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Abstract

Consistent with the fact that ribonucleotides (rNTPs) are in excess over deoxyribonucleotides (dNTPs) in vivo,
recent findings indicate that replicative DNA polymerases (DNA Pols) are able to insert ribonucleotides
(rNMPs) during DNA synthesis, raising crucial questions about the fidelity of DNA replication in both Bacteria
and Eukarya. Here, we report that the level of rNTPs is 20-fold higher than that of dNTPs in Pyrococcus abyssi
cells. Using dNTP and rNTP concentrations present in vivo, we recorded rNMP incorporation in a template-
specific manner during in vitro synthesis, with the family-D DNA Pol (PolD) having the highest propensity
compared with the family-B DNA Pol and the p41/p46 complex. We also showed that ribonucleotides
accumulate at a relatively high frequency in the genome of wild-type Thermococcales cells, and this frequency
significantly increases upon deletion of RNase HII, the major enzyme responsible for the removal of RNA from
DNA. Because ribonucleotides remain in genomic DNA, we then analyzed the effects on polymerization
activities by the three DNA Pols. Depending on the identity of the base and the sequence context, all three
DNA Pols bypass rNMP-containing DNA templates with variable efficiency and nucleotide (mis)incorporation
ability. Unexpectedly, we found that PolD correctly base-paired a single ribonucleotide opposite rNMP-
containing DNA templates. An evolutionary scenario is discussed concerning rNMP incorporation into DNA
and genome stability.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction

Maintenance of genome integrity is essential for life,
and faithful DNA replication and repair ensure this.
One of the most important parameters for DNA
maintenance is the regulation of optimal concentra-
tions of the four 5′-deoxyribonucleoside-triphosphates
(dNTPs) the precursors for DNA synthesis, by
ribonucleotide reductase (RNR) [1]. RNR, which
reduces the 5′-ribonucleoside-triphosphates (rNTPs)
to the corresponding dNTPs, also maintains the ratio
of rNTPs to dNTPsat distinct levels throughout the cell
cycle. Moreover, the relative abundance of nucleo-
tides is dependent on the type of tissue, organelle and
cell, with rNTP content significantly exceeding dNTP
content [2–4]. For these reasons, high- and low-fidelity
uthors. Published by Elsevier Ltd. This
ses/by/4.0/).
DNA polymerases (DNA Pols) face the challenge of
selecting the correct dNTPs over the more abundant
rNTPs during the normal processes of DNA replica-
tion and repair. While cellular concentrations of these
nucleotides are documented inEukarya andBacteria,
they remain largely unknown in Archaea [5].
Other important parameters such as DNA Pol

selectivity, proofreading 3′ → 5′ exonuclease activity
and mismatch repair (MMR) contribute to improving
the fidelity of DNA synthesis [6,7]. With regard to
rNMP incorporation, high- and low-fidelity DNA Pols
have evolved structural features for blocking rNTP
entry into their active sites. A steric gate residue or a
protein backbone segment is believed to generate a
clash with the 2′-hydroxyl group of the ribose of the
incoming rNTP [8]. This prevention mechanism is of
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Table 1. Intracellular levels of nucleotides in exponentially
growing P. abyssi cells

dNTPs Concentration
(pmol/108 cells)

rNTPs Concentration
(pmol/108 cells)

dA 8.1 ± 3.8 rA 288.0 ± 93.1
dC 2.8 ± 1.5 rC 84.1 ± 25.6
dG 8.8 ± 4.2 rG 185.0 ± 41.7
dT 17.1 ± 7.2 rU 162.0 ± 46.0

The levels of dNTPs and rNTPs were evaluated from exponen-
tially growing cells. The nucleotide pool represents the average of
14 and 15 replicate experiments from three different biological
samples. Mean ± standard deviation values are shown.
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particular importance for the proofreading function
of high-fidelity (HiFi) DNA Pols since it is more
proficient in the excision of incorrect dNMPs than
rNMPs from extending primers [9,10].
Recent data indicate that rNMPs are the main non-

canonical nucleotides incorporated into DNA [11] by
eukaryotic and bacterial DNA Pols, with surprisingly
high frequency [2,12]. rNMP incorporation may
also arise from imperfect processing of Okazaki
fragments [13]. The biological evidence of embedded
rNMPs in the DNA of Bacteria, Archaea and Eukarya
is based on in vivo studies showing an increased load
of genomic rNMPs and genetic instability in ribonu-
clease H (RNase H)-defective cells [11,14–17].
Because of the reactive 2′-hydroxyl group on the
ribose ring, rNMPs in the chromosomemake the DNA
strand susceptible to spontaneous and enzymatic
hydrolytic cleavage. They can also modify the helical
structure in DNA that possibly interferes with cellular
DNA transactions [18]. To prevent persistent rNMP
accumulation in genomic DNA, cells evolved a
specific repair pathway termed ribonucleotide exci-
sion repair (RER), in which the principal enzyme is
type 2 RNase H (RNase H2 or HII) [14,19,20]. In the
absence of RNase H2, a topoisomerase 1 (Top1 or
topA gene) repair pathway can remove some rNMPs
in yeast [21,22]. Moreover, rNMPs might also be
targeted by other mechanisms such as MisMatch
Repair (MMR), nucleotide excision repair (NER) and
base excision repair (BER) [23–26].
Here, we sought to analyze whether rNMP incorpo-

