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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) A and 3
have essential functions in performing TLS of oxidative lesions, in
particular  7,8-dihydro-8-oxoguanine (8-0xo0-G), the most abundant
oxidative DNA damage present in our cells. Pol 1, a member of Y-family
Pols, is essential for TLS over cyclobutane pyrimidine dimers (CPDs) sites,
8-0x0-G, abasic (AP) sites, as well as over the intrastrand crosslinks
between two adjacent guanines caused by the anticancer drug cisplatin (Cis-
PtGQ).

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 A, B and n to misincorporate rNMPs specifically
opposite oxidative lesions (8-0x0-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 3, rather than Pol A, can be a source of INMPs
incorporation into genomic DNA, both during BER opposite normal DNA
bases and during bypass of 8-0x0-G. Indeed, having a lower selectivity for
rNMPs, Pol B can bypass 8-0xo-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 8-0xo0-G:rC base pair, which is still
processed by Oggl glycosylase.

Moreover, we found that human Pol n efficiently incorporates and extends
rNMPs opposite 8-0x0-G and 8-met-G, while it is not able to insert a INMP
opposite other lesions. In particular, while Pol n efficiently bypasses Cis-Pt
adducts using dNTPs, it is able to incorporate only one rCMP toward the
3°G of the Cis-PtGG lesion.



Our experiments indicated that human RNase H2 shows a different
preference in the removal of rCMP opposite DNA lesions. TCMP 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—0x0-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 Polh (AtPOLL), as its human
homolog, exerts an essential role in oxidative DNA-damage tolerance
pathways. In mammals, Oggl 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 Oggl action, replicative Pols likely insert the incorrect dAMP
opposite the lesion. MutYH glycosylase is devoted to recognition of A:8-
0x0G 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
AtOggl 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
AtOggl or for AtMutYH, and with the concomitant silencing of AtPOLL.
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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 10° DNA
lesions can occur per mammalian cell per day. Among them, oxidized bases
and single strand breaks (SSBs) are particularly frequent (~10* 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 (ANTPs) 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 o/ primase, associated to initiation complex at DNA origin,
synthesizes short RNA/DNA hybrids that are then elongated by the more
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. Introduction

processive Pols gand o, on the leading and on the lagging strand,
respectively. Since direction of synthesis of Pols is 5’23, 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 (Hiibscher 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 INMPs (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 rINMPs 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 10°-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 dANMP
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 ANMPs
imperfectly and so they can frequently incorporate tNMPs during DNA
replication; this is due to the fact that in mammalian cells, as well as in yeast
cells, INTPs concentration is 10-100 fold higher than dNTPs concentration
(Clausen et al. 2013; Yao et al. 2013). Studies performed in Saccharomyces
cerevisiae revealed that ANTPs concentration in vivo ranges from 12 to 30
uM, while rNTPs concentration ranges from 500 to 3000 uM, 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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. Introduction

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 a, 6 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 INMPs every
round of DNA replication, probably making misincorporated tNMPs the
most common lesion in the genome.

The 3’2 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).

14
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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 B, A, p and
terminal deoxynucleotidyl transferase (TdT). They are able to insert INMPs
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 p basically has both DNA and RNA polymerase activities,
showing a selectivity for ANMPs incorporation over INMPs 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 3 and A, that possess Tyr or Phe residues at the “steric
gate” position, Pol p 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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. Introduction

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 (¢ and a 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 matl 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 a, the more prone
among yeast Pols in inserting rNMPs (Nick McElhinny et al.
2010b).

In Schizosaccharomyces pombe, cdc22 and tdsl 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 ANTP:rNTP ratio so that more TNMPs 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, TNMPs 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 INMPs 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 rINTPs/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 INMPs embedded in the template strand, suggesting
that INMPs 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 ¢ is about 3 folds
less efficient than Pol d at bypassing two consecutive INMPs. If the INMPs
to bypass are three, Pol € bypass efficiency drops to 10 compared to Pol 9,
while it is completely unable to bypass four consecutive INMPs (Clausen et
al. 2013).

It has been shown that yeast cells defective in RNase H1 and RNase H2, the
enzymes involved in removing incorporated -INMPs, 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 ef 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, INMPs 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 INMP. On the other hand, RNase H2, can process the
same substrates recognized by RNase H1, but it is also able to incise a
single INMP 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 SGSI, RAD27 and ESC2 have
been found. The three genes encode, respectively, a DNA helicase, the Fenl
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. 4 and B, shown is the structure of the
RNase H2 complex colored by subunits (yellow, A; magenta, B; blue, C). B-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 INMPs (Sparks et al. 2012).
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Fig. 3: Model for Ribonucleotide Excision Repair. Redundant functions of Fenl with
Exol and Pol 6 with Pol ¢ 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
(Hiibscher 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 FENI1 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 HI(Sparks et al. 2012). Moreover, in
experiments performed in budding yeast, where a mutant replicative
polymerase with low selectivity for ANMPs vs. TNMP incorporation was
expressed, it was found that INMPs 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 (Topl) type B, an eukaryotic enzyme that relaxes
supercoiled helix by nicking reversibly dsDNA (Vaisman and Woodgate
2015). Differently from RNase H2, Topl cuts the DNA backbone on the 3’
side of the INMP; 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 Topl. 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 Exol nuclease proteins are recruited to excise the INMP
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, INMPs 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 INMPs by DNA Pols, transcriptionally
induced R-loops and/or consequence of Topl 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 INMPs 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-Goutiéres 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-a). It also
shows similarities to the autoimmune disease systemic lupus erythematosus,
where altered IFN-o 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, INMPs
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 INMPs can be introduced
also by repair Pols, DNA repair reactions are potentially a source of INMPs
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 G¢/G; 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; Hiibscher 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).

A. Sugar-phosphate Base alterations:
backbone alterations: Base loss: e.g. methylation,
Single- or double Depurination or crosslinks, chemical
strand breaks depyrimidation adducisfalierations, eic.

5,\ } /3.

ddmage dam age
I' E‘pall tolerance

Hamolagous Recombination Fork Reversal
MNon-homologous End Joining Recombination past the lesion
Nucleotide Fxcision Repair Translesion Synthesis (TLS)

Base Excision Repair
Mismaich Repair
Direct Reversal

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 to 10, 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

24



. Introduction

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 (8-0x0-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 k) (Hiibscher 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 (Hiibscher and
Maga 2011; Waters et al. 2009).

1.1.2.1 DNA polymerase n

Pol m belongs to Y-family. It is a monomeric protein of about 78kDa
encoded by POLH gene (also known as RAD30 gene or XP-J 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 1 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 Revl
interacting region (RIR) and a ubiquitin binding zinc domain (UBZ). Upon
DNA damage, PCNA undergoes ubiquitination, allowing interaction with
Pol 1 via PIP and UBZ domains (see 1.1.2.3 section for Pol 1 interaction
with PCNA). Furthermore, Pol 1) 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 n. (A) Diagram of the linear arrangement of
functional domains in human Pol n. 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 n PIP (PDB entry
2ZVK). All parts of human Pol n are shown as ribbon diagrams, and their interacting

partners are shown as a molecular surface. The a-helices of pol 1 are shown as cylinders in
panels B and C (Adapted from Yang 2014).

1.1.2.2 DNA polymerase 1 and cancer

Pol n 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 1 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 n 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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explaining Pol n higher fidelity during TLS past CPDs sites (Su et al. 2016;
Chou et al. 2011).

Other than CPDs, Pol 1 is involved in the bypass of other lesions, such as 8-
0x0-G, AP sites and CisPt-GG (Su et al. 2016; Chou et al. 2011). cis-
diamminedichloroplatinum(Il) (cisplatin) (Fig. 7) and its analogues are
chemotherapeutic agents used to treat specific tumors including ovarian and
testicular ones. These compounds can inhibit the DNA elongation step by
inducing DNA alterations. For example, cisplatin causes the formation of
intrastrand crosslinks between two adjacent guanines, resulting in local
distortions of the DNA double helix. This hampers DNA replication by
interfering with Pols progression thus killing the fastest proliferating cells,
which are supposed to be tumorigenic (Vaisman et al. 2000; Chou et al.
2011). One of the limitations in the use of these compounds is the onset of
drug resistance. Nucleotide Excision Repair (NER) pathway has been found
to be most proficient in removing cisplatin adducts, but Pol n exerts an
important function bypassing such lesion during TLS. Significantly, Pol n
displays an higher efficiency and fidelity in bypassing Cis-PtGG compared
to other TLS Pols. The crystal structure of yeast Pol n in complex with a
DNA substrate containing a Cis-PtGG crosslink revealed that Pol ) is able
to insert the correct dCTP opposite both Gs of the lesion. Moreover,
experiments performed with fibroblasts deriving from XP-V patients,
showed a 2-3 fold increase in cisplatin-induced mutation frequency,
compared to XP-V fibroblasts complemented with Pol  or WT fibroblasts
(Chou et al. 2011). In vitro results indicated that Pol m, after the bypass of
CisPt-GG lesion, does not efficiently extend the primer. B-family Pol ( is
thought to perform the extension, until its switch with a high-fidelity
polymerases (Gregory et al. 2014).

Fig. 7: Structure of the anticancer agent cisplatin. Adapted from (Chou et al. 2011).
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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/1 AXC]

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 pl12 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 n 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 n synthetic activity of about 12-
fold. However, differently from Pol 0, such association is not correlated to
an increased processivity of Pol m. Indeed, being Pol n able to
misincorporate nucleotides more frequently than Pol 0,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. PoIDIP2 has been initially discovered as a protein interacting with
the p50 subunit of Pol 6 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,
PoIDIP2 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 A
DNA Pol B 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 B is ubiquitously expressed in all vertebrates species. The high degree of
sequence conservation of Pol 3 among mammalian species suggests its
fundamental role in cells survival; this is demonstrated by embryonic
lethality of mice in which Pol B homologous gene was knocked-out (Beard
and Wilson 20006).

Pol B 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 Hiibscher 2013).

Lyase
Domain

150

Fig. 9: Domain and subdomain organization of DNA polymerase . DNA polymerase 3
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 8 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 3 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 INMPs. /n vitro experiments demonstrated that Pol f3 is
able to incorporate eight successive TNMPs 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 INMPs in
an in vitro reaction affects the ability of Pol B to incorporate dNMPs,
especially when the concentration of the two pools are equal or unbalanced
in favour of rNTPs. These results suggest that rINMPs incorporation into
DNA by Pol B can occur and may be biologically relevant (Bergoglio et al.
2003). Moreover, Pol B can bypass in an error-prone manner CPDs site in
vitro. It can also misincorporate all four INMPs 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 B variants (Iwanaga et al. 1999; Starcevic et al. 2004; Albertella
et al. 2005). These variants can differently affect Pol B 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 B 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, 1s typical of neurodegenerative diseases, among which
Huntington disease (HD). There are evidences supporting a possible
involvement of Pol B 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 A 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 3 (Bebenek
et al. 2014).
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Fig. 10: Domain organization of Pol A. (A) Schematic representation of domains in Pol A.
(B) Crystal structure of the ternary complex of the catalytic domains of polymerase A 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 A 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 A is a multifunctional enzyme. Like Pol B, the 8-kDa domain of Pol A
possesses an intrinsic dRP lyase activity (Moon et al. 2007). Moreover,
through the 8-kDa domain, Pol A 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 ANTPs, which can allow
its activity of synthesis when the concentration of dNTPs pool in the cell is
low. Pol A, 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 ANTP binding, which induces
generally a relocation of fingers and thumb subdomains. Pol A 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 A 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 A 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 GO-G1 transition and in G1 phase,
when dNTPs pools are particularly low (Brown and Suo 2011). Like Pol f3,
during its gap-filling activity, Pol A may incorporate rINMPs. However,
among Pols associated with NHEJ, it has been shown that Pol A does not
incorporate efficiently rNMPs, displaying higher affinity for dNMPs
compared to the other X-family enzyme Pol p which, on the other hand,
preferentially incorporate INMPs during NHEJ (Pryor et al. 2018; Ramsden
2011). Experiments demonstrated that Pol A has a relatively high sugar
selectivity (3,000 — 50,000) varying depending on the base (rtUTP < rCTP <
rGTP < rATP). Its binding affinity and rate of incorporation of INMPs 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 rINMP incorporation (from 107 to 107 ) is
similar to values of ANMPs misincorporation, is likely that INMPs insertion
during DNA repair in vivo is more common than erroneous introduction of
dNMPs by Pol A (Brown and Suo 2011).

Other than Pol 3, Albertella et al. also found Pol A deregulated in a number
of tumor specimens. In particular, in 24% of the tumor analysed Pol A 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

34



. Introduction

(*OH) and the superoxide anion (0*). They are responsible for diverse
types of additions to DNA bases, causing stable modifications to DNA
(Amoroso et al. 2008). About 10° 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 B 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, APEI cleaves the
phosphodiester bond 5’ to the AP site, generating a 5’dRP and a 3’-OH. At
this point, Pol 3 removes the 5’dRP through its intrinsic dRP-lyase activity,
leaving a phosphate at 5’-end. Then Pol B 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 B) in association with PCNA and RF-C. FENI then cuts the flap and
DNA ligase I ligates the gap (Hiibscher and Maga 2011). Like Pol B, also
Pol Ais involved in BER: while Pol Bis the main enzyme for BER
occurring in nuclear DNA, Pol A involvement in BER is supported by the
observation that, it can substitute Pol 3 in BER reactions in vitro. Moreover,
chicken cells and mouse fibroblasts in which genes encoding for both
Pol A and B were deleted, are more exposed to oxidizing DNA-damaging
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agents than cells and fibroblasts in which only Pol B gene was knocked out
(Bebenek et al. 2014).
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Fig. 11: Short patch BER and long patch BER. The short patch BER machinery contains
DNA glycosylases, APE1, DNA Pol B, DNA ligase III/XRCCI; the long patch BER
machinery consists of DNA glycosylases, APE1, DNA polymerases o/d or 3, PCNA,
replication factor C, flap endonuclease 1 and DNA ligase I (Hiibscher and Maga 2011).

1.1.3.1 8-0x0-G lesion

Purines often react with *OH, whose addition to C4-, C5- and C8- positions
generates modified bases, threatening for DNA integrity (Roldan-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-oxo0-G, and the C2-OH adduct of adenine (Amoroso
et al. 2008). In particular, 8-0x0-G is an abundant and threatening lesion. It
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is estimated that at least 10* 8-oxo-G damaged bases are generated
spontaneously in cells every day (Maga et al. 2008). Due to its abundance,
8-0x0-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 a, 0 and € bypass 8-oxo-G
lesion mainly in an error-prone manner, incorporating an A instead of a C
(Hiibscher and Maga 2011).8-0x0-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).
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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 8-0xo-G repair pathway exists in prokaryotic and
eukaryotic cells, named guanine oxide or “GO” system. It relies on 8-0x0-G
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DNA glycosylase 1 (Oggl) and on MUTHY glycosylase (Fig. 13)
(Amoroso et al. 2008; David et al. 2007). In all tissues Oggl starts the SP
BER through recognition of 8-o0xo-G when paired to a C, allowing damaged
base removal and damage repair by BER (Amoroso et al. 2008; Hiibscher
and Maga 2011).

On the other hand, if the 8-0x0-G is not removed through this process, when
the replication machinery encounters an 8-0xo-G, it incorporates an A
instead of a C in most of the cases. In such situation, MutYH recognize 8-
0x0-G:A mispair, removing the A. APE1 then incises the DNA and Pol
A, together with PCNA and RP-A, inserts the correct C opposite the 8-oxo-
G still present on the template strand. Frequently Pol A 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:8-0x0-G pair
is restored becoming substrate of the OGG1-dependent SP BER (Hiibscher
and Maga 2011).
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Fig. 13: Faithful BER of an 8-0x0-G lesion in a non-replicating tissue (left) and in a
replicating tissue (right). (Hiibscher 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 A instead of Pol B on a 8-0x0-G lesion
facing a window gap. It has been shown that PCNA and RP-A in association
with Pol A ensure a 750-fold preference for dCTP vs dATP incorporation
opposite 8-0xo-G on 1-nt gap. On the other hand, Pol B bypasses the
damage with a reduced fidelity, leading to a misincorporation of dAMP in
about 20-30% of cases. Pol B is, indeed, 145-fold less efficient than Pol A 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 ('O,) and the superoxide radical (O*") are two
byproducts of photosynthesis while hydrogen peroxide (H,O,), together
with O”", originates from peroxisomes. O°~ is also the main result of the
electron transport chain in mitochondria (Roldan-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, 8-0x0-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) (Roldédn-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, a-tocopherols (Vitamin E), carotenoids) (Gill and
Tuteja 2010; Roldan-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 B 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 (PCNAI1 and PCNA2) in 4. 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. Oggl
homolog in A. thaliana (AtOggl) is a bifunctional, purine-specific enzyme.
As for its mammals countrepart, AtOggl allows the release of 8-0x0-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 (Roldan-Arjona and Ariza 2009).

In humans, Pol A interacts with PCNA and RPA allowing high-fidelity TLS
of 8-0x0-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 4. thaliana
possesses a TLS pathway in which, similarly to humans, AtPOLL interacts
with AtPCNA2 and AtRPA, thus supporting the essential role of Pol A 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, B and
A, and the Y-family Pol n, to incorporate INMPs 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 Oggl 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 [y-32PJATP 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 [y-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-HCI 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 8-0xo-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-S’

where X=3-met-C or §-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 rINMPs 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 A and B (Maga et al. 2007) and human
recombinant glycosylases MutYH and Oggl (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 1 was a kind gift from
R. Woodgate (NIH, USA). Human recombinant Pol n 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"' 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 pl final volume.

Reactions with Pols A and B 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 A, B reaction buffer: 50mM Tris pH 7.5, ImM DTT, 0.2 mg mll 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" aphidicolin and 1 uM 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 n 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-HCI pH8.5, 25mM NaCl, 50 pg ml™'
BSA, ImM 2-mercaptoethanol, 1% glycerol, SmM 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

hOggl was incubated with 5’-labelled ds 100-mer DNA with 8-0x0-G:dC or
8-0x0-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 pl containing 20 fmol 5’-labelled ds 100-mer DNA with
8-0x0-G:dC or 8-oxo-G:rC, 20mM Tris-HCI (pH 8), ImM DTT, 1mM
EDTA and 0.1 mg ml”" BSA. hOGGI concentration and incubation times
varied and are indicated in figures. On incubation hOGGI 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 Smin. 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 Hiibscher 2009) was performed in 10 ul
reactions containing 25mM Hepes—KOH pH 6.8, 5SmM EDTA, 1.5%
glycerol, 50 uM ZnCl12, 50mM NaCl, 7.5mM MgCI2, 20fmol 5’-labelled ds
100-mer DNA with dA:8-0xo-G or rA:8-oxo-G, 200nM MutYH and
varying amounts of APE1l.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 rINTPs 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:
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kca (S
DY = v tomn)

where kcat is the apparent catalytic rate, E, is the input enzyme
concentration, S is the variable nucleotide substrate concentration, K, 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:

@~
1
ALy

where K, 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 3
=22 nM (Batra et al. 2012); Pol A = 29 nM (Cavanaugh et al. 2011); Pol n
1.1 nM (Washington et al. 2001). Under conditions of forced termination
(single nucleotide incorporation), Ky = Ky(koy/(kportkoy)) and keo =
kepor(kog! (Kportkop)). Where K is the Michaelis constant for nucleotide
binding, k. is the dissociation rate of the enzyme from the DNA substrate
and £k, 1s the polymerization rate. Hence k.q/Km = kpoi/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) p= kcatEoS

Kv+ S
Here kcat is the apparent catalytic rate, E, is the input enzyme
concentration, S is the variable DNA substrate concentration, Kj, 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 A+/+, Pol A-/-, Pol 3+/+ 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” penicillin—
streptomycin (all obtained from Gibco, Invitrogen). XP-V patient-derived
XP30RO 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 Poln 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-Poln were 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 n (Abcam), Pol B (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 (at4gl12740) gene was from Genscript. C43(DE3) (Lucigen) and
BL21(DE3)pLysS (Promega) competent cells were transformed with
pTrcHisA vector. Plates containing 50ug/ml ampicillin or 50ug/ml
ampicillin and 34pg/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
50pug/ml ampicillin or 50pg/ml ampicillin and 34pg/ml chloramphenicol).
Bacterial cultures were grown until Optical Density (OD)goo of 0.4 or 1.0.
Isopropil-B-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), ImM 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:
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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 Ndel and NotlI 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 Ndel and Notl
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 DHS5a 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), Oggl™™ (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 Oggl promoter, thus preventing proper transcript
expression. Both alleles are knockout.

MutYH , TAIR: AT1G21710, polymorphism SALK 053545.54.75.x

Oggl, TAIR: AT4G12740.1, polymorphism SALK 140362.26.50.n

3.14.2 .Murashige — Skoog (MS) Medium (Murashige and Skoog 1962)

Component Concentration (mg/1)
NH;NO; 1650
CaClz - 2H20 440
MgSOs4 - 7TH20 370
KH,PO, 170
KNO; 1900
H;BO; 6.2
CoClz2 - 6H20 0.025
CuSO4 - 5SH20 0.025
FeSO4 - TH20 27.8
MnSO4 - 4H20 22.3
KI 0.83
N32M004 . 2H20 0.25
ZnS04-7H20 8.6
Mio-inositolo 100
Niacina 0.5
Piridossina - HCI 0.5
Tiamina - HCI 0.1
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)

Component Concentration
Gamborg’s B-5 salts 3051,98 mg/1
Glucose 2% wiv

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/1

3.14.4 Cell suspension cultures from calli

A. thaliana seeds WT, Oggl”™ 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 50pg/ml (Duchefa Biochemie) was added.

3.14.5 Bacterial strain and plasmid

Agrobacterium tumefaciens EHAI105 strain (Lifescience) was used.
pGWBS5kdPOLL plasmid used to engineer A.tumefaciens was previously
obtained in our laboratory. The plasmid contains the cassette expressing an
artificial microRNA (amiRNA) to silence AtPoli and the gene for resistance
to Hygromycin (Hyg").

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, Oggl'/' 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 (4500¢g 20°, discard supernatant, add 40ml MS, repeat the steps). 660ul
of bacterial culture at (OD)gop of 1.0 was used to perform each co-
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cultivation with 10ml of 2-days old 4. thaliana cell suspension cultures in
presence of 20ul of Acetosyringone 100mM. Three days after, Sml 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 A 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 4. 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 15ug/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). 800ul of DNA extraction buffer
(1% CTAB, 1.4 M NaCl, 75 mM TrisHCI pH8, 100 mM EDTA) and 2% j-
mercaptoethanol were added to the tubes. Afer 30 min at 60°C, 2ul of
RNase A Solution (Promega) were added. Tubes were put 30 min at 37°C
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and 660ul 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
lhour and then spinned at 17000g for 10 min at 4°C. Supernatant was
discarded, 100ul 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 ul of RN Ase-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 MgCl,, 3% DMSO, 200uM
dNTPs, 0.5uM 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 pg/ml 2,4-dichlorophenoxyacetic acid
(2,4-d), 0.25 pg/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.

57



4. Results

4. Results

4.1 Metal-dependent rNMPs incorporation by Pol 8 and A

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
B (Cavanaugh et al. 2010) and A (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 B and A 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 B and A show different
optimal Mg and Mn'" conditions for incorporation of rNMPs on
undamaged DNA. As shown in Fig. 14 A andB, Pols 3 and A were able to
incorporate tNMPs at physiological (1-5mM) Mg concentrations, while
significant INMPs 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 B and A 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 B and X under different Mg™ and
Mn""conditions. Pol B (A) and A (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 tNTPs 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
A was able to insert the correct INMP opposite to the complementary
template base (lanes 5, 9, 19, 25). Pol A is quite faithful in inserting INMPs.
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 rtGMP preparation), followed by incorporation of
rGMP opposite the C at template position +2. On the other hand, Pol 3 was
able to incorporate rCMP opposite G and, to a lower extent, rtGMP opposite
C (Fig 15B lanes 19 and 27), while rtUMP 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.

59



4. Results

Overall, these data revealed that Pols f and A incorporate INMPs opposite
undamaged bases with different efficiency and fidelity.
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Fig. 15: A. Pol A (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 B 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 yrNMPs incorporation opposite 8-0x0-G by Pol A

Repair Pols could potentially incorporate rNMPs also opposite damaged
DNA bases. Among the various DNA damages, we chose 8-0xo-G as
relevant example. 8-0x0-G is a common oxidized base that can be correctly
bypassed by Pol A using dCTP (Maga et al. 2007). To test if Pol A is able to
bypass 8-0x0-G lesion inserting a INMP, 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 8-0xo-G or G. On both
substrates, Pol A 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 8-0x0-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 8-0x0-G on the 1 nt-gap template (Fig. 16C, lane 3).
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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 A 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-o0xo-G. Lane M,
a mixture of 5’-labelled 40mer oligonucleotides bearing either dCMP or rCMP as the
terminal nucleotide, as markers. C. Pol A activity was tested in the presence of the 5'-
labelled 39/60/100mer 1-nt gap template either bearing 8-0x0-G (lanes 1 — 6) or undamaged
(lanes 7 — 11), in the presence of each of the four INTPs. 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 A showed a 7,500-
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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 A also
strongly preferred to misincorporate dAMP rather than rAMP, with a
selectivity toward dATP of 17,840-fold. Interestingly, Pol A maintains a
relative fidelity also in the case of rNMPs insertion since it clearly
incorporates TCMP 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 TCMP opposite G was of 5,140 fold. When the template
contained 8-0x0-G lesion this preference increased to 9,500 fold. In the case
of p/t substrates containing 8-0xo0-G lesion, Pol A 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 dAAMP incorporation vs rAMP and a
preference for rtCMP over rAMP of only 0.9, suggesting that both rNTPs
may be used in a similar way to bypass 8-0x0-G on this type of template.
Taken together, these data clearly indicated that fidelity and sugar
selectivity of Pol A 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 8-0xo-G, Pol A increases its
preference for dCMP incorporation relative to rCMP incorporation. Since
Pol A 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 A 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-ox0-G bypass by DNA polymerase A in the presence of rNTPs
is influenced by the structure of the DNA template. (A) Pol A 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
A 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 AdCMP, 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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Kma’ HM k:.-ata (min-l) kcat/I(ma fincb finc finc
(M's™) | ANTP/rNTP | rNTP/ANTP | C vs A

1nt gap control
Pol A
CTP | 83+4 0.024+0.003 | 4.8 1.3x 10" n.a.
dCTP | 0.018+0.004 | 0.039+0.002 | 3.6x 10" | 7,500 n.a.
1nt gap 8-ox0-G
Pol A
tCTP | 50+10 0.06+0.003 20 7.1x107° 5.5
rATP | 185420 0.04+0.01 3.6 5.8x 107
dCTP | 0.007+0.001 | 0.12+0.01 28 x 10* | 14,000 4.5
dATP | 0.015+0.001 | 0.056+0.01 6.2x10* | 17,840
39/100mer control
Pol A
tCTP | 38+0.5 0.008+0.0003 | 3.5 1.9x 107 n.a.
dCTP | 0.03+0.005 | 0.032£0.007 | 18 x 10° | 5,140 n.a.
39/100mer 8-oxo-G
Pol A
rCTP | 155+18 0.02+0.004 | 2.1 1x10™ 0.9
dCTP | 0.05+0.004 | 0.08+0.008 20x 10° | 9,500 4
rATP | 20045 0.027+0.009 | 2.2 3.3x 107
dATP | 0.15+0.004 | 0.06+0.01 6.6x10° | 3,000

Table 1: Kinetic parameters for rNTPs incorporation by DNA polymerase A . The
meaning of the kinetic parameters K, k.., and k.,/K,, and their calculations are described
in Materials and Methods. Values are the means of two independent estimates + S.D. b. f;,,
relative incorporation frequencies for the different nucleotide pairs, defined as the ratio of
the respective k../K,, values.

4.3 Fidelity of rNMPs incorporation opposite 8-0xo-G by Pol

Previous experiments demonstrated that Pol B can bypass 8-0xo0-G lesion in
a less accurate way than Pol A, often misincorporating dAMP opposite it
(Maga et al. 2007). As shown in Fig. 18, with the 1-nt gap BER-mimicking
template, Pol 3 incorporated both rCMP and rAMP opposite 8-0x0-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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200 nM Pol 3, 100 nM 1 nt gap template

Fig. 18: Pol B activity was tested in the presence of the 5'-labelled 39/60/100mer 1nt-gap
template either bearing 8-0x0-G (lanes 1 — 6) or undamaged (lanes 7 — 11), in the presence
of each of the four INTPs. Enzyme, substrate and nucleotide concentrations are indicated at
the bottom of the panel. Lane M1, a mixture of 5’-labelled 40mer oligonucleotides bearing
either dAAMP 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 I-nt gap substrate bearing 8-o0xo-G the value remains very similar
(3,200), a different behaviour with respect to Pol A, which increased its
selectivity for dCMP insertion in the presence of the lesion. Interestingly, on
the same template containing 8-oxo-G, Pol 3 showed strong discrimination
against rAMP incorporation, with selectivity value of 25,600. Incorporation
of rCMP opposite 8-0xo-G lesion is 13.4-fold more than rAMP, while the
preference of Pol B 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-
0x0-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 3 was
sensitive to the structure of the DNA template, similarly to Pol A. In
particular, while Pol B showed lower sugar selectivity for rTCMP versus
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dCMP incorporation than Pol A on the 1-nt gap BER-mimicking template,
its bypass fidelity with rfNTPs was higher, since it it shows a relevant
preference for rCMP vs rAMP utilization opposite 8-0x0-G lesion.

Kma’ HM kcata (min-l) kcat/ I(ma ﬁncb ﬁnc f inc
M's™) | dNTP/rNTP | rNTP/dANTP | CvsA

1nt gap control
Pol B
CTP | 4743 0.034+0.002 | 12 29x 107 n.a
dCTP | 0.03+0.004 0.074+0.002 | 4.1x 10" | 3,400 n.a
1nt gap 8-0x0-G
Pol B
rCTP 29+1 0.018+0.002 | 10.3 3.1x 107 13.4
dCTP | 0.01+0.01 0.02+0.001 3.3x10% | 3,200 1.65
rATP 367430 0.017+0.003 | 0.77 39x 107
dATP | 0.017+0.002 | 0.021+0.002 | 2 x 10° 25,600
39/100mer control
Pol B
rCTP | 6427 0.015+0.003 [ 3.9 6x10"
dCTP | 0.05+0.01 0.02:+0.002 6.6x10° | 1,690
39/100mer 8-oxo0-G
Pol B
rCTP 73+13 0.007+0.002 | 1.6 23x10" 2.6
dCTP 0.04+0.01 0.018+0.002 | 6.8 x 10’ 4,250 2.9
rATP 150+15 0.007+0.003 | 0.8 57x 10"
dATP | 0.254+0.02 0.021+0.003 | 1.4x10° | 1,750

Table 2: Kinetic parameters for rNTPs incorporation by DNA polymerase B. The
meaning of the kinetic parameters K, k., and k.,/K,, and their calculations are described
in the Experimental Procedures section. Values are the means of two independent estimates
+ S.D. b. fi,., relative incorporation frequencies for the different nucleotide pairs, defined as

the ratio of the respective k../K,, values
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Fig. 19: DNA polymerase B bypasses 8-oxo-G more faithfully in the presences of
rNTPs than dNTPs. (A) Pol B activity was measured on the undamaged 5’-labelled
39/100mer p/t, in the presence of increasing concentrations of rTCMP 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 B 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 AAMP 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 8-0x0-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 8-0xo0-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 rtCMP 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 A (lanes 1-11) and Pol B (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 8-0xo-G by both Pols.

57...CACA GTT... 5‘...CACH GIT...
31 ... GTGTXCAA. .. 3’...GTGTXCAA...
X=8-o0x0-G 1=8-azo-q
- } 40mer-rC
40mer-rC N =
.2 T T FrFIEYYT ‘ :\/ mer ---‘--._\mmer-dc
omer— N B B - 9 A0mer-dC ™ e s - - S
Lanes 1 2 3 4 5 6|7 8 9 10 11 M 12 13 14 15 16 M
rCTP, uM 250 - 25 100 2501000 - 25 75 200 500
dCTP, uM - 0.005 0.01 0.02 0.075 0.02 0.05
100 nM Pol i, 50 nM 1 nt gap template 200 nM Pol 3, 100 nM 1 nt gap template

Fig. 20: Pol A (lanes 2 — 11) or Pol B (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 8-0xo0-G impair repair by hOggl and MutYH

The BER glycosylase Oggl 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 rtCMP could be incorporated opposite 8-oxo-G by
the specialized repair Pols B and A. Therefore, to investigate whether this
fundamental glycosylase reaction was affected by the pairing of a rC base to
an 8-0x0-G, a glycosylase assay was performed, with hOggl and a ds DNA
oligonucleotide bearing either a dC:8-0x0-G or a rC:8- oxo-G base pair.
Interestingly, hOggl was able to remove the 8-0x0-G incorporated opposite
rCMP, even if at a 4-folds slower rate (Fig. 21A; Fig. 22A). Besides rC:8-
0x0-G pair, both Pols  and A 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 Hiibscher
2009). To address wether MutYH is also able to act on rA:8-0x0-G mispair,
a glycosylase assay was performed using ds DNA oligonucleotide substrate
bearing either a dA:8-0xo-G or a rA:8-oxo-G mismatch. MutYH very
efficiently removed dA opposite 8-0x0-G, on the contrary its activity on a
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rA:8-0xo0-G mismatch was severely impaired (Fig. 21B; Fig. 22B). Taken
together, these results suggest that incorporation of INMPs opposite 8-0xo-
G may impair repair of the damaged base by the BER pathway, potentially
posing a threat to genomic stability.
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Fig. 21: Incorporation of rNMPs opposite 8-0x0-G inhibits DNA repair and is reduced
in the absence of DNA polymerase . (A) Time course of the excision products
accumulation generated by hOggl in the presence of a 8-0x0-G:dC (empty circles) or 8
oxo-G:rC (filled triangles) base pairs. The k,, 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 8-0x0-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 8-0x0-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 8-0xo-G per ug of proteins of each extract) was
normalized to the total DNA polymerase activity (expressed as pmols of dCMP
incorporated opposite undamaged dG per ug of proteins of each extract). Values are the
mean of three independent replicates like the one shown in ¢, error bars represent +s.d. The
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P values were calculated by two-tailed Student’s t-test.
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Fig. 22: (A) Time course of the reaction catalyzed by hOggl at 5nM (lanes 1- 10) or 10nM
(lanes 11-20) on the ds100mer substrate containing a 8-0xo0-G:dC (lanes 1 —5; 11 —15)ora
8-0x0-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 8-0xo-G:dA (lanes
13 — 15) or a 8-0x0-G:rA (lanes 16 — 17) templates. The conditions are specified at the
bottom of each lane. (C) Increasing amounts of extracts from PolB'/ “(lanes 1 —4; 9 — 12) or
Pol[S”+ (lanes 2 — 8; 13 — 16) cells, were titrated with the 1-nt gap template containing an 8-
0x0-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 PolL"" (3, 4) cells were titrated
with the undamaged 1-nt gap template in the presence of dCTP.

