA-damage tolerance pathway in all eukaryotes (Amoroso et al. 
2011). However, the mechanism of SP-BER in plants has not been fully 
elucidated yet and the proteins involved in such pathway have not been fully 
characterized. We therefore decided to focus our attention on the 
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glycosylases AtOgg1 and AtMutYH. Recombinant AtOgg1 has been 
previously expressed in a bacterial system and purified. Glycosylase/lyase 
assays have been then performed with recombinant AtOgg1, AtPCNA1 and 
AtPCNA2 on different DNA oligonucleotides substrates. Moreover, various 
unsuccessful attempts of expressing AtMutYH in E.coli cells have been 
performed (Piccinelli, Cella, Maga, unpublished data. Experimental Bach. 
Sci. thesis of Giovanni Piccinelli). Similarly to hMutYH (Gu and Lu 2001) 
(Goto et al. 2010), expression of AtMutYH in E. Coli showed problems of 
toxicity and solubility. Therefore, we decided to express AtMutYH in other 
two peculiar E.coli strains, C43 and DE3pLys, which are optimized for 
expression of toxic proteins. However, also in this case, screening of 
different protein expression conditions revealed no protein expression also 
in these strains. We also attempted to clone AtMutYH gene in pET30a(+) 
empty vector, already present in our laboratory. Unfortunately, for unknown 
reasons, cloning failed. Since we have not been able, so far, to express and 
purify recombinant AtMutHY, a future perspective could consist in 
changing the expression system and so the host organism. A possible option 
could be to clone the AtMutYH synthetic gene in a chloroplast 
transformation vector in order to transform tobacco plant cells. An 
advantage of chloroplast transformation is the higher level of expression of 
the gene of interest and so the higher level of protein production (Verma and 
Daniell 2007). Moreover, the expression of a plant gene in tobacco cells 
should result in less toxicity. 
To better characterize the SP-BER pathway in plants we decided to 
investigate plant cells behaviour under stressful conditions. We aimed at 
silencing AtPOLL in a cellular background deficient for AtOgg1 or for 
AtMutYH performing A. tumefaciens-mediated transformation. To this 
purpose, A. thaliana cell suspension cultures wt (Col-8) or knockout for 
AtOgg1 or for AtMutYH genes have been obtained as described in the 
Materials and methods sections. Once reached an appropriate volume and 
density, cultures were co-cultivated with A. tumefaciens previously 
engineered with pGWB5kdPOLL plasmid, carrying the cassette that 
expresses an amiRNA to silence AtPOLL. Co-cultivations grew quite 
slowly, as expected for a cellular background lacking essential proteins 
involved in fundamental repair pathways. Co-cultivations were propagated 
weekly, for more than three months. Even though the amount of starting 
material was low, we decided to extract proteins, at least to check whether 
we managed to effectively silence AtPOLL. Unfortunately immunoblotting 
analysis revealed no signal of extracted proteins. Since we thought that the 
main problems could be related to the quantity and the density of co-
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cultivations, we repeated the procedure starting from higher quantities of 
cultures, propagating them for more than five months. However, also in this 
case, we were not able to extract enough proteins for further analysis. 
Since this route was unsuccessful, our collaborators at the Institute of Plant 
Sciences Paris Saclay, performed stable transformation of T1 AtMutYHKO 
mutants, utilizing our pGWB5kdPOLL plasmid, by floral dipping (Clough 
and Bent 2008). With this procedure, Arabidopsis transformants should be 
obtained at a high rate (0.5–3% of all progeny seed) (Clough and Bent 
2008). T2 seeds were harvested. In order to verify whether the 
transformation, and so the silencing of AtPol occurred, we grew T2 mutant 
plants, extracted DNA and proteins from leaves and performed PCR 
reactions and Western blot analysis for selection, being able to identify 
AtMutYHKO and AtPOLLKd plants. Since UV-B irradiation increases 
AtPOLL expression we UV-B irradiated pieces of leaves of plants that are 
deficient for both MutYH glycosylase and Pol. We expect to observe 
differences in calli de-differentiation. Unfortunately, we were not able to 
observe any calli formation. This problem was probably related to media 
composition and new experiments in different conditions are now 
scheduled.  
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6. Conclusions and perspectives 
 
In conclusion, our data support the notion that DNA repair can be a source 
of rNMPs accumulation, potentially leading to genomic instability. 
However, future work will be required to determine the precise impact of 
these events on cells. For example, increased amount of oxidative DNA 
lesions and accumulation of rNMPs in the brain have been connected to 
neurodegeneration (Iyama and Wilson 2013). The consequences of TLS 
with the use of rNMPs in determined by at least three factors: 1) the 
intrinsic sugar selectivity of Pols (e.g. Pol  or ); 2) the relative Pol 
levels and/or their selective access to the lesion and 3) the intervention of 
auxiliary proteins (e.g. PolDIp2). Insertion of rNMPs opposite damaged 
bases may impact DNA repair in two ways. First, they can affect the work 
of specialized DNA glycosylases, as shown for 8-oxo-G lesion. In this case, 
our results indicate that Pols , and have been shaped by evolution to 
lower the probability of inserting rAMP opposite the lesion, which would 
represent the most dangerous situation, due to the poor ability of the DNA 
glycosylase MUTYH to process the resulting mispair. Second, our data also 
indicate that rNMPs incorporation toward different lesions can reduce the 
efficiency of their removal by RNase H2, depending on the type of lesion, 
thus effectively delaying RER and consequently causing replication stress. 
However, this event may also give more time for the excision repair systems 
to remove the damaged bases in front of the inserted rNMPs, which then 
could be efficiently addressed by RER. Moreover, our findings also suggest 
a potential role of Pol  in synthesizing long stretches of RNA, which may 
increase the toxicological consequences of rNMP incorporation in cells 
lacking RNase H2, for example in AGS patients. 
 
Previous findings (Amoroso et al. 2011) confirmed that Pol  likely plays a 
fundamental role in the bypass of 8-oxo-G lesion also in plants. Our 
attempts regarding a better characterization of proteins involved in SP-BER 
pathway in plants, in particular of AtOgg1 and AtMutYH glycosylases, 
have not been exhaustive. Further efforts will be required both for the in 
vitro reconstruction of A. thaliana BER pathway and for a comprehensive 
phenotypic analysis of A. thaliana mutants.
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