ration into DNA is a conserved property of DNA
synthesis in Archaea. Up to now, four DNA Pol
families, (B, D, X and Y) and the p41/p46 primase–
polymerase have been found in the genomes of 251
archaeal species (https://gold.jgi.doe.gov/). In vitro
activities of families B, D and Y and the p41/p46
complex of archaeal DNA Pols have been demon-
strated, but never characterized for the X-family.
Which DNA Pols are responsible for duplicating the
archaeal genome is not currently knownwith the same
degree of certainty as for Bacteria or Eukarya. All
Archaea contain a family-B DNA Pol (PolB), usually
present as several members in the Crenarchaea and
as a single enzyme in the Euryarchaea. With the
exception of the Crenarchaea, a HiFi family-D DNA
Pol (PolD) is found in all Archaea and is unique to this
domain. Archaea also possess a p41/p46 primase–
polymerase complex with p41 belonging to archaeo-
eukaryotic primase (AEP) family. At the replication fork
in the Crenarchaea, it is believed that the p41/p46
complex initiates DNA replication by synthesizing an
RNA primer, followed by leading and lagging strand
DNA synthesis using HiFi family-B DNA Pols [27–29].
While it is clear that p41/p46 is involved in the initiation
process in the Euryarchaea [30–32], the role of HiFi
PolB and/or PolD acting selectively on opposite DNA
strands at the replication fork remains inconclusive
because of biochemical and genetic divergences
[33–39]. Similar to the DNA repair family-Y DNA Pol
[28,40,41], it is not excluded that the p41/p46 complex,
like families B and D DNA Pols, might operate in other
archaeal DNA transactions (repair, damage tolerance,
damage signaling, etc.) [14,27,31,33,42–46].
In the present work, we ask whether rNMP

incorporation is an evolutionarily conserved property
of DNA synthesis in Archaea. For this purpose,
we used the best characterized hyperthermophilic
anaerobe, Pyrococcus abyssi GE5 [47]. This strain
duplicates its genome as fast as Bacteria, supported
by eukaryotic-like replication proteins [48]. Roles have
been proposed whereby RNA priming is performed by
the p41/p46 complex [31], followed by leading and
lagging strand DNA synthesis by PolB and PolD,
respectively [35,49,50],. Maturation of Okazaki frag-
ments likely involves PolD but precludes any contri-
bution of PolB in the absence of RNase HII [34].
Beyond these crucial roles in DNA replication, all three
DNA polymerizing enzymes seem to work in DNA
transactions such as repair, damage signaling or
tolerance [31,42,43,51]. We further analyzed whether
rNMP incorporation by PolB, PolD and the p41/p46
complex is conserved during DNA synthesis. At the
physiological dNTP and rNTP levels, we demonstrate
that PolD is the main DNA Pol able to insert rNMPs in
an error-free manner. In addition, we report that single
embedded rNMPs are bypassed by all three DNAPols
with variable nucleotide incorporation/misincorporation
proficiency regardless of the nature of the base and
sequence context. Unexpectedly, we also discovered
that PolD can incorporate a single rNMP opposite
template ribonucleotides. These results suggest that
rNMP incorporation into DNA represents a conserved
feature of archaeal DNAPols, whichmay have various
consequences for their genome integrity.
Results

dNTP and rNTP pools in P. abyssi

We first measured the levels of dNTPs and rNTPs
in exponentially growing P. abyssi cells (Table 1).

https://gold.jgi.doe.gov
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The results demonstrate that rNTP content is 20-fold
higher than dNTP content and corroborate previous
data showing that rNTP concentrations are 10- to
80-fold higher than those of dNTPs in Escherichia
coli and Saccharomyces cerevisiae cells [2,3],
respectively. Thus, amounts of rNTPs in our
hyperthermophilic anaerobe archaeal cells signifi-
cantly exceed those of dNTPs, and values range
from 288 pmol/108 cells for rATP to 2.8 pmol/108

cells for dCTP (Table 1).The rNTP/dNTP ratios vary
from 35/1 for adenine and 10/1 for ribouridine/
deoxythymidine. Moreover, the relative quantities
of dNTPs (dT N dG ≥ dA N dC) differ from those of
rNTPs (rA N rG ≥ rU N rC).