4.5 rCMP incorporation opposite 8-0xo-G in cell extracts
Our results indicated that both Pols f and A bypass an 8-0xo-G lesion

utilizing rCTP as a substrate, thus generating a rC:8-0xo-G base pair, on
which hOggl acted less efficiently. To better understand to which extent
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Pols B and A contribute to this potentially harmful event, the incorporation
opposite 8-0xo-G on a BER mimicking 1 nt-gap template was measured in
extracts from mouse embryonic fibroblasts (MEFs) either proficient or
deficient for Pol B or A. Many other specialized Pols present in the cell, such
as Pols pu, v, n, 1, 0 or k, can efficiently fill 1-nt gaps. As Pols B and A, they
are all resistant to the inhibitor aphidicolin. On the contrary, replicative Pols
a, & 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
a, O, € and &. The specific incorporation frequency (expressed as pmols of
rCMP incorporated opposite 8-0xo-G per ug of proteins of the extract) was
calculated in each extract and normalized to the normal DNA synthesis
(pmols of dCMP opposite guanine per pg of proteins of the extract). As
shown in Fig. 21C on the 1-nt gap on BER-mimicking template, Pol 7
MEFs displayed severely reduced rCMP incorporation opposite 8-o0xo-G,
with respect to Pol p*'*, as well as to Pol A **and Pol A"~ MEFs (compare
lanes 1-3 with 4—12). In contrast, incorporation of dCMP opposite normal G
was almost equal between Pol B'/' and Pol B+/ "MEFs (Fig. 22C, compare
lanes 11 and 12 with lanes 15 and 16) and comparable with Pol A extracts
(Fig. 22C,D). Overall these results suggest that, among the aphidicolin-
resistant Pols, Pol B seems to be the main responsible for the incorporation
of TCMP opposite 8-0x0-G in the extracts. On the other hand, no statistically
significant differences were found between Pol A 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 n

Human Pol n was incubated in the presence of a mixture of the four INTPs
or dNTPs, each present at its average intracellular concentration.
Incorporation was measured as a function of increasing concentrations of
Mg®" or Mn®" cofactors. As shown in Fig. 23A, Pol n incorporated multiple
rNMPs in the presence of physiological concentration (5 mM) of Mg*" (Fig.
23A, lane 9), but also at Mn*" concentrations as low as 0.1 mM, even
displaying more robust activity than with Mg®", at relatively high Mn*"
concentrations (0.5 - 1 mM) (Fig. 23A, lanes 4, 5). The 5 mM Mg*"
concentration was then used for all subsequent experiments. Pol nj 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 m 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 1 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 n when provided with all
four rfNTPs 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 ANTPs only (Fig. 23E, lanes 9 and 11). Overall, these results
indicated that Pol m 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).

ﬂlmer 3 TGCTATGA. .- 5'
+20 — _—— -
+1 rcnp_
- Lanes 12345 678 9101121314151
- rCTR, 100 M +
. 'TE rGTP, 100 uM
20mwr - “.z - “ oe- .‘ m rUTP, 100 M + + +
FATP, 100 M + + +
Lanes 12348 6T 8 H0HIZI 18184718 dCTP, 30 M + .
Mn++, mM 001 041 1 1 Pol n, nM 8 40 200
005 0. ans us
Mg++, mM 04 1 01 1
05 5 05§
NTPs dNTPs

20 aM Pol

rNTPs = ATP 2 mM, CTP 0.25 mM, GTP 0.5 mM, UTP 0.5 mM
dNTPs = dATP 25 pM, dCTP 30 pM, dGTP 90 pM, TTP 40 uM

c domer 3., ATGA. ..~ 5° D 5

P - anr
1 eHMP - - = e

S nqm agsssss: .::,‘ 2
+1 dNNP
Zomer - - -mpg-
—— Lanes 12 34567 8 910111213

Lanes 1 2 3 4 5 67 9 101112131415 rCTP, pM - % 5 0 50100 250
dCTP, uM o4 0308 3 & 10 30 dCTP, pM - 04 03 081
rCTR, pM 1 2 5 2050 100250 0.5 pM dCTP 100 M rCTP

73



4. Results

20mer G 5'-...
d0mer  3'-...TGGC

Lanes 1 23 4 86 68 7
rCTR, 100 pM + + +

FGTP, 100 M + o+ .
FATP, 100 uM +
rUTP, 100 pMm -
dCTR, 10 pM * + + +

dGTP, 10 uM - + +

dATP, 10 uM *

dTTP, 10 uM . -

rNTPs® +
dNTPs** -
“{2 mM ATP, 0.25 mM CTP, 0.5 mM GTP, 0.5 mM UTP)
“*(25 M dATP, 30 uM dCTP, 30 uM dGTP, 40 uM dTTP)

Fig. 23: Incorporation and elongation of ribonucleotides by human Pol m. The
sequence of the 5° **P-labelled 20/40mer substrate (50 nM) used in all the experiments is
indicated on top of each panel. (A) Pol n (20 nM) was incubated in the presence of non-
equimolar mixtures of INTPs (lanes 1 — 9) or ANTPs (lanes 10 — 18) and different amounts
of Mn?" (lanes 1 — 5; 10 — 14) or Mg2+ (lanes 6 — 9; 15 — 18). The final concentrations of the
individual tfNTPs and dNTPs are indicated on the bottom of the panel. (B) Increasing
amounts of Pol n 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 n (40 nM) was tested in the presence increasing
concentrations of dCTP (lanes 1 — 7) or rCTP (lanes 9 — 15). (D) Pol n (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 n (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 8-0x0-G by Pol 1| with ribonucleotides

Pol n can perform faithful bypass of 8-0x0-G, inserting dCMP. In line with
the experiments performed with Pols A and 3, we wanted to test if and to
what extent Pol n is capable to perform TLS past 8-oxo-G lesion using
rNTPs. When rCTP was provided in the reaction, robust incorporation
opposite 8-0xo-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-o0xo-G are summarized in
Table 3. The selectivity of Pol nj 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 1 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 rtCMP 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 n 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 1 can synthesize
RNA chains as a result of TLS past an 8-0x0-G lesion.
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Fig. 24: Translesion synthesis of 8-0x0-G by Pol n with ribonucleotides. The sequences
of the 5° **P-labelled DNA substrates used are indicated on top of each panel. (A) Pol 1 (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 n 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 n 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 1 was incubated
with the 39/100-mer 8-0x0-G template, in the presence of all four INTPs (lanes 2, 3) (1 mM
each, final concentration) or dNTPs (lanes 4, 5) (5 uM 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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a. Kinetic parameters were calclulated as indicated in the Methods section. Values

Table 3

are the means of three independent experiments +S.D. b. Relative incorporation frequency
fre1 Was calculated as the ratio between the k.,/Ky 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 n causes a variant form of the genetic disease
Xeroderma pigmentosum (XP-V). We decided to evaluate the rCMP
incorporation opposite 8-0xo-G in extracts from XP-V cells lacking Pol n,
in comparison with the same XP-V cell line complemented with ectopic
expression of human Pol n (XP-V/n). As shown in Fig. 25A, TLS of 8-oxo-
G with rCMP was detected in both XP-V and XP-V/n 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 n (Fig. 25C). We have
found that the majority of rCMP incorporation opposite 8-0xo-G is carried
out by Pol B. Western blot analysis of the extracts confirmed that both Pol 3
and Pol n were present in the extracts (Fig. 25D). Thus, the apparently
modest contribution of Pol 1 to rCMP incorporation opposite 8-0xo-G,
could be explained by the competition of Pol 3. On the other hand, when the
extracts were tested with the cis-PtGG template, bypass was observed only
in XP-V/n cells, with either dCMP or rCMP (Fig. 25E), in agreement with
the notion that Pol n 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/n (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/n
(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/n (black bar)
extracts, expressed as pmols of rCMP incorporated opposite 8-0x0-G x pg” of proteins,
was normalized to the total polymerase activity, expressed as pmols of dCMP incorporated
opposite undamaged guanine x pg”' of proteins. Values are the means of two independent
estimates, error bars indicate S.D. The p values were calculated with Student's # test. (D)
Western blot analysis for Pols B and n in the XP-V/n (lane 1) or XP-V (lane 2) extracts.
Tubulin was used as internal control. (E) XP-V (lanes 3, 7 - 9) or XP-V/n (lanes 2, 4 - 6)
extracts, or purified human Pol 1 (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 n bypasses 8-met-G, but not 3-met-C with ribonucleotides

We extended our investigation of Pol 1 bypass to the 3-met-C and 8-met-G
alkylation lesions. Pol 1 incorporated all four ANMPs 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 1 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 tCMP incorporation opposite 8-met-G by Pol
n (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 (kc./Ky) for rCMP incorporation by 6- fold, lowering
the selectivity value of Pol n for dCMP vs. rCMP incorporation to 111
(Table 3). PolDIP2 stimulated translesion synthesis by Pol 1 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 n 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 n for binding to PolDIP2.
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Fig. 26: Pol m bypass of 8-met-G and 3-met-C with ribonucleotides. The sequences of
the 5° **P-labelled DNA substrates used are indicated on top of each panel. (A) 20 nM Pol
1 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 INTP
(lanes 6 — 9; 15 — 18). Lanes 1 and 10, control reactions without nucleotides. (B) 20 nM Pol
1 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 n 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 1 was incubated with the 8-met-G substrate, in the
presence of non-equimolar mixtures of ANTPs (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 n (20 nM), was tested on the 8-met-G containing primer/template, in the
presence of all four INTPs 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 n 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 n 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 n was
incubated with AP containing template, in the presence of each single INTP (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 n bypasses cis-PtGG but not an abasic site with ribonucleotides

Pol n 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 n is thought to be the main Pol responsible for Cis-Pt tolerance

82



4. Results

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 1 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 n
was able to insert ribonucleotides opposite Cis-PtGG lesion.

When tested in the presence of each of the four rNTPs, Pol 1| 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. 28 A, 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 ANTPs opposite Pt-GG by Pol n, 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 n
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 n
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-o0xo-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/n extracts (Fig. 281, lane 6), suggesting
that rTCMP incorporation opposite the cisPt-GG lesion by Pol n can also
occur in a cellular context.

Finally, when tested in the presence of an AP site, Pol 1 was unable to
significantly incorporate rINMPs 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).

84



4. Results

A 5" - GRGT 5 - ...GAGT B 51 - . ..GAGT S - ...GAGTT
3" - ...CTCGGCATC - 5' 3' - ...CTCGGCATC - 5' 3 - 3 - -.-Cmm'l'c - &'
P Ft
-
-
+2 rumMe - - -
+2 anmp-_ - -— -
+1 rHMP— - - 2 —
— - +1 — i - = =
+1 anme e - - - - - & —itmer lemer” ?"-ahn--_===-= L
et SR AL L Lanes 1 2 345 67 8 910111213 14
TP'“M - N dCTR, UM - - 002 03 5 - 002 03 & -
rGTR, ml 5 05 006 125 0.08 1.25
fUTP, mM 05 0.5 dNTPs, uM 5 5
rCTP, mM 0.2 0.z B
rATP, mM 2 2 20 nM Pol v, 10 nM 18/24mer
20 nM Pol v, 10 nM 18/24mer
5° - ...GAG" 57 5 = L. GAGHH
c 3 .« .CTCGGCATC - 5° 3 D 3 - ...CNOPIC - 8¢
Pt
If
. E]
-
— +2 rEMP - . e - - — +1 ENMP

’ - 4--‘_.*31,,“;
- — 41 dmme
Lol LI R -

‘--..-----.---‘--‘limr

T Llimer .
Lanes 1 2 3 4 5 & 7 8 9 10111213 14 Lanes 1 2 4 5 6 7T 8 9 10 11 12 13 14
CTR,pM - - 02051 5§ 10 20 0.2 05 1 5 10 20 fCTRpM 5 1 0502 - 5 105 02 5 105 0.2 -
dCTR, pM - 5 dCTF, pM 5
20 rl Pt . 10 n 18128 PolDIPZ 40 nM  PolDIP2 80 nM
i Feln, 10 mer 20 nM Pol 11, 10 nM 18/24mer
L& LGAGY ™
E 3+ - .. crcgecare - 5 F
s
e
3 - .ﬂ:ﬂueﬁl‘lt -5
Pt
-
- - — .
e It i - el
1OMOr-ACHP — - —— — - e @ W= — 1Snor-rCHP
Lanes 1 23 45 6 7 8 810 111213 o :
dCTRUM 5 03 002 & 03 002 - acteu - ooz 028 &
125 0.08 125 008 ¥ oos 4
dNTPs + + . .
PoIDIPZ 60 Nt reTR.uM - 250
20 nM Pol 11, 10 nM 19/24
20 M Pol 1, 10 nM 18/24mer el Bis g
G H 8¢ - ,..GAGCY™
3 - -CTCOECATE - 5
Pt
;
p— - - - — 42
- L - - — +1 rHMP
e - . - S 0T e
-
Lomer-donr — - - - - - - & A S
Lanes 1 2 3 4 5 8
©CTRUM - 1 10 100280 - Lanes 1 234 5 6 7 8 810
dCTP UM 5 dETR, M - - 0405 1 2 0.5
FCTP, M - 500 =100 250 500
20 nM Pol v, 10 nM 18/24mer 20 nM Pol v, 10 nM 18/24mer
I 5¢ - ...GAGCT™
3¢ = ...CTCOGCATC - 5°
Ft
- SR — +1 CHME
D ™ — ey o~ 1 dWNP
- i o T 18mer
Lanes 12 3 4 5 6 7 8 8
dCTF, pMt . _30 - - 25 10 3050
rCTP, M F 500
XP-Vi, pg -7 7 T
XP-V, pg - 7 7

Fig. 28: Pol n 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 1 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 1 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 n 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 n 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
n 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 rtCMP opposite the 3’-G of the lesion, in the presence of
rCTP (lane 1) or dCTP (lanes 2 — 6). (G) Pol n 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 n (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/n (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 ef 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 INMPs 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 8-0x0-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 n 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.

+18 +19
A , :
40mer-rC  5'...TAT®GTAGG... 3’
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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 rtUMP (D). The position of the single INMP 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'; 56 pM) 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 Ky (nM)? Keat (min'l) Keat/ Km (M'l, efficiency (-
s fold)
rA:dT 1043 6.7+0.2 11 x 10° 6.1
rU:dA 1242 3.1£0.5 4.3 x10° 2.4
rC:dG 8+2 0.9+03 1.8x10° 1
rG:dC 2745 1.240.3 0.7 x 10° 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.

90




4. Results

+4p

A S5mer 5° 114 ar B
Timer }'———— R—————5'k = 40, B-oxo-0
- 1.2
£ & CG K= l4min®
5
® 2 CBooG k= 0.4 min'
e - W - = i L
H 0
2 04
% 0.2
A
= T
3amer — —— - —— a 5 10 1%
time (min)
Lanes 1 2 3 46 8 7T 8 8 101
time (min) 0 2 5 81013 2 58 10130
rCiB-0x0- i |
10 1M RNaseHZ, 50 nM S8/7 2mar
+40
c Sdmer 8- ¥ 3 ¥ =ac, re D
R . R = 4G, SmetdG
g 06 € CdG
£ A rCEmelG
£ o
£ o
SIRAE — g - —— - - — - g
o
'g 0.2:
Ismer — - —— ——-— - g 0. T ¥ g
5 10 15
Lanes 12345 67 891011 12 RiNeseli2, W
RNaseH2, nM 10 - 0.15 0.626 10 - 0.160.6 2.5 10 -
ICHE GG EBmetdG
E
+19 20 +19 0
24mer 5° o GAGECOTAG 5° = . ..GMCEITM 5 + «+ GAOGRCOTAG 5° = . ..GMCEGTAG
¥ - ..cmea_pcaw-') a'-.-.r.':wgcaw-s' 3° - ... CTCRGCATC - §' 3 + o CTCRGCATC - 5°
Pt Pt
s - — - S
Lanes 1 2 3 4 5 6 T B 9 10 11 12 13 14 15
RNaseH2,nM - 60 30 10 - 60 30 10 - 60 30 10 60 30 10
50 nM 24/24mer
F s " G
24mer 5 - ... GAGECOTAG 5 - _..GACECOTAG
3% = ... CTCQOCATC - §° 3* = ...CTODOCATC - §'
st
— 1z ,
d Baas - N 2 1CACCISPLGE Ky, = 025 min’
Z
® o8 © CdC.GG Ky =095 min”!
7 0B
- __#19-rC -g 0.4
18— ket T - A ancac g .,
e £
2 o4 : T \
L 1 2 3 4 5 6 T 8 9 10 11 12 ° : ° 1
anes i o
t
time (min) 2 4 8 10 2 4 8 10 ime (min)

10 nM RNaseH2, 50 nM 24/24mer

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 8-0xo-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]) = et (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 tCMP 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* "

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 Oggl”™ or MutYH"background.

A. thaliana WT (Col-8), Oggl'/ “and MutYH™ cell suspension cultures were
co-cultivated with a Agrobacterium tumefaciens EHA105 strain that was
previously engineered with pPGWB5kdPOLL (Hyg®) (provided by Camilla
Valdesturli and Matteo Fa¢), 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
Oggl” 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, 4. thaliana MutYH™ plants were transformed by
floral dipping using pGWB5kdPOLL plasmid (Hyg"). 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 Hyg"
gene marker. Viable seeds able to germinate on the selective medium,
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should contain the recombinant AzPOL silencing gene. Resistant plantlets
are heterogeneus since they comprise both homozygous and heterozygous
genotypes for the Hyg® 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"". 4. thaliana MutYH"™ and Oggl'/' 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
Oggl 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, LBbl.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.

94



4. Results

MutYH (wt) | LPMUT + RPMUT | 1158bp

LBb1.3 + RPMUT | No band (no insertion)

MutYH-/- LPMUT + RPMUT | No detectable band (1158+4000)bp

LBbl1.3 + RPMUT | 710bp

Oggl(wi) LPOGG + RPOGG | 1055bp

LBbl1.3 + RPOGG | No band (no insertion)

Oggl -/- LPOGG + RPOGG | No detectable band (1055+4000)bp

LBbl1.3 + 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 Ogg/ wt . As for
LBbl.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 Oggl™ 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 Oggl™" 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 Oggl. 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).
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A
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Fig. 32: The parental line that was transformed with pGWBSkdPOLL plasmid is
knockout for both MutYH alleles and wt for Oggl. PCR reactions were performed
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. (A) Lanes 1 and 7: controls. Lanes 2-
5: LPMUT+RPMUT primers and DNA of parental/Col-8/30/2 lines. Lanes 8 — 11: LBb1.3
+ RPMUT primers and DNA of parental/Col-8/30/2 lines. (B) Lanes 1 and 7: controls.
Lanes 2-5: LPOGG + RPOGG primers and DNA of parental/Col-8/30/2 lines. Lanes 8 —
11: LBb1.3 + RPOGG primers and DNA of parental/Col-8/30/2 lines. (C) Lanes 2, 3:
LPMUT+RPMUT primers and DNA of Col-8 and T2 30 mutant line, plant n°l. Lane 4:
control.

In the same way, we performed PCR reactions with the DNA of the other

T2 mutant lines (Figs. 33 and 34). All the mutant plants, except T2 mutant
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 Oggl™. (A)
Lanes 2-5: DNA of T2 mutant line 1, plant n°2. Lanes 6-9: DNA of T2 mutant line 3, plant
n°l. 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 Oggl 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 Oggl wt. Lanes 4, 9, 13, 17: LBb1.3+RPOGG primers. Lanes 18,
19: controls.
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Fig. 34: All the T2 mutant lines tested are MutYH"" and Oggl**. (A) LBbl.3+RPMUT
primers. Band of 710bp, corresponding to MutYH". (B) LPOGG+RPOGG primers. Band
of 1055bp, corresponding to Ogg/ wt. (A and B) Lanel: DNA of T2 mutant line 1, plant
n°l. 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 Oggl**and
from Col-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 AtPOLL,
are visible in lanes 1 and 2 of Fig. 35, where proteins extracted from Col-8
and MutYH parental lines were loaded. Bands are also visible in lanes 4 and
5 of Fig. 35, meaning that silencing of AtPOLL was not successful in T2
mutant line 4, plant n°3 and, as expected since the beginning, in T2 mutant
line 29, plant n°l. 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 1: Col-8 (wt) line.
Lane 2: Parental (MutYH™") line. Lane 3: T2 mutant line 1, plant n°2. Lane 4: T2 mutant
line 4, plant n°3. Lane 5: 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. 75ug of each
sample were loaded. Lane 9: Control, human recombinant PolA, 100ng.
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Fig. 36: Western blot analysis shows that AtPOLL is not present in all T2 mutant
plants. Lane 1: Control, human recombinant PolA, 50ng. Lane 2: T2 mutant line 1, plant
n°l. 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:
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: Control, human recombinant PolA, 50ng. 75ng of each sample
were loaded.

Therefore, as further control, we performed PCR reactions to confirm the
presence of pGWBSkdPOLL 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, 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
Col-8 and the parental MutYH™"".
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Fig. 37: pGWBSkdPOLL 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. Lanes 4 — 6 : T2 mutant line 2, plants n°1,
2, 3. Lanes 7, 8 : T2 mutant line 3, plants n° 2, 3. Lane 9: T2 mutant line 4, plant n°2. Lanes
10 — 11: T2 mutant line 30, plants n° 1, 2. Lanes 12 — 13: T2 mutant line 31, plants n° 1, 2.
Lanes 14 — 15: T2 mutant line 32, plants n°® 1, 2.Lane 16: Col-8. Lane 17: parental line
MutYH™". Lane 18: Control.

4.19 UV-B irradiation of T2 mutant lines AtPOLLX?

Healthy leaves were harvested from Col-8, parental MutYH”" and AtPoln
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. Small pieces (4x4mm) were cut, in
sterile conditions, from each leaf and put overnight on plates containing
either MS Medium + NAA (May and Leaver 1993) or MS Medium + BAP
(Sello et al. 2017) (see the Materials and methods section for details), to
allow calli formation. Each plate was divided into three sections. Two
sections always contained pieces of leaves from Col-8, parental MutYH™,
as control. 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
month.

101



5. Discussion

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 A, 3
and n that have essential roles in various DNA repair or DNA damage
tolerance pathways such as NHEJ, BER and TLS. NHEJ, during which Pol
A 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 B, 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 Bjeras, 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 1)
but also to X-family (such as Pol A). 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 A, 3 and n 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 8-0xo0-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 4. 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 A and 3 are responsible for gap-filling synthesis in
this process. It was previously demonstrated that both Pols also participate
in the 8-0x0-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 A and P 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 Mg*" and in some others
with Mn®*, as well as using different substrates. So, we started by
comparing Pols A and B under identical conditions (i.e. in the presence of
Mg*" and on the same substrates) obtaining results that highlight clear
differences in their sugar discrimination ability which agree with the
previous studies. Pols A and B 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 A and 3, respectively
(Nick McElhinny and Ramsden 2003; Brown and Suo 2011; Cavanaugh et
al. 2010). While these results suggest that Pols A and B can incorporate
rNMPs opposite canonical DNA bases, it was not known so far whether
these Pols could also incorporate INMPs opposite oxidative DNA damages.
We chose 8-0x0-G, a very frequent oxidative DNA lesion, to investigate this
issue. Results obtained from Donigan et al. (Donigan et al. 2014) showed
that Pol 1 and, to a much lesser extent, Pol n, can bypass 8-oxo-G by
incorporating rNMPs. Interestingly, we observed that the presence of an 8-
ox0-G damage on the template strand significantly affected Pol A selectivity
for INMP/dNMP: when Pol A activity was tested on Int gap template, its
preference of dCMP incorporation vs rCMP increased two-fold when 8-oxo-
G was present. Its fidelity 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 A is mainly used in MUTHY-
dependent BER acting on 8-0x0-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 Hiibscher 2009).
Our results suggest that Pol A also lowers the probability of incorporation of
rNMPs opposite the damaged base. On the contrary, Pol B has a lower
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selectivity for rtCMP incorporation opposite 8-oxo-G than Pol A (Table 2).
Pol B can incorporate dAAMP 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 B 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 B 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
8-0x0-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 3 in
complex with an 8-0xo-G template and an incoming rfNTP are needed to
further clarify the molecular basis for this difference.

The experiments performed with extracts from cells defective in either Pol 3
or A revealed that, after inhibition of Pols a, 0, € and € by aphidicolin, Pol 3
was responsible for the majority of rCMP incorporation opposite 8-oxo-G
while Pol A did not contribute significantly to rCMP-mediated bypass of 8-
oxo-G. This is in agreement with our kinetic data, showing that Pol
A discriminates against rCMP incorporation much more than Pol 8 (Tables 1
and 2). In proliferating cells, the majority of rINMPs 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 rTNMPs 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 B may incorporate tCMP opposite a normal G with frequencies
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about twofold higher than Pol A (0.38-5.8% versus 0.23-2.6%,
respectively). Moreover, under physiological rCTP/dCTP ratios, Pol B may
incorporate tCMP opposite 8-0xo-G fourfold more frequently than Pol A.
Our results indicated that Pol A could bypass an 8-ox0-G with either rCMP
or TAMP, depending on the template. However, its high discrimination
against INMPs incorporation and its preference for dACMP over dAMP,
ensures that in most cases dCMP incorporation will occur. Pol B, on the
other hand, having a lower selectivity for rNMPs, can bypass 8-oxo-G
lesion also inserting tCMP (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 8-0xo0-G strongly inhibits MutY H-initiated
BER, while incorporation of rCMP would result in a 8-0xo-G:rC base pair,
which can be still repaired by the Oggl glycosylase, even if with a lower
rate (Fig. 21A,B). It has been shown (Cilli et al. 2015) that insertion of
rNMPs opposite 8-0x0-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-o0xo-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 3 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 tNTPs may have a
physiological relevance in enhancing the deleterious effects of DNA
oxidation in the brain.
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Template G Template 8-0x0-G
Tissue rCTP/dCTP ratio ArCTP/dCTP)*x107 ArCTP/dCTP)*x107

Pol\

Skin fibroblasts 18** 2.3 1.3

Lymphocytes 200%** 26 14

Liver 3% 1.7 0.9

PolB

Skin fibroblasts 18** 52 5.6

Lymphocytes 200%** 58 62

Liver 13%%* 3.8 4

Table 6: Estimated misincorporation frequencies of rCTP versus dCTPs opposite 8-
0x0-G or a normal G, for DNA polymerases A and [ under physiological
dNTPs/rNTPs concentrations.

* Frequencies of incorporation for each ribo-/deoxy-nucleotide substrate pair were
calculated according to the Cornish—Bowden relationship: {rCTP/dCTP) = (k../K,,rCTP)/
(kea KindCTP)(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
1. We evaluated the possible consequences of insertion of INMPs opposite
five different lesions (8-0x0-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 n behaves differently from Pols  and A, that are able to
incorporate one or two rNMPs, but it behaves similarly to the X-family Pol
p (Nick McElhinny and Ramsden 2003; Martin et al. 2013) or the Y-family
Pol 1 (Donigan et al. 2014). Indeed, we found that human Pol 1 has robust
DNA-dependent RNA polymerase activity at physiological concentrations
of Mg”" 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 INMPs in §. 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 Polm was 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 Pol  may cause
accumulation of RNA chains in cells where RNase H-2 and -1 are not
present.

We found that human Pol n has the ability to bypass some of the lesions
tested incorporating tNMPs. In particular, Pol 1 inserts rTCMP opposite 8-
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0x0-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 1 is
influenced by the type of damage. While dCMP vs. tCMP 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 8-0x0-G lesion, it
incorporates more efficiently dCMP than rCMP (about 1400, Table 3). Also
the fidelity of 8-0x0-G bypass was increased: the preference for rtCMP 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 8-0x0-G with INMPs by human Pol n (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-oxo0-G, thus
offering an interesting opportunity of comparison of the effects of the two
lesions. From our experiments, it emerged that human Pol m 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 n 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 1 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 n 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 INTPs 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 TNMP 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 7, that
prefers to incorporate a rCMP opposite 8-met-G than opposite 8-0xo0-G or
cisPt-GG. Therefore, a sort of mechanism of compensation between rNMPs
incorporated by Poln and their removal by RNase H2 may exist. On the
contrary, incorporation of rCMP opposite 8-0xo0-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 n 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 INMP incorporation by Pol n or of INMP cleavage by
RNase H2 in presence of PCNA. We also tested PolDIP2, a recently
identified auxiliary factor that stimulates the activity of Pols A and n (Maga
et al. 2013). We found that PolDIp2 significantly stimulated rNMP
incorporation by Pol 1 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 n and PolDIP2 (Maga et al. 2013; Tissier et al. 2010).
Therefore, our in vitro data suggest that Pol 1 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 (0%),
hydrogen peroxide (H,O;) 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-
0x0-G, are mainly repaired trough Base Excision Repair (BER) pathway. In
humans, when in the dsSDNA 8-0x0-G lesion is present in front of a C, the 8-
Oxoguanine glycosylase (Oggl) 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 Oggl 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 AtOggl and
AtMutYH. MutYH-dependent BER requires the action of a TLS Pol, able to
insert a C residue opposite 8-0xo0-G lesion. In humans, Pol A interacts with
PCNA and RPA, and it is considered the TLS Pol devoted to high-fidelity
bypass of 8-0x0-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 8-0x0-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 4. thaliana
possesses a TLS pathway in which, similarly to humans, AtPOLL interacts
with AtPCNA2 and AtRPA, thus supporting the essential role of Pol A 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 AtOggl and AtMutYH. Recombinant AtOggl has been
previously expressed in a bacterial system and purified. Glycosylase/lyase
assays have been then performed with recombinant AtOggl, AtPCNA1 and
AtPCNAZ2 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 4tOggl or for
AtMutYH performing A. tumefaciens-mediated transformation. To this
purpose, A. thaliana cell suspension cultures wt (Col-8) or knockout for
AtOggl 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 pGWBS5SkdPOLL 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 AtMutYH"
mutants, utilizing our pPGWB5kdPOLL 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 AtPolA 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
AtMutYH*® and AtPOLL®® 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 PolL. 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 A, B or n); 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 8-0xo-G lesion. In this case,
our results indicate that Pols A, B and n 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 INMPs 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 1 in synthesizing long stretches of RNA, which may
increase the toxicological consequences of TNMP incorporation in cells
lacking RNase H2, for example in AGS patients.

Previous findings (Amoroso et al. 2011) confirmed that Pol A likely plays a
fundamental role in the bypass of 8-0xo-G lesion also in plants. Our
attempts regarding a better characterization of proteins involved in SP-BER
pathway in plants, in particular of AtOggl 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 4. thaliana mutants.
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ABSTRACT

p15PAF is an oncogenic intrinsically disordered pro-
tein that regulates DNA replication and lesion bypass
by interacting with the human sliding clamp PCNA. In
the absence of DNA, p15PAF traverses the PCNA ring
via an extended PIP-box that contacts the sliding sur-
face. Here, we probed the atomic-scale structure of
p15PAF—_PCNA-DNA ternary complexes. Crystallogra-
phy and MD simulations show that, when p15PAF oc-
cupies two subunits of the PCNA homotrimer, DNA
within the ring channel binds the unoccupied sub-
unit. The structure of PCNA-bound p15PAF in the ab-
sence and presence of DNA is invariant, and solution
NMR confirms that DNA does not displace p15°AF
from the ring wall. Thus, p15PAF reduces the avail-
able sliding surfaces of PCNA, and may function as
a belt that fastens the DNA to the clamp during syn-
thesis by the replicative polymerase (pol 8). This con-
straint, however, may need to be released for effi-
cient DNA lesion bypass by the translesion synthe-
sis polymerase (pol n). Accordingly, our biochemical
data show that p15°AF impairs primer synthesis by
pol n—PCNA holoenzyme against both damaged and
normal DNA templates. In light of our findings, we
discuss the possible mechanistic roles of p15PAF in
DNA replication and suppression of DNA lesion by-
pass.

INTRODUCTION

Sliding clamps are ring-shaped proteins that tether poly-
merases and other factors of the replisome to the ge-
nomic template, enabling DNA replication and repair. The
molecular architecture of sliding clamps is conserved in
all domains of life. Proliferating Cell Nuclear Antigen
(PCNA)—the eukaryotic sliding clamp—is an 86-kDa ho-
motrimeric ring with a six-fold pseudosymmetric rotation
axis running through the centre of the clamp and a cen-
tral channel lined with lysine and arginine-rich a-helices
through which DNA is threaded (1-6). Experimental and
computational analyses of the human PCNA-DNA com-
plex showed that the DNA in the channel is tilted and its
phosphates transiently interact with a set of basic residues
forming a right-hand spiral that matches the DNA pitch
(5,7). This dynamic interaction may allow the clamp to slide
by rotationally tracking the DNA helix, or by a linear mo-
tion uncoupled from the helical pitch, or by a combina-
tion of the two modes (8). A recent report based on coarse-
grained MD simulations (9) supports that the coupling be-
tween rotation and translation in PCNA sliding is weak,
and that the translational motion is much faster than the
rotational one, suggesting that PCNA slides on the dou-
ble helix like a washer on a screw, rather than a nut on a
screw. Importantly, growing evidence confirms the earlier
observation that the PCNA-DNA interaction is critical for
the function of the polymerase bound to the clamp (10). A
recent report showed that acetylation of conserved lysine
residues at the sliding surface of yeast PCNA is induced by
DNA lesions and stimulates repair by homologous recom-
bination (11). Acetylation of K20 negatively affects the pro-
cessivity of the replicative polymerase 3 (pol 3), but not that
of the translesion synthesis (TLS) polymerase m (pol m), spe-
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cialized in traversing DNA lesions such as thymine dimers
or cisplatin adducts, suggesting that the modulation of the
PCNA-DNA interaction can regulate the function of poly-
merases.

The front face of the PCNA ring contains the site of
interaction of polymerases and other proteins, named the
PIP-box binding site (3,12). The back face contains the
sites of ubiquitylation and sumoylation (13,14). PIP-box
interacting partners bind PCNA through a short consen-
sus sequence with the pattern QXXhXXaa, where h is an
aliphatic-hydrophobic residue, « aromatic-hydrophobic and
X any residue (3,12).

The PCNA-associated factor pl15PAF (hereafter named
pl5) is an oncogenic, 11 kDa intrinsically disordered pro-
tein that regulates DNA replication and lesion bypass via a
PIP-box interaction with PCNA (4,15-18). p15 co-localizes
with PCNA in the nucleus of proliferating cells mainly in
the S phase of the cell cycle (18-20). Depletion of p15 sig-
nificantly decreases DNA synthesis (17-20), suggesting that
p15 modulates the function of PCNA as a processivity fac-
tor. Co-immunoprecipitation from pancreatic cancer cell
lines suggests that p15is part of a DNA-replication complex
with PCNA, pol 8 and the endonuclease Fen-1 in replication
foci (18). During unperturbed DNA replication, PCNA-
bound pl5 is mono-ubiquitylated at two N-terminal lysines
(18) (K14 and K25). UV-induced replication stalling trig-
gers the recruitment of pol m to the damaged site and the
degradation of ubiquitylated pl15 (18), and Povlsen and co-
workers proposed that pl5 may compete with pol m for
binding to PCNA. However. the molecular mechanisms un-
derlying the function of p15 in DNA replication and DNA
lesion bypass remain unclear.

We have previously shown that, in absence of DNA, up
to three p15 molecules bind the human trimeric PCNA ring
at a site that extends from the PIP-box binding pocket to
the clamp inner channel (4), and that the disordered p15 N-
termini exit the clamp from the back face and directly inter-
act with DNA (4,21). Negative stain electron microscopy of
a pl5-PCNA-DNA ternary complex showed particles with
DNA in the clamp channel (4), but the molecular details of
this assembly remained undefined.

In this work, we characterized the structure of ternary
complexes composed of PCNA, DNA and the PCNA-
interacting region of pl5, by combining experimental and
computational approaches. The co-crystal structure of
PCNA in complex with two pl5 molecules and a 10 bp
primed DNA substrate, solved at 3.2 A resolution, shows
the duplex portion of DNA in the PCNA channel leaning
towards the subunit not occupied by pl15. The p15 residues
N-terminal to the PIP-box contact four helices on the ring
inner wall, partly shiclding the DNA binding site of two
subunits. This molecular arrangement is recapitulated by
MD simulations of PCNA in complex with two p15 frag-
ments with longer N-termini and a 40 bp DNA duplex. So-
lution NMR experiments show that DNA does not displace
pl5 from the inner rim of a PCNA ring in which the three
subunits are occupied by p15. Accordingly, when PCNA is
co-crystallized with three p15 peptides and DNA, the elec-
tron density map does not show features of DNA in the
clamp channel. Thus, pl5 outcompetes DNA for a com-
mon binding site in the clamp channel, and the stoichiom-
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etry of binding dictates the available sliding surfaces. Given
the inhibitory activity of p15in TLS (18), we hypothesized
that the constraint imposed by p15 to DNA may need to be
released for efficient DNA lesion bypass by the TLS poly-
merase pol m. This agrees with our data showing that p15
downregulates the activity of pol n-PCNA holoenzyme in
bypassing a cisplatin-induced DNA lesion and in extend-
ing the corresponding undamaged template. Based on our
findings, we discuss the possible mechanistic roles of p15 in
DNA replication and lesion bypass.

MATERIALS AND METHODS
Protein expression and DNA duplexes

Human PCNA (UniProt: P12004) was produced in Es-
cherichia coli BL21(DE3) cells grown in appropriate cul-
ture media to obtain protein with natural isotopic abun-
dance or uniform enrichment using a clone with N-terminal
His6-tag and PreScission protease cleavage site in a pET-
derived plasmid. For NMR samples the protein was purified
from the soluble fraction by Co®*-affinity chromatography,
cleaved by PreScission protease and polished by gel filtra-
tion chromatography (22). All columns and chromatogra-
phy systems used where from GE Healthcare. Protein elu-
tion was monitored by absorbance at 280 nm and confirmed
by SDS-PAGE. The purified protein contained the extra
sequence GPH- at the N-terminus. The PCNA sample for
crystallization was obtained by introducing two additional
purification steps (4). The sample cleaved with PreScission
protease was dialyzed against 50 mM sodium acetate pH
5.5, 100 mM NaCl. After separation of some precipitated
material, the solution was loaded on a HiTrap Heparin HP
column equilibrated with the same buffer. After column
washing, the protein was eluted with a 0-100% gradient of
50 mM sodium acetate pH 5.5, 2 M NaCl in 20 column vol-
umes (CV). The protein containing fractions of the major
peak were dialyzed against 20 mM Tris—HCl buffer pH 7.6,
150 mM NaCl and injected into a HiTrap Chelating HP col-
umn loaded with Co?* cations to remove uncleaved PCNA.
The flowthrough was loaded on a HiTrap Q Sepharose col-
umn and eluted with a 0-60% gradient of 20 mM Tris—HCl
pH 7.6, 1 M NaClin 5 CV. The protein containing fractions
were concentrated and polished using a Superdex 200 26/60
column equilibrated with PBS, pH 7.0, and then exchanged
into the crystallization buffer (20 mM Tris=HCI, pH 7.5,
10% glycerol, 2 mM DTT) using a PD10 column. Stock so-
lutions in PBS or crystallization buffer were flash-frozen in
liquid nitrogen and stored at —80°C. The protein concen-
trations were measured by absorbance at 280 nm using the
extinction coefficient calculated from the amino acid com-
position (15930 M~! cm™!). Allindicated concentrations of
PCNA samples refer to protomer concentrations. dSDNA
and pDNA duplexes were obtained by mixing equimolar
amounts of the appropriate oligonucleotides, at 93°C for
2 min with subsequent annealing by slow cooling at room
temperature.

PCNA complexes crystallization and structure determination

])155_0‘7 ’_PCNA-pDNA  complex. Stocks of PCNA,
p15°®77 and pDNA solutions were mixed to final con-
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centrations of 0.4, 0.5 and 1.1 mM, respectively (1:1.2:2.7
protein monomer:peptide:pDNA molar ratio), and incu-
bated at room temperature for 30 min before screening
crystallization conditions using the hanging drop vapour
diffusion method. Best diffracting co-crystals grew within
2 days at 4°C in droplets obtained by mixing 1 pl of the
complex solution and 1 wl of a solution containing 10%
polyethylene glycol 3350 in 0.1 M sodium acetate buffer,
pH 4.5. The best crystals from the p15°*7-PCNA-DNA
complex diffracted at 3.2 A resolution on the ESRF-1D29
beamline, and belonged to P2 space group. XDS (23) and
the CCP4i suite (24) were used for data processing. Molec-
ular replacement was used to place one hPCNA trimer
(PDB ID: 4D2G) in the asymmetric unit after removing
p15°%77 molecule and solvent. Several cycles of refinement
using REFMACS5 (25) and model building using COOT
(26) were carried out before placing the two p15°*77 chains
into the F, — F; electron density map. NCS and TLS
restraints were used. Inspection of the resulting unbiased
difference Fourier’s map inside the PCNA ring showed
some electron density for one DNA strand of the double
helix. Due to the disorder and/or partial occupancy the
second DNA strand was only partially visible. However,
modeling and refining the DNA in the same position as in
the PCNA-DNA binary complex (5) gave rise to reasonable
crystallographic parameters (i.e. model statistics, B-factor
values and quality of the 2F, — F, map) and was consistent
with the result from the MD simulations (see text for
further details). Data collection and refinement statistics
are listed in Supplementary Table ST2. Stereo view of
2F, — F, electron density map around the p15°*77 peptide
with higher occupancy is displayed in Supplementary
Figure S1. All figures with molecular models were prepared
using PyYMOL (www.pymol.org). Atomic coordinates and
structure factors of p15°7"-PCNA-DNA complex have
been deposited with PDB ID: 6EHT.

pI5*7>_PCNA complex. Crystals of pl5*~2-PCNA
complex were obtained by hanging-drop vapor diffusion
method at 4°C. Cubic crystals were grown on precipitant
solution containing 28% polyethylene glycol 400, 0.2 M
CaCly in 0.1 M Hepes pH 7.0 buffer. Stocks of PCNA,
p15-72 and DNA solutions were mixed to final con-
centrations of 0.5, 0.5 and 0.5 mM, respectively (1:1:1
protein monomer: peptide: DNA duplex molar ratio),
and incubated at room temperature for 30 min before
crystallization. Best diffracting co-crystals grew within |
day and were flash-frozen directly, and diffracted to 2.9 A
resolution on the Elettra XRDI beamline, and belonged
to P2; space group (Supplementary Table ST2). XDS (23)
and the CCP4i suite (24) were used for data processing.
Molecular replacement was used to place one hPCNA
trimer (PDB ID: 1VYM) in the asymmetric unit. Several
cycles of refinement using REFMACS5 (25) and model
building using COOT (26) were carried out before placing
the three p15*=72 chains into the F, — F, electron density
map. Jelly-Body restraints were used. Inspection of the
resulting unbiased difference Fourier’s showed no electron
density attributable to DNA inside the PCNA ring.

MD simulations

Two 300 ns MD simulation replicas were performed for the
same system. The system is a ternary complex composed of
PCNA, two pl5 peptides spanning residues 47-70 and a 40
bp DNA. The initial MD model was built by combining two
different crystal structures: the p15°®7—PCNA complex (4)
and the PCNA-dsDNA complex (5). The p15 peptide was
designed based on the p15°*7-PCNA complex structure
(4). The seven C-terminal residues are flexible and do not
interact with PCNA and were thus excluded, while five ex-
tra residues at the flexible N-terminus were added as they
are located in the clamp channel, and may transiently in-
teract with DNA, resulting in a final segment p15*7-70, The
DNA segment, with 10 bp in the crystallographic structure,
was also extended by 15 bp in each direction of the heli-
cal axis. Extension of all fragments was performed using
COOT (26). The system was completed by adding TIP3P
water molecules in a truncated dodecahedron box at least
1.5 nm away from the DNA or protein atoms. Cl- and Na+
ions were added for charge neutralization and to mimic ex-
perimental conditions of 100 mM salt concentration. The
system was minimized and equilibrated for 0.1 ns in the
NVT ensemble and then for 0.1 ns in the NPT ensemble.
All calculations were performed using Gromacs 5.1 (27) and
parmBSCl force field (28), the trajectories were analyzed
using MDTraj package (29) and plots were generated using
Matplotlib Python Library (30). The stability of the simu-
lations was checked by visual inspection of the trajectories
and the RMSD with respect to the starting structure as plot-
ted in Supplementary Figure S2. To track the evolution of
the DNA position inside the PCNA ring (Figure 2B), we
have followed this procedure: First, the PCNA chains are
superimposed for all frames, to eliminate global rotation
and translation. Second the centre of each PCNA chain is
calculated for all trajectory frames. Third, DNA base-pairs
17-21 for chain F and 20-24 for chain G are selected as
those being inside the PCNA ring. Its centre is also calcu-
lated for each frame. Fourth, to project into a 2D space, a
Principal Component Analysis is performed for the PCNA
chain centres, and DNA centres are projected into the first
two components of this subspace.

NMR spectroscopy

'"H-'>N TROSY spectra were recorded at 35°C on a Bruker
Avance III 800 MHz (18.8 T) spectrometer equipped with
a cryogenically cooled triple resonance z-gradient probe. A
400 ul sample of 100 wM U-[’H,"3C, "N,] PCNA in 20
mM sodium phosphate buffer, 50 mM NaCl, pH 7.0, 20
wM 2,2-dimethyl-2-silapentane-5-sulfonate, 0.01% NaN3,
I mM DTT and 5% 2H,O was placed in a 5 mm Shigemi
NMR tube (without plunger) and increasing volumes of
p15°%77 or dsDNA stock solutions were added and mixed
(by capping and inverting the tube). The peptide and the
DNA stocks solutions were prepared in the same buffer as
the PCNA samples (except that no NaN3, DSS or H,0
was added). For that purpose, and to remove unwanted salts
from the synthetic peptide and oligonucleotides, they were
dissolved in 20 mM sodium phosphate buffer, S0 mM NaCl,
pH 7.0 and desalted on a PD-10 Minitrap G25 column. For



duplex formation, equimolar amounts were mixed and an-
nealed (2 min at 95°C in a thermoblock followed by slow
cooling down to room temperature). The duplex and the
peptide were concentrated by ultrafiltration up to 20.84 mM
(dsDNA) or 9.52 mM (p15°*77) and concentrated DTT
was added up to 1 mM. Small volumes of the stock pep-
tide solution were added stepwise to the PCNA samples,
causing a 7% PCNA dilution. TROSY spectra were mea-
sured with 144 or 256 indirect points (alternating between
8 and 14 h total duration). The PCNA—p15°%77 sample re-
mained clear during the 6-day long titration. When the pep-
tide was present at an excess molar ratio of 6.4, the observed
changes in the PCNA spectrum were judged to be within
the experimental error with respect to the previous addi-
tion, and PCNA was considered to be saturated with the
peptide. Then a volume of dsDNA stock was added to a
1:3 molar ratio (PCNA trimer:DNA duplex). Further addi-
tions of DNA did not cause further changes in the PCNA
signals. The structural integrity of the DNA duplex was as-
sessed from the imino signals observed in one-dimensional
proton spectra, whose intensities increased upon duplex ad-
dition. The pH of the PCNA samples was measured at the
beginning and at the end of the titrations inside the NMR
tubes and found to deviate by less than 0.1 units. There-
fore, the small measured shifts are not caused by differences
in pH. The titration with the peptide allowed for an ex-
tensive transfer of NMR signal assignments from the free
PCNA to the p15°-77-bound PCNA spectra (with a cover-
age of 72% of non proline residues). For the p15°®7"-DNA-
bound PCNA the assignment transfer covered 69% of the
PCNA signals. The CSP caused by the peptide or the ds-
DNA were computed as the weighted average distance be-
tween the backbone amide 'I1 and 'N chemical shifts in
the free and bound states (31,32).

DNA synthesis assays

Chemicals. Deoxynucleotides were purchased from Gene-
Spin (Milan, Italy).

Oligonucleotides. The 24-mer template oligonucleotide
containing the cis-PtGG adduct was a kind gift from S.J.
Sturla (ETH, Ziirich) and was prepared and purified as de-
scribed previously (Nilforoushan, 2015). All other DNA
oligonucleotides, all HPLC purified. were synthesized by
Biomers.net (Germany). The 18mer primer oligonucleotide
was 5'-labeled with carboxyfluorescin (FAM) group. The
labeled primer was mixed to the complementary template
oligonucleotide at 1:1 (M/M) ratio in the presence of
150 mM Hepes—KOH pH 7.4, 500 mM KCI, 10 mM MgCl,,
250 mM NHy4Ac, heated at 95°C for 5 min and then slowly
cooled at room temperature.

Human recombinant pol . pIJM879 (33), expressing N-
terminal His-tagged human pol v, was a kind gift from
R. Woodgate (NIH, USA). Human recombinant pol m
was expressed and purified with a modified protocol:
BL21 DE3 competent E. coli cells were transformed with
pIM879. Plates containing 30 mg/ml kanamycin were used
to identify kanamycin-resistant colonies that were picked
and grown overnight at 37°C. DNA purified from bac-
terial cultures using NucleoSpin® Plasmid (NoLid) kit
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(MACHEREY-NAGEL, Diiren, Germany) was digested to
confirm the presence of the gene expressing pol m. Trans-
formed E. coli cells were used to inoculate a 50 ml starter
culture. After overnight growth at 37°C, 12 ml of the
starter culture were put into 1 1 of LB medium (containing
30 mg/ml kanamycin). After 6 h growth at 37°C, cells were
harvested by centrifugation and pellet frozen at —80°C. The
pellet was resuspended in 40ml of lysis buffer (50mM Tris—
HCI pH 7.5, 0.3 M NacCl, 20 mM imidazole, 10% glycerol,
10 mM b-mercaptoethanol [BME], 1x lysozime (Eurobio,
Courtaboeuf, France), 1 x ethylenediaminetetraacetic acid
[EDTA]-free protease inhibitor (SIGMAFAST"™ Protease
Inhibitor Cocktail Tablets, Sigma-Aldrich), 1 mM phenyl-
methane sulfonyl fluoride [PMSF] and lysed through son-
ication. After ultracentrifugation at 98 000g at 4°C for 1.5
h, the supernatant was loaded onto a 1-ml Ni-NTA column
(HisTrap " HP, GE Healthcare). Column washing was per-
formed with 3 ml of W1 buffer (20 ml Tris—HCI pH 7.5,
1 M NacCl, 20 mM imidazole, 10% glycerol, 10 mM BME)
followed by 3 ml of W2 buffer (10 mM Na-phosphate pH
7.7, 0.3 M NaCl, 20 mM imidazole, 10% glycerol, 10 mM
BME). Elution of target protein was obtained using buffer
H (10 mM Na-phosphate pH 7.7, 0.3 M NaCl, 200 mM
imidazole, 10% glycerol, 10 mM BME). The pol m positive
fractions (0.5 ml each) were pooled and overnight dialyzed
with buffer M (20 mM Na-phosphate pH 7.3, 0.1 M NaCl,
10% glycerol, 10 mM BME), in dialysis cassette (Slide-A-
Lyzer™ Dialysis Cassettes, 3.5K MWCO, Thermo Scien-
tific). Pool was then loaded onto a 1-ml cation exchanger
column (HiTrap SP, Pharmacia Biotech). Buffer N (20 mM
Na-phosphate pH 7.3, 0.5 M NaCl, 10% glycerol, 10 mM
BME) was used to elute pol mwith a linear gradient. The pol
mpositive fractions (0.5 ml each) were aliquoted and stored
at —80°C in 20% final glycerol.

Recombinant ScRFF-C was obtained as a kind gift from
the laboratory of Alessandro Costa (Francis Crick Insti-
tute), and was prepared following the procedure described
in (34).

Enzymatic assays. All reactions were performed in a 10
wl final volume using the following conditions: 40 mM Tris
pH 8, 1 mM dithiotreitol (DTT), 0.25 mg/ml bovine serum
albumin (BSA), 10 mM Mg>* (unless otherwise stated in
the figures or figure legends). Enzymes and DNA sub-
strates concentrations are indicated in figure legends. Re-
actions were incubated at 37°C for 15 min, unless otherwise
stated. Reaction mixtures were stopped by addition of stan-
dard denaturing gel loading buffer (95% formamide, 10 m
methylenediaminetetraacetic acid, xylene cyanol and bro-
mophenol blue), heated at 95°C for 5 min and loaded on a
7-M urea 12% polyacrylamide (PA) gel.

Electronic image manipulation. Linear transformations
have been applied in some instance to the whole images
using the exposure/brightness filters of Adobe Photoshop
CS6 with the sole purpose of reducing excessive back-
ground. No masking/enhancement was applied to any spe-
cific feature of the images.
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RESULTS
Crystallographic evidence for p15—PCNA-DNA interactions

We co-crystallized human PCNA with a 10-bp primed
DNA duplex (pDNA, as seen in published crystallographic
analysis with both bacterial clamp (35) and Saccharomyces
cerevisiae PCNA (2) and either the pl5 fragment that was
previously co-crystallized with PCNA alone (p15°*77, com-
prising the extended PIP-box) (4), or a longer fragment that
includes nine additional N-terminal residues (p15*-7%). In
both crystals, incorporation of DNA is confirmed by their
blue color, due to the presence of a Cy5 probe attached to
the DNA (Figure 1A). .

Crystals including the p15°%77 peptide diffracted to 3.2 A
resolution, and the Fourier difference map calculated after
placing and refining the PCNA ring alone in the asymmetric
unit showed two PIP-box sites occupied by the p15°%77 pep-
tide and electron density features in the channel that may be
attributed to one strand of the DNA duplex. However, elec-
tron density from the second strand is weak and the 4-base
single stranded overhang invisible (Figure 1B). This sug-
gests partial disorder and/or low occupancy of DNA. We
then aligned the previously determined structure of PCNA
bound to a 10 bp dsDNA (5) onto the current model and
found that the DNA duplex fits reasonably well the residual
electron density in the ring channel (Figure 1B). This DNA
position, which leans towards the PCNA subunit not oc-
cupied by p15°-77, also results in the best model statistics,
lowest B-factors of DNA and best quality of the 2F, — F,
electron density map (Figure 1C, and Supplementary Ta-
ble ST2) and, importantly, agrees with the results from MD
simulations (see below). The electron density for the DNA
is still weak, indicating low occupancy and/or the presence
of multiple conformations, but allows to propose a model,
which shows the duplex portion of the DNA substrate in
a similar position to that seen in the PCNA-dsDNA bi-
nary model, in the presence of two pl5 peptides (Figure
1C). As in the p15°*"7-PCNA binary structure (4), the sto-
ichiometry of p15°*77 binding to PCNA is defined by the
crystal packing, where a symmetry-related PCNA molecule
occludes the peptide binding site on one subunit. The two
p15°%77 peptides show different occupancies. The peptide
with higher occupancy has its PIP-box (Q62-F69) sitting
on at the PCNA front face forming a 3j¢ helical turn, with
a type-1 B-turn at its N-terminus (P59-Q62) that positions
residues P52-T58 to contact PCNA helices A2 and aB2 on
the clamp inner wall (Figure 1C and Supplementary Figure
S1). Features of the peptide with lower occupancy are com-
parable yet weaker, and the peptide N-terminus could be
modelled up to V53. Because of the partial disorder of DNA
and the presence of a symmetry related loop that plugs the
top of the PCNA channel (and may potentially affect both
DNA positioning and occupancy, Figure 1B), we resorted
to MD simulations to corroborate the crystallographic re-
sults and gain further structural insights on the ternary as-
sembly.

Co-crystals of PCNA with p15*=7? and pDNA were also
obtained and diffracted to 2.9 A resolution (Supplementary
Table ST2). In the electron density map, however, no signif-
icant density was observed that may arise from DNA (Fig-

ure 1D), suggesting that, although incorporated in the crys-
tal, the DNA is not sufficiently ordered to generate a struc-
tured signal. The electron density map showed three p15
fragments spanning residues 50-72 in the corresponding
PIP-box sites, with a conformation analogous to that ob-
served in the co-structure with the p15°*7 peptide (Figure
1E and Supplementary Figure S1). Notably, due to steric
hindrance, the location of the p15*~7> peptides would in-
terfere with DNA binding to PCNA in the orientation ob-
served in the PCNA—dsDNA binary structure (Figure 1E),
suggesting that pl5 may outcompete DNA for binding to
the PCNA inner rim.

MD simulation of PCNA in complex with two p15 PIP-boxes
and a 40 bp DNA

Two replicas of a 300 ns MD simulation of a ternary
complex composed of PCNA, two pl5 peptides spanning
residues 47-70 and a 40 bp DNA (Supplementary Table
ST1) were performed. The initial MD model was built by
combining features of two different crystal structures: the
p15°%7_PCNA complex (4) and the PCNA-dsDNA com-
plex (5) by extending the DNA segment by 15 bp in each
direction of the helical axis. The p15 peptide for this model
was designed based on the p15°-7-PCNA complex struc-
ture, by deleting the seven pl5 C-terminal residues that are
flexible and do not interact with PCNA and adding three
extra residues at the flexible N-terminus, as they are lo-
cated inside the clamp channel, and may transiently inter-
act with DNA. Before starting the simulation, the DNA
was moved away from its binding site on the inner wall of
the clamp channel to a central position with minimal con-
tacts with PCNA. Along the trajectory, the pl5 peptides
stay anchored to their binding sites on two PCNA subunits,
while DNA rotates and tilts towards the wall of the sub-
unit that is not occupied by p15 (Figure 2A and B, Supple-
mentary Movie S1 and Supplementary Figure S2). At the
end of the simulation, the DNA segment within the chan-
nel has a position similar to that observed in a previous
250 ns simulation of PCNA bound to a 30 bp DNA in ab-
sence of p15, where DNA simultaneously interacts with two
adjacent sets of DNA-helix matching residues located on
two PCNA subunits, as well as with residues on the clamp
back face (5) (FFigure 2A). Importantly, the topology of po-
lar interactions between DNA and the PCNA subunit not
occupied by pl15 coincides with that observed in the crys-
tal structure of the PCNA-dsDNA complex (Figure 2C).
These results are consistent with the crystal structure of the
p15°7_PCNA-DNA complex presented in this work and
the proposed position for the partially disordered and/or
incompletely occupied DNA. Altogether, these data suggest
that, in the presence of two p15 molecules, a DNA duplex
longer than 10 bp may still bind one of the three PCNA
sliding surfaces.

Distance analysis of the intermolecular contacts along
the MD trajectory shows that pl5 residues N-terminal to
the PIP-box (residues 52-61) are stably anchored to the in-
ner wall of the PCNA ring, while the extreme N-termini
(residues 47-51) remain flexible and thread the channel
(Supplementary Figure S3 and Supplementary Movie S1).
Overall, the p15 peptides establish limited contacts with
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Figure 1. Crystal structures of human PCNA bound to pl5 fragments and DNA. (A) Blue crystals of pl15°-77-PCNA-DNA complex. Co-crystals of
PCNA mixed with p15*'=72 and DNA were also blue, confirming incorporation of DNA in the crystal lattice. The cartoon below shows the sequence of
the DNA substrate. (B) Side view of the 2F, — F. omit map of the p15°" 77-PCNA-DNA complex refined without DNA in the model, contoured at 0.7
. showing the PCNA central channel. PCNA subunits (green and wheat) and p15°*77 peptide in the background (blue) are in stick representation. The
loop of a symmetry related PCNA molecule is shown in grey. The DNA, modeled as in the PCNA-dsDNA binary structure (5), is shown in orange. (C)
Side- and top views of the refined p15°*-77-PCNA-DNA complex structure. PCNA and p15°*77 are shown in ribbon representation, and the protein and
peptide chains colored differently. The DNA, shown in orange, is modeled as in the PCNA—-dsDNA binary structure. The 2F, — F. map around DNA is
shown contoured at 0.7¢. (D) Side view of the 2F, — F, map of the p15*'~72-PCNA complex contoured at 0.7¢, showing the PCNA central channel as in
(B). (E) Top view of p15*!"72_PCNA complex structure, color-coded as in (C). The DNA shown as a grey transparent ribbon in the same position as in
(C) would cause a steric clash with the N-terminus of the p15 peptide on the third PCNA subunit.

DNA. In particular, polar contacts between peptide Y47
and G49 and DNA phosphates are detected. Conversely,
DNA shows extensive interactions with the clamp (Figure
2A), and the side chains of many basic residues at the in-
terface can randomly switch between adjacent DNA phos-
phates on a sub-nanosecond time scale (Supplementary
Figure S4), as was observed in the MD simulation of the
binary complex (5).

NMR analysis of PCNA binding to the p15 PIP-box and a
10 bp DNA

We characterized the interaction of PCNA with p15°-7
and a 10 bp dsDNA (Supplementary Table ST1) by solution
NMR. ?H-""N-labeled PCNA was firstly titrated with un-
labeled p15°*77 and chemical shift perturbations of PCNA
backbone amide signals analyzed. Two groups of interact-
ing residues were identified: residues whose signals gradu-
ally shift along the titration (Figure 3A and Supplementary
Figure S5), implying a fast exchange regime on the NMR
time scale, and residues whose signals broaden and disap-
pear (due to signal attenuation below the noise level or un-
traceable shifting) at substoichiometric concentrations of
peptide (Figure 3A and B), indicating an intermediate ex-
change regime. For the residues of the first group, a dissoci-
ation constant of ~35 pM at 35°C was derived (Supplemen-
tary Figure S6), at the same order of magnitude as the 12.5
wM constant previously measured at the same tempera-

ture by isothermal calorimetry (4). For some residues of the
latter group, new signals appearing at saturation could be
tentatively assigned to the bound form (Figure 3A). When
projected onto the PCNA surface (Figure 3C), the residues
whose signals disappear at substoichiometric peptide con-
centration strongly overlap with those at the interface in
the p15°*-7—PCNA-DNA crystal structure (Figure 1C), in-
dicating that they interact tightly with PCNA, while the
residues whose persisting signals significantly shift are lo-
cated next to the main binding site (Supplementary Figure
S5). Signals of K77, K80 and H153 disappear, while sig-
nal of K217 persists but is significantly perturbed (Figure
3B, C and Supplementary Figure S5). These are four of the
five residues at the PCNA-DNA interface in the p15°77—
PCNA-DNA crystal structure (Figure 1B). This is consis-
tent with the partial overlap between the pl5 and DNA
binding sites seen in the crystal structure, and suggests that,
in solution, p15 may compete with DNA binding.

In order to map the interaction site of DNA onto p15-
bound PCNA, a labeled PCNA sample saturated with un-
labeled p15°%77 was used for a second titration with ds-
DNA. Signal shift saturation with dsSDNA was achieved at
1:3 molar ratio (PCNA trimer:DNA duplex) (Figure 3A).
The fact that, in an analogous titration of PCNA with ds-
DNA in the absence of p15°%77, only ~10% of complex was
formed at this molar ratio (5) indicates that the presence
of p15°%77 increases the apparent DNA affinity for PCNA.
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Projection onto PC2 (A)

-4 -2 0 2 4
Projection onto PC1 (A)

Figure 2. MD simulation of PCNA bound to two p15%7-7" peptides and a 40 bp DNA (A) Superposition of the initial and equilibrium states of the MD
trajectory. PCNA is shown as a gray surface and DNA as a ribbon. The DNA in magenta (with transparency). and black correspond to the initial and
equilibrium states of the simulation, respectively. PCNA residues whose side chains are engaged in polar contacts with DNA phosphates are labeled.
Residues of different PCNA subunits are colored in green, yellow and wheat. (B) Principal Component Analysis of the evolution of the DNA position
inside the PCNA ring (see Methods section for details). The centre of DNA in each trajectory frame was projected onto the first 2 components of the
subspace composed of the centres of the 3 PCNA subunits. Each frame is coloured using the viridis colormap, which goes from dark purple for the first
frames to yellow for the last ones. In the initial frame, DNA is close to (0,0), the centre of the three PCNA chains, and it quickly translates to a non-
centered position. The final position is retained due to the stabilizing interactions reported in Supplementary Figure S4. (C) Close-up of the equilibrium
state of the MD trajectory showing the PCNA-DNA interface. Interacting PCNA side chains and DNA phosphates (interatomic side chain nitrogen —
DNA phosphorus distance < 4 A) are shown as sticks and black spheres, respectively. DNA in yellow corresponds to the position in the crystallographic
PCNA-dsDNA binary structure (5), with interfacial phosphates shown as spheres.

This result is consistent with the fact that no DNA bind- ever, we cannot discard the possibility that DNA only par-
ing affinity can be biochemically measured for PCNA alone,  tially penetrates the PCNA channel saturated with p15°%-77,
whereas a weak but detectable affinity for DNA has been either from the front or back face.
previously measured (4) by {luorescence polarization in the
presence of p15°~"7, Like in PCNA alone titrated with ds-  p15-induced inhibition of pol n—PCNA holoenzyme activity
DNA or pDNA, backbone amide signal shifts are small . . . . ..
(CSP < 0.06 ppm). suggesting that the interaction involves Given thg importance of pl5 in regulatmg.the activity of
amino acids with long side chains (Figure 3B). The DNA- pol n during TLS shown in cell-based experiments (18). we
induced perturbations map to residues within the channel performed biochemical studies using purified proteins to
as well as residues that line the p1 577 binding site on the gain further mechanistic insight in light of our new struc-
front face of the PCNA ring (Figure 3C). The peptide, how- tural data. Thus, we first probed the effects of p15 on the
ever, remains anchored to its binding site since the signals ~ activity of pol 1-PCNA holoenzyme in extending a DNA
of PCNA residues that disappear in the presence of sub- primer across a site-specific cisplatin lesion. A time course
stoichiometric p1 5% are not recovered by DNA addition ~ ©f Polmbypass in the presence or absence of PCNA and p15
(Figure 3A and B). Overall, these data suggest that DNA ~ Was performed with a DNA template bearing a cisPt(GG)
may thread through the PCNA channel when p15%-77 sat- adduct at positions +1 and +2 (Figure 4A). Data shows that
urates the three PIP-box sites, but that p15°*77 remains an- pol malone (40 nM) was able to complete the bypass, result-
chored to the inner wall of the ring. The perturbations near 1€ in the incorporation of two dCMPs opposite both Gs in
the front face of the ring may arise from transient contacts the adduct (lanes 6-7, Figure 4A). At increasing times, the
that the threaded DNA makes with p15°-77, slightly alter- +1 product was reduced, being converted into +2 product.
ing the position of the side chains. Based on this data, how- Further clongation past the lesion was minimal, as expected
from the highly distributive nature of pol m, especially in
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Figure 3. NMR analysis of PCNA binding to p15°*77 and a 10 bp dsDNA. (A) Superposition of 'H-'"N TROSY spectra of 95 M PCNA in the absence
(black) and presence (green) of 606 wM of p15°*77 and (red) of 92 pM dsDNA (left) generated with oligonucleotides 3—4 in Supplementary Table SI.
Spectra were acquired at 35°C on samples in 20 mM sodium phosphate, 50 mM NaCl, pH 7.0. The ex%ansion shows signals of three representative residues.
A96 signal is not perturbed by the addition of either p15°77 or DNA. R149 signal persists upon p15°"77 addition, and shifts significantly by the sequential
addition of DNA. Conversely, K77 signal disappears at substoichiometric concentrations of p15°°-77_ and is not recovered by DNA addition. The dotted
arrow points to a signal that is tentatively assigned to K77 in the p15°-77-bound form. (B) Chemical shift perturbations (CSP) of backbone amide 'H
and "N NMR resonances induced by DNA. The dotted line indicates the average plus two standard deviations. The green bars indicate the position of
residues that disappear upon addition of substoichiometric p15°%-77_ and are not drawn to scale. The residues perturbed by p15°*-77 and that also appear
at the interface of the p15°" 77-PCNA-DNA crystal structure are labeled. (C) Front- and back-face views of PCNA surface. PCNA residues whose amide
signals disappear in the presence of substoichiometric p15°'~77, or are significantly perturbed by DNA are colored green or red, respectively. p15°*77 at

the three PCNA PIP-box sites is shown in sticks, and DNA in the crystallographic position is shown as and orange ribbon.

replicating damaged templates (36). Addition of a 10-fold
excess of PCNA (lanes 4-5) did not significantly affect polm
activity. Such effect is not surprising: while PCNA has been
shown to stimulate pol m activity on DNA substrates with
blocked ends (36,37) or circular templates (38), this stimu-
lation may not be captured on a DNA substrate with free
ends as the one in our assay, because of the rapid turnover
of PCNA across the substrate. In addition, if PCNA stim-
ulation of pol m results from an increased affinity for the
incorporated nucleotide (38), the saturating nucleotide con-
centrations used in our experiment would mask the stimu-
lation. On the other hand, addition of equimolar amounts
of PCNA and p15 (lanes 2-3) reduced nucleotide incorpo-
ration at +2 and +3 positions reproducibly also in indepen-
dent experiments (Supplementary Figure S7). To rule out
the possibility that the inhibitory effect of p15 on pol m ac-
tivity is due to a defective loading of PCNA onto the primer-
template (P/T) junction of the DNA substrate, the TLS
experiment was repeated in the presence of Saccharomyces
Cerevisiae Replication Factor C (ScRF-C), which is able to
load human PCNA on DNA (39). Our results (Supplemen-
tary Figure S8) show that p15 delays TLS by pol —=PCNA
across a cis-Pt lesion even in the presence of RF-C.