Influence of nucleotide pools on primer extension
activities

To study the effects of rNTP and dNTP levels
on DNA synthesis, primer extension reactions were
Fig. 1. Influence of nucleotide pools on primer extension a
template (for full sequences, see Table S1). (b–d) Extension re
(d) from P. abyssi during a 30-min reaction containing the fol
without incubation; lane 3, all four dNTPs at 200 μM each; la
dGTP, 200 μM dTTP and 33 μM dCTP; lane 5, ratio 2 with all
and 2 μM dCTP; lane 6, all four rNTPs at 200 μM each; lane 7, r
1889 μM rUTP and 981 μM rCTP; lane 8, ratio 2 with all four rN
58.4 μM rCTP; lane 9, ratio 1 with all four dNTPs and rNTPs;
oligodeoxynucleotides of 87 and 17 bases are indicated on the
in panels b–d were quantified as described in Materials and M
are summarized in panels e and f, respectively. Bars repres
independent experiments.
carried out in the presence of individual DNA Pols
(PolD, PolB and the p41/p46 complex) fromP. abyssi.
Two concentrations of nucleotides (ratios 1 and 2)
were used according to the cellular rNTP/dNTP ratios
(Table 1). The reference for calculating the balance
with the seven remaining nucleotides in ratio 1 was
200 μM of dTTP, resembling that believed to usually
occur in Bacteria and Eukarya [2,3]. The rNTP
reference for calculating the balance with the seven
remaining nucleotides in ratio 2 was 200 μM of rATP.
The basal references of these two ratios were used
throughout this study because they correspond to
previous working nucleotide concentrations (200 μM
of either dNTPs or rNTPs) supplied to P. abyssi DNA
Pols in extension assays [31,35].
Primer extension reactions with 200 μM of the four

dNTPs were examined in the presence of individual
DNA Pols (Fig. 1b–d, lane 3). The results showed
that extension of the DNA primer was highly efficient
for the three DNA Pols (more than 90% extension)
ctivities. (a) Structure of the 5′-Cy5-labeled 17/87 primer-
actions using PolD (b), PolB (c) and the p41/p46 complex
lowing: lane 1, control p/t without enzyme; lane 2, control
ne 4, ratio 1 with all four dNTPs at 95 μM dATP, 103 μM
four dNTPs at 5.6 μM dATP, 6.1 μM dGTP, 11.9 μM dTTP
atio 1 with all four rNTPs at 3359 μM rATP, 2157 μM rGTP,
TPs at 200 μM rATP, 128.4 μM rGTP, 112.4 μM rUTP and
lane 10, ratio 2 with all four dNTPs and rNTPs. Reference
right of each panel. Gel images of reaction products shown
ethods. Bar graphs of extension and full-length products
ent the averages (±standard deviation) of at least three
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(Fig. 1e, lane 3). Inspection of full-length extension
products indicated that the p41/p46 complex was not
very proficient in synthesis of long DNA fragments
as compared with PolB and PolD (Fig. 1f, lane 3).
Among the two HiFi DNA Pols, PolB was the most
active. When dNTPs were used at the physiological
ratios, almost identical profiles of polymerization
were observed with PolD and PolB (Fig. 1b and c,
lanes 4–5). In this case, extension of the DNA primer
was comparable with that of 200 μM dNTPs (Fig. 1e,
lane 3 compared with lanes 4–5) and a slight
reduction of full-length product was observed
(Fig. 1f, lane 3 compared with lanes 4–5). In contrast,
the p41/p46 complex was much more sensitive to
the balance and concentration of dNTPs (Fig. 1d,
lane 3 compared with lanes 4–5). Decreasing the
concentration of dNTPs (from ratio 1 to 2) resulted
in the synthesis of longer DNA fragments by the
p41/p46 complex (Fig. 1d and f, lanes 4–5). Taken
together, these results show that the balance and
concentration of dNTPs affect DNA synthesis more
strongly by the p41/p46 complex than by the two HiFi
DNA Pols.
When primer extension reactions were carried out