The replication experiment was repeated with the same
DNA substrate without the lesion (Figure 4B). Again, while

polmalone (lanes 10-13) or in the presence of PCNA (lanes
6-9) showed equal processivity, the addition of PCNA and
pl5 reduced nucleotide incorporation at position +2 at the
initial time point (lane 2), and slowed down the synthesis
of the full-length product (lanes 3-5). To confirm that the
inhibitory effect of p15 is mediated by the interaction with
PCNA and not by a direct interaction with pol m, the activ-
ity of pol min replicating the substrate was tested in the ab-
sence or presence of p15 alone, showing that p15 alone does
not affect the activity of the polymerase (Supplementary
Figure S9). To assess whether a p15 fragment spanning the
region interacting with PCNA is sufficient to induce the in-
hibitory effect on pol  observed with full length p15, polm
activity was tested on the undamaged DNA substrate (Fig-
ure 4C) in the presence of PCNA and in the absence (lanes
2 and 3) or in the presence of p15*'~72 peptide (lanes 4,5)
or full length p15 (lanes 6.7). Addition of p15*-7% or p15 in
combination with PCNA caused a reduction of DNA syn-
thesis with respect to pol mand PCNA alone, which stopped
at positions +1 and +2, corresponding to incorporation op-
posite the first two Gs of the template. These results indicate
that p15 or p15*"=72 in conjunction with PCNA are able to
reduce pol m synthesis at comparable levels.

Considering the concentrations of pol m, PCNA and p15
in the assays in Figure 4A and B, and the dissociation con-
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Figure 4. Inhibition of pol m holoenzyme by pl5 (A) Time course of the reaction of pol m in the presence of PCNA/pl5 at equimolar concentrations
(Lanes 2 and 3), in the presence of PCNA (Lanes 4 and 5), or with pol malone (lanes 6 and 7) on a cisPt(GG) template (10 nM), with all four dNTPs at the
indicated concentration. (B) Time course of the reaction of pol m on the template without the lesion (10 nM), in the presence of PCNA/p15 at equimolar
concentrations (lanes 2-5), in the presence of PCNA (lanes 6-9), or pol n alone (lanes 10-13), with all four dNTPs at the indicated concentration. (C)
Reaction of pol m replicating the undamaged template in the presence of PCNA and in the absence or presence of p15%=7? peptide or full length p15.
Reactants at the indicated concentrations were incubated at 37°C for 30 s and the reaction was stopped by addition of standard denaturing gel loading
buffer. In all these experiments, PCNA was not ubiquitylated. These experiments show that p15 downregulates the activity of pol n-PCNA holoenzyme
in bypassing a cisplatin lesion as well as in replicating a normal DNA substrate.

stants for the pol -PCNA (K4 = 0.4 .M, measured by sur-
face plasmon resonance at 25°C) (40) and p15-PCNA (Ky4
= 1.1 pM. measured by ITC at 25°C) (4) binding equilibria,
we estimated the relative populations of binary complexes
assuming that binding of pol m and p15 to PCNA is mu-
tually exclusive. Under this assumption, 42% of pol m and
23% of p15 are saturated with PCNA. Thus, each ANTP in-
sertion step is carried out by a combination of pol m alone
and pol m holoenzyme. However, if p15 did inhibit binding
of pol mto PCNA, a drop of pol mactivity in the presence of
p15 should not be observed, because the latter would favor
the formation of free pol m, which shows full activity. Fur-
thermore, the relatively high (30 nM) (36) and low (5 pM)
(4) affinity of pol nand p15 for DNA, respectively, rules out
that p15 may prevent the access of pol m to the DNA P/T
junction. This suggests that inhibition of pol n processivity
in the presence of PCNA and pl15 is due to the formation
of an impaired ternary pl 5-PCNA—pol m holoenzyme, defi-
cient in primer synthesis against both damaged and normal
templates.

DISCUSSION

Topology and stoichiometry of p15 binding to PCNA loaded
on DNA

The data reported in this study reveals that DNA can thread
through the PCNA ring along with two p15 chains, and that

the structure of the p15 segment interacting with PCNA is
invariant in the absence or presence of DNA. In our MD
simulations, the disordered N-termini of the p15 fragments
exit the PCNA back face, a topology analogous to that of
full length p15 bound to PCNA in the absence of DNA
(4,21). The limited number of contacts between p15°*77 and
DNA observed in our computational analysis suggests that
p15 mostly operates as a passive steric obstacle constrain-
ing the DNA in the clamp channel. Critically, p15 shields
key residues at the PCNA sliding surfaces, confining DNA
in discrete positions, which depend on the p15 stoichiome-
try of binding (Figure SA-D). This mode of binding, with
DNA partially competing with p15 for a single binding site
on the clamp inner ring, is also supported by (i) our NMR
study showing that DNA does not disengage p15 from the
inner wall of PCNA saturated with p15 and (ii) our struc-
ture of PCNA co-crystallized with three p15 peptides and
DNA, showing that DNA does not occupy the central chan-
nel.

Because pl5 is stably associated with PCNA on chro-
matin during the S phase of the cell cycle (18), it is likely
that during replication polymerases and other DNA-editing
enzymes bind one or two PCNA sites only, so that the free
sites(s) would be available for p15 binding. Indeed, the cat-
alytic subunit of pol 8 (p125) and Fen-1 were co-precipitated
with p15 and PCNA from pancreatic cell lysates (19). While
Fen-1 is a monomeric enzyme that binds PCNA through a



Figure 5. Possible effects of p15 on PCNA sliding (A) PCNA can diffuse
on DNA contacting three equivalent sliding surfaces, each composed of
two homologous sets of basic residues spanning across the interface of two
subunits (the 3 PCNA subunits are colored green, yellow and wheat). (B—
D) The stoichiometry of pl5 binding to the PCNA homotrimer defines
the available surfaces for clamp sliding. Whether a configuration where
PCNA simultaneously binds three p15 chains and DNA, can be achieved,
and whether it completely or partially hinders sliding, remains to be deter-
mined.

single PIP-box (41), human pol § consists of four subunits
(p125, p66, p50 and pl2) and all of them are required for
optimal holoenzyme activity (42). Although all four sub-
units contain potential PIP-box sites, examination of re-
constituted holoenzymes in which the PCNA binding mo-
tifs have been mutated or inactivated have only been tested
for p12 and p66 (43-45), and there may exist multiple sub-
assemblies of pol § in vivo (46,47). Thus, considering its
small size and high flexibility, p15 may coexist with pol 8 on
the same PCNA homotrimer in a replicating cell. Likewise,
a comparison of the Fen-1-PCNA (41) (PDB ID: 1ULI)
and p15°77-PCNA (4) (PDB ID: 4D20) crystal structures
suggests that Fen-1 and p15 may both be accommodated on
a single PCNA ring.

The 78-kDa pol m is less bulky than pol & and binds
PCNA mainly through a single PIP-box located at its flex-
ible C-terminus (40). Considering the comparable PIP-box
affinities for PCNA (4,40), pol m and pl5 may co-exist on
one PCNA homotrimer. The recently determined negative
stain EM structure of ubiquitylated PCNA bound to pol m
and DNA (48), where two PIP-box sites would be free for
pl5 binding, supports this hypothesis (Figure 6A).

Possible roles of p15 in the holoenzymes with the replicative
and TLS polymerases

We propose that p15 is part of the human holoenzyme that
replicates the DNA lagging strand, and may function to fas-
ten the DNA within the clamp channel by reducing the ac-
cessible sliding surfaces. We and others have shown that the
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PCNA-DNA interaction is weak and transient (2,4.5,7,9),
and recent evidence showed that human pol & maintains
a loose association with PCNA while replicating (49). Be-
cause the polymerase needs to maintain a fixed position rel-
ative to the phosphodiester backbone at the P/T junction, a
constrained orientation of PCNA with respect to the helical
pitch may improve the overall stability of the holoenzyme.
Such stabilizing role of p15 would explain the negative ef-
fects of p15 knockdown on DNA synthesis (19,20).

While a high-resolution structure of a PCNA-
polymerase-DNA complex is still awaiting, both the
medium resolution EM structure (50) and MD simulations
of Pyrococcus furiosus (Pfu) PCNA bound to PolB and
DNA (51) show that DNA within the clamp is tilted.
Particularly, the MD model of the complex in polymer-
izing mode shows features at the clamp-DNA interface
analogous to those observed in the p15°~7-PCNA-DNA
model presented here, where five conserved positively
charged residues, matching the dsDNA B-helix archi-
tecture, interact with five consecutive phosphates of one
DNA strand, suggesting that this key determinant of the
interaction is conserved and may be present in the pol &
holoenzyme. Indeed, mutation of residues at the PCNA—
DNA interface impairs both initiation of DNA synthesis
(10) and processivity of pol & (11), suggesting that the
PCNA-DNA interactions control both clamping and slid-
ing activities of PCNA in processive DNA replication. In
their computational work, Ivanov and co-workers (51) also
showed that the repositioning of the PolB core during the
conformational switch from polymerizing to editing modes
forces the DNA to tilt from one side of the PluPCNA
channel to the other. A 30° change in DNA tilt within the
clamp in the catalytic core of the bacterial replisome from
polymerizing to editing modes was also observed in the
recent cryo-EM work by Lamers and colleagues (52,53).
Perhaps, in the human pol & holoenzyme, p15 plays a role
in guiding DNA through the PCNA inner rim in between
DNA synthesis and editing steps of the polymerase.

Single molecule experiments suggested that PCNA may
slide by rotationally tracking the DNA helix or by a less
frequent translational mode uncoupled from the helical
pitch (8), while a recent computational work predicts that
the coupling between rotation and translation is weak (9),
suggesting that the translational mode is prevalent. Thus,
pl5 binding to PCNA may increase the rotation-translation
coupling by reducing the available sliding surfaces (Figure
5). This, together with the DNA binding activity of the p15
disordered N-terminus, may result in a slower diffusion of
PCNA on DNA. Therefore, p15 might regulate the sliding
velocity of PCNA, and this function may be required for the
DNA damage response to prevent a rapid drift of PCNA
from stalled forks in between polymerase swapping events.

Upon encounter of a DNA lesion, pol § dissociates from
PCNA. which becomes ubiquitylated, and is replaced by
pol m that replicates DNA past the lesion (54,55). While
the ubiquitin moieties of ubiquitylated-PCNA may interact
with the C-terminal ubiquitin binding motif (UBZ) of pol
7, a large body of data argues that ubiquitylation of PCNA
is not strictly necessary for pol m recruitment and activity
in TLS (38,56,57). Notably, a recent report unambiguously
demonstrates that the binding of pol nto PCNA, and DNA
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Figure 6. Structural models of pol 1-PCNA holoenzymes with p15 and DNA. (A) The PCNA trimer of the p15°-77-PCNA crystal structure (PDB ID:
4D2G) was superposed to PCNA of the low-resolution structure of human pol n-PCNA-DNA generated from EM data (PDB ID: 3JA9 and 3JAA) (33).
DNA is shown in black. The vacant PIP-box site on PCNA (subunit wheat) was occupied by the C-terminal PIP-box of pol m using the crystal structure
of human PCNA bound to pol m residues 700-710 (chain W of PDB ID 2ZVK) (40). The dashed line indicates the flexible pol m C-terminus (residues
433-699). (B) The PCNA trimer of the structure of p15°*7-PCNA-DNA complex (PDB: 6EHT) was superposed to PCNA of the pol -PCNA-DNA
(48) complex (PDB: 3JA9 and and 3JAA). The DNA of the first complex (elongated to 40 bp) is shown as an orange ribbon, that of the latter (elongated
to 25 bp) as a black ribbon. According to these models, it is possible that p15 may co-exist with pol nyon the same PCNA ring. However, the constraint on
DNA within the clamp channel imposed by p15 may hinder the translocation of pol m holoenzyme on DNA.

synthesis by a pol n holoenzyme are both independent of
PCNA monoubiquitylation (36).

During unperturbed replication, pl5 is mono-
ubiquitylated at K15 and K24 and is degraded by the
proteasome after UV irradiation or cisplatin treatment
(18). Degradation of ubiquitylated p15 upon DNA damage
is required for the recruitment of pol m to the replication
foci and efficient lesion bypass, and the authors suggested
that p15 may prevent the binding of pol m to PCNA. In
this work, we showed that p15 has an inhibitory activity on
the pol =PCNA holoenzyme in synthesizing past the 5dG
of a 1,2-d(GpG) cisplatin DNA adduct and in extending
the undamaged template. Importantly, a pl5 fragment
spanning only the region of interaction with PCNA is
sufficient to inhibit pol n activity. Rather than preventing
pol m from binding to PCNA, our data suggests that p15
inhibits pol m activity by associating to the holoenzyme, a
possibility supported by structural considerations (Figure
6A). Although the DNA in the EM map of pol m bound
to ubiquitylated PCNA and DNA is not fully defined
(48), the DNA duplex within PCNA lies close to one
of the clamp subunits, in a position different from that
observed in our pl5-PCNA-DNA complex structure
(Figure 6B). We propose that the constraint imposed to
DNA by pl5 in the central channel of PCNA may hinder
the advancement of DNA in the pol m active site required
for the incorporation of the nucleotide opposite to the SdG
of the DNA template. Thus, after the insertion of the first
dCMP, the polymerase may become ‘idle’ and dissociate
from PCNA. Further high-resolution structural studies on
pol m holoenzyme will shed light on this possibility.
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ABSTRACT Ribonucleotide incorporation is the most common error occurring during DNA replication. Cells have hence devel-
oped mechanisms to remove ribonucleotides from the genome and restore its integrity. Indeed, the persistence of ribonucleo-
tides into DNA leads to severe consequences, such as genome instability and replication stress. Thus, it becomes important to
understand the effects of ribonucleotides incorporation, starting from their impact on DNA structure and conformation. Here we
present a systematic study of the effects of ribonucleotide incorporation into DNA molecules. We have developed, to our knowl-
edge, a new method to efficiently synthesize long DNA molecules (hundreds of basepairs) containing ribonucleotides, which is
based on a modified protocol for the polymerase chain reaction. By means of atomic force microscopy, we could therefore inves-
tigate the changes, upon ribonucleotide incorporation, of the structural and conformational properties of numerous DNA popu-
lations at the single-molecule level. Specifically, we characterized the scaling of the contour length with the number of basepairs
and the scaling of the end-to-end distance with the curvilinear distance, the bending angle distribution, and the persistence
length. Our results revealed that ribonucleotides affect DNA structure and conformation on scales that go well beyond the typical
dimension of the single ribonucleotide. In particular, the presence of ribonucleotides induces a systematic shortening of the
molecules, together with a decrease of the persistence length. Such structural changes are also likely to occur in vivo, where

they could directly affect the downstream DNA transactions, as well as interfere with protein binding and recognition.

INTRODUCTION

Current opinion on the evolution of genetic information sug-
gests that DNA was selected as the storage molecule
because it is more stable with respect to its ancient precur-
sor, RNA (1). The only difference between DNA and
RNA is the presence of a hydroxyl group on the ribose of
RNA monomers (rNMPs). Such group makes RNA unstable
and less suitable to safely store genetic information (2).

Recent works reported that large amounts of ribonucleo-
tides are misincorporated into chromosomes during DNA
replication, even though DNA polymerases are extremely
accurate enzymes (3-5). The frequency of incorporation in
budding yeast is estimated to be ~1 every 700 nucleotides,
making ribonucleotides the most frequent noncanonical
nucleotides incorporated into the genome (6).
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The elevated levels of ribonucleotides incorporated may
suggest that this is not a mere error of DNA polymerases,
but that it may have some beneficial roles. Indeed, it was
recently demonstrated that ribonucleotides help a specific
DNA repair pathway in discriminating the newly synthe-
sized strand from the template filament (7.8). However,
ribonucleotides are not permanent in DNA, because cells
possess specific mechanisms to remove them from the
genome (6,9). The persistence of INMPs is an endogenous
source of genome instability and replication stress
(5,10-12).

RNase H enzymes are able to recognize and cleave
embedded rNMPs (13), and are responsible for the major
pathway that processes genomic rNMPs. Interestingly,
defects in RNase H2 function represent the major cause of
a rare genetic disorder, Aicardi-Goutieres syndrome (14).

How rNMPs embedded in chromosomal DNA may inter-
fere with DNA-protein interactions has not been investi-
gated yet, although it has been reported that nucleosomes
assembly on DNA is reduced when even a single ribonucle-
otide is present (15). Understanding the structural changes
imposed upon DNA molecules by the presence of
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ribonucleotides is essential to determine the biological
impact of their persistence in the genome. It is thus crucial
to explore and investigate those effects at the single-mole-
cule level.

During the 1990s, the first ribonucleotides containing
DNA (RC-DNA) molecules were crystallized. These
were very short self-complementary oligonucleotides with
embedded ribonucleotides. X-ray diffraction analyses sug-
gested that the presence of ribonucleotides induce a com-
plete change toward the A-conformation, both when they
are in the middle or at the ends of the molecules (16—18).
In solution studies, such as nuclear magnetic resonance,
the transition observed was partial (19,20). Molecular
dynamics simulations suggested that even with 50% of
ribonucleotide substitutions, B-DNA is not fully converted
to A-DNA, although the ribose caused local perturbations
(21). In addition, atomic force microscopy (AFM) measure-
ments showed that ribonucleotides also perturb the back-
bone elasticity (22-24) with respect to DNA in the
B-form, although these studies report different trends of
the persistence length in relation to the presence of ribonu-
cleotides. In conclusion, only a few single-molecule studies
on the structural properties of RC-DNAs are available in the
literature, and furthermore, in some cases apparently con-
tradictory results are reported. And in most cases, short
RC-DNA molecules are studied, although in biologically
relevant cases (such as in vivo), the molecules are much
longer.

Here we present the results of a systematic study of the
structural effects of ribonucleotide incorporation into DNA
carried out taking advantage of, to our knowledge, a novel
protocol to synthesize several-hundred-of-basepairs-long
RC-DNA molecules. RC-DNA molecules were produced
via enzymatic synthesis by a mutant Tag polymerase
(I614K), able to introduce ribonucleotides (rNTPs) in
addition to deoxynucleotides (ANTPs). We were therefore
able to produce numerous populations of RC-DNA mole-
cules, as well as their controls without ribonucleotides,
that have been studied at the single-molecule level by
means of AFM. The main advantage of AFM is the possi-
bility of studying large ensembles of molecules, by quan-
titatively analyzing each molecule individually, therefore
obtaining robust average values of relevant structural and
conformational observables (25-28). In particular, we
have characterized the scaling of the contour length with
the number of basepairs, the scaling of the end-to-end dis-
tance with the curvilinear distance, the bending angle
distribution, and the persistence length of DNA molecules,
showing that the presence of ribonucleotides affects the
DNA structure and conformation well beyond the scale
of the single ribonucleotide, up to full molecular length.
The observed changes are also likely to take place in
physiological conditions such as the cell environment,
and consequently influence DNA transactions occurring
in vivo.

1374 Biophysical Journal 713, 1373-1382, October 3, 2017

MATERIALS AND METHODS
Taq polymerase production

The pTaq plasmid was site-directed mutagenized using primers TAQI614K
for 5'-TGG CCC TGG ACT ATA GCC AGA AAG AGC TCA GGG TGC
TGG CCC A-3' and TAQI614Krev 5-TGG GCC AGC ACC CTG AGC
TCT TTC TGG CTA TAG TCC AGG GCC A-3'. BL21(DE3) Escherichia
coli cells harboring pTaq or pTaql614K were grown in selective medium
and protein expression was induced by IPTG addition. Protein extraction
and purification was done by GeneSpin (Milan, Italy).

RC-DNAs synthesis

Polymerase chain reaction (PCR) was performed with either wild-type (WT)
or1614K Taq polymerase in the presence of dATP, dGTP, and dTTP 0.2 mM,
dCTP 0.1 mM for normal DNAs, and plus rCTP 0.8 mM only for RC-DNAs.
Nucleotides were purchased from GeneSpin. The 464- and 727-basepair (bp)
fragments were amplified from pGEMS3Zf plasmid using primer pairs
5'-TCG GGA AAC CTG TCG TGC C-3'/5'-CAG CGT GAG CTA TGA
GAA AG-3' and 5'-TCG GGA AAC CTG TCG TGC C-3'/5'-TCA GCA
GAG CGC AGATAC CA-3', respectively. The 646-bp fragment was ampli-
fied from pNB 187 plasmid using primers 5'-TAG TTG AAG CAT TAG GTC
CC-3//5'-CTT CTC AAA TAT GCT TCC CA-3'; the 960- and the 1079-bp
fragments were amplified from pFL39.3 with primers 5-AAA GAG TTA
CTC AAG AAT AA-3'/5'-CAA AAC GGC ATT TAA GAA GC-3' and
5'-GGA CGA GGC AAG CTA AAC AG-3'/5'-CAA AAC GGC ATT TAA
GAA GC-3', respectively. The complete sequences are reported in Fig. S8.
PCR reactions were carried out in multiple independent samples and then
pooled to increase the product yield. The samples were loaded onto 1%
agarose gel and the band corresponding to the amplification product was
excised and purified using silica columns (The Wizard SV Gel and PCR
Clean-Up System; Promega, Fitchburg, WI) according to the manufacturer’s
instructions. This last step was necessary to further clean the samples from
template plasmid and primers. All the samples were finally resuspended in
ultrapure Milli-Q water (Millipore, Billerica, MA).

PCR with radiolabeled nucleotides

PCR reactions were performed adding o**P-dCTP or &*?P-rCTP (PerkinElmer,
‘Waltham, MA) in addition to the nonradioactive dCTP or rCTP, respecting the
final concentrations described above for RC-DNAs. Samples were drop-dia-
lyzed on 0.025-um membranes (Millipore) and further cleaned by ethanol
precipitation. Samples were then run in a 2% agarose gel that was dried and
exposed on a phosphor storage screen; images were acquired using a
Phosphoimager (Typhoon FLA 7000; GE Healthcare, Buckinghamshire, UK).

Alkaline gel and Southern blot

Alkaline gel electrophoresis was performed as described in (29). Briefly,
samples were incubated for 2 h at 55°C in 0.3 M NaOH and then run in alka-
line gel (1% agarose in Milli-Q water with 1 mM EDTA and 250 mM NaOH)
previously equilibrated in its alkaline running buffer (1 mM EDTA, 250 mM
NaOH). DNA was transferred to a charged nylon membrane (GeneScreen
Plus Hybridization Transfer Membrane; PerkinElmer) by Southern blotting
and hybridized with the radiolabeled 464-bp fragment as a probe (prepared
by a DECAprime II DNA Labeling Kit; Ambion, Austin, TX). Images were
acquired using a Phosphoimager (Typhoon FLA 7000; GE Healthcare).

AFM imaging

The procedure is described in detail in (30). Samples were deposited on
freshly cleaved mica of the highest quality (V1, ruby muscovite; Ted Pella,



Redding, CA) in a Mg*"-containing buffer (5 mM MgCl,, 10 mM NaCl,
10 mM HEPES-Na, pH 7.5 in Milli-Q H,0). Incubation time ranged
from 2 to 10 min at room temperature, then the samples were gently washed
dropwise with 1-2 mL of Milli-Q water, and dried under a clean nitrogen
stream. Images were captured in air, using a Multimode Nanoscope IV
AFM (Bruker, Billerica, MA) working in tapping mode, equipped with
rigid cantilevers (~300 kHz resonance frequency) and single-crystal silicon
tips with nominal radius of curvature below 10 nm. The scan rate was typi-
cally 1.5-2 Hz, the scan area 2 x | um, with a sampling resolution of 1 and
2 nm/pixel in the fast and slow scan directions, respectively.

Analysis of AFM data

Raw images were first flattened by subtracting polynomials up to the third
order, using only the flat mica surface as reference for the fit. DNA and
RC-DNA molecules were semiautomatically traced using FiberApp software
(31), to obtain the spatial coordinates of the backbones. Calibration of the
scanner was checked by scanning a calibration grating and the determined
correction factors (always <2-3%) were applied to the coordinates, when
needed. The traces were analyzed using custom MATLAB (The MathWorks,
Natick, MA) routines. We evaluated the following statistical quantities
describing structural/mechanical and conformational properties of semirigid
polymers, as described in our previous works (26,30): the mean contour
length (1), the mean squared end-to-end distance (R*(L)) of segments of
the molecules with a curvilinear length (curvilinear distance) L, the distribu-
tion of bending angles 0(L) (as well as (cos(d(L))) and (¢*(L))), and the
persistence length P. If DNA molecules are in a well-defined form (either
B or A), the (/) versus n of the bp curve is a straight line with a slope equal
to 1, or rp, the rise per residues of the A and B forms, respectively, with units
nm/bp. A reduction of the contour length independent on bp simply shifts the
curve vertically by a constant offset ¢, but does not alter the slope of the curve.
According to the wormlike chain (WLC) model, in two dimensions the mean
squared end-to-end distance (R),p, increases as the curvilinear distance L in-
creases, and depends on the persistence length P of DNA as (25.26):

w208 o

Estimation of the fraction of incorporated rCTP. To estimate the percent-
age %rCTP of rCTP incorporated into RC-DNA molecules, we use Eq. 2,
i.e., we multiply the fraction of sites along the DNA backbone available for
rCTP incorporation (the GC content %GC) by the estimated frequency of
incorporation, fiycorporation (defined and calculated with Eq. 3 in the Results
and Discussion):

%rCTPincorporaled = (ZGC 'ﬁncorpomlion + 100. (2)

Apparent B to A transition fraction. An apparent fraction of basepairs in
the DNA molecules that have switched from B to A conformation can be
calculated by assuming that whenever an rCTP is incorporated, the hosting
basepair switches from the B to the A form. The B-to-A transition fraction
represents the fraction of basepairs that undergo such transition. Following
(32.33), the total number of available basepairs before rCTP incorporation
is N = (lp — ¢)/rg, where [y is the measured contour length; ¢ is a possible
systematic shortening of the molecules, as discussed before (the negative
intercept of the (I) versus n of basepairs curve shown in Fig. 4); and
rg = 0.34 nm/bp is the B-form helical rise. After rCTP incorporation, N,
basepairs switch to the A conformation whereas Np basepairs remain in
the B conformation, such that N = Ny + Nj. In terms of contour length,
Ng rg + Nj ry = (ly—c)—|Al], where ry = 0.26 nm/bp is the A-form helical
rise and A/ is the measured difference in contour length upon ribonucleotide
introduction. It follows that the bases in A form are Ny = |Al|/(rg—r4), and
the B to A transition fraction Na/N can be calculated as No/N = [|Al}/
(lo—0)] x [rg/(rg—r)].

Ribonucleotide Incorporation in DNA

Statistical analysis. Length data are reported in the figures and tables as
mean value * effective error. The mean values and the SDs have been
obtained by a Gaussian fit of the distributions of experimental values (see
Fig. S4 for some representative distributions of contour length values).
The effective errors have been calculated by summing in quadrature the
SDs of the mean and a systematic error of + 1% due to the z-piezo calibra-
tion. The error associated to the persistence length, extracted by fitting Eq. |
to the average end-to-end distance curves of the samples, has been esti-
mated by applying the fit to a few set of data obtained by adding a Gaussian
noise to the average curves, whose width was set equal to the SD of the
mean associated to each experimental value (the resulting error bar is com-
parable to the marker size, and it is not shown in the graphs). The signifi-
cance of the observed differences in the value of relevant parameters was
evaluated applying a two-tailed r-test.

RESULTS AND DISCUSSION
Synthesis of RC-DNA molecules

DNA molecules with incorporated ribonucleotides are
generally synthesized chemically by a stepwise addition of
nucleotides, whose limit is the chain extension step; as a
result, with this methodology, only relatively short mole-
cules are produced. Such short RC-DNAs molecules
(10-30 bp) have been studied by several techniques
(16,21,22), reproducing environments quite far from the
physiological one.

We propose, to our knowledge, a new approach to synthe-
size RC-DNA molecules that exploits many consecutives
cycles of an enzymatic reaction known as PCR. PCR is per-
formed with the Thermus aquaticus DNA Polymerase
(Taq pol), a very versatile enzyme, able to sustain multiple
reaction cycles to amplify a defined DNA sequence expo-
nentially (34). Tag pol is endowed with a high capability
of discrimination between dNTPs and rNTPs; we took
advantage of a known mutant version that is able to incorpo-
rate ribonucleotides more efficiently (35). We mutated the
Tagq pol with a single amino acid substitution at Isoleucine
614 to Lysine, making the enzyme more prone to binding
and introducing rNTPs (35). The incorporation rates range
from 150- to 1500-fold with respect to the WT Tag pol, de-
pending on the tNTP species (rCTP, rATP, rtGTP, or rTTP)
(35). We expressed and purified both the WT and 1614K
Taq pols from E. coli cells, as described in Materials and
Methods.

PCR allows the synthesis of a significant number of linear
molecules, thanks to repetitive cycles of reaction. We set
PCR conditions for the 1614K Taq pol, in the presence of
all four dNTPs and of rCTP, the most common ribonucleo-
tide found in the DNA of living cells (36,37). To verify the
effective rCTP incorporation, PCRs were performed using
radiolabeled «*?P-rCTP, and the amplification products
(464 bp) were then purified and visualized by autoradiog-
raphy after agarose gel electrophoresis. The radioactive
signal corresponding to a band of 464 bp indicates that the
1614K Taq pol is indeed introducing o*?P-rCTP, although
with low efficiency compared to «’?P-dCTP (Fig. 1).
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FIGURE | Tag polymerase 1614K introduces rCTP in PCR products.
DNA is amplified by 1614K Tag pol mutant in the presence of radiolabeled
«**P-dCTP or o*?P-rCTP, and then it is separated onto an agarose gel, after
purification through drop-dialysis and ethanol precipitation. The radioac-
tive signal visible in the rCTP lane confirms that PCR products contain
rNMPs.

From the published kinetic parameters of 1614K Tag pol
(35) it is possible to theoretically estimate such frequency
of incorporation, using

Kd('TP
cat
e i CTP
f;ncolporalmn = E = I{’CTP— 3)
- [rCTP]
R

In our PCR conditions, the mutant Taq pol introduces one
rCTP every 19 dCTP, in front of each guanosine residue
(G), respecting the Watson-Crick basepairing. In fact, its
misincorporation rates are small, regardless of the fact that
1614K mutation confers less fidelity to the polymerase
(38), as we verified by sequencing (data not shown).

To assess to what extent ribonucleotides are present in
RC-DNA molecules, we exploited alkaline gel electropho-
resis. PCR reactions were performed with 1614K Taq pol
in the presence or absence of rCTP and the products (see
Fig. S1) were separated by gel electrophoresis in alkaline
conditions; here the DNA is denatured and its backbone hy-
drolyzed at ribonucleotide positions, generating smaller
fragments (4). Fig. 2 shows the degree of alkaline degrada-
tion of the 464-bp fragments, synthesized either in the
absence or presence of rCTP. The molecules produced
without rCTP migrate as a sharp band, whereas the ones
containing rCTP generate a smear of smaller fragments,
confirming the presence of ribonucleotides in most of them.

The presence of INMPs in the template strand could inter-
fere with the Tag pol activity in the following reaction
cycles, as reported for other polymerases (39,40). To
exclude this, we tested the ability of the mutant Z7ag pol to
bypass ribonucleotides in the template by using a primer
extension assay. The 1614K Taq polymerase efficiently
bypasses embedded rCMP in DNA (Fig. S2); a slight
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FIGURE 2 RC-DNA molecules are sensitive to alkaline hydrolysis.
DNA is amplified in the presence or absence of rCTP and run in alkaline
conditions. The DNA backbone is hydrolyzed in correspondence to ribonu-
cleotides, resulting in a population of smaller molecules. Only molecules
produced in the presence of rCTP are hydrolyzed and their corresponding
band is converted to a smear signal. DNA is detected by Southern blotting
hybridization, using the radiolabeled 464-bp fragment as a probe. The chart
on the right displays the lane profiles in the presence or absence of rCTP.

pausing before the INMP can be detected at enzyme concen-
trations much lower than those used in PCR reactions. Our
synthesis strategy allows us, therefore, to obtain full-length
amplified sequences.