with 200 μM of the four rNTPs in the presence of
individual DNA Pols, the highest incorporation
efficiency was observable with PolD (60% extension)
(Fig. 1e, lane 6), extending from DNA primers as
short as 4 rNMPs (Fig. 1b–d, lane 6). About 2-fold
reduction of rNMP incorporation was obtained for
the p41/p46 complex compared with PolD, while
showing addition of at least 6 rNMPs from the DNA
primer (Fig. 1d and e, lane 6). Comparatively, PolB
did not retain significant DNA primer extension
(Fig. 1c and e, lane 6). When rNTPs were used at
the physiological ratios, almost identical profiles of
polymerization were observed, with PolD and the
p41/p46 complex being the most proficient at rNMP
incorporation (Fig. 1b–d and e, lane 6 compared with
lanes 7–8). In addition, the balance and concentra-
tion of rNTPs mainly affected the polymerization
activity of the p41/p46 complex (Fig. 1d, lane 6
compared with lanes 7–8). In particular, a stimulation
of rNMP incorporation is observed upon decreasing
concentrations for the p41/p46 complex (Fig. 1e,
lanes 7–8), while no major changes were seen
with PolD (Fig. 1b and e, lanes 7–8). Inhibition of
polymerization by PolB was still observed upon
varying the balance and decreasing the concentra-
tion of rNTPs (Fig. 1c and e, lane 6 compared with
lanes 7–8). Taken together, these results show that
the polymerization activity of PolD is much less
affected by the balance and concentration of rNTPs
compared with that of the p41/p46 complex. They
also demonstrate the severe inhibitory effect of
rNTPs on DNA primer extension activity by PolB.
When primer extension reactions were carried out

with all eight nucleotides at ratios 1 and 2 in the
presence of individual DNA Pols, the efficiency of
primer extension was as high as with all four dNTPs
(~82% extension) (Fig. 1e, lanes 4–5 compared with
lanes 9–10). In this case, the profiles of polymeriza-
tion for the two HiFi DNA Pols were almost
comparable between the concentration ratios 1 and
2 of the four dNTPs only and all eight nucleotides
(Fig. 1b–c, lanes 4–5 compared with lanes 9–10). By
contrast, the p41/p46 complex suffered from the
addition of rNTPs, as can be seen by the appearance
of a prominent pause at +2 from the DNA primer
(Fig. 1d, lanes 4–5 compared with lanes 9–10). In
general, decreasing the concentrations of all eight
nucleotides from ratio 1 to 2 did not significantly affect
polymerization by the two HiFi DNA Pols, while
leading to longer extension products by the p41/p46
complex (Fig. 1b–d, lanes 9–10). Only a 2-fold
reduction of full-length product synthesis was ob-
served with PolD, while expanding slightly with PolB
(Fig. 1f, lanes 9–10). Overall, these results indicate
that, in contrast with the two HiFi DNA Pols, the
level of dNTPs/rNTPs affects DNA synthesis by the
p41/p46 complex more strongly.

Incorporation of rNMPs into the
primed-oligonucleotide DNA template

Because the three DNA Pols were able to add
rNMPs (Fig. 1b–e, lanes 6–8) to the DNA primer and
the length of extension products were maximized at
ratio 2 for all three DNA Pols (Fig. 1b–e, lanes 9–10),
we next evaluated the level of rNMP incorporation
into a primed-oligonucleotide DNA template (Fig. 2).
Extension products obtained from the 17-mer DNA
primer annealed to the 87-mer template were treated
with 0.25 M NaCl (control) or with 0.25 M NaOH to
hydrolyze the DNA backbone at locations where
rNMPs were present. The results show that the
extension products generated by PolD were sensi-
tive to NaOH treatment (Fig. 2a) in comparison with
PolB (Fig. 2b) and the p41/46 complex (Fig. 2c). In
this case, the 5′-labeled alkaline hydrolysis products
resulted in the appearance of shorter fragments,
which corresponded to ~+1, +2, +3 and + 4 rNMP
additions from the DNA primers (Fig. 2a, intensity
distribution traces). Although barely detectable,
additional higher species accumulated at +10 with
PolD. Therefore, these findings indicate that PolD is
the only DNA Pol able to incorporate rNMPs into a
short stretch of duplex DNA.

Incorporation of rNMPs into the
primed-M13mp18 DNA template

To further evaluate the significance of PolD being
the only one of the polymerases adept at rNMP
incorporation into primed-oligonucleotide DNA tem-
plate compared with PolB and the p41/p46 com-
plex, extension reactions were carried out in the
presence of a primer-template with a larger size,



Fig. 2. Incorporation of rNMPs into duplex DNA (short DNA primer-template). The structure of the primer-template is
represented at the top (for full sequences, see Table S1). (a–c) Extension reactions of the 5′-Cy5-labeled 17/87 primer-
template using PolD (a), PolB (b) and the p41/p46 complex (c) with all four dNTPs at 5.6 μM dATP, 6.1 μM dGTP, 11.9 μM
dTTP and 2 μM dCTP and all four rNTPs at 200 μM rATP, 128.4 μM rGTP, 112.4 μM rUTP and 58.4 μM rCTP (ratio 2).
Samples were treated with either 0.25 M NaCl (denoted by NaOH−) or 0.25 M NaOH (denoted by NaOH+) are indicated
under each gel. Reference oligodeoxynucleotides of 87 and 17 bases are indicated to the right of each panel.
Densitometry traces of the NaCl (dark gray) and NaOH (pale gray) lines, plotted using Image Quant TL 8.1 software, are
shown to the right of each gel image.
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different topology and sequence (Fig. 3a). Since all
three DNA Pols have been described to functionally
interact with a variety of replisome components
[34,35,49,50,52,53], the inclusion of accessory fac-
tors like PCNA may stimulate rNMP incorporation
into the DNA.
Using primed-M13mp18 DNA template at the level

of the nucleotides (ratio 1), matching those believed
to exist in cells [2,3], PolD was highly efficient at
inserting rNMPs into the DNA strands (Fig. 3b, lanes
19–20 compared with lanes 25–26; see the Cy5
panel). The extension products made by PolD in the
presence of dNTPs were only unaffected by NaOH
treatment (Fig. 3b, lane 25; see the Cy5 panel and
Fig. S2b). By contrast, the elongated products
obtained by adding rNTPs were converted by
NaOH treatment to shorter fragments ranging from
~0.3 to 4 kb and, the estimated frequency of rNMP
incorporation was approximately one rNMP every
1250 kb (Fig. 3b, lane 26; see the Cy5 panel).
Illustrative densitometry traces of PolD incorporation
are shown in Fig. 3b (PolD intensity distribution
traces related to lanes 25–26) and the profile lines
accounted for rNMP insertion throughout the newly
synthesized DNA strands but also in the vicinity
of the DNA primer. In addition, treatment of the
polymerized strands with NaCl in the presence or
absence of rNTPs did not affect the distribution
of extension products (Fig. 3b, inset of the PolD
intensity distribution traces related to lanes 19–20),
which consisted of amixture of ~+1 extended primers
to full-length products (7249 nt). Overall, these
results indicate that PolD is prone to embedding
rNMPs into the newly synthesized strands and
that rNMP incorporation only occurs at the same
rNTP/dNTP ratios (ratios 1 and 2) (Figs. 3b and S1a).
This finding is supported by the fact that PolD does
not insert rNMPs at equimolar concentrations of all
eight nucleotides (Fig. S1b, lanes 19–20 compared
with lanes 25–26; see Cy5 panel).
PolB and the p41/p46 complex, by contrast, did not

display rNMP incorporation into the DNA template
(Fig. 3b, lanes 15–18 compared with lanes 21–24;
see the Cy5 panel). PolB only polymerized dNTPs to
yield a ladder of extension products from ~+1 to full
length, of which the full-length fragments were the
most prominent (Fig. 3b, lane 15; see the Cy5 panel).
Addition of rNTPs resulted in the inhibition of primer



Fig. 3. Incorporation of rNMPs into the duplex DNA (M13mp18 DNA primer-template). (a) Structure of the primer-
template mimic, consisting of a Cy5-labeled 30-mer primer annealed to the circular M13mp18 DNA template, 7249
nucleotides in length. (b) Extension of the primed-M13mp18 DNA template by PolB, the p41/p46 complex and PolD, with
nucleotide substrates (ratio 1). Reactions contained the four dNTPs at 95 μM dATP, 103 μM dGTP, 200 μM dTTP and
33 μM dCTP with no additional rNTPs (denoted by − rNTP), or all eight nucleotides (denoted by +rNTP) at 95 μM dATP,
103 μM dGTP, 200 μM dTTP, 33 μM dCTP, 3359 μM rATP, 2157 μM rGTP, 1889 μM rUTP and 981 μM rCTP. Samples
treated with either 0.25 M NaCl or 0.25 M NaOH are indicated at the top of each gel. The left and right gels refer to SYBR-
Gold and Cy5-labeled products, respectively. The arrow on the left of the Cy5 panel indicates the starting DNA primers.
Densitometric traces of the resulting PolD extension products after NaOH treatment (lanes 25–26) with rNTPs (pale gray
line) or without rNTP (dark gray line) are shown with arrows to the right of the panels. The inset shows the densitometry
traces of the resulting PolD extension products after NaCl treatment (lanes 19–20). Molecular weight markers (lanes 1 and
14) revealed by gel staining with SYBR Gold are labeled on the left of the densitometric representation.
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extension, as shown by the increased level of primers
(Fig. 3b, lane 16; see the Cy5 panel). These results
are further supported by the densitometry traces,
showing not only the higher abundance of primers
but also the lower amounts of full-length products
(Fig. S2b, PolB intensity distribution traces related
to lanes 15–16). In addition, the inability of PolB to
insert rNMPs into the DNA is in agreement with
similar profiles obtained with NaCl (Fig. S2b, PolB
intensity distribution traces related to lanes 15–16)
and NaOH treatments of the polymerized strands
(Fig. S2b, PolB intensity distribution traces related
to lanes 21–22). Although barely detectable, the
p41/p46 complex only polymerized dNMPs and
addition of rNTPs resulted in the inhibition of primer
extension (Fig. 3b, lanes 17–18 and 23–24; see the
Cy5 panel). These results were further supported by
the densitometry traces (Fig. S2b, p41/p46 intensity
distribution traces related to lanes 17–18 and lanes
23–24). This low level of extension products was not
due to differential loading amounts of replicated
primed-M13mp18 DNA template compared with
the SYBR Gold panel (Fig. 3b, lanes 4–5 and lanes
10–11). Moreover, addition of rNTPs was not only
inhibitory to primer extension (Fig. 3b, lanes 17–18;
see the Cy5 panel) but also to DNA priming activity
by the p41/p46 complex (Fig. 3b, lanes 4–5; see
the SYBR Gold panel). These findings show that
neither PolB nor the p41/p46 complex can incorpo-
rate rNMPs into the DNA, a property that seems
to be independent of the levels and balance of
rNTPs and dNTPs (e.g., ratios 1 and 2, and equimolar
concentrations) (Fig. S1a, lanes 15–18 and lanes
21–24; Fig. S1b, lanes 15–18 and lanes 21–24; see
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the Cy5 panel). Taken together, these results demon-
strate that PolD is the only DNA Pol capable of
embedding rNMPs into newly polymerized DNA
strands at physiological nucleotide concentrations
and that PolB and the p41/p46 complex do not
appreciably incorporate rNMPs into DNA. They also
demonstrate that the frequency of rNMP insertion by
PolD is governed by the level and balance of all eight
nucleotides.