AFM imaging and characterization of RC-DNAs

Once the RC-DNA production has been validated, we gener-
ated several DNA molecules with different lengths and
features. We produced and purified DNA and RC-DNA mol-
ecules with five different lengths in basepairs (464, 646,
727, 960, and 1079), and subjected them to AFM imaging.
As described in detail in the Materials and Methods, DNA
molecules were deposited onto a negatively charged mica
surface, where they adsorb thanks to the mediation of mag-
nesium divalent ions, which bridge the negative charges of
the DNA backbone and the mica surface. Fig. 3 shows three
representative AFM images of DNA and RC-DNA mole-
cules produced with either WT or 1614K Taqg polymerases.
Typically, the DNA molecules are well contrasted, thanks
to the Mg”" buffer, which provides a clean way to bind
the molecules to the mica surface, preserving the atomic
smoothness and cleanliness of the freshly cleaved sub-
strates. Because the efficiency of PCR decreases when the
mutated Taq is used, and when ribonucleotides are added
to the reaction, AFM maps typically feature a decreasing
number of molecules per unit area. Some molecules from
both WT and 1614K Tag pol (~20%) exhibited severe
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FIGURE 3 Representative AFM topographies of 464-bp molecules.
Molecules are deposited on mica and imaged in air by AFM. (A) Shown
here are DNA molecules synthesized with WT and (B) 1614K Tagq pol in
the presence of dNTPs, and (C) RC-DNA molecules synthesized with the
addition of rCTP by the 1614K Tug polymerase. The size of the image is
2x1 pmz.

irregularities in their shape and dimensions, such as overlap-
ping and condensed regions, protruding asperities, etc., and
were not considered for the analysis. These molecules were
excluded on the basis of a visual analysis as well as of the
analysis of representative profiles, as shown in Fig. S3. As
detailed in Materials and Methods, molecules from several
AFM topographic profiles were semiautomatically traced
to calculate the relevant structural and conformational quan-
tities (contour length, rise per residue, bending angle distri-
bution, and end-to-end distance curve).

To validate our experimental imaging conditions, we have
first characterized the conformational properties of DNA
molecules produced by the WT Tag pol with dNTPs only.
The scaling of the average contour length of linear DNA
molecules with respect to the number of basepairs (464,
646, 727, 960, and 1079) is shown in Fig. 4.
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FIGURE 4 DNA molecules from WT and 1614K Tag pol retain canonical
B conformation. Measured contour length values are plotted versus the
number of basepairs of each DNA population analyzed (464, 646, 727,
960, and 1079), produced either by WT or 1614K Tag polymerases. The
linear fit (R*> = 0.9851) exhibits a slope (13 = 0.367 = 0.011 nm/bp) close
to the one typical of B DNA conformation. The length of the molecules pro-
duced by the mutated 1614K Tagq pol agrees with the length of the corre-
sponding molecules produced by the WT Tag pol, within the error. The
number of analyzed 464-, 646-, 727-, 960-, and 1079-bp WT Tag pol
molecules is 146, 92, 74, 67, and 46, respectively; the number of analyzed
464- and 727-bp 1614K Taq pol molecules is 176 and 47, respectively.

The slope of the contour length versus number-of-base-
pairs curve represents the rise per residue r of the molecules.
We found rz = 0.367 + 0.011 nm/bp, which is close to the
value for the B form of DNA (rp = 0.34 nm/bp), and signif-
icantly larger than the rise per residue of the A form (r4, =
0.26 nm/bp). Notably, the intercept ¢ of the fitting line in
Fig. 4 is negative (¢ = —21.3 = 7.2 nm), witness to a reduc-
tion of the contour length of the molecules, irrespective of
the number of basepairs, of ~60 bp in the B form. The
reduction of the length of DNA molecules imaged in air is
commonly observed (32,33,41), and the reason is still
debated, although the prevalent hypothesis is that of a partial
transition from B to A conformation. Such transition is often
assessed based on the comparison of the measured contour
length to the one expected for the B form, by considering
only one molecular length (i.e., a given number of base-
pairs). This procedure, however, cannot capture accurately
the scaling of the contour length with the number of base-
pairs, especially in those cases when a systematic alteration
of the contour length is not attributable to a distributed, yet
partial, transition. In the case of this study, we have evidence
that the scaling of the DNA lengths, despite a systematic
shortening, is the one typical of the B form (Fig. 4); we
argue therefore that the constant shortening must be well
localized within the molecule, which is at odds with the
idea of a uniformly distributed shortening as expected by
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a uniform (yet only partial) B to A transition. Recently,
Japaridze et al. (32) reported a similar evidence of molecu-
lar shortening, and by means of tip-enhanced Raman spec-
troscopy they were able to localize the shortened DNA
tracts at the molecules’ free ends. We have carefully
checked the calibration of our instrument, and we exclude
this as the reason for the observed shortening (data not
shown).

Reference DNA molecules synthesized by the 1614K Tag
pol have also been characterized (for a few selected
lengths), and the measured lengths agree within error with
those of the WT Tugq pol, indicating that there is no alteration
of DNA synthesized by the mutant 7aq polymerase (Fig. 4).
Our data suggest therefore that reference DNA molecules
(WT and 1614K Tagq pol) are in the B-form, although there
are shortened domains within the molecules. These samples
represent the controls for the investigation of the effects of
ribonucleotide incorporation. The latter have been assessed
first by looking at changes of the contour length of the
molecules upon ribonucleotide incorporation.

Interestingly, when comparing RC-DNA samples (464,
646, 727, and 960 bp) to their reference molecules without
ribonucleotides, we observed a systematic shortening,
except in the case of the 960-bp population (see Figs. 5
and S4 for the distribution of measured length values). We

400+
M oNTPs e
[ dNTPs + rCTP B
[ shortening

300

2004

contour length (nm)

100

464 646 727 960
number of base pairs

FIGURE 5 The incorporation of rCTPs induces shortening of DNA mol-
ecules. Solid bars represent the mean contour length of four ditfferent sets of
molecules, produced with dNTPs or with the addition of rCTP. Open bars
represent the difference in contour length (shortening) observed upon ribo-
nucleotide incorporation. In the case of 464-, 646-, and 727-bp populations,
the shortening of the contour length is significant according to the two-
tailed s-test (with p < 0.001, 0.001, and 0.010, respectively), and this
can be attributed to ribonucleotide incorporation. The 960-bp sample did
not show a significant decrease in length (p = 0.50). Error bars represent
the combination of the standard deviation of the mean and the calibration
error, as explained in Materials and Methods. The number of analyzed
464-, 646-, 727-, and 960-bp ANTPs/dNTPs+rCTP molecules is 176/157,
92/92, 47/57, and 61/26, respectively. All plotted values are reported in
Table S1.
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attribute the shortening of the contour length to the presence
of rCTP. In fact, apart from the rCTP incorporation, nothing
else is different from the control DNA molecules; moreover,
the molecules generated by the 1614K Tag pol have been
shown to be equivalent in terms of length to the ones from
the WT Taqg (Fig. 4). We also exclude that the shortening ef-
fect is due to increased truncation of PCR products when ri-
bonucleotides are present in the template DNA strand: the
primer extension assay described above demonstrated that
the 1614K Tag polymerase efficiently bypasses embedded
rCMP, without prematurely ending the synthesis reaction
(see Fig. S2 and Supporting Materials and Methods). The
measured length differences between DNA and RC-DNA
molecules are all significant according to the two-tailed
t-test, with the exception of the 960-bp DNA sample that
is not significant. Indeed, this is the sample with the lowest
expected percentage of basepairs containing an rCMP
(1.8%, and reported in Table 1) that was determined by
Eq. 2, which considers the GC content and the ribonucleo-
tide incorporation frequency. As for the others, we expect
a 3.1% of basepairs containing a ribonucleotide in the
464-bp, 2.3% in the 646-bp, and 3.0% in the 727-bp mole-
cules (Table 1). These data suggest that the number of
embedded ribonucleotides could be crucial to induce detect-
able alterations of the contour length; however, there seems
to be no clear correlation of the contour length shortening
with the original GC content (reported in Table 1), espe-
cially when comparing the 646- and 727-bp samples (the
shortening is more pronounced in 646-bp RC-DNAs,
despite the smaller GC content). In addition to the absolute
amount of GC pairs, it is important to consider their spatial
distribution along the molecules (see Fig. S5 for a graphical
representation of the distribution of GCs). We notice that in
the case of the 646-bp sequence, the majority of available
positions for rCTP incorporation consist of single bases,
and that G or C clusters contain a maximum of three adja-
cent bases (as detailed in Table ). Although the 1614K
Tag polymerase could be able to insert consecutive ribonu-
cleotides, this would be a very inefficient and untavorable
reaction (35). As a consequence, despite the higher expected
quantity of rCTP in the 727 bp, this sample probably pre-
sents a lesser degree of incorporation. In its sequence, there
are actually fewer single positions available, and more, and
longer, GC clusters, made of two to six consecutive C or
G (Table 1).

Because double-stranded RNA molecules are known to
be in the A form (42.43), and RNA-containing oligonucleo-
tides have been shown to undergo a partial B to A transition
(19,21), one can tentatively estimate an apparent fraction
of basepairs that underwent a B to A transition upon
rCTP incorporation, assuming that whenever an rCTP is
incorporated, the hosting basepair switches from the B to
the A form. The extent of such transition is calculated using
the equations given in Materials and Methods. Fractions
of the B-to A apparent transitions are 0.67, 0.41, 0.22, and
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TABLE 1 Features of RC-DNA Molecules

Total Number Number of Clusters Number of Clusters Number of Total Number of
bp %GC (%) of G+C with 64 G or C with 2-3 G or C Single G or C rCTP Incorporated %rCTP (%)
464 58 269 4 50 143 14 3.1
646 43 279 0 51 159 15 23
727 57 413 5 77 224 22 3.0
960 34 325 3 45 215 17 1.8

GC content percentage, the GC clustering degree, and the estimated rCTP incorporation (absolute and percentage content) in the investigated DNA
sequences. Clusters consist of consecutive nucleotides of the same species; here we have reported the sum of G and C clusters in one DNA strand, which
is identical in the other complementary strand. Clusters are divided into two main groups: one made from 6 to 4 units, the other from 2 to 3. The number of
isolated G or C present in the sequence is also reported. The total number of rCTP incorporated represents the estimated amount of rCTP incorporated into the

molecule (with the percentage value) calculated using Eq. 2, as described in Materials and Methods.

0.05 for 464-, 646-, 727-, and 960-bp fragments, respec-
tively. These estimated fractions are surprisingly high,
because the ribonucleotide incorporation ratio (one rCTP
every 19 bp) would lead to a B to A transition fraction up
to one order-of-magnitude smaller. A reasonable explana-
tion could be that the incorporation of one rCTP triggers
the transition from the B to A form not only in correspon-
dence to that single basepair, but also along the surrounding
nucleotides (a B/A junction), extending across several tens
of basepairs (corresponding to a few cooperative lengths,
~10 basepairs each (44.,45)). At present, however, we do
not have clear evidence that a (partial) B to A transition is
the leading mechanism behind the observed shortening of
DNA molecules upon ribonucleotide incorporation.

To further investigate the nature of the rCTP action on the
DNA structure, we have investigated the mesoscopic confor-
mation and elasticity of RC-DNAs. To this purpose, we have
characterized the distribution of bending angles along the
molecules’ backbones as a function of the curvilinear separa-
tion L, as well as the scaling of the mean squared end-to-end
distance (R?),p (Eq. 1), as described in the Materials and
Methods. Equation 1 is valid for molecules equilibrated on
two dimensions, where P refers to the persistence length of
the molecules in the three dimensions, i.e., in the bulk solu-
tion. Noticeably, the ratio (R/L)? depends only on the ratio
P/L, which also represents the asymptotic scaling of the
normalized curves at large distances. The measured ratio of
higher moments of the angle distribution (6*)/(6%)? is close
to three (see Supporting Materials and Methods and
Fig. S6), which is the theoretical WLC value for full equili-
bration of the molecules in two dimensions (25). The values
of P for DNA and RC-DNA samples are obtained by fitting
Eq. 1 to the R? versus L curves (the representative curve for
the 464-bp sample is shown in Fig. S7). Typically, the
WLC model fitted with good accuracy the experimental
data across the 0—120-nm distance range. Fig. 6, A—C, shows
the scaling of the normalized mean squared end-to-end dis-
tance (R/L)z. The mean squared end-to-end distance R? has
been normalized by L? to better appreciate the change in
the slope (i.e., in the persistence lengths P) upon incorpora-
tion of rCTP, and the extrapolated persistence length values
are plotted in Fig. 6 D and reported in Table S1. First, we

noticed that for the 464- and 727-bp samples (from 1614K
Tagq pol) the measured values of the persistence length are
higher than the value of ~50 nm, typically for DNA mole-
cules with a ~50% GC content (25,26). However, this is
consistent with the fact that high GC content is known to
induce stiffening, with an increase of the persistence length
(46). Remarkably, the incorporation of ribonucleotides into
the molecules with higher GC content (464 and 727 bp)
induced a significant shortening of the persistence length,
according to the two-tailed #-test (Fig. 6 D; Table S1).

The 960-bp sample is the only one not showing any
appreciable reduction of the persistence length, in addition
to the absence of the shortening of the contour length, as
shown previously. However, as for the shortening of contour
length, we could not define a clear trend of the persistence
length shortening with the GC content, probably because
the rCTP incorporation is not simply proportional to the
available sites; the latter in turn are not uniformly distrib-
uted along the molecules, but present with different degrees
of clustering and spatial distribution (Fig. S5; Table 1).

The molecules containing rCTP seem to be equilibrated
to a good extent on the mica surface, and their R? versus
L curves can be fitted by the WLC model across a wide
range of distances; these evidences suggest that the incorpo-
ration of rCTP exerts an influence on the DNA structure that
goes well beyond the scale of the single ribonucleotide. In
this study, we observe that, upon rCTP incorporation, the
structure and conformation of DNA molecules change
significantly and on the mesoscopic scale. In particular,
the observed reduction of the persistence length P suggests
that ribonucleotides induce a softening of DNA molecules
(Fig. 6 D) in addition to causing a significant shortening
(Fig. 5). The extension of the effects of the rCTP incorpo-
ration in dsDNA is remarkable, because one would expect
an effective rCTP content of a few percent (Table 1). The
action of a single ribonucleotide, namely its effect on the
DNA structure, extends far beyond its linear dimension.
Attributing the observed changes of conformational and
elastic properties to a B to A transition—based on the
fact that RNA is in the A form—is not at all straightfor-
ward, and this conclusion would not at present be fully sup-
ported by the data. On one side, DNA in the A form in
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solution is reported to be stiffer than in the B form (47), at
odd with our observations; on the other side, DNA in the A
form deposited on mica at different ethanol concentrations
showed decreasing values of the persistence length at
increasing B to A transition fractions, a trend similar to
that observed by us, at least in the general terms. Concern-
ing the published single-molecule studies on the bending
rigidity (persistence length) of ribonucleotide-containing
DNA molecules, including double-stranded RNA, either
stiffer (23) or softer and slightly stiffer molecules (22)
have been reported, depending on the sequence context
and the positions of ribonucleotides. It emerged that besides
the absolute content, which determines the extent of the
incorporation, the distribution of ribonucleotide along the
molecular backbone also is important in determining struc-
tural changes (22). Chiu et al. (22) concluded that the incor-
poration of ribonucleotides locally induces a significant
(torsional) distortion of the sugar-phosphate backbone,
affecting the elastic, and structural properties of the mole-
cule as a whole. Relating such a torsional alteration to the
observed mesoscopic changes of the DNA molecules
conformation, namely the shortening of the molecules,
and the reduction of the persistent length, is not trivial. Intu-
itively, a torsional alteration, especially if distributed along
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the molecular backbone, even if not uniformly, can lead to a
shortening of the molecule. It was recently proposed that
the rotational stiffening caused by the ribonucleotide-
induced torsion of the sugar-phosphate backbone can
hamper the rotational fluctuations, resulting in bending
stiffening, rather than the opposite, at least as long as the
electrostatic component of the persistence length is con-
cerned (48). Under the hypothesis that the incorporation
of ribonucleotides induces the formation of B/A junctions,
which are known to be significantly bent (49), one could
also consider the role of these bent domains in decreasing
the apparent persistence length of DNA molecules (50).
Further investigations are therefore required, by means of
both experimental techniques and structural simulations,
to unravel the fine mechanisms underlying the observed
structural and conformational changes in DNA molecules
upon ribonucleotide incorporation. In particular, the influ-
ence of the base sequence should be directly investigated
and assessed, at similar GC content.

CONCLUSIONS
In this work, we present, to our knowledge, a novel
approach to study the effects of ribonucleotides



incorporation into DNA. Our synthesis strategy exploited
the use of a mutant version of the Tag polymerase (1614K)
in PCR reactions allowing us to generate populations of
long (several hundreds of basepairs) RC-DNAs, which are
more biologically relevant than short oligonucleotides. In
particular, we have studied the ribonucleotides-induced
changes in the structural and conformational properties of
DNA at the single-molecule level by means of atomic force
microscopy. Our systematic and statistical study highlighted
the impact of ribonucleotides intrusions on the DNA double
helix. We found that their presence alters DNA structural
properties. All the investigated DNA molecules, with the
exception of the longest molecules with the lowest GC con-
tent (960 bp), showed a significant reduction in the contour
length upon rCTP introduction compared to their cognate
molecules without rCTP. As observed in RNA molecules,
it is the presence of the extra hydroxyl group on ribonucle-
otides that leads to a compaction of the DNA backbone.
From the biochemical parameters of the 1614K Tag poly-
merase (38) we estimated an incorporation frequency of
1/19 (rCTP/dCTP), representing 2-3% of the total number
of basepairs. By contrast, the calculated apparent B to
A transition fraction ranges between 20 and 60%. Although
we do not have concluding evidence that this structural tran-
sition is the mechanism triggered by the ribonucleotide
insertion, these figures suggest that the ribonucleotide effect
on DNA structure extends remarkably on a scale that goes
well beyond the typical dimension of a single ribonucleo-
tide, affecting the full length of the molecule. Together
with the shortening, RC-DNA molecules become more
flexible, as demonstrated by the reduction of the persistence
length. This is another indication that the effect of even
a tiny fraction of incorporated ribonucleotides affects
the DNA molecules on a global scale. A deeper under-
standing of the observed phenomena would require a
precise quantification of the extent of rCTP incorporation,
as well as of their spatial distribution along the RC-DNA
molecules. Nevertheless, rCTP incorporation is nearly
controlled by the number of positions available, given by
the GC content.

In our system, control DNA molecules retain their native
B conformation, supporting the idea that changes upon
ribonucleotide introduction are likely to occur also in vivo.
Along the genome of living cells there are hotspots of
ribonucleotide incorporation, and the most frequently incor-
porated ribonucleotide is rCTP (36,37). We speculate that
the induced structural and conformational alterations can
contribute to the negative outcome of ribonucleotide persis-
tence in DNA. These alterations could be easily transferred
to DNA transactions that rely on structure recognition, such
as protein binding. For instance, it is reported that ribonu-
cleotides prevent nucleosome assembly on DNA (15), prob-
ably reshaping their positioning. Therefore, our strategy to
study the effect of ribonucleotide incorporation of long
supported DNA fragments could contribute to a better un-

Ribonucleotide Incorporation in DNA

derstanding of their harmful consequences upon genome
stability.

SUPPORTING MATERIAL

Supporting Materials and Methods, eight figures, and one table are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(17)
30811-1.
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ABSTRACT

Ribonucleotides (rNs) incorporated in the genome by
DNA polymerases (Pols) are removed by RNase H2.
Cytidine and guanosine preferentially accumulate
over the other rNs. Here we show that human Pol y
can incorporate cytidine monophosphate (rCMP) op-
posite guanine, 8-oxo-7,8-dihydroguanine, 8-methyl-
2’-deoxyguanosine and a cisplatin intrastrand gua-
nine crosslink (cis-PtGG), while it cannot bypass a
3-methylcytidine or an abasic site with rNs as sub-
strates. Pol v is also capable of synthesizing polyri-
bonucleotide chains, and its activity is enhanced by
its auxiliary factor DNA Pol § interacting protein 2
(PolIDIP2). Human RNase H2 removes cytidine and
guanosine less efficiently than the other rNs and in-
corporation of rCMP opposite DNA lesions further re-
duces the efficiency of RNase H2. Experiments with
XP-V cell extracts indicate Pol v as the major ba-
sis of rCMP incorporation opposite cis-PtGG. These
results suggest that translesion synthesis by Pol y
can contribute to the accumulation of rCMP in the
genome, particularly opposite modified guanines.

INTRODUCTION

Several thousands to millions of ribonucleotides (rNMPs)
are interspersed among the DNA bases of eukaryotic
genomes (1). The presence of the 2’-OH group makes the
sugar phosphate backbone of RNA 100 000-fold more
prone to spontaneous hydrolysis than DNA. In addition,
rNMPs induce B- to A-form transition in the double helix,

potentially affecting protein-DNA interactions and the cat-
alytic activity of DNA polymerases (Pols), topoisomerases
and ligases and leading to further DNA damage (2). Thus,
rNMPs in the genome constitute the most abundant DNA
lesions in eukaryotic cells (3.,4).

Deep sequencing studies in Saccharomyces cerevisiae
found that cytosine and guanosine were the most abundant
rNMPs in the genome (5-7). Their relative genomic abun-
dance did not reflect their intracellular concentrations, with
regard to their ratios with respect to those of adenosine
and uracil, nor with respect to the relative G+C and A+T
genomic content, suggesting that factors beside nucleotide
pool concentrations and template sequence influence the ac-
cumulation of specific INMPs in the genome.

Incorporation of INMPs into the genome of proliferat-
ing cells, is predominantly mediated by the replicative Pols
dand e (1). However, biochemical studies revealed that also
several specialized repair Pols have poor sugar discrimina-
tion abilities (8-17), making rNMP incorporation during
DNA repair or translesion synthesis (TLS) a likely event
in vivo, given that the intracellular ribonucleoside triphos-
phates (rNTPs) concentrations are 100- to 1000-fold higher
than those of deoxyribonucleoside triphosphates (ANTPs).
In the context of TLS, rNMPs incorporation opposite a
DNA lesion may delay subsequent removal of either the rN-
MPs or the damaged base, as recently was shown in the case
of TLS over a 8-oxo-7,8-dihydroguanine (8-oxo-G) lesion
by human Pols 3 and X (16,18).

The process of TLS is mainly carried out by Y-family Pols
M, vand k (19,20). One study (14) reported that human Pol
v has sugar discrimination values between 1000 and 6000
and can bypass abasic (AP) sites or 8-0xo-G lesions using
rNTPs as substrates. On the contrary, yeast Pol m showed
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limited TNMP incorporation for undamaged DNA tem-
plates or opposite a cyclobutane pyrimidine dimer (CPD)
(21). A recent study that appeared during the preparation
of the present work showed more robust rNMPs incorpo-
ration and elongation by human Pol n on both undamaged
DNA and during TLS of a CPD or a 8-0xo-G lesion (17).
The same study also provided the crystal structure of Pol m
in complex with an incoming rCTP paired to a template 8-
0x0-G, showing that the enzyme can accommodate both the
C-8 OH group of the oxidized base and the 2’-OH group of
the ribose sugar of the incoming nucleotide, due to its wide
active site. However, whether TLS using rNMPs is a general
feature of human Pol m, or it is limited to specific lesions, is
currently not known.

Human Pol m is essential for TLS over CPDs, and its ab-
sence in humans causes a variant form of the genetic dis-
case Xeroderma pigmentosum (XP-V) (20,22). Pol m is also
involved in the bypass of other DNA lesions, such as §-oxo-
G and AP sites, and it plays an important role in bypass-
ing the intrastrand crosslinks between two adjacent gua-
nines caused by the anticancer drug cisplatin (cis-PtGG)
(23). Thus, its ability to use INTPs instead of ANTPs during
TLS may have physiologically relevant consequences.

Once incorporated, INMPs can be removed by the ri-
bonucleotide excision repair (RER) pathway, which is ini-
tiated by the RNase H2 enzyme (4,24-26). This ribonucle-
ase can specifically introduce a nick on the 5'-side of the
DNA/RNA junction when 1 to 4 INMPs are embedded in
DNA. This cleavage subsequently triggers nick translation
by the Pol 8 holoenzyme, with the generation of a flap that is
cut by the Flap endonuclease 1, resulting in the elimination
of the RNA/DNA hybrid tract and re-synthesis of an intact
DNA strand. Both the yeast Schizosaccharomyces pombe
(27) and the Escherichia coli RNase H2 (18) were shown to
incise cytidine monophosphate (rCMP) opposite 8-0xo-G.
However, the impact of INMP incorporation opposite dam-
aged bases on the catalytic efficiency of human RNase H2
have not been carefully investigated yet.

In this work, we characterize the capacity of human Pol
7 to incorporate INMPs opposite undamaged guanine or
five different lesions: 8-oxo-G, 8-methyl-2'-deoxyguanosine
(8-met-G), cis-PtGG, 3-methyldeoxycytidine (3-met-C) and
an AP site. We also characterize the cleavage specificity
of the human trimeric RNase H2 with respect to all four
rNMP:dNMP base pairs, as well as its ability to cleave
rCMP incorporated opposite 8-0xo-G, 8-met-G and cis-
PtGG lesions. In addition we evaluated the effects in these
reactions of the auxiliary protein proliferating cell nuclear
antigen (PCNA) and also of DNA Pol 3 interacting protein
2 (PolDIP2), which was shown to stimulate Pol m catalytic
activity (28). Our results support the notion that Pol m can
contribute to the genomic accumulation of rCMP, particu-
larly opposite modified guanines.

MATERIALS AND METHODS

Chemicals

Deoxynucleotides were purchased from GeneSpin (Milan,
Italy). Ribonucleotides were purchased by GE Health-
care (Uppsala, Sweden). Labeled [y->*PJATP was pur-
chased from Hartmann Analytic GmbH (Braunschweig,
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Germany). All other reagents were of analytical grade and
purchased from Fluka or Merck.

Oligonucleotides

The 24mer oligonucleotide containing the cis-PtGG adduct
was prepared and purified as described previously (29). All
other DNA oligonucleotides were synthesized by Purimex
(Grebenstein, Germany) and purified from polyacrylamide
denaturing gels. When indicated, oligonucleotides were 5°-
labeled with T4 polynucleotide kinase (New England Bio-
labs) and [y-*>P]ATP, according to the manufacturer’s pro-
tocol or directly synthesized as 5'-labeled with carboxyfluo-
rescin (FAM) group. Each labeled primer was mixed to the
complementary template oligonucleotide at 1:1 (M/M) ra-
tio in the presence of 25mM Tris-HCIl pH 8 and 50mM KCl,
heated at 75 C for 10 min and then slowly cooled at room
temperature.

A complete listing of sequences of the oligonucleotides
used is given in the Supplementary Methods.

Enzymes and proteins

Recombinant human PCNA and PolDIP2 were expressed
and purified as described (28). The bacterial clone for
the expression of human Pol m was a kind gift from R.
Woodgate (NIH, USA). Human recombinant Pol m was ex-
pressed and purified as described (30). The MIC1066 E. coli
strain and the expression plasmid for the simultancous ex-
pression 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 het-
erotrimeric human recombinant RNase H2 was expressed
and purified as described (31), with the following modifica-
tions: 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~! lysozyme, 0.05% phenylmethylsulfonyl fluoride and
protease inhibitors. The lysate was sonicated and cleared by
ultracentrifugation at 38 000 rpm in a Ti70 Beckman rotor.
The cleared lysate was loaded onto a FPLC-NiNTA column
(G&E Healthcare) equilibrated in 20 mM KPO4 buffer pH
7.4,300 mM NacCl, 30 mM imidazole, 5% glycerol. The pro-
tein was eluted with a 30-500 mM linear gradient of imida-
zole in the equilibration buffer. The fractions containing the
enzyme in 20% glycerol were stored separately in liquid ni-
trogen.

Cell lines and culturing conditions

XP-V patient-derived XP30RO fibroblast cells transformed
with simian virus 40 were a gift from Alan Lehman (Uni-
versity of Sussex, Brighton, UK). XP-V cells were grown in
a humidified 5% CO, 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 n mammalian expres-
sion vector pJRMS56 (kindly provided by Roger Woodgate,
NIH, USA) was used. pJRMS56 or empty pcDNA 3.1 (In-
vitrogen) constructs were transiently transfected into XP-
V cells using lipofectamine (Invitrogen) according to man-
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ufacturers protocol. Alternatively XP30RO cells stably ex-
pressing eGFP-Polm were used (32,33). Cells were harvested
48 h respectively after transfection or seeding and whole-
cell extract (WCE) were prepared. Cells were harvested 48
h after the transfection and WCE prepared.

Cell extracts and western blot

Cell extracts were prepared as described (34). Proteins
were separated on 10% Bis-Tris poly-acrylamide gels and
transferred to Immobilon-FL. membrane (Millipore) for
immunoblotting analysis. Primary antibodies against Pol
7 (Abcam), Pol B (custom made antibody) and Tubulin
(Sigma) were detected using infrared dye-conjugated sec-
ondary antibodies (LI-COR Biosciences). For signal visu-
alization the Odyssey Scanner (LI-COR Biosciences) was
used.

Enzymatic assays

All reactions were in a 10 pl final volume. Pol m 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: 50 mM Tris-HCl pH 8.5, 25 mM
NaCl, 50 pgml~! BSA, I mM 2-mercaptoethanol. 1% glyc-
erol, 5mM Mg?*. Enzymes and DNA substrates concentra-
tions 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, 10 mM ethylenediaminetetraacetic acid, xylene
cyanol and bromophenol blue), heated at 95°C for 5 min
and loaded on a 7 M urea 12% polyacrylamide (PA) gel.
The reaction products were analyzed by using Molecular
Dynamics Phosphoimager (Typhoon Trio, GE Healthcare)
and quantified by the program Image Quant.

Kinetic analysis

Due to the highly distributive nature of the reaction and the
relatively low efficiency of INTP incorporation, the Pols 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 en-
zyme concentration, but there is always a fraction of enzyme
not bound to the DNA substrate, which does not participate
in catalysis. Thus, in order to account for the fraction of en-
zyme not bound to the DNA substrate at equilibrium, the
variation of the nucleotide incorporation rates (v) as a func-
tion of the nucleotide substrate concentration was fitted to
the modified Briggs-Haldane equation:

kcatEyS

V= ———

(S-a)+(Kq-b)

where k¢ 1s the apparent catalytic rate, Ey is the input en-
zyme concentration, S is the variable nucleotide substrate
concentration, Ky is the apparent equilibrium dissociation
constant of the nucleotide substrate from the catalytically
active ternary complex, ¢ and b are two constants, whose

M

values were kept fixed during the computer fitting and were
calculated from the expressions:

1
0= ?)
¥
po L 3
By

where Ky is the same as in Equation (1), K’ is the apparent
dissociation constant for binding to the DNA substrate and
S’ is the concentration of DNA use in each experiment. The
value of K’ used for the fitting process for Pol y was 11 nM
(35).

In the case of RNase H2, the apparent initial velocities
were plotted as a function of the DNA substrate concentra-
tions and fitted to the Michaelis-Menten equation:

B kcatEyS
v Kv+ S

here k¢, is the apparent catalytic rate, Ey is the input enzyme
concentration, S is the variable DNA substrate concentra-
tion, Ky is the apparent Michaelis constant.

Fitting was obtained with the GraphPad Prism 3.0 com-
puter program.

4)

Electronic image manipulation

Linear transformations have been applied in some instance
to the whole images using the exposure/brightness filters of
Adobe Photoshop CS6 with the sole purpose of reducing
excessive background. No masking/enhancement was ap-
plied to any specific feature of the images. Solid lines iden-
tify different portions of the same gel brought next for clar-
ity of presentation.

RESULTS
Incorporation of ribonucleotides by human Pol

Human Pol m was incubated in the presence of a mixture
of the four rNTPs or dNTPs, each present at its average in-
tracellular concentration. Incorporation was measured as
a function of increasing concentrations of Mg?* or Mn?*
cofactors. As shown in Figure 1A, Pol m incorporated mul-
tiple INMPs in the presence of physiological concentration
(5 mM) of Mg’* (Figure 1A, lane 9), but also at Mn>* con-
centrations as low as 0.1 mM, even displaying more robust
activity than with Mg, at relatively high Mn?* concentra-
tions (0.5-1 mM) (Figure 1A, lanes 4 and 5). The 5 mM
Mg?* concentration was then used for all subsequent exper-
iments. Pol m showed remarkable fidelity, being able to sig-
nificantly incorporate rCMP only opposite an undamaged
guanine (Figure 1B). 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 (Figure
1C, lanes 4-7 and 12-15). The kinetic parameters for rtCMP
versus dCMP incorporation opposite a normal G are sum-
marized in Table 1. On this template, the discrimination fac-
tor for deoxy- versus ribonucleotide incorporation by Pol m
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Figure 1. Incorporation and elongation of ribonucleotides by human Pol m. The sequence of the 5’ 3P-labeled 20/40mer substrate (50 nM) used in all the
experiments is indicated on top of each panel. (A) Pol n (20 nM) was incubated in the presence of non-equimolar mixtures of rNTPs (lanes 1-9) or dNTPs
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was 400. Since the products arising from rCMP incorpora-
tion had a different electrophoretic mobility with respect to
those due to dCMP incorporation, it was possible to simul-
taneously visualize both incorporation events in the same
reaction. Indeed, titrating rCTP in the reaction, in the pres-
ence of fixed amounts of dCTP, led to the accumulation of
the +1 rCMP product with concomitant reduction of the
+1 dCMP product (Figure 1D, lanes 3-8). The same pat-
tern was observed in the reciprocal experiment, i.e. titrating
dCTP while keeping rCTP fixed (Figure 1D, lanes 9-13).
These results confirmed that dCTP and rCTP can compete
for incorporation opposite G. Comparable amounts of ei-
ther products were observed at a rCTP/dCTP (M/M) ratio
between 500 (Figure 1D, lane 8) and 300 (Figure 1D, lane
11), in agreement with the selectivity value derived from the
kinetic analysis.

Pol 1 can synthesize hybrid DNA/RNA chains

Next, different combinations of the four deoxy- or ribon-
cleotides were tested, according to the template sequence.
As shown in Figure 1E, after rtCMP incorporation at posi-
tion +1, Pol m was able to efficiently elongate by incorpo-
rating either deoxy- (Figure 1E, lane 3) or ribo-GMP (lane
5) opposite C at position +2. Similarly, efficient elongation
was observed starting from a dCMP-terminated primer,
with either deoxy- or ribo-GMP (Figure 1E, lanes 4 and
6). Long products were synthesized by Pol m when pro-
vided with all four rNTPs at equimolar (Figure 1E, lane 7)
or physiological (lane 10) concentration ratios. Comparable
products were observed when rCTP was provided in com-
bination with the three remaining dNTPs (Figure 1E, lane
8). These products, however, were shorter than those syn-
thesized in the presence of dNTPs only (Figure 1 I, lanes 9
and 11). Overall, these results indicated that Pol m can ef-
ficiently elongate rNMP-terminated primers, synthesizing
both RNA and RNA/DNA polynucleotide chains.