Levels of ribonucleotides in genomic DNA of
wild-type and RNase HII null archaeal cells

Because rNMP incorporation into DNA occurs
in vitro by PolD at physiological concentrations of
all eight nucleotides, we verified whether rNMPs
are incorporated into the genomes of exponentially
growing archaeal cells. To address this possibility,
the in vivo frequency of embedded rNMPs from two
closely related euryarchaeal cells, P. abyssi and
Thermococcus barophilus, was analyzed by alkali
treatment followed by agarose gel electrophoresis.
Alkali treatment causes strand cleavage at incor-
porated rNMPs in the DNA, resulting in increased
Fig. 4. Genomic detection of ribonucleotides in exponentia
DNA from wild-type P. abyssi cells. Separation by agarose gel
and after denaturation with formamide (denaturing). Densitom
DNA markers indicated. (b) Alkali sensitivity of the genomic DN
cells. Separation by agarose gel electrophoresis under neutra
formamide (denaturing). Densitometry traces of selected lanes
electrophoretic mobility of genomic DNA. Given that
alkali hydrolysis may also reveal local nicks, breaks
and gaps, genomic DNA was treated with NaCl
followed by agarose gel electrophoresis after form-
amide denaturation. This neutral formamide DNA
denaturing method allows for the separation of
single-stranded DNAwithout hydrolyzing rNMP phos-
phodiester bonds [54]. Treatment with NaOH led to an
increased pattern of genomicDNA fragmentation from
both wild-type archaeal cells relative to NaCl-treated
DNA (Fig. 4a–b), whereas genomic DNA separated
under neutral conditions did not demonstrate any
significant fragmentation. These results indicate that
the observed alkali-sensitive sites are consistent
with the presence of rNMPs in genomic DNA of wild-
type cells, but also suggest the existence of single-
stranded interruptions (nicks or gaps). Moreover,
treatment with alkali also led to a widespread
fragmentation of RNase HII null genomic DNA from
T. barophilus, observed by increased electrophoretic
mobility (Fig. 4b). Significantly, the resulting pattern
of fragmentation was different from that seen with
wild-type genomic DNA, which on average leads to
one rNMP per approximately 700 nt for the RNase HII
lly growing archaeal cells. (a) Alkali sensitivity of genomic
electrophoresis under neutral conditions (non-denaturing)
etry analysis of the first two lanes is shown and size of the
A from the wild-type and RNase HII null T. barophilus MP
l conditions (non-denaturing) and after denaturation with
are shown, and size of the DNA markers is indicated.
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mutant. Taken together, these data demonstrate that
ribonucleotides accumulate at substantial levels in
genomic DNA of archaeal cells, and that RNase HII is
an enzyme involved in their repair.