Translesion synthesis of 8-0xo-G by Pol m with ribonu-
cleotides

Pol m can perform faithful bypass of 8-oxo-G, inserting
dCMP. When rCTP was provided in the reaction, robust in-
corporation opposite 8-0xo-G was observed for both a 1-nt
gapped (Figure 2A, lanes 1-6) or an open primer/template
(Figure 2B, lanes 1-5). The kinetic parameters for rtCMP
and dCMP incorporation opposite 8-0x0-G are summa-
rized in Table 1. The selectivity of Pol v for dCMP versus
rCMP incorporation opposite the lesion was increased 3.5-
fold, with respect to a normal G, showing a value of 1428.
Pol m could also incorporate both AAMP and rAMP, op-
posite the lesion (Figure 2C). The selectivity for dAMP ver-
sus TAMP was in the order of 3800, while the preference

for dCMP versus rAMP incorporation was 12 700 (Table
1). Interestingly, the fidelity of lesion bypass was increased
with rNTPs relative to dNTPs, with a 3.3-fold preference for
dCMP versus dAMP incorporation and an 8.9-fold pref-
erence for rTCMP versus rAMP incorporation, respectively
(Table 1). These values were also in agreement with those
reported in a recent study (17). When all four dNTPs or
rNTPs were provided, Pol m could perform efficient TLS
(Figure 2D, compare lane | with lane 5). The products syn-
thesized in the presence of rNTPs were sensitive to RNase
treatment (Figure 2D, lane 3), confirming that they were au-
thentic RNA chains. These results indicated that Pol m can
synthesize RNA chains as a result of TLS past an 8-oxo-G
lesion.

Pol m bypasses 8-met-G, but not 3-met-C with ribonucleotides

We extended our investigation of Pol m bypass to the 3-
met-C and 8-met-G alkylation lesions. As shown in Fig-
ure 3A, Pol mincorporated all four dNMPs opposite 3-met-
C or 8-met-G (Figure 3A, lanes 2-5; 11-14). On the con-
trary, while none of the INMPs was incorporated opposite
3-met-C (Figure 3A, lanes 1-9), robust rtCMP incorpora-
tion was observed opposite 8-met-G (lane 16). Titration of
dCTP or rCTP in the reaction revealed the accumulation
of the expected +2 product (Figure 3B), indicating efficient
TLS by Pol n with both deoxy- and ribonucleotides. The ki-
netic parameters for 8-met-G bypass are summarized in Ta-
ble 1. The selectivity for dCMP versus rCMP incorporation
by Pol m 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 by-
pass of the 8-met-G lesion by a human pol with rNTPs.
Next, the effect of the auxiliary proteins PCNA and
PoIDIP2 was tested. PCNA did not stimulate rCMP in-
corporation opposite 8-met-G by Pol m (Figure 3C, com-
pare lanes 1-4 with lanes 7-10). On the other hand, a
significant stimulation was observed in the presence of
PolDIP2 (Figure 3C, lanes 11-14). Kinetic analysis showed
that PolDIP2 increased the apparent catalytic efficiency
(Kcat/ K1) for rCMP incorporation by 6-fold, lowering the
selectivity value of Pol m for dCMP versus rCMP incorpora-
tion to 111 (Table 1). PolDIP2 stimulated TLS by Pol m past
8-met-G also when all four dNTPs or rINTPs were provided
to the reaction at their average physiological concentrations
(Figure 3 D). However, the length of the RNA chains syn-
thesized were limited to about 5 nt (Figure 3D, lanes 5-8),
while full length products were detected with dNTPs (Fig-
ure 3D, lanes 1-4). When PCNA was added in the reaction
in a molar excess with respect to PolDIP2, TLS by Pol m
with tNTPs was partially inhibited (Supplementary Figure
S1A, lane 4). However, this effect was abolished when the
PolDIP2 concentration was increased (lane 8), suggesting a

(lanes 10-18) and different amounts of Mn2+ (lanes 1-5; 10-14) or Mg 2+ (lanes 6-9; 15-18). The final concentrations of the individual tINTPs and dNTPs
are indicated on the bottom of the panel. (B) Increasing amounts of Pol v were titrated in the presence of fixed concentrations of each individual INTP
(lanes 1-4; 6-9; 11-14) or dCTP (lanes 5, 10, 15). Lane 16, control reaction in the absence of nucleotides. (C) Pol m (40 nM) was tested in the presence
increasing concentrations of dCTP (lanes 1-7) or rCTP (lanes 9-15). D. Pol v (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 m (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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Table 1. Kinetic parameters for nucleotide incorporation opposite G, 80xoG or 8metG by Pol m

keat /Kng M1 Srel rel rel rel
Nucleotide Ky, pM? Jegat, min~! sl (dCIP/rCIP) (dCTP/AATD) (dCIP/rATP) (rCIP/AALP) Jre (tCIP/TATP)
39/100mer G
dcTp 0.20 £ 0.05 1.9 £ 0.05 1.60 x 10° 400 na na na na
rCTP 15403 040 4 0.1 040 % 10}
39/100mer 8ox0G
dCTP 0.50 £ 0.02 1.8 £ 0.01 0.60 x 10% 1428 330 12765
rC1P 117 + 4 0.30 + 0.01 42 230 x 1073 8.90
dATP 0.30 £ 0.01 0.32 £ 0.01 0.18 x 10°
rATP 247 x5 0.07 £ 0.02 4.70
39/72mer 8metG
dcTp 270 £ 0.1 1.10 & 0.02 6.80 x 10% 693 na. n.a na. na.
rCTP 187 +3 0.11 & 0.03 9.80
rCTP + PolDIP2 100 £ 2 0.37 £ 0.04 61 11
18/24mer GG
dcrp 0.30 £ 0.3 250 0.2 1.40 x 10 5460 n.a n.a n.a n.a
rCTP 26 £ 0.5 0.40 + 0.2 256
18/24mer cis-Pt
dcre 150 + 1 1.20 + 0.1 1.30 x 104 1212 n.a. n.a na n.a.
rCTP 113 +£5 0.07 £ 0.01 11

AKinetic parameters have been calclulated as indicated in the “Materials and Methods” section. Values are the means of three independent experiments +S.D.
bRelative incorporation frequency, /o was calculated as the ratio between the kcar /Kyt values for the indicated nucleotide pairs.

possible competition between PCNA and Pol v for binding
to PolDIP2.

Pol m) bypasses cis-PtGG but not an abasic site with ribonu-
cleotides

Pol m is the main enzyme involved in the bypass of the in-
trastrand guanine crosslinks caused by the anticancer drug
cisplatin (cis-PtGG) (36). When tested in the presence of
each of the four rNTPs, Pol ) was capable of incorporating
rCMP opposite the lesion (Figure 4A, lane 10). The prod-
ucts observed with rGTP and rUTP as substrates resulted
from the incorporation of dNTPs contaminating the com-
mercial preparation used, as judged by their electrophoretic
mobility, which was similar to those of products obtained
with dCTP as substrate (Figure 4A, compare lanes 8, 9 with
lane 7; Supplementary Figure S1B and C). Interestingly,
the incorporation of rCMP was largely limited to the +1
product (Figure 4A, lane 10), corresponding to incorpora-
tion 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 n(29), while dCMP was cor-
rectly incorporated opposite both guanines, yielding the ex-
pected +2 product (Figure 4A, lane 2). Titration of dCTP
(Figure 4B) or rCTP (Figure 4C) into the reaction con-
firmed that rCMP incorporation was limited to opposite the
3'-G of cisPt-GG (Figure 4C, lanes 9-4). PolDIP2 stimu-
lated rCMP (Figure 4D) and dCMP (Figure 4E) incorpo-
ration by Pol m opposite cis-PtGG, but even in the presence
of PolDIP2, rCMP incorporation was limited to the first
position (Figure 4 D, 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 (Figure 4F). Interestingly, when a primer/template
with a dCMP opposite the 3'-G was used, no incorporation
of rCMP was observed either (Figure 4G). Overall, these
results indicated that bypass of a cis-PtGG adduct by Polm
can lead to incorporation of rCMP opposite the first gua-
nine (3'-G) only. The bypass, however, can be subsequently
completed by incorporating dCMP opposite the 5'-G. The
selectivity for dCMP versus rCMP incorporation opposite

the two guanines on the undamaged template was 546, sim-
ilar to the one observed on the template with a single gua-
nine (Table 1). This selectivity was increased to about 1200,
opposite the 3'-G of cisPt-GG, a value similar to the one ob-
served for 8-0x0-G (Table 1). In a competition experiment,
dCTP was titrated in the presence of the cisPt-GG template
and fixed amounts of rCTP, resulting in the accumulation of
the +1 dCMP product with concomitant reduction of the
+1 rCMP product (Figure 4 H, lanes 2-6). The same pat-
tern was observed in the reciprocal experiment, i.e. titrating
rCTP while keeping dCTP fixed (Figure 4H, 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 (Figure 4H, lanes 4
and 10), in agreement with the selectivity value derived from
the kinetic analysis (Table 1). Simultancous incorporation
of rCMP and dCMP opposite the lesion was also observed
in a similar competition experiment carried out with XP-
V/x extracts (Figure 41, lane 6), suggesting that rCMP in-
corporation opposite the cisPt-GG lesion by Pol m can also
occur in a cellular context.

Finally, when tested in the presence of an AP site, Pol m
was unable to significantly incorporate rINMPs opposite the
lesion (Supplementary Figure S1D, lanes 1-4), even in the
presence of PolDIP2 (lanes 7-10). with the exception of a
very weak incorporation of rCMP (Supplementary Figure
SIF, lane 10), while it efficiently bypassed the lesion with
either dATP or all four dNTPs (Supplementary Figure S1D,
lanes 5, 6, 11 and 12).

Ribonucleotide-mediated lesion bypass in XP-V cell extracts

The rCMP incorporation opposite 8-0xo-G was measured
in extracts from XP-V cells lacking Pol v, in comparison
with the same XP-V cell line complemented with ectopic
expression of human Pol n (XP-V/h). As shown in Supple-
mentary Figure S1E, TLS of 8-ox0-G with rTCMP was de-
tected in both XP-V and XP-V /mextracts (lanes 1-3). When
this activity was normalized to the total Pol activity (mea-
sured as incorporation of dCMP opposite a normal G, Sup-
plementary Figure S1IF), rCMP incorporation was reduced
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Figure 2. Translesion synthesis of 8-0xo-G by Pol m with ribonucleotides. The sequences of the 5’ 3?P-labeled DNA substrates used are indicated on top
of each panel. (A) Pol v (40 nM) was incubated with the 1-nt gapped 8-0x0-G template, in the presence of increasing concentrations of rCTP (lanes 1-6)
or dCTP (lanes 7-11). (B) Pol m 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 m 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 m was incubated with the 39/100-mer 8-oxo-G template, in the presence
of all four rNTPs (lanes 2, 3) (1 mM cach, final concentration) or dNTPs (lanes 4, 5) (5 pM 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.

by about 25% in the absence of Pol m (Supplementary Figure
S1G). The majority of rCMP incorporation opposite 8-0xo-
G has been shown to be carried out by Pol B (16). Western
blot analysis of the extracts confirmed that both Pol B and
Pol m were present in the extracts (Supplementary Figure
S1H). Thus, the apparently modest contribution of Pol m to
rCMP incorporation opposite 8-oxo-G, could be explained
by the competition of Pol 3. On the other hand, when the
extracts were tested with the cis-PtGG template, bypass was
observed only in XP-V /m cells, with either dCMP or rCMP
(Supplementary Figure S11), in agreement with the notion
that Pol m contributes most to TLS past this lesion. Collec-
tively, these data suggest that the frequency of INMP in-
corporation 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.

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 ez al.
showed that the efficiency of the enzyme depended on the
identity of the base pair being cleaved (37). To verify this
property, we expressed and purified the recombinant hu-
man trimeric RNase H2 (Supplementary Figure S3A) and
tested it with all four ribo-to-deoxynucleoside base pairs.
Time course experiments were performed with increasing
amounts of the 40/40mer ds DNA oligonucleotide sub-
strates, bearing either a rC:dG, rG:dC, rA:dT or rU:dA pair
at a specific position. The strand containing the single rN-
MPs was 5'-labeled so that after cleavage by RNase H2,
products of a defined length were generated and resolved
by sequencing gel electrophoresis. Representative experi-
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Figure 3. Pol v bypass of 8-met-G and 3-met-C with ribonucleotides. The sequences of the 5’ *?P-labeled DNA substrates used are indicated on top of
each panel. (A) A total of 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 m was incubated with the 8-met-G substrate, in the presence of rCTP (lanes 1-4; 7-14) or dCTP (lane 5) and in
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Table 2. Kinetic parameters for RNase H2 cleavage of different ribo-/deoxynucleoside basepairs

Basepair Ky (nM)? kear (min~1) keat/ Ky (M~ 871 efficiency (-fold)
rA:dT 10 +£3 6.7 £0.2 11 x 10° 6.1

rU:dA 1242 3.1 +0.5 4.3 x 10° 24

rC:dG 8+ 2 0.9 + 03 1.8 x 10° 1

rG:dC 27 +5 1.2+ 03 0.7 x 10° 0.4

4Kinetic parameters have been calculated as indicated in the ‘Materials and Methods’ section. Values are the means of four independent experiments +S.D.

ments are shown in Supplementary Figure S2A-D, while
the kinetic parameters are summarized in Table 2. Human
RNase H2 had a strong preference for rA:dT cleavage. fol-
lowed by rU:dA. Interestingly, rC:dG and rG:dC pairs were
cleaved with a 6-fold and 15-fold reduced efficiency with re-
spect to rA:dT. RNase H2 subunit H2B contains a PCNA-
binding domain 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 Supplementary Figure S2B 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 versus G (Figure SA and B). On the
other hand, no differences were seen in cleavage efficiency
between rC:dG and rC:8metG pairs (Figure 5C 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 (Supplementary Figure S2D). Since rCMP incor-
poration by Pol m can occur only opposite the 3'-G (see Fig-
ure 4), we better characterized RNase H2 cleavage at this
position (Figure SE). 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, rela-
tive to it being opposite an undamaged guanine at the same
position (Figure 5F). Overall, these results indicated that
rCMP opposite an undamaged guanine is already less effi-
ciently cleaved by RNase H2, and incorporation of rCMP
as a result of TLS can further reduce the efficiency of its
removal by RNase H2.

DISCUSSION

In the present study, we addressed the possible conse-
quences of TNMPs incorporation by human Pol v in the

context of TLS of five different lesions (8-0xo-G, 8-met-G,
3met-C, cis-PtGG and AP site), by studying not only the in-
corporation by Pol m per se, but also the subsequent cleavage
of the incorporated rNMPs by human RNase H2 and the
impact of auxiliary proteins in the TLS process. In fact, the
incorporation of rNMPs in the context of TLS would re-
sult in an aberrant base pair, in which the rNMP is placed
opposite the original DNA lesion. As a result, the cell will
need to act upon two paired lesions: the INMP on the newly
synthesized strand and the original lesion on the template
strand.

We found that human Pol m, at physiological con-
centrations of Mg?* and rNMPs, has robust DNA-
dependent RNA Pol activity, being able to synthesize sev-
eral nucleotides-long RNA chains, either on undamaged
DNA or during TLS. Thus, Pol m behaves differently from
Pols B and \, whose activity is limited to the incorporation
of one or two rNMPs (16), but similar to the X-family Pol
w (9,13) or the Y-family Pol v (14).

These results suggest that Pol m may amplify the num-
ber of INMPs incorporated into the genome, for example
if TLS occurs on a gapped DNA intermediate behind the
replication fork, as has been suggested. Such long RNA
chains may represent an additional challenge to the cell.
It has been observed that in S. cerevisiae, deletion of the
Rad30 gene (encoding yeast Pol m) reduces the toxic effects
due to inactivation of RNaseH1 and RNase H2, both re-
quired to remove RNA chains longer than 4 nt (38). The
same studies indicated Pol { as the TLS enzyme essential
to relieve the cells from the stress due to excessive INMPs
accumulation in the genome. Replicative pols & and € can
bypass only a limited number (< 4) of INMPs in the tem-
plate strand (39,40), while Pol { can easily copy a template
containing multiple INMPs (38). These findings, together
with studies on yeast strains expressing a mutant Pol m with
increased ability to incorporate INMPs (21), support the
hypothesis that Pol m leads to the accumulation of long
stretches of RNA in the genome in cells lacking RNase H2

Lanes 1, 12, control reactions without nucleotides. (B) Pol m 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 y 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 m 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 n 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 m 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/m (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.
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Figure 5. Cleavage of rtCMP opposite normal or damaged guanines by human RNase H2. The 5" FAM-labeled templates used are indicated on top of each
panel. Asterisks indicate the labeled strands. (A) Time course of RNase H2 digestion of the DNA substrate containing a single rtCMP opposite 8-oxo-G



and H1. In the next replication round, these RNA tracts will
require Pol { for TLS.

Our results show that Pol m can bypass only certain le-
sions using rNMPs. [t can easily perform TLS incorporat-
ing rtCMP past a 8-0x0-G or 8-met-G, but not past 3-met-C
or an AP site. Also, the nature of the lesion can influence
its sugar selectivity. While the dCMP versus rCMP prefer-
ence for incorporation opposite 8-met-G was similar to the
one opposite a normal guanine (693 versus 400, respectively,
Table 1), selectivity of dCMP opposite 8-0xo0-G increased
to a value of about 1400 (Table 1). Also, the fidelity of 8-
0x0-G bypass was increased: the preference for rtCMP ver-
sus TAMP incorporation was 8.9, while the one for dCMP
versus AAMP was 3.3 (Table 1). A recent study, appearing
during the preparation of this manuscript, found a similar
increase in fidelity for the bypass of 8-0xo-G by human Pol
M (17).

The 8-Met-G is an major alkylation product of de-
oxyguanosine and has miscoding properties (41). No hu-
man glycosylase has been identified so far, that can remove
this lesion (42). Thus, its tolerance may rely principally on
the TLS pathway. However, the capacity of human Pols to
perform TLS over 8-met-G remains largely unknown. Inter-
estingly, this modification occurs at the same position of the
purine ring as in the 8-0xo-G, giving us the opportunity to
compare the effects of two different substituents at the C-8
of the guanine. We found that Pol m can easily misincorpo-
rate different ANMPs opposite 8-met-G, while the comple-
mentary rCMP was the only INMP inserted opposite this
lesion. Efficient elongation past 8-met-G was observed with
both dANMP and rNMP insertion. To the best of our knowl-
edge, this is the first report of bypass of 8-met-G by a human
TLS Pol.

Another important role for Pol m is in resistance to-
ward the anticancer drug cis-Pt, which causes inter- or
intrastrand crosslinks of two adjacent purines, in most
cases guanines. These crosslinks block replication fork pro-
gression, requiring bypass by a specialized TLS Pol. The
most frequent intrastrand crosslink is the cis-PtGG lesion.
Among human Pols, Pol m has been shown to be the most
proficient in bypassing cis-PtGG lesions (36). Accordingly,
cells lacking Pol m, are hypersensitive to cis-Pt treatment
(43,44). In cancer cells, Pol m overexpression is induced by
cis-Pt treatment and its levels correlate with chemoresis-
tance and poor clinical outcomes of several tumors, such
as non-small-lung or ovarian cancers (44,45).

We found that human Pol v bypasses a cis-PtGG in-
trastrand crosslink by incorporating rCMP opposite the 3'-
G of the lesion, then completing the bypass by incorporat-
ing dCMP opposite the 5'-G of the lesion. No rCMP incor-
poration could be observed opposite the 5'-G, cither start-
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ing from a rCMP- or a dCMP-terminated primer. Crystal
structures of Pol m in complex with a cis-PtGG and an in-
coming dCTP (46-48) clearly shows that incorporation op-
posite the 5-G requires structural rearrangements to ad-
sorb the 30° roll imposed by the crosslink between the two
guanines. As a result, the 5-G of the adduct can adopt ei-
ther an inactive ‘open’ conformation or a catalytically active
‘stacked’ conformation. Even in the stacked conformation,
the distance between the 3’-OH and the a-phosphate of the
incoming dCTP poised for insertion opposite the 5-G, is
increased with respect to the complex formed with the 3'-G
as the templating base, further decreasing the catalytic rate.
Thus, 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.

The rNMPs incorporated into the genome can be re-
moved by RNase H2. However, very little is known about
the ability of human RNase H2 in processing rNMPs incor-
porated opposite DNA lesions. Human RNase H2 is a het-
erotrimer composed of the H2A subunit that contains the
catalytic site and the H2B and H2C subunits, which con-
tribute essential structural roles (49,50). H2B also interacts
with PCNA (31), which is important for the recruitment
of the RNase H2 heterotrimer to DNA repair sites (51).
RNase H2 knockout mice show embryonic lethality (52,53),
while mutations in the RNase H2 subunits are linked to
human diseases such as the Aicardi-Goutieres Syndrome
(AGS) (54) and Systemic Lupus Erythematosus (SLE) (55).
Thus, alterations in the catalytic efficiency of RNase H2,
leading to rNMP accumulation, can have important physi-
ological consequences (56).

We observed that human RNase H2 processes INMPs
paired to their complementary dANMPs with preference in
the order rA>rU>rC>rG. The reasons for such a prefer-
ence are not clear. The available crystal structures of mam-
malian RNase H2 enzymes (57,58) were not solved in com-
plex with a nucleic acid substrate. However, the structure
of the enzyme-substrate complex of Thermotoga maritima
RNase H2 (59) shows that for the DNA/RNA junction,
cleavage requires structural rearrangement of the sugar-
phosphate backbone with rotation of the phosphodiester
bond. It is tempting to speculate that such local backbone
distortion my be energetically less favoured when the INMP
to be cleaved is part of a more stable rC:dG or rG:dC pair
relative to rA:dT or rU:dA. Overall, these results suggest
that besides the preferential incorporation of rCMP and
dGMP by replicative Pols, also the lower efficiency of their
removal by RNase H2 may contribute to the observed pref-
erential accumulation of these two rNMPs in the genome.

We also observed a different preference of RNase H2 in
the removal of rCMP opposite DNA lesions. A rCMP op-

(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~¥,". (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 C. 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, rTCMP- 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~ ,,’.
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Table 3. Theoretical rCMP versus dCMP incorporation frequencies opposite normal and modified G by Pol m in different cell types

Template G Template 8-oxo-G Template cisPt-GG Template 8SmetG
S(rCTP/dCTP)® x SrCTP/dCTP)® x SirCTP/dCTP)® x
Tissue rCTP/dCTP ratio 1073 1073 1073 ArCTP/dCTP)® x 1073
Skin fibroblasts* 18 45 15 26
Lymphocytes® 200 500 140 165 288
Liver? 36 86 27 49

4The rCTP and dCTP concentrations have been taken from (64).
"The rCTP and dCTP concentrations have been taken from (63).

¢Frequencies of incorporation for each ribo-/deoxy-nucleoside substrate pair were calculated according to the Cornish-Bowden relationship:
ArCTP/dCTP) = (kcat/Km)rctp/ (kcat/Kwm)dcrp o[rCTP]/[dCTP] using the values from Table 1 and (63,64).

posite 8-met-G was processed with the same efficiency as
opposite a normal guanine, while a substantial drop in ef-
ficiency was observed when rCMP was opposite an 8—oxo-
G or the 3'-G of a cis-PtGG lesion. Intriguingly, this order
of preference is paralleled by Pol m, with incorporation of
rCMP opposite 8-met-G being more favoured with respect
to opposite 8-0x0-G or cisPt-GG. Thus, the increased prob-
ability of rCMP incorporation opposite 8-met-G may be
compensated by a higher efficiency of its removal by R Nase
H2. On the contrary, incorporation of rCMP opposite 8-
0x0-G or cis-PtGG may lead to a substantial delay in their
processing by RNase H2.

Auxiliary proteins can also influence rINMPs incorpora-
tion during TLS. In this context, PCNA has been shown to
interact with both Pol yand RNase H2 and to recruit both
proteins at DNA repair foci (31,51,60). We did not find any
stimulation of INMP incorporation by Pol m or of INMP
cleavage by RNase H2 with PCNA. PolDIP2 is another re-
cently identified auxiliary protein, which has been shown
to stimulate the activity of Pols N\ and m (28) and PrimPol
(61). When tested in our system, PolDIp2 was able to signif-
icantly stimulate INMP incorporation by Pol ny on both un-
damaged DNA and during TLS of 8-0x0-G, 8-met-G and
cis-PtGG.

In summary, the data presented here add novel details to
the complex emerging picture of the consequences of INMP
incorporation during DNA repair. When considered in the
context of recent data obtained for Pols A and B (16), these
results show that at least three key elements must cooper-
ate in determining the consequences of TLS with rNMPs:
(i) the intrinsic sugar selectivity of Pols (e.g. Pol \, B or
m); (ii) the relative Pol levels and/or their selective access
to the lesion and (iii) the action of auxiliary proteins (e.g.
PolDIp2). For example, while Pol m has lower sugar selectiv-
ity for dCMP versus rCMP incorporation opposite §-oxo-
G than Pols \ and B, experiments with cell extracts clearly
indicate that the majority of rCMP insertion opposite the
lesion is carried out by the more abundantly expressed Pol
B (16), which can effectively compete with Pols N and m for
access to this lesion. On the other hand, the specificity of Pol
7 for TLS over the cis-PtGG adduct, makes NMPs incor-
poration opposite this lesion almost exclusively dependent
on the selectivity of this Pol. The auxiliary factor PolDIP2
can also further modulate the frequency of INMP incorpo-
ration during TLS by Pol n. PCNA can functionally inter-
act with both Pol m and PolDIP2 (28,62). Our in vitro data
suggest the possibility that Pol 1 and PCNA may compete

for their binding to PolDIP2 in a mutually exclusive way, an
observation that deserves further investigations.

In turn, the complex lesions generated as a result of
rNMP incorporation opposite damaged bases may impact
DNA repair in two ways. First, they can affect the action of
specialized DNA glycosylases, as shown in the case of the
8-0x0-G lesion, (16). In this context, the present data indi-
cate that Pol v, similarly to Pols A and B, has been shaped
by evolution to minimize the risk of inserting rAMP oppo-
site the lesion, which would represent the most dangerous
situation, due to the poor ability of the DNA glycosylase
MUTYH to process the resulting mispair (16).

Second, the novel information presented here, also clearly
indicates that insertion of INMPs opposite different lesions
can reduce the efficiency of their removal by RNase H2,
thus effectively delaying RER. However, RNase H2 is still
able to correctly process a INMP paired to a damaged base,
albeit at a reduced rate, depending on the lesion. This in-
dicates that the cell is still able to resolve the complex dam-
age resulting from incorporating rNMPs during TLS. Thus,
while this event may potentially cause replication stress, de-
laying the action of RNase H2 may also give more time for
the excision repair systems to remove lesions opposite the
rNMPs, which then could be efficiently addressed by RER
once the complementary DNA strand is freed from the
damaged bases. Finally, the findings reported here also sug-
gest a potential role of Pol m in synthesizing long stretches
of RNA. As shown in Table 3 for the case of rCMP in-
corporation, the theoretical frequencies of NMPs versus
dNMPs incorporation by Pol m are higher for undamaged
G, than for all the three lesions considered here (8-oxo-G,
cisPt-GG and 8-met-G), ranging from 4 to 50%, depending
on the particular cell type (63,64). Intracellular dCTP con-
centrations measured in normal tissues are generally com-
prised between 0.3 and 30 wM. while rCTP concentrations
range between 15 and 400 pM (63). However, other nu-
cleotides show much higher differences, most notably rGTP
and rATP, with respect to their corresponding dNTPs (64).
Thus, depending on the cellular context, synthesis of long
RNA stretches by Pol rymay increase the toxicological con-
sequences of rNMP incorporation in cells lacking RNase
H2, for example in AGS patients.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Abstract: DNA is constantly exposed to both endogenous and exogenous damages. More than
10,000 DNA modifications are induced every day in each cell’s genome. Maintenance of the integrity
of the genome is accomplished by several DNA repair systems. The core enzymes for these pathways
are the DNA polymerases. Out of 17 DNA polymerases present in a mammalian cell, at least 13 are
specifically devoted to DNA repair and are often acting in different pathways. DNA polymerases 3
and A are involved in base excision repair of modified DNA bases and translesion synthesis past DNA
lesions. Polymerase A also participates in non-homologous end joining of DNA double-strand breaks.
However, recent data have revealed that, depending on their relative levels, the cell cycle phase, the
ratio between deoxy- and ribo-nucleotide pools and the interaction with particular auxiliary proteins,
the repair reactions carried out by these enzymes can be an important source of genetic instability,
owing to repair mistakes. This review summarizes the most recent results on the ambivalent properties
of these enzymes in limiting or promoting genetic instability in mammalian cells, as well as their
potential use as targets for anticancer chemotherapy.

Keywords: DNA polymerases; DNA repair; translesion synthesis; cancer chemotherapy; mutagenesis

1. Introduction

DNA polymerases (Pols) 3 and A belong to the Pol family X. In mammalian cells, the X family
comprises four members: Pol 8, A, 1 and terminal deoxynucleotidyl transferase (TdT). All of the
members possess a highly homologous C-terminal catalytic or 3-like domain. In addition, Pol A, wand
TdT contain an extended N-terminus, with additional domains. While the functions of Pol p and TdT
seem to be restricted to specialized forms of DNA double-strand break repair, such as non-homologous
end joining (NHE]) and V(D)J recombination, Pol 3 and A play more diversified roles, participating in
different DNA repair pathways. Because of their partially overlapping roles, Pol § and A are regulated
along the cell cycle, through mainly post-translational modifications [1-4]. In addition, their function
is also under the control of cell cycle checkpoints [5,6]. Since these Pols are involved in the tolerance of
various kinds of DNA damages, including those caused by anticancer chemo- or radio-therapy, and
their overexpression may lead to genetic instability, they are being regarded as attractive targets for
cancer chemotherapy. Below, we will provide a summary of the roles of Pol 3 and A in the various
repair pathways, their regulation and the state of the art in the development of specific inhibitors for
these enzymes.

Genes 2016, 7, 57; doi:10.3390/ genes7090057 www.mdpi.com/journal/genes
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2. Pol § and A in the Base Excision Repair Pathway

Pol B and A use their polymerase and 5'-deoxyribose 5'-phosphate (dRP)-lyase activities during
single-nucleotide base excision repair (BER) [7].

The BER pathway contributes to the maintenance of genome integrity, since it repairs DNA
lesions caused by alkylation, oxidation, depurination/depyrimidination and deamination [8] that,
if not removed, could cause mutations by mispairing or lead to strand breaks during replication.
Enzymes acting during BER excise the damaged nucleotide and replace it with the correct one [9].

In eukaryotes, the pathway is divided into short-patch (SP) BER, devoted to the replacement of
single damaged nucleotides, and long-patch (LP) BER to repair two or more damaged nucleotides. Pol
{3 is the solely Pol involved in SP BER, while in LP BER, it is involved in the incorporation of the first
nucleotide, whereas the elongation step is carried out by replicative Pols [10]. Both pathways start
with the damaged base being recognized; then, a DNA glycosylase hydrolizes the N-glycosidic
bond removing the base from the sugar-phosphate backbone. At this point, the AP (abasic or
apurinic/apyrimidinic) site generated in this way is further processed by apurinic/apyrimidinic
endonuclease 1 (APE1), the main 5 AP endonuclease in human cells, which cleaves the phosphodiester
bond 5 to the AP site, generating a 5’dRP and a 3’-OH. The 5'dRP is removed by Pol B, as it possesses
intrinsic dRP-lyase activity, leaving a phosphate at the 5'-end. Subsequently, Pol 8 can fill the gap,
and finally, ligase III in complex with its accessory protein XRCC1 ligates the nicked DNA in the SP
BER [10,11]. Experiments performed on mouse cells demonstrated that ligase III, which possesses
nuclear and mitochondrial forms, is fundamental for the maintenance of the mitochondrial DNA
(mtDNA) integrity, while it is not required in nuclear BER [12,13]. In LP BER, the final ligation step is
instead performed by ligase I [11]. Like Pol B, also Pol A is involved in BER: while Pol {3 is the main
enzyme for BER, Pol A involvement in BER is supported by the observation that it can substitute Pol 3
in BER reactions in vitro [8]. Indeed, it has been shown that Pol A is the preferred Pol involved in
the specialized BER, which removes 7,8-dihydro-8-oxoguanine (8-oxo-G):A mispairs, initiated by the
glycosylase MUTYTI [14] (see also below).

3. Pol  and A in the Translesion Synthesis Pathway

DNA integrity is fundamental for the inheritance of complete and correct genetic information.
Cells are exposed not only to exogenous attacks, such as ionizing radiation, ultraviolet light and
chemical agents, but they also have to cope with endogenous mechanisms generating reactive
metabolites that are threatening for DNA. Despite multiple repair pathways evolved in order to
correct damages occurring in DNA, other mechanisms are necessary to tolerate DNA lesions without
actually repairing them. DNA damage tolerance processes are important in promoting cell survival
and, in some cases, contribute to the generation of mutations [15]. During the S phase, when the
replication machinery encounters a lesion along DNA, replicative Pols are unable to bypass it and to
incorporate the right nucleotide opposite the damaged site, leading to fork stalling. In such a situation,
the translesion synthesis (TLS) mechanism is activated.

TLS is one of the major damage tolerance systems in which specialized polymerases, known as
TLS Pols, substitute for replicative Pols in copying across DNA lesions during replication [8]. TLS Pols
are able to use damaged DNA bases as a template and to insert nucleotides opposite them.

Two non-mutually exclusive models for lesion bypass by TLS Pols have been proposed: the
polymerase-switching model and the gap-filling model. At the replication fork, where replicative
Pols are acting, a switch occurs in the presence of DNA damage through protein-protein interactions,
so that replicative Pols are substituted by TLS Pols. After lesion bypass with relative accuracy, an
additional switch takes place, and the replicative Pol is restored in order to continue accurate DNA
synthesis [15]. It has also been proposed that TLS takes place outside replication forks, in a gap-filling
model. In this scenario the replication machinery leaves a single-strand DNA (ssDNA) gap opposite a
DNA lesion because of suppressing events that occur downstream of the damage, leaving to TLS Pols
the role of filling the gap [15].
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TLS Pols are present in all three domains of life, and they mainly belong to the Y family of DNA
Pols; however, also Pol 3 and A play a role in specialized forms of TLS, even if it is not their primary
task [16].

3.1. Bypass of the 7,8-Dihydro-8-Oxoguanine (8-oxo-G) Lesion

Oxidative lesions are one of the most frequently-observed base modifications; they derive from the
action of reactive oxygen species (ROS) [17]. Hydroxyl radicals, in particular, can generate adducts at
diverse positions of purines, since they add to the double bonds of DNA bases. The Cg-OH adducts of
guanine, such as 7-hydro-8-hydroxyguanine and 7,8-dihydro-8-oxoguanine (8-oxo-G), and the C,-OH
adduct of adenine are the most studied oxidative lesions [17]. 8-oxo-G is a particularly relevant lesion
because it is widely present in DNA (103 to 10* per cell per day) [18] and because of its well-established
mutagenic potential in bacterial and mammalian cells. It is a miscoding lesion that can generate
G:C to T:A transversions; it accumulates with age, mainly in the mitochondrial genome, and it is
involved in different types of tumors and neurodegenerative diseases (e.g., Parkinson and Alzheimer
diseases) [17].

8-0x0-G can be bypassed by replicative Pol «, 3 and & in an error-prone manner since,
in many cases, instead of inserting the correct cytosine (C) opposite to the damage, they incorporate
an adenine (A) [16]. In order to face this threatening damage, prokaryotic and eukaryotic cells
evolved two different BER systems: an 8-oxo-G DNA glycosylase 1 (OGG1)-dependent pathway and a
MUTHY-dependent pathway [18]. In all tissues, the OGGI initiates the short patch BER recognizing
the damaged G when paired with a C, catalyzing the removal of 8-oxo-G. The AP site generated in
this way is a substrate of APE1, then DNA Pol § fills the gap, and DNA ligase III/XRCC1 complex
performs the ligation step [16,17]. In replicating tissues, when the replication machinery encounters the
8-0x0-G, it often incorporates an A instead of a C; the glycosylase MUTYH has the ability to recognize
the mispair, but excides the A. At this point, APE1 incises the DNA, then DNA Pol A with the help of
Proliferating cell nuclear antigen (PCNA) and replication protein A (RP-A) incorporates the correct C
opposite the 8-oxo-G left on the template strand within the gap [14]. The newly-formed C:8-oxo-G pair
can subsequently become the substrate of the OGG1-dependent short patch BER [16].

Since both Pol A and (3 have a role in BER, there should be a mechanism allowing the selection of
one or the other to repair the 8-oxo-G lesion. Experiments suggested that PCNA and RP-A have a role
in this discriminatory mechanism, recruiting Pol A instead of Pol  towards the 8-ox0-G lesion facing a
window gap. Pol A is the most efficient in the MUTYH-initiated pathway, ensuring error-free TLS with
correct Deoxycytidine triphosphate (dCTP) incorporation opposite 8-oxo-G; its fidelity is increased by
the association with PCNA and RP-A, ensuring a 750-fold preference for dCTP incorporation opposite
to 8-0xoG on 1-nt gap with respect to Deoxyadenosine triphosphate (dATP) incorporation. The other
main polymerase involved in BER, Pol B can substitute for Pol A, but at the expense of a reduced
fidelity, leading to frequent misincorporation of dATP opposite 8-0x0-G (in 20% to 30% of cases).
In fact, Pol f is 145-fold less efficient than Pol A in bypassing 8-oxo-G damage on 1-nt gaps inserting
the correct dCTP [18].

3.2. Bypass of Abasic Sites and the 2-Deoxyribonolactone Lesion

Reactive oxygen species (ROS) have also the ability to cause the accumulation of oxidized
AP sites [19]. Among the oxidized AP sites produced by oxidative stress, the C1’-oxidized abasic
site 2-deoxyribonolactone (L) is a frequently-encountered lesion, representing about 10% of total
2-deoxyribose oxidation [20]. L can be caused also by long wave UV irradiation, organometallic
oxidants and by antitumor drugs, such as neocarzinostatin and the enediyne antibiotic C-1027 [21].
The presence of L in the DNA strand, on the other hand, can be particularly dangerous during the S
phase, since it can lead to the arrest of the replication fork.

AP sites are usually handled by the BER pathway, where an AP endonuclease, mainly APE1 in
mammalian cells, incises AP sites, thus generating ssDNA breaks with 3-OH and 5'-deoxyribose-
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5'-phosphate (5'-dRp) termini. Pol B, through its 5-dRp-lyase activity residing in its 8-kDa domain,
can remove the 5-dRp residue [22,23]. Pol A possesses a homologous 8-kDa domain, which also allows
elimination of 5'-dRp [24]. Both Pol A and B can bypass non-oxidized AP sites, but with diverse
mechanisms. In most cases, Pol A skips the lesion and gives rise to a -1 frameshift deletion, while Pol 3
generally incorporates a dATP opposite the AP site [21,25]. Moreover, Pol A is more efficient than Pol 3
in performing TLS when an AP site is present, especially when the concentration of nucleotides is
low [25].

On the contrary, when L lesion or chemically-reduced AP sites are present, Pol 3 cannot excise
the modified sugar. Therefore, LP BER is activated in order to process such lesions. However, during
unsuccessful attempts to repair L through SP BER, when Pol  attacks the 5'-dRp residue through the
active site of its N-terminal lysine 72 (K72), it becomes covalently trapped on DNA via the formation
of an amide bond with K72, resulting in the formation of DNA-protein cross-links (DPC) [22-24,26,27].

In in vitro experiments, performed using either Mn?* or Mg?* as the cofactor, Pol {8 exhibited
the ability of bypassing L, and, its capacity of performing TLS over such a lesion, was enhanced in
the presence of the auxiliary protein PCNA. Pol § mainly incorporates dATP opposite L and, to a
minor extent, dCTP. Thus, L bypass, similarly to the case of the normal AP site, is most of the times
mutagenic. On the other hand, similar experiments revealed that Pol A is unable to bypass L damage,
even when nucleotide concentrations were high [21].

3.3. Pol é-Interacting Protein 2 as an Auxiliary Factor for Pol A during TLS

In the presence of a DNA lesion, a switch between replicative Pols and TLS Pols allows lesion
bypass can occur. DNA Pol é-interacting protein 2 (PolDIP2), also known as Pol $ interacting protein
38 (PDIP38), is a protein of 368 aa that makes contact with the p50 subunit of Pol § and with PCNA [28],
the processivity clamp whose ubiquitination seems to favor the access of TLS Pols to the lesioned
DNA site [29]. In effect, in the presence of PolDIP2, Pol § increases its affinity for PCNA by about
two-fold [30].

PolDIP2 also physically interacts with TLS Pol 1, ¢ and Revl, even if the physiological meaning of
this event is still required to be fully elucidated. Indeed, PolDIP2 can associate to the ubiquitin-binding
zinc finger domain of Pol n, the domain that mediates the interaction of Pol n with ubiquitinated
PCNA. An intriguing possibility is that PolDIP2 might have a role in the TLS pathway, contributing to
the switch between Pol n and TLS Pols [30].

While PolDIP2 does not seem to stimulate either Pol 3 or Pol i, it has been found to physically
interact with Pol A, the main actor in bypassing faithfully the 8-oxo-G lesion by inserting in most cases
the right cytidine. Pol A forms a complex with PolDIP2 through its catalytic domain. Experiments
demonstrated that PolDIP2 association with Pol A, as well as to Pol 1, positively regulates their ability
to perform correct 8-0xo-G bypass. PolDIP2 enhances both the processivity and catalytic activity of Pol
A and 1, thus favoring a speeding up of the bypass process, not only of 8-oxo-G damage, but of other
DNA lesions, as well, such as abasic sites and cyclobutane thymine dimers. In particular, PolDIP2
favors the switch from Pol & to Pol A in TLS of the 8-oxo-G lesion [30].

Moreover, silencing of PolDIP2 in mouse embryonic fibroblasts (MEFs) results in increased
sensitivity of cells to oxidative agents, an effect very similar to the one displayed by Pol A-null cells.
When PolDIP2 was silenced in Pol A=/~ fibroblasts, the sensitivity further increases, thus suggesting
that cells need both Pol A and PolDIP2 for effective DNA damage response. [30]. Interestingly, PolDIP2
has been also shown to activate the intracellular oxidase NADPH oxidase 4 (Nox4), thus increasing
endogenous ROS levels. Since this protein shuttles from the cytoplasm to the nucleus in response to
proliferative stimuli, it is intriguing to speculate that during replication, when the risk of incurring
mutations due to oxidized bases is higher, PolDIP2 stops stimulating Nox4 and aids TLS Pols in
bypassing oxidative DNA damages caused by endogenous ROS.
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4. Pol  and A and the Incorporation of Ribonucleotides in the Genome

The selectivity of the incorporation of dNTPs is from 10-fold to 10°-fold greater with respect to
ribonucleotide monophosphates (rNMPs) incorporation, depending on the identity of the polymerase,
on the base examined and on rNMP:Deoxynucleoside Monophosphate (ANMP) ratio [31]. However, in
spite of their specificity, replicative Pols discriminate dNMPs imperfectly, and so, they can frequently
incorporate rINMPs during DNA replication since in mammalian cells, as well as in yeast cells, INMPs’
concentration is 10- to 100-fold higher than dNMPs’ concentration. [32,33].

Lacking the reactive hydroxyl group in position 2’ of the ribose ring, DNA is more stable and
resistant to cleavage than RNA [31]. Therefore, for the cell, it is important to remove rNMPs in order
to preserve the integrity of the genome. Indeed, most DNA Pols evolved to avoid incorporation of
rNMPs during DNA synthesis, as they could lead to spontaneous strand breaks and stalling of Pols at
the replication fork [32]. Most misincorporated rNTPs are removed through the RNaseH2-initiated
ribonucleotide excision repair (RER) pathway [34].

Besides replication, INMPs can be inserted in the genome by Pols also during reparative pathways.
Until now, 17 Pols, including cytidyl-transferase Revl and telomerase, are known to be present in
human cells, many of which participate in DNA repair pathways [16].

Reparative Pols are low-fidelity Pols that do not possess 3 to 5" exonuclease activity, so they
cannot proofread rNMPs erroneously inserted as replicative Pols do. For high-fidelity Pols, the range
of sugar selectivity is from 500 to 4,400,000, while for reparative low-fidelity Pols, the values range is
between 1.3 and 50,000. This difference is probably ascribed to the overall flexibility and arrangement
of their active sites [35].

Several studies have shown that family X Pols can incorporate rNMPs during the synthesis
of undamaged DNA, but with varying sugar selectivity. Pol p displays the lowest discrimination
capability, in the range of 1- to 10-fold preference for dANMPs over rNMPs incorporation, thus
possessing both DNA and RNA polymerase activities [36]. Pol p can incorporate rNMPs and dNMPs
with similar efficiency, because it possesses a glycine residue at the predicted “steric gate” position [37]
where, instead, Pol 3 and A have Tyr or Phe residues, thus achieving a higher sugar selection [35]. It has
been shown that Pol A has a sugar selectivity of 5100 to 7500 and Pol 8 of 1690 to 3200 for incorporation
of rCMP opposite a guanine, depending on the structure of the template [38], in agreement with similar
results [35,39]. These findings suggest that Pol 8 and A can incorporate rINMPs opposite undamaged
DNA bases [38]. Moreover, examining the impact of INMPs’ incorporation opposite the 8-oxo0-G lesion,
Pol A displayed the ability to bypass such a lesion on a 1-nt gap template incorporating the correct
dCMP in the majority of cases. Pol 3, on the other hand, having a lower selectivity for rINMPs, can
bypass the lesion also inserting rCMP (wrong sugar/right base), but at least excluding in most cases
rAMP (wrong sugar/wrong base) [38]. Incorporation of rINMPs opposite an 8-0xo-G lesion has also
been shown to negatively impact the subsequent action of the glycosylases OGG1 and MUTYH, thus
substantially delaying BER [38,40].

Thus, Pol 3 can be a source of INMPs’ incorporation into genomic DNA, both during BER (that is
opposite normal DNA bases) and during the bypass of 8-oxo-G. Pol f3 is the major Pol expressed in
post-mitotic neurons, which are cells with dNTP levels markedly lower than rNTP levels, with a poor
expression of RNaseH2 and that undergo severe oxidative stress. Therefore, post-mitotic neurons
ability to use INMPs may have physiological relevance in enhancing the deleterious effects of DNA
oxidation in the brain [38].

5. Pol 3 and A in Specialized Forms of DNA Double Stand Break Repair

Double-strand breaks (DSBs) represent the most dangerous damages occurring in DNA since
they can lead to cell death if left unrepaired or cause chromosomal rearrangements if misrepaired.
DSBs can result from endogenous sources, such as ROS, which can alter in different ways DNA
bases, or they can arise from programmed processes, including V(D)J recombination and class switch
recombination (CSR). Moreover, also, exogenous sources, like IR and ultraviolet (UV) light, can induce
DNA DSBs [41].
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Cells have evolved two main general mechanisms to face these genotoxic lesions, homologous
recombination (HR) and non-homologous and joining (NHEJ) [41]. HR acts exclusively during the
S phase, while NHE], the main DSB repair pathway in higher organisms, acts throughout the cell
cycle [8]. The “classical” NHE] starts with binding of the Ku70/80 heterodimer to the ends of the
broken double-stranded DNA molecule, a step that allows successive binding of NHE] factors. Pol u
and A participate in the NHE] pathway. They can bind to Ku:DNA complexes through their N-terminal
breast cancer carboxy-terminal (BRCT) domains [42], providing their gap-filling activity before the
final ligation step, which is performed by the XRCC4-ligase IV complex. Pol A tends to fill gaps with
ends that have partially complementary overhangs, while Pol u can synthesize DNA without the
presence of complementarity between the primer and template strand [43].

Besides classical NHE], an alternative Ku-independent and ligase IV-independent NHE] pathway
exists. It has been proposed that this alternative end-joining (A-EJ) pathway proceeds through
microhomology-mediated end joining (MME]) [41—43]. It seems that in MME], terminal microhomology
(MH) can substitute for the presence of Ku protein [42]. This mechanism relies on MH regions (five to
25 nucleotides) that anneal to form a synaptic complex causing the formation of gaps on both DNA
strands. These gaps are subsequently filled by Pols and finally ligated by DNA ligase 3 (Lig3) or DNA
ligase 1 (Ligl) [41-43].

Evidence supports the involvement of Pol A in MME]. When DSBs occur, nucleases create 3'ssDNA
overhangs with terminal MH. The idea is that Pol A promotes the creation of stable synapsis at MH
regions, with the formation of long DNA gaps on both strands. The elongation step follows, during
which the 9-1-1 complex increases the processivity of Pol A, which makes contact with the 5'-phosphate
of the terminal downstream nucleotide when the gap size reaches 1 nt, thus ensuring precise gap-filling.
Finally, Ligl seals the nick [43]. This reaction is also stimulated by the flap endonuclease 1 (FEN1) [43].

In vitro experiments demonstrated that Pol 3 is not able to promote annealing and elongation of
long ssDNA 3’ overhangs possessing a single short MH region. On the other hand, it was capable of
promoting the annealing and elongation of short (five nucleotides) 3’ ssDNA overhangs, even more
efficiently than pol A, in sequences containing CAG triplet repeats. Moreover, on such substrates, Pol
B leads to the expansion of CAG triplets [43]. This observation, along with the fact that Pol 3 is the
most highly expressed Pol in post-mitotic neurons, may suggest a role of MME] in the CAG repeats’
expansion linked to neurodegenerative diseases, such as the Huntington disease.

6. Pol  and A Roles in Genetic Instability

Pols have an extremely important role in repairing DNA damage, protecting the cells. In fact, the
damage, if not repaired, can lead to mutagenesis. However, unscheduled activation of repair Pols or
alteration of their levels, can be detrimental for the cell, leading to genetic instability. For this reason,
repair Pols must be tightly regulated. In recent years, further details about the regulation of Pol 5 and
A and their relationships with cell cycle checkpoints have emerged.

6.1. Pol A

As summarized above, Pol A plays a fundamental role during non-homologous end joining
(NHE]) and the bypass of DNA lesions. Some of these lesions, such as AP sites or oxidized bases,
can slow down or even block replication fork progression [17,44]. As a consequence, the S phase
checkpoint, relying on the ATR protein kinase pathway, is activated [6], which is responsible for cell
survival in the presence of a stalled replication fork [45]. ATR activation leads to the phosphorylation
and activation of the checkpoint kinase 1 (Chk1), which initiates a cascade of phosphorylation events
that ultimately delays S phase progression [46] and activates the recruitment of DNA repair factors.
Zucca et al. demonstrated that the downregulation of Pol A resulted in the activation of the ATR/Chk1
pathway [5]. Cells permanently silenced for Pol A accumulated replication stress, as evidenced by
increased YH2AX histone foci, and showed phosphorylation of ATR and Chk1. Inhibition of Pol A
and Chkl function resulted in cell lethality. One possible explanation is that, in the presence of Pol A,
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oxidized bases can be efficiently bypassed [16]. However, in its absence, the accumulation of oxidized
bases causes the block of the replication fork, slowing the repair of DNA damage and accumulating
SS breaks. This causes the activation of the ATR-Chk1 pathway repair leading to the delay of the
S phase of the cell cycle. These results highlighted the role of Pol A in replication fork stability [5].
DNA Pol A stability is also regulated during cell cycle by phosphorylation. Frouin et al. demonstrated
that Pol A interacts in the late S and G2 phases with Cdk2 in vivo, and it is phosphorylated by the
Cdk2/cyclin A complex in vitro at Ser167, Serl7, Ser230 and Thr553 [3]. Markkanen et al. demonstrated
that phosphorylation of Pol A promotes its placement to 8-oxo-G lesions on chromatin, while Pol A
that is not phosphorylated and, as a consequence, is not involved in DNA repair is ubiquitinated
by E3 ubiquitin ligase Mule and subsequently degraded via the ubiquitin-proteasome pathway [4].
The regulation by phosphorylation /ubiquitination probably allows Pol A to properly repair the DNA
damage during the S phase of the cell cycle.

In a large study [47], Pol A has been found overexpressed in the 24% of various human solid
tumors. Moreover, a cancer-related variant of Pol A, the R438W mutant, was described, having low
fidelity, impaired NHE] capability and inducing genomic instability. These results highlight a role of
Pol A deregulation/mutation in promoting tumorigenesis [48,49].

6.2. Pol B

Pol B is the major polymerase involved in BER, its levels are regulated mainly through
ubiquitination by the E3 ubiquitin ligases Mule and CHIP. Ubiquitination leads to Pol $ degradation.
The Mule inhibitor protein ARF and the human ubiquitin-specific protease 47 (USP47) deubiquitinating
enzyme counteract this effect during DNA damage response, ensuring the maintenance of balanced
levels of Pol (8 [1,2]. However, Fang et al. demonstrated that the XRCC1/Pol 8 complex formation
prevents the ubiquitination and degradation of Pol 3, which is otherwise ubiquitinated on Lys206
and Lys244 and targeted for proteasome-mediated degradation. The authors proposed that Pol 3
stability depends on the binding to XRCC1. Such a mechanism is used for DNA repair pathway choice,
depending on the requirement of Pol 5 for the repair of specific damage (as in BER), while XRCC1,
which is stable also as a monomer, is involved also in Pol -independent repair pathways, such as
NHE]J and NER [50].

Literature data demonstrated that 30% of tumors in human express several Pol (3 variants [51,52],
and about 48% are characterized by aminoacidic substitutions [53,54]. The most common tumor-associated
variants of Pol (3 are listed in Table 1.

Table 1. Polymerase (3 variants identified and involved in cancer.

Polymerase 3 Variant Human Tumor Type

K289M [55]
E288K [54]
$229L [56]
R152C [57]

E295K
G231D
L22P
Y265C
D160N [51]
T889C [58]

1260M [59] Prostate cancer

Colorectal cancer

Gastric cancer

P242R [60] Evidence of chromosomal aberrations in human mammary cells

K1671[61] Esophageal cancer




Genes 2016, 7, 57 8of 17

As described above, the DNA substrate for Pol § is a single-nucleotide gap generated by the
excision of a damaged base [11]. Ray. et al. reviewed that the variants reported can lead to genomic
instability in several ways: the Pol § variant could misincorporate nucleotides in the gap, as is the
case of Pol  variant K289M [55], leading to a mutagenesis process; the Pol § variant with slow or no
polymerase activity (as is the case of the G231D and E295K variants, respectively [51]) does not insert
any nucleotides in the gap, leading to the accumulation of double-strand breaks; the failure to remove
the group from a dRP by the Pol (3 variant with slow lyase activity (L22P variant) [51] could also result
in genomic instability [62].

Overexpression of Pol  is present in 30% of tumors, mostly solid tumors (gastric, uterine,
prostate, thyroid and ovarian cancer) [47] and in chronic myeloid leukemia [63]. Bergoglio et al.
demonstrated that overexpression of Pol 5 by only two-fold in cells is enough to promote genome
instability, suggesting that Pol 3 regulation has a key role in vivo [64]. It has been demonstrated that
overexpression of Pol 3 improved the mutator phenotype because of the genotoxic effects of oxidized
damages [65]. Moreover, the alteration of Pol § expression in irradiated cells strengthened the genetic
changes associated with a malignant phenotype [66].

Overexpression of Pol 8 could also cause genome instability, probably interfering with normal
cellular processes. Starcevic et al. demonstrated that Pol 8 interacts with TRF2 protein [53], a telomeric
DNA binding protein that has an important role in the maintenance of telomeres [67]. The authors
supposed that overexpression of Pol 3 could sequestrate TRF2, causing the telomeres’” ends’ fusion,
leading to chromosomal instability [53]. Polymerase (3 plays an important role in repairing DNA
damage also during meiosis (Prophase I), maintaining genomic stability [56].

Trinucleotides repeat (TNR) instability is a feature of several neurological diseases, including
Huntington disease (HD) and myotonic dystrophy 1 (MD1). Many studies linked the TNR expansion in
somatic cells to erroneous DNA repair involving BER, nucleotide excision repair (NER) and mismatch
repair (MMR). For a comprehensive review, see Goula and Merienne, 2013 [68]. Mounting evidence
supports a crucial role of Pol f modulation by different BER factors in mediating somatic TNR
expansion [69]. Moreover, recent findings showed that the MMR protein MutSp physically interacts at
the (CAG)n or (CTG)n hairpin with Pol 8, which catalyze TNR expansion after hairpin incision [70].

7. Pols § and A as Targets for Anticancer Chemotherapy

The concept of the DNA-repair interference as a potential adjuvant approach to overcome intrinsic
or acquired tumor resistance is gaining substantial attention. Regarding the inhibition of DNA repair
pathways, it is desirable to avoid harming normal cells. Therefore, preferably pathways that are
alternatively activated just in cancer cells should be selectively targeted. Additionally, many proteins
involved in repair pathways coordinate other pathways and functions, and their inhibition would lead
to a catastrophe in cellular context. Thus, different inhibitors of key proteins in DNA repair have been
developed [71,72].

Many studies have proposed a mutagenic role of deregulated specialized Pols in cancer. Research
conducted by Albertella et al. [47] has offered the evidence that nearly 50% of different human tumors
showed overexpression of one or more specialized Pols. The fact that Pols can help cancer cells tolerate
DNA damage makes them interesting candidates for targeted therapy.

As summarized above, Pol 3 and A play essential roles in DNA repair and DNA damage tolerance
repair pathways. Abolishing the functions of these Pols appears then to be a powerful strategy in
sensitizing tumor cells towards the conventional DNA damaging chemotherapy.

Mounting evidence confirmed that overexpression of Pol f is a frequent event occurring in
tumorigenesis. Pol § plays an important role in BER, an important drug-resistant determinant, due
to the ability to rapidly and efficiently repair the DNA lesions induced by several chemotherapeutic
agents [73]. Importantly, different human tumors are characterized by enhanced expression of Pol f3,
whose downregulation correlates with increased responsiveness to chemotherapy [74]. The ability of
Pol B to bypass damaged DNA is largely exploited by cancer cells in order to boost their survival [75].
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This is of particular clinical interest, as Pol 3 expression is increased in more than 30% of different
human tumors [47], mostly ovarian, breast, uterus and prostate cancer. The same group confirmed
the overexpression of Pol A in 24% of various human tumors, which is comparable to the Pol 3
overexpression occurrence. Like Pol (3, Pol A has been proven to play a role in BER, as well [76,77].
Moreover, Pol A physically and functionally interacts with the key components of NHE], the Ku antigen
and the XRCC4/DNA ligase IV complex; indeed, Pol A is central to the double-strand break repair
pathway. The involvement of Pol A in processes to safeguard the DNA integrity and ability to bypass
some DNA lesions [14] contributing to the survival of cancer cells addresses the possibility to target
this polymerase in the tumoral setting. Thus, different inhibitors for Pol 3 and A are under study as
potential anticancer agents.

7.1. Pol B Natural Inhibitors

The first attempts to discover the inhibitors of Pol f conducted by Mizushina et al. revealed
that long chain fatty acids suppressed Pol activity [78]. Since the 1990s, several inhibitors of both
polymerase [79-89] and lyase activity [90-96] of Pol § have been described. Of these, several natural
compounds, like glycoglycerolipids [97], triterpenoids [81] and sulfolipids [98], are endowed with
potent Pol  inhibitory activity; however, they unspecifically act on Pol «, as well. Other natural
products, such as oleanolic acid, edgeworin, harbinatic acid and myristinin A, display a low micromolar
inhibitory activity in biochemical assays and little toxicity [82,99,100]. Prunasin, a natural glucoside
extracted from Perilla frutescens and Artemisia vulgaris, was demonstrated to be a specific Pol 8
inhibitor [101], since it did not act on mammalian Pola and TdT, plant Pols, HIV-1 Reverse Transcriptase
nor on any prokaryotic Pol.

7.2. Pol B Synthetic Small Molecule Inhibitors

The deoxynucleotide analogue NSC-124854 identified by the group of Jaiswal et al. is an effective
Pol $ inhibitor, active against colorectal cancer cells with an ECsy value of 5.3 uM [102]. The small
molecule methoxamine (MX) binds to and modifies AP sites, inhibiting lesion processing by the
dRP-lyase activity of DNA polymerase 3 [103]. MX works in synergy with therapeutic alkylating agents
(e.g., temozolomide (TMZ)) in order to potentiate their anti-tumoral potency in solid tumors [104,105],
and has entered the phase I clinical trial process. The majority of the TMZ-induced DNA base
adducts are removed by N-methylpurine DNA glycosylase (MPG), which initiates BER, leaving
AP sites. Tang et al. [106] reported that potentiation of TMZ with MX, in glioma cells, is greatly
enhanced by MPG overexpression. However, Pol p overexpression abrogated TMZ potentiation by
MX, suggesting that cells proficient for BER readily repair AP sites in the presence of MX, and Pol 8
might be used to predict the effectiveness of MX-mediated potentiation of TMZ in cancer treatment.
Potent Pol 3 inhibitors based on the rhodanine scaffold were recently discovered by the group of
Strittmatter et al. [107]. Of 30 active compounds, 14 small-molecules have displayed specificity for
Pol B. Additionally, several of the discovered compounds sensitized colorectal cancer cells towards
DNA-damaging agents.

Noteworthy, Pol § activation and induction, which contribute to neuronal death, have been
described in Alzheimer’s and Parkinson’s disease [108-110]. On that account, inhibitors of Pol  may
provide a neuronal-specific activity, representing a successful strategy to combat this neurodegenerative
disease. In 2015, the screening of more than 20,000 natural and millions of drug-like agents has been
performed, leading to the identification of the 5-methoxyflavone endowed with the ability to inhibit
DNA Pol B-mediated neurodegeneration without causing toxicity to normal neurons [111].

7.3. Pol A Natural Inhibitors

Petasiphenol, a natural compound extracted from the Japanese plant Petasites japonicus, was proven
to selectively inhibit Pol A activity, but resulted in being ineffective towards the structurally-related
Pol 3, as well as towards replicative Pols [112]. The antioxidant and anti-inflammatory compound
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curcumin has been shown to inhibit Pol A selectively and to suppress the growth of a human gastric
cancer cell line [113]. Another potent natural compound that inhibits Pol A activity belongs to the
category of catechin derivatives and has been obtained from green tea Camellia sinensis [114]. However,
this compound inhibited also Pol « and HIV-1 RT. The natural compounds from the class of tetralols,
nodulisporol and nodulisporone, produced by a fungus (Nodulisporium sp.), were found to specifically
inhibit Pol A at the micromolar level [115]. In 2014, Mizushina et al. discovered that extracts from
germinated soybean (Glycine max L.), composed mainly by glucosyls, specifically inhibited the activity
of eukaryotic Pol A and possessed anti-inflammatory properties [116].

7.4. Pol A Synthetic Small Molecule Inhibitors

Specific methoxy-derivatives of resveratrol, a known antioxidant compound, were found to
selectively inhibit Pol A, but not the related Pol  and TdT [117].

In silico screening of more than 9000 compounds in order to discover molecular probes that
selectively inhibit Pol A yielded there novel classes of Pol A inhibitors: rhodanines, carbohydrazides
and the compounds with the 2,4-pentadione element [118]. Of these, rhodanines resulted in being the
most potent Pol A inhibitors. Further research on the rhodanine derivatives revealed ten compounds
that proved to specifically target Pol A [107] and synergistically potentiated the killing of colorectal
cancer cells by DNA-damaging agents.

7.5. Dual Pols A and B Natural Inhibitors

Some inhibitors identified in the past manifested dual activity on both Pol 3 and Pol A. An example
of such a natural inhibitor is solanapyrone A, which was discovered in 2002 by the group of
Mizushina et al. [119]. Kimura et al. identified two azaphilones, kasanosins A and B, as specific Pol 3
and Pol A inhibitors [120]. Other classes of natural compounds that inhibit specifically mammalian
X family Pols (A, 3, TdT), with the strongest inhibitory activity towards Pol (3, are represented by
diallyl sulfides isolated from Allium sativum [121]. Interestingly, these compounds did not inhibit the
activities of family A, B and Y Pols, as well as other DNA-metabolic enzymes, such as HIV-1 RT, T7
RNA polymerase and T4 polynucleotide kinase.

8. Conclusions and Perspectives

One of the most intriguing observations of the last decade, has been the realization that while
only four Pols («, 3, £ and vy) are necessary and sufficient for the duplication of both nuclear and
mitochondrial DNA, more than a dozen additional Pols are required in mammalian cells to ensure
the maintenance of the genetic information. Biochemical, structural and genetic studies have revealed
that these specialized Pols are endowed with special properties, which make them uniquely fit for a
particular DNA repair event, it being either a special pathway or even a special DNA lesion. However,
several of these enzymes have potentially overlapping roles, thus requiring careful regulation, in terms
of expression levels, intracellular localization and timing of recruitment to a particular subcellular
compartment. When such a tight regulation fails, these enzymes can be detrimental, rather than
beneficial, to the cell, causing mutations and genetic instability.

This situation is well exemplified by the case of Pol 3 and A. These enzymes play essential roles in
many different repair pathways. Pol f is the main enzyme involved in BER, and it is essential during
development, especially in the brain, as testified by the embryonic lethality of Pol  knockout mice.
Pol A, on the other hand, is not essential, at least for mouse development, since Pol A knockout mice
are viable and fertile. However, alterations of its levels have been clearly linked to various forms of
DNA damage accumulation and genetic instability.

Both of these enzymes are thus fundamentally beneficial to the cell. However, in some special
contexts, they can exert deleterious effects. For example, under unbalanced dNTP /rNTP pool ratios,
both enzymes can incorporate INMPs into DNA, causing mutations, DNA fragility and delaying BER
of oxidized bases. During MME] of ends containing repetitive sequences, Pol 3 can also contribute to
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the deleterious expansion of CAG triplets. Finally, overexpression of both Pols has been clearly linked
to tumorigenesis.

In this respect, such a dual aspect of Pol 3 and A action, might be exploited for the better. In fact,
understanding their mechanisms of (de)regulation is a key step towards their exploitation as potential
antitumoral targets. For example, inhibition of Pol § has been shown to sensitize tumors towards
conventional DNA damaging agents, while suppression of Pol A has been shown to induce synthetic
lethality when combined with Chk1 inhibitors.