Bypass of a single rNMP in a DNA Template

In the above experiments, we demonstrated that
P. abyssi DNA PolD can efficiently incorporate
rNTPs into DNA and that substantial levels of
rNMPs are incorporated in the genome of Archaea.
Because rNMPs persist in the template strand, we
decided to analyze whether all three DNA Pols were
able to tolerate ribonucleotide-containing templates.
Therefore, we examined the ability of DNA Pols
Fig. 5. Bypass of a single rNMP in a DNA Template. (a
that locate either dNMP or rNMP 16 bases ahead of the prim
(b–d) Extensions using PolD (b), PolB (c) and the p41/p46 comp
four dNTPs. “Control” denotes the absence of dNTPs andMgCl
bases are indicated on the right of each panel. Gel images of
described in Materials and Methods. (e) Bar graph summarizi
deviation) from at least three independent experiments.
to bypass single embedded rUMP, rAMP, rGMP or
rCMP located at the same position in the primer-
template (i.e., 16 bases ahead of the 17/87 primer-
template junction), corresponding to dTMP, dAMP,
dGMP or dCMP in the control template (Fig. 5a). In
general, DNA Pols were able to bypass each of the
four different rNMPs (Fig. 5b–d), albeit at reduced
efficiencies compared with the dNMP-containing
templates (Fig. 5e). rUMP was the most inhibitory
to primer-extension (b20% compared to ~87%
with the dTMP control), followed by rCMP (b40%
compared to ~87% with the dCMP control), then
rAMP and rGMP (b75% compared to ~87% with the
dAMP and dGMP controls, respectively). Examina-
tion of the patterns of replication products indicated
) Structure of the 5′-Cy5-labeled 17/87 primer-templates
er-template junction. (for full sequences, see Table S1).
lex (d) fromP. abyssi during a 30-min reaction containing all
2. Reference oligodeoxynucleotides of 87, 33, 31, 29 and 17
reaction products shown in panels b–d were quantified as
ng extension products. Bars are the averages (±standard
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that DNA Pols did not significantly stall during DNA
synthesis (Fig. 5b–d). Compared to PolD and PolB,
stallingwasparticularly strong for the p41/p46 complex
with a noticeable arrest one nucleotide upstream of
the rNMP (32-nt position) (quantification of the 32-nt
products is given in Table S2), a difference that reflects
abortive full-length DNA synthesis (Fig. 5d).
The gels shown in Fig. 5b–d indicate that rNMP-

containing templates reduce DNA synthesis by DNA
Pols. The inhibition could plausibly arise because
RNA-dependent degradation of the template reduces
the amount of available primer-templates. To address
this possibility, 6-carboxyfluorescein-labeled tem-
plates containing each of the four rNMPs and
annealed to the DNA primer were incubated with or
without DNA Pols (Fig. S3). In no case did any of the
DNA Pols cut rNMP-containing templates (Fig. S3a),
excluding possible hydrolysis of the phosphodiester
bond in an endonucleolytic manner. Moreover, strand
cleavage caused by the presence of the 2’-OH of the
ribose ring and accelerated at increased temperature
[55] was never generated under our experimental
conditions (Fig. S3, lane Control 1 = no enzyme
added). Template degradation therefore cannot ac-
count for the inhibition of polymerization seen in the
presence of rNMP.

Single-nucleotide incorporation opposite
dNMP- or rNMP-containing templates by
archaeal DNA Pols

To estimate the physiological relevance of rNTPs
to the overall fidelity of DNA synthesis, we analyzed
their incorporation opposite dNMP-containing tem-
plates. A series of 26-mer/34-mer primer-templates
in which the first template base was varied (dCMP,
dAMP, dTMP, or dGMP) were incubated with each of
the four rNTPs and DNA Pols so that the DNA primer
would be extended by only one ribonucleotide (rN).
Figure 6a shows the results obtained with dCMP at
the first template position. In this context, all three
DNA Pols displayed significant dG incorporation
(N90% incorporation), as expected (Fig. 6a, lane 5),
although erroneous incorporation was also detected
(Fig. 6a, lanes 3, 4 and 6). In the presence of a single
rNTP, all three DNA Pols provided correct rG
incorporation but the efficiency was less than dG.
PolD showed a moderate decrease in incorporation
levels with 23% and 95% for rG and dC, respectively
(Fig. 6a, lanes 10 and 5). PolB and the p41/p46
complex suffered a marked decrease in incorpora-
tion levels with 16% and 90% for rG and dC,
respectively, for PolB, compared with 3% and 98%
for rG and dC, respectively, for the p41/p46 complex
(Fig. 6a, lanes 10 and 5). In general, the ribonucle-
otide incorporation levels were reduced for all three
DNA Pols and influenced by the dNMP template
base (Figs. 6a and S4a, c, e; to compare lanes 2
and 7). In agreement with the results in Figs. 1–3,
PolD was the most proficient for rN incorporation
compared to PolB and the p41/p46 complex.
To further analyze the ribonucleotide incorporation