Unfortunately, of the dozens of Pol A and 3 inhibitors that have been described to date, both
natural and small molecule compounds, only a small part is sufficiently selective and active in a
non-toxic nanomolar range. In order to achieve improvements of the current treatment options,
there is an imminent need to identify novel selective inhibitors targeting Pol A and Pol 3 in tumor
cells. The approach of the concurrent inhibition of DNA repair mechanisms and the use of systemic
antitumoral therapy offers the rationale to potentiate selective tumor killing. However, knowledge
of tumor background, comprehension of the altered DN A-repair mechanism, is essential in order to
tailor the adequate antitumoral therapy. The research of novel promising agents to be exploited in
anticancer therapy must thus be advanced, in order to optimize their selectivity, efficacy and reduce
the mutagenic risk for healthy cells.
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Oxidative stress is a very frequent source of DNA damage. Many cellular DNA polymerases
(Pols) can incorporate ribonucleotides (rNMPs) during DNA synthesis. However, whether
oxidative stress-triggered DNA repair synthesis contributes to genomic rNMPs incorporation
is so far not fully understood. Human specialized Pols B and A are the important enzymes
involved in the oxidative stress tolerance, acting both in base excision repair and in trans-
lesion synthesis past the very frequent oxidative lesion 7,8-dihydro-8-oxoguanine (8-oxo-G).
We found that Pol B, to a greater extent than Pol A can incorporate rNMPs opposite normal
bases or 8-0x0-G, and with a different fidelity. Further, the incorporation of rNMPs opposite
8-0x0-G delays repair by DNA glycosylases. Studies in Pol B- and A-deficient cell extracts
suggest that Pol B levels can greatly affect rNMP incorporation opposite oxidative DNA
lesions.
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NA polymerases (Pols) are specialized enzymes that

selectively use deoxynucleoside triphosphates (dNTPs)

as building blocks for DNA synthesis. However, despite
their specificity, replicative Pols can incorporate ribonucleoside
monophosphates (rNMPs) during DNA replication (more than
1,000,000 rNMPs per mammalian genome)l'3. Such rNMPs
incorporation has been suggested to assist recognition of the
newly synthesized strand by mismatch repair®>. However, it can
also constitute a major threat to genome stability®’. The sugar-
phosphate backbone of RNA is much more prone to strand
breakage than DNA, potentially resulting in the accumulation of
strand breaks. In addition, INMPs incorporation could decrease
the rate of DNA replication®~10. Due to the intrinsic 3’ =5’
proofreading exonuclease activity replicative Pols can excise
incorporated rNMPs to a variable extent>!!. The majority of
rNMPs is however removed by the RNaseH2-dependent
ribonucleotide excision repair!?. Genetic studies in yeast have
shown that RNaseH2 mutants suffer replication stress and
require translesion synthesis (TLS) to avoid accumulation of
rNMPs in the genome!3. The embryonic lethality of RNaseH2-
null mice as well as the severe phenotype of the Aicardi-
Goutiéres syndrome in humans, due to mutations in RNaseH2,
indicate that removal of rNMPs from the DNA is essential also
in mammals'4,

Besides replication, DNA repair is another potential source of
rNMPs incorporation. This may become particularly relevant in
post-mitotic cells, such as neurons. To date, 17 Pols, including
the cytidyl-transferase Revl and telomerase, have been
identified in human cells'®>, many of which are specialized in
various DNA repair pathways. Among them, family X enzymes
Pols B, p and A participate in base excision repair (BER), non-
homologous end joining and in specialized form of TLS of
oxidative lesions!®!7. Several studies have shown that family X
Pols can incorporate rNMPs during synthesis of undamaged
DNA (reviewed in ref. 18), but with varying sugar selectivity.
Pol p displayed the lowest discrimination, in the range of 1- to
10-fold preference for dNMPs over rNMPs incorporation!®20,
On the other hand, Pols f and A showed sugar selectivity
in the 3,000-50,000 range, depending on the particular
base pair involved?!~23, While Pol p lacks a suitable ‘steric
gate’ amino acid side chain (usually Glu, Tyr or Phe), used by
the majority of Pols for sugar discrimination?, Pols B and A
achieve the sugar selection using a protein backbone segment
to exclude rNTPs2!23, Thus, both the active site architecture
and the particular mechanism of sugar selection may account
for the very diverse range of selectivity measured for the
different Pols.

Genomes of living organisms are constantly exposed to various
damaging agents. Among the most frequently generated DNA
base modifications, are the oxidative lesions, particularly
7,8-dihydro-8-oxoguanine (8-oxo-G). During DNA replication
8-0x0-G lesions in the template strand lead to high frequency of
misincorporation, generating A:8-oxo-G mismatches. The repair
of these mismatches requires the sequential action of the MutY
homologue (MutYH) and 8-oxo-G DNA glycosylase (OGG1), as
well as of a specialized TLS Pol. We have previously shown that
Pol A is the most accurate in MutYH-initiated pathway, ensuring
correct dCMP incorporation opposite 8-0xo-G, while Pol B can
substitute for Pol X, but at the expense of a reduced fidelity,
leading to frequent misincorporation of dAMP opposite the
lesion®. So far, it is not known whether DNA repair synthesis
by Pols B and A, either during BER or 8-oxo-G bypass,
could contribute to genomic rNMPs accumulation. Since
approximately 1,000-10,000 oxidative DNA lesions, of which 8-
0x0-G is one of the most abundant, are generated spontaneously
every day in each cell?®, understanding to what extent repair Pols

2

incorporate rNMPs and how this event could influence DNA
repair, remains an important issue.

In the present study, we compare the ability of the two BER
Pols B and A to incorporate rNMPs versus dNMPs opposite all
four undamaged bases as well as 8-oxo-G, within a range of
Mg? ", Mn?F and nucleotide concentrations matching those
believed to normally occur in the cell. In addition, we examine
the impact of rNMPs incorporation opposite 8-0xo-G on the
subsequent BER initiated by the human OGG1 (hOGG1) and
MutYH glycosylases. Finally, we measure incorporation of
rNMPs opposite 8-0xo-G in extracts from cells deficient in either
Pol & or Pol B. Our results suggest that Pol f, to a greater extent
than Pol A, plays a role in rNMP incorporation opposite oxidative
DNA damage.

Results
Metal-dependent rNMPs incorporation by Pol p and A. The
identity of the divalent metal cation Mg?*+ or Mn?*, required by
all Pols for catalytic activity?”, can profoundly influence both Pol
efficiency and the fidelity. The levels of Mg?™ and Mn>* in the
cells are tightly regulated and their physiological range of
concentrations is quite different. While Mg?* on average is
present at concentrations ranging from 1 to 20 mM (refs 28,29),
Mn?* is usually found in the 0.01-0.2 mM range3®3!, Different
studies have shown that Pols B (ref. 23) and A (ref. 22) can
incorporate rNMPs in vitro. However, these studies often were
conducted in the presence of one metal activator (either Mg?* or
Mn? ™) at a fixed dose. To compare the influence of MgZJr and
Mn2* on the ability of Pols B and A 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, encompassing their
respective physiological ranges. Similarly, mixtures of all four
NTPs or dNTPs were non-equimolar, to ensure that each
individual nucleotide matched the previously published cellular
concentrations®>?3, As shown in Fig. 1a,b, Pols B and 2 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. Thus, Mg?*
appeared to be the most relevant physiological activator for
rNMPs incorporation by Pols B and X, even though it cannot be
excluded that in particular cell types or physiological conditions,
Mn?* concentrations may be high. Next, the fidelity of rNMPs
incorporation was tested for all the 16 possible base pairs in the
presence of Mg?* . It must be noted here that commercial rNTPs
stocks often contain small (<1%) amounts of contaminating
dNTPs, which, owing to the relatively high rNTPs concentrations
used in the assay and the high affinity of Pols A and B for the
nucleotides, could also be incorporated. However, since the
products resulting from rNMP incorporation were migrating
slower than those arising from dNMP incorporation, they could
be easily distinguished on the sequencing gels. As shown in
Supplementary Fig. 1A, Pol A was able to insert each rNMP
opposite its complementary templating base (lanes 5, 9, 19 and
25). No significant misincorporation was observed, with the
exception of very low rGMP incorporation opposite G (lane 17).
Pol B (Supplementary Fig. 1B), on the other hand, was able to
incorporate rCMP opposite G and, to a lower extent, rGMP
opposite C (lanes 19 and 27), while rUMP and rAMP
incorporation opposite their complementary bases was at the
limit of detection (lanes 7 and 11).

Overall, these data revealed differences in the ability and
fidelity of Pols B and A to select and incorporate rINMPs opposite
undamaged bases.
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Figure 1| Nucleotide incorporation by DNA polymerases [ and } under different Mg2+ and Mn2+ conditions. (a,b) Pol 3 (a) and % (b) activity was
assayed in the presence of increasing Mn2t or Mg?* concentrations and with all four rNTPs or dNTPs at fixed concentrations in their physiological range.
The sequence of the template strand of the 5'-labelled 20-G/40mer p/t is shown on the right side of each panel. The rNTPs and dNTPs concentrations

used are indicated at the bottom of each panel.

rNMPs incorporation opposite 8-oxo-G by Pol A. Besides
undamaged DNA, repair Pols could potentially incorporate
rNMPs opposite damaged DNA bases. 8-0xo0-G, a frequent
oxidative base damage, is a cognate substrate of Pol A (refs 34,35).
To test the ability of Pol A to use rNTPs for incorporation
opposite 8-0x0-G, Pol A activity was determined in the presence
of each of the four rNTPs on a 39/100mer p/t or a single
nucleotide (1 nt)-gap template, both bearing at the + 1 position
either 8-0xo-G, or G. The 1nt-gap template was chosen since it
resembles a BER intermediate. On both templates, Pol A
significantly incorporated only rCMP opposite a normal G
(Supplementary Fig. 2A, lane 4; Supplementary Fig. 2C, lane 10),
while it incorporated both rCMP and rAMP opposite and 8-oxo-
G (Supplementary Fig. 2B,C, lanes 5 and 6). On both substrates,
some incorporation opposite a normal G or 8-oxo-G was also
occurring in the presence of tGTP (Supplementary Fig. 2A, lane
2; Supplementary Fig. 2B, lane 3; Supplementary Fig. 2C, 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 seen opposite 8-0xo-G on the
1 nt-gap template (Supplementary Fig. 2C, lane 3). Incorporation
was monitored as a function of dCTP, rCTP, dATP or rATP
concentrations (Fig. 2) on both substrates and the corresponding
kinetic parameters and sugar selectivity are reported in Table 1.
Pol A showed a 7,500-fold selectivity for dCTP over rCTP as
substrates for synthesis opposite a normal G on the BER-
mimicking template, which was in line with previously published
data??. However, this selectivity increased to 14,000 opposite an
8-0x0-G. On this template, Pol & showed also a strong preference
for dAMP incorporation versus rAMP opposite an 8-oxo-G, with
a selectivity of 17,200. Interestingly, the relative fidelity of 8-oxo-
G bypass by Pol A on the BER-mimicking template was not

changed in the presence of rNTPs, since rCTP was preferred over
rATP as a substrate, to a similar extent as dCTP over dATP
(5.5-fold and 4.5-fold, respectively). On the 39/100-mer p/t, Pol L
showed a 5,140-fold selectivity for dCMP versus rCMP
incorporation opposite a normal G, which increased to 12,800
opposite an 8-oxo-G. Interestingly, both the selectivity and the
fidelity of Pol A for rAMP incorporation opposite 8-oxo-G, were
decreased on this substrate, with respect to the 1nt gap. The
selectivity value for dAMP versus rAMP was 3,000-fold, while
the preference for rCMP versus rAMP incorporation was 0.9,
indicating that both rNMPs could be equally used by Pol A, to
bypass the lesion on this template.

Taken together, these data clearly indicated that the structure
of the DNA substrate influenced the fidelity and sugar selectivity
of Pol A during 8-oxo-G bypass in the presence of rNTPs.

Fidelity of rNMPs incorporation opposite 8-0xo-G by Pol f.
Pol B has been shown to frequently misincorporate dAMP
opposite an 8-0xo-G>*. As shown in Supplementary Fig. 2D, with
the 1 nt gap BER-mimicking template, Pol f readily 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
noted above, with rUTP and rGTP, only incorporation of
contaminating dNTPs was detected. 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. 3). The results of the kinetic analysis (Table 1) showed that
on the 1nt gap BER-mimicking template Pol B displayed a sugar
selectivity for dCTP versus rCTP as substrates for the
incorporation opposite a normal G of 3,400, which is in
agreement with published data!®?3. Contrary to Pol A, this
value was not increased in the presence of an 8-oxo-G lesion and
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Figure 2 | The fidelity of 8-ox0-G bypass by DNA polymerase J in the presence of rNTPs is influenced by the structure of the DNA template. (a) Pol 1
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 1nt-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.

(€) Pol X activity was measured on the 5'-labelled 39/100mer p/t containing 8-ox0-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 ¢, but in the presence of the 5'-labelled 39/60/100mer 1nt-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.

measured 3,200. Interestingly, on the same template containing
8-0x0-G, Pol B showed strong discrimination against rAMP
incorporation, with selectivity value of 25,600. The preference
for dAMP versus rAMP incorporation opposite 8-oxo-G was
13.4-fold, while the one for dCMP versus dAMP incorporation
was only 1.65-fold. On the p/t, the selectivity values were 1,690
and 4,680 for dCMP versus rCMP incorporation opposite a
normal G and an 8-o0xo0-G, respectively. On this template
however, the selectivity for dAMP versus rAMP incorporation
opposite the lesion was 2,800. The fidelity was similar, with a
twofold preference for rCMP versus rAMP utilization and a
threefold for dCMP versus dAMP.

These data suggested that Pol  was sensitive to the structure of
the DNA template, similarly to Pol A. In particular, while Pol
showed lower sugar selectivity for rCMP versus dCMP incorpora-
tion than Pol A on the 1nt gap BER-mimicking template, its
bypass fidelity with INMPs was higher, since it strongly preferred
rCMP versus rAMP incorporation opposite the lesion.

To directly visualize simultaneous incorporation of rCMP or
dCMP opposite 8-0x0-G, competition experiments were carried

out on the lnt-gap template (Supplementary Fig. 2E). The
products coming from the incorporation of either rCMP or
dCMP could be distinguished on the gel, 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 A (lanes
1-11) and Pol B (lanes 12-16) 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.

rNMPs opposite 8-0x0-G impair repair by hOGGI and MutYH.
Removal of 8-0x0-G paired to dC in double-stranded (ds) DNA,
is predominantly accomplished by the BER glycosylase OGG1
(ref. 36). Since the data presented above clearly showed that
rCMP could be incorporated opposite 8-0xo-G by the specialized
repair Pols B and A, we next asked whether this fundamental
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Table 1 | Kinetic parameters for rNMPs incorporation by DNA polymerases A and p.
Ko (1M) keat” (min— 1) keat/Ke” (M~ s~ 1) finc' ANTP/FNTP finc INTP/ANTP finc C versus A
Tnt-gap controf
Pol &
rCTP 8314 0.024£0.003 4.8 13x10~4 NA
dCTpP 0.018 £0.004 0.039+£0.002 3.6 x10% 7,500 NA
Pol B
rCTP 47+3 0.034+£0.002 12 29 %104 NA
dCTP 0.03£0.004 0.074+0.002 41%x10% 3,400 NA
Tnt-gap 8-oxo-G
Pol &
rCTP 50+10 0.06+£0.003 20 71x107° 55
dCTP 0.007 £0.001 0.12+0.01 28 x 104 14,000 4.5
rATP 185+ 20 0.04+0.01 3.6 58x10~°
dATP 0.015+£0.001 0.056+0.01 6.2 x10% 17,200
Pol B
rCTP 29+1 0.018 £0.002 10.3 31x10~4 134
dCTP 0.01+£0.01 0.02+0.001 33x10* 3,200 1.6
rATP 367 £30 0.017£0.003 0.77 39x10°°
dATP 0.017£0.002 0.021£0.002 2x10* 25,600
39/100mer control
Pol &
rCTP 38+£0.5 0.008+0.0003 35 19x10~4 NA
dCTP 0.03+0.005 0.032+0.007 18 x 103 5140 NA
Pol B
rCTP 64+7 0.015+0.003 39 6x1074
dCTP 0.05+0.01 0.02+0.002 6.6 x 103 1,690
39/100mer 8-ox0-G
Pol
rCTP 155+18 0.02+0.004 21 07x10~4 0.9
dCTP 0.05+0.004 0.08+0.008 27 103 12,800 4
rATP 200+5 0.027 £0.009 2.2 33x10~4
dATP 0.15+£0.004 0.06+0.01 6.6 x103 3,000
Pol B
rCTP 73113 0.007 £0.002 1.6 21x10~4 2
dCTpP 0.04+£0.01 0.018 £0.002 7.5x103 4,680 3
rATP 150£15 0.007£0.003 0.8 57x104
dATP 0.15+£0.02 0.021+£0.003 2.3x103 2,800
*The meaning of the kinetic parameters Ky, ket and keat/Kin and their calculations are described in the Methods section. Values are the means of two independent estimates +s.d.
“fines relative incorporation frequencies for the different nucleotide pairs, defined as the ratio of the respective ke,/Ky,, values.

glycosylase reaction was affected by pairing of rC base to an
8-0x0-G. A glycosylase assay was performed, with hOGG1 and a
ds DNA oligonucleotide bearing either a dC:8-oxo-G or a rC:8-
0x0-G base pair. Interestingly, the 8-oxo-G incorporated opposite
rCMP could be removed by hOGG]I, even though at a fourfold
slower rate (Fig. 4a; Supplementary Fig. 3A). Besides rC:8-oxo-G
pair, both Pols B and A may also generate rA:8-oxo-G mispairs
(Figs 2 and 3). MutYH is the BER glycosylase responsible for the
recognition and removal of dA erroneously paired with 8-oxo-
G¥. To address if MutYH can also act on rA:8-oxo-G mispair, a
glycosylase assay was performed using ds DNA oligonucleotide
substrate bearing either a dA:8-0x0-G or a rA:8-oxo-G mismatch.
While MutYH very efficiently removed dA opposite 8-oxo-G, its
activity on a rA:8-oxo-G mismatch was severely impaired
with respect to the normal dA:8-oxo-G substrate (Fig. 4b;
Supplementary Fig. 3B). Overall, these results indicate that
incorporation of rNMPs opposite 8-0xo-G may impair repair of
the damaged base by the BER pathway, potentially posing a threat
to genomic stability.

rCMP incorporation opposite 8-0x0-G in cell extracts. The data
presented above, indicated that both Pols  and A used rCTP as a
substrate to bypass an 8-oxo-G lesion, generating a rC:8-oxo-G
base pair, which was subsequently processed by hOGG1 with
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lowered efficiency. To better estimate to which extent Pols §§ and
A contribute to this potentially harmful event, we measured the
incorporation opposite 8-oxo-G on a BER mimicking 1 nt-gap
template, in extracts from mouse embryonic fibroblasts (MEFs)
either proficient or deficient for Pol B or . Besides Pols 3 and A,
many other specialized Pols present in the cell, such as Pols p, v,
M, 1, 0 or k, can efficiently fill 1 nt gaps. Like Pols f and X, they
are all resistant to the inhibitor aphidicolin, while replicative Pols
a, 8 and & are sensitive to this inhibitor. The specialized Pol { is
also aphidicolin sensitive, but its contribution to rNMPs incor-
poration in the cell was proposed to be minimal®®. To determine
the extent to which Pol B or A contribute to potentially harmful
rCMP incorporation opposite 8-oxo-G among specialized DNA
repair Pols, aphidicolin was added to the reactions, thus blocking
the incorporation by family B Pols o, 6, € and {. The specific
incorporation frequency (expressed as pmols of rCMP
incorporated opposite 8-oxo-G per pg of extract) was calculated
in each extract and normalized to the normal DNA synthesis
(pmols of dCMP opposite guanine per pig of extract). As shown in
Fig. 4c on the 1-nt gap on BER-mimicking template, Pol =/~
MEFs displayed severely reduced rCMP incorporation opposite
8-0x0-G, with respect to Pol Bt/ as well as to Pol AT/
and Pol A=/~ MEFs (compare lanes 1-3 with 4-12). In contrast,
incorporation of dCMP opposite normal G was almost equal
between Pol B~/ ~ and Pol +/* MEFs (Supplementary Fig. 3C,
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Figure 3 | DNA polymerase f§ bypasses 8-oxo-G more faithfully in the presences of rNTPs than dNTPs. (a) Pol B activity was measured on the
undamaged 5'-labelled 39/100mer p/t, in the presence of increasing concentrations of rCTP or dCTP. (b) As in a, but in the presence of the undamaged
5'-labelled 39/60/100mer 1nt-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. (€) Pol B activity was measured on the 5'-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. Lanes 1 and 15, control reactions without nucleotides. (d) As in ¢, but
in the presence of the 5'-labelled 39/60/100mer 1nt-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.

compare lanes 11 and 12 with lanes 14 and 15) and comparable
with Pol A extracts (Supplementary Fig. 3C,D). These data thus
suggest that, among the aphidicolin-resistant Pols, Pol B seems to
be responsible for most of the rCMP incorporation opposite
8-0x0-G in the extracts, while no statistically significant
differences were found between Pol A proficient and deficient
cells (Fig. 4d).

Discussion

Pols B and A are the two major Pols involved in BER, one of the
major DNA repair pathways operating in both resting and
proliferating cells. In addition to providing the necessary
gap-filling synthesis, we have previously shown that both
Pols also operate in a specialized type of TLS in the context of
MutYH-initiated repair of 8-oxo-G:A mismatches®®. Since the
contribution of BER to the incorporation of rNMPs into the
genome is at present not fully understood, we decided to
investigate the selectivity and fidelity of Pols § and A with respect
to rNMPs incorporation opposite normal and damaged bases
under physiological concentrations of metal activators and
nucleotides. Among the possible DNA damages, we selected

8-0x0-G, the very frequent oxidative stress DNA lesion, as a
physiologically relevant example. Previous studies already
revealed different sugar discrimination values among these
Pols'®, however, only with Mg?* or with Mn2* as the metal
activator, as well as on different substrates. By comparing Pols
B and A under identical conditions (that is, in the presence of
Mg?T and on the same substrates), we also found clear
differences in their sugar discrimination ability. Pol A showed
sugar selectivity of 5,100-7,500 and Pol B of 1,690-3,200 for
incorporation of rCMP opposite a guanine, depending on the
structure of the template (Table 1). These values were in
agreement with previous studies, reporting rCTP/dCTP
selectivity values of 4,000 and 2,000-8,000 for Pols A and B,
respectively!®21-23, While these findings suggest that Pols % and
B can incorporate rNMPs in normal DNA, currently little is
known about their ability to introduce rNMPs when the template
bears oxidative DNA damage. In a recent study, it was indicated
that Pol 1 and, to a much lesser extent, Pol 1, perform TLS of
8-0x0-G damage by incorporating rNMPs. Interestingly, in our
study we found that the presence of an 8-oxo-G damage on the
template strand significantly affected the Pol A selectivity for
rNTP/ANTP. On its preferred 1nt-gap template, Pol A showed a
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excision products accumulation generated by hOGGT1 in the presence of a 8-ox0-G:dC (empty circles) or 8-oxo-G:rC (filled triangles) base pairs. The kypo
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 Supplementary Fig. 3A. (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 Supplementary Fig. 3B,
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 1nt-gap template bearing an 8-oxo0-G and 200 uM 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 pg of proteins of each extract) was normalized to the
total DNA polymerase activity (expressed as pmols of dCMP incorporated opposite undamaged dG per pg of proteins of each extract). Values are the
mean of three independent replicates like the one shown in ¢, error bars represent *s.d. The P values were calculated by two-tailed Student's t-test.

twofold increase in its preference for dCMP incorporation relative
to rCMP incorporation opposite the lesion. Its fidelity was, on the
other hand, unaffected since it preferred rfCMP over rAMP
to the same extent as dCMP over dAMP. We have shown
previously that Pol A is preferred over Pol B in the specialized
MutYH-dependent BER of A:8-0x0-G mismatches?>37, due to
its higher efficiency of incorporation opposite the lesion
of the correct dCMP over the incorrect dAMP. The present
data indicate that Pol A will also minimize the chances of
incorporating INMPs opposite this lesion.

Pol B showed lower selectivity values than Pol A for rCMP
incorporation opposite an 8-0xo-G (Table 1). However, while Pol
B can incorporate dAMP opposite 8-oxo-G almost as efficiently
as dCMP?, when tested on the BER intermediate-mimicking
Int-gap template, it displayed a 13-fold preference for rCMP
incorporation with respect to rAMP, compared with 1.6-fold
preference for dCMP over dAMP on the same template (Table 1).
In the crystal structure of the ternary complexes of Pol B with a
(syn)8-ox0-G:(anti)dATP base pair 0, the templating oxidized
guanine was accommodated in the enzyme’s active site in its syn
conformation by a hydrogen bond between the 8-O of the
guanine and the side chain of Arg283. The sugar-phosphate
backbone around the lesion was also displaced of about 3.4 A. The
structure of a ternary complex of Pol B with an incoming rCTP
and an undamaged template*!, on the other hand, showed that a
repulsive interaction between the backbone carbonyl of Tyr271
and the 2°0OH group of the ribose counteracted base pairing of
rCTP with the template G in the active site. In addition, INTP
binding disrupts a hydrogen bond between the hydroxyl group of
Tyr271 and the primer end base, further disturbing the active site

geometry. Thus, the combination of structural rearrangements
required to accommodate both a templating 8-oxo0-G in its syn
conformation and an incoming rATP, may exacerbate the
unfavourable interactions of Tyr271 with the ribose sugar and
the primer end, thereby favouring the thermodynamically more
stable rCTP pairing opposite 8-oxo-G. 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.

Experiments with extracts from cells defective in either Pol 8 or
) showed that, after inhibition of Pols a,, 8, € and { by aphidicolin,
the majority of rCMP incorporation opposite 8-oxo-G was
catalysed by Pol P. Interestingly, Pol A seemed not to contribute
significantly to rCMP-mediated bypass of 8-oxo-G. This is also in
agreement with our kinetic data, showing that Pol A discriminates
against tCMP incorporation much more than Pol B (Table 1).

While the bulk of INMPs incorporation in proliferating cells is
due to DNA replication, our in vitro data suggest that also DNA
synthesis during DNA repair on oxidative stress, among which
the highly prominent is BER, may be a source of rNMPs
incorporation.

On the basis of the selectivity values and on the known
intracellular nucleotide concentrations®?33, we estimated the
theoretical frequency of rCMP versus dCMP incorporation
opposite a normal G or 8-oxo-G for three representative
mammalian tissues. As shown in Table 2, Pol B may
incorporate rCMP opposite a normal G with frequencies about
twofold higher than Pol A (0.38-5.8% versus 0.23-2.6%,
respectively). These values are in agreement with the previously
estimated average frequency of INMPs incorporation by Pol § of
1.2% (ref. 23). In addition, under physiological rCTP/dCTP
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and A under physiological ANTPs/rNTPs concentrations.

Table 2 | Estimated misincorporation frequencies of rCTP versus dCTPs opposite 8-0x0-G or a normal G, for DNA polymerases f

Tissue rCTP/dCTP ratio Template G Template 8-ox0-G
f(rCTP/dCTP)* x 103 f(rCTP/dCTP)* x 103
Pol /.
Skin fibroblasts’ 187 23 13
Lymphocytest 200% 26 14
Liver! 13t 17 0.9
Pol
Skin fibroblasts 187 52 5.6
Lymphocytes 200f 58 62
Liver 134 3.8 4

(dCTP) using the values from Table 1 for the 1-nt gap and from refs 32,33.
"The rCTP and dCTP concentrations have been taken from ref. 33,
*The rCTP and dCTP concentrations have been taken from ref. 32.

“Frequencies of incorporation for each ribo-/deoxy-nucleotide substrate pair were calculated according to the Cornish-Bowden relationship: f(rCTP/dCTP) = (keat/Kint CTP)/(kcat/KindCTP) 8 (rCTP)/

ratios, Pol f may incorporate rCMP opposite 8-oxo-G fourfold
more frequently than Pol A (Table 2). Our data show that Pol A
can bypass an 8-oxo0-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, even with strongly unbalanced rNTPs/dNTPs ratios, the vast
majority of incorporation events will lead to dCMP incorporation
(Table 2). Pol B, on the other hand, which is endowed with a
lower sugar selectivity than Pol 2, during bypass of 8-oxo-G
on a lnt-gap template, strongly discriminates against rAMP
incorporation, thus ensuring that, at least, bypass will result in the
incorporation of rCMP (wrong sugar/correct base) opposite the
lesion, rather than rAMP (wrong sugar/wrong base). This
distinction could become relevant, since we have shown here
that the presence of rAMP opposite 8-0xo-G strongly inhibits the
repair initiated by the MutYH glycosylase, while incorporation of
rCMP would result in a 8-0xo0-G:rC base pair, which can be still
repaired by the OGGI1 glycosylase, but at a reduced rate
(Fig. 4a,b). During the final revision of the present manuscript,
it has been reported that incorporation of rNMPs opposite 8-oxo-
G in the context of CAG triplet repeats sequences, can negatively
affect its subsequent repair, lending further support to our
results*2. Recent data also indicated that Schizosaccharomyces
pombe RNaseH2 can remove rCMP incorporated opposite 8-oxo-
G*, while Escherichia coli RNaseH2 in the presence of MutYH
showed reduced efficiency in removing rAMP opposite 8-oxo-
G*2, suggesting that the ribonucleotide excision repair pathway
can limit the deleterious effects of rINMPs accumulation during
DNA repair, but possibly with some loss of efficiency. Thus,
during evolution, it seems that specialized TLS Pols have been
optimized to reduce the possible deleterious consequences of
rNMPs incorporation opposite DNA lesions.

In summary, the data presented in this work support the
notion that DNA repair can be a source of INMPs accumulation,
potentially leading to genomic instability. However, future work
will be required to determine its precise impact to the cell. For
example, accumulation of rNMPs in the brain, as well as the
increase in the amount of oxidative DNA lesions, have been
linked to neurodegeneration***>. Given that Pol B is the most
abundantly expressed Pol in adult neurons, where dNTPs pools
are much lower than rNTPs and RNaseH2 is poorly expressed, its
ability to incorporate INMPs when copying both undamaged and
damaged DNA, as shown in the present work, may contribute to
these processes.

Methods
Chemicals. Deoxynucleotides were purchased from GeneSpin (Milan, Italy).
Ribonucleotides were purchased by GE Healthcare (Uppsala, Sweden). The rNTPs
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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 [7-32P]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.

Oligonucleotides. 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 [y-3?P]ATP, according to the manufacturer’s protocol. Each
labelled primer was mixed to the complementary template oligonucleotide at 1:1
(M/M) ratio in the presence of 25 mM Tris-HCl pH 8 and 50 mM KClI, heated at
75°C for 10 min and then slowly cooled down at room temperature.

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 18merA, 19merT, 20merG and
21merC primers, respectively.

18merA primer:

5'-TATCCACCAATACTACCC-3/,

19merT primer:

5'-TATCCACCAATACTACCCT-3/,

20merG primer:

5'-TATCCACCAATACTACCCTA-3/,

21merC primer:

5'-TATCCACCAATACTACCCTAC-3'.

For the generation of the 1nt-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'-ATGTTGGTTCTCGTATGCTGCCGGTCACG GCTTAAGTGTXCCAC
AACACACAACCAACACCACCACAACACACCAACAACCACAACACACAC
AACCAC AC-5,

where X = G or 8-0x0-G. The sequence underlined is the one complementary to
the 39-mer primer.

39-mer primer:

5'-TACAACCAAGAGCATACGACGGCCAGTGCCGAATTCACA-3

60-mer downstream oligonucleotide:

5'-GGTGTTGTGTGTTGGTTGTGGTGGTGTTGTGTGGTTGTTGGTGTTG
TGTGTGTTGGTGTG-3'.

Enzymes and proteins. Human recombinant Pols A and 8 (ref. 34) and human
recombinant glycosylases MutYH and hOGGl (refs 37,46), were used.

Cell lines and culturing conditions. Immortalized Pol 2 /1, Pol A=/,
Pol B*/* and Pol B/~ MEFs**8 were grown in a humidified 5% CO,
atmosphere in Dulbecco’s modified Eagle’s medium containing GlutaMAX-1
supplemented with 10% fetal bovine serum and 100 Uml ~! penicillin-
streptomycin (all obtained from Gibco, Invitrogen).

DNA polymerase assays. All reactions were done in a final volume of 10 pl and
incubated for 10 min at 37 °C in the presence of 5'-labelled p/t at the concentra-
tions stated in the figure legends. Pol 2, f reaction buffer: 50 mM Tris pH 7.5,

1 mM DTT, 0.2mgml~! BSA. Mg = was included for all Pols at 5mM, unless
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otherwise stated in the figures or figure legends. When crude extracts were used,
the reaction mixture was supplemented with 0.1 mgml ~ ! aphidicolin and 1 pM 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. 49. Proteins, Mg2+, Mn?* and
nucleotides were in the concentration specified in the figures and 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,
10 mM EDTA, xylene cyanol and bromophenol blue), heated at 95 °C for 5 min
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.

DNA glycosylase assays. hOGGI was incubated with 5'-labelled ds 100-mer
DNA with 8-0x0-G:dC or 8-0x0-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 pl containing 20 fmol 5'-labelled ds 100-mer DNA with
8-0x0-G:dC or 8-0x0-G:rC, 20 mM Tris-HCl (pH 8), 1 mM DTT, 1 mM EDTA and
0.1 mgml~! BSA. hOGGI concentration and incubation times varied and are
indicated in figures. On incubation hOGG1 reaction products were treated with
1l NaOH (2 M), heated for 15 min at 75 °C and reactions stopped by the addition
of denaturing gel loading buffer and heating at 95 °C for 5 min. The samples were
separated on 7 M urea 10% PA gel, analysed by Phosphoimager and quantified by
GelEval 1.35 scientific imaging software (FrogDance Software, UK).

MutYH assay>’ was performed in 10 pl reactions containing 25 mM
Hepes-KOH pH 6.8, 5mM EDTA, 1.5% glycerol, 50 uM ZnCl,, 50 mM NaCl,
7.5mM MgCl,, 20 fmol 5'-labelled ds 100-mer DNA with dA:8-0x0-G or rA:8-
0x0-G, 200 nM MutYH and varying amounts of APE1 as indicated in
Supplementary Fig. 3. Reactions were stopped by the addition of denaturing gel-
loading buffer, heating at 95 °C for 5min and separated on 7M urea 10% PA gel.
The products were detected by Phosphoimager and quantified by GelEval 1.35
scientific imaging software (FrogDance Software, UK).

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:

kS 1y
"SR D) (

where k., is the apparent catalytic rate, E, is the input enzyme concentration, S is
the variable nucleotide substrate concentration, K, 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 following expressions:
1
a=—"0 (2)
(1+%)
1
b=7—H (3)

()

where K, is the same as in equation (1), K’ is the apparent dissociation constant for
binding to the DNA substrate and S’ is the concentration of DNA use in each
experiment. The values of K’ used for the fitting process were for Pol  22nM
(ref. 50) and for Pol X 29 nM (ref. 51).

Under conditions of forced termination (single nucleotide incorporation),
Ko = K(kotil (Kpot + koft)) and Kear = kpoi(Koft/ (kpol + Kof)). Where K is the Michelis
constant for nucleotide binding, k. is the dissociation rate of the enzyme from the
DNA substrate and ki, is the polymerization rate. Hence Kcai/Km = kpol/Ke-

Nucleotide concentrations used were in the 0.005-5 uM range for dNTPs and
0.5-2,000 uM range for rNTPs.

Time-course experiments were fitted to the exponential equation:

[Pl=A(1—e ¥) +kyt (4)

where [P]; is the product concentrations at any given time point, ¢ is time, k is the
rate for the exponential phase, ki is the rate of the linear phase and A is a constant.
Fitting was obtained with the GraphPad Prism 3.0 computer program.

Electronic image manipulation. Linear transformations have been applied in
some instance to the whole 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.
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