capability of all three DNA Pols, single-nucleotide
additions at the first template position were per-
formed with rNMP-containing templates. In the
control experiment, all three DNA Pols significantly
incorporated dG opposite the rCMP template base
(N60% incorporation) (Fig. 6b, lane 17) and showed
minor misinsertion events (Fig. 6b, lanes 15, 16
and 18). Generally, all three DNA Pols achieved
correct dN insertion opposite the canonical rNMP-
containing template. PolB and PolD maintained
comparable levels of dT or dC incorporation at the
adenine or guanosine template base, independently
of the identity of the sugar (Fig.S4a–b, lanes 4
and 16 and 5e–f, lanes 6 and 18). The level of dT
incorporation remained stable opposite dAMP/
rAMP-containing templates (~99/92% incorporation,
respectively) for the p41/p46 complex (Fig. S4a–b,
lanes 4 and 16), while a minor decrease in dC
incorporation efficiency (~1.5-fold reduction in incor-
poration) due to the sugar variation was observed
(Fig. S4e–f, lanes 6 and 18). When the experiments
were repeated with dCMP/rCMP- or dTMP/rUMP-
containing templates, a reduction of dG (Fig. 6a–b,
lanes 5 and 17) or dA (Fig. S4c–d, lanes 3 and 15)
incorporation efficiency was noticeable for all three
DNA Pols, but this effect was more pronounced
for the p41/p46 complex. Overall, these results are
consistent with the bypass properties of DNA Pols
observed in Fig. 5, demonstrating that the gradual
reduction of dN incorporation is governed by both
the identity of the sugar and the template base. The
priority order for dN insertion opposite the rNMP-
containing template is thus rG = rA N rC N rU.
When the reactions were carried out with each of

the four rNTPs and the rNMP-containing templates,
neither PolB nor the p41/p46 complex was able
to extend the DNA primer (Figs. 6b, S4b, d and f,
lanes 20–23). Also, the exonuclease activity of PolB
was particularly enhanced with rAMP- and rUMP-
containing templates (Fig. S4b and d, lanes 15–23).
Conversely, PolD correctly base-paired a single
ribonucleotide opposite rNMP-containing templates,
but this insertion only occurred at the cytosine and
guanine template bases (Fig. 6, lane 22 and Fig. S4f,
lane 23). In this case, the incorporation efficiency was
higher at rCMP compared with rGMP-containing
templates (75% and 47% incorporation, respectively).
Interestingly, when all four rNTPs were simultaneous-
ly added, PolD could generate similar amounts of
extension products opposite the cytosine and guanine
template bases (75% and 34% incorporation, respec-
tively), while showing different extension behaviour
(Figs. 6b and S4f, lane 19). The enzyme was able to
insert and extend the DNA primer from multiple
consecutive ribonucleotides (up to six rN additions),
and the distribution of longer products was more



Fig. 6. Single-nucleotide incorporation opposite dCMP- or rCMP-containing template. DNA primer extension reaction of
the 5′-Cy5-labeled 26/34 primer-templates that locate dCMP or rCMP one base ahead of the primer-template junction. The
structure of the primer-template is represented at the top of each panel (for full sequences, see Table S1). (a) Base
incorporation opposite template strand dCMP by PolD, PolB and the p41/p46 complex. (b) Base incorporation opposite
template strand rCMP by PolD, PolB and the p41/p46 complex. Each reaction had a running time of 30 min. “Control” = no
enzyme added (lanes 1 and 13); dN = all four dNTPs added; dA, dT, dG and dC = only dATP or dTTP or dGTP or dCTP
added, respectively; rN = all four rNTPs added; rA, rU, rG and rC = only rATP or rUTP or rGTP or rCTP added,
respectively; +1, +2, +3, +4, +5 and + 6 represent final products. The extension (%) for selected lanes is shown under the
gels. Reference oligodeoxynucleotides of 34 and 26 bases are indicated on the right of each panel (lanes 12 and 24).
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pronounced in the presence of rCMP-containing
templates (Figs. 6b and S4f, lane 19). Taken together,
these results clearly demonstrate that PolD has
the highest propensity to faithfully extend a DNA
primer from one to multiple consecutive rN on dNMP-
containing templates. Although unexpected, PolD
also displays rN incorporation on rNMP-containing
templates, occurring with high specificity in an error-
free manner.
Discussion

Nucleotide pools in archaeal cells. What
similarities exist across the three domains of life?

In the present study, we determined for the first
time the nucleotide pools in an anaerobic and
hyperthermophilic euryarchaeal strain. The results
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indicate that the relative size of each dNTP pool
varied, with dTTP being the largest and dCTP being
the smallest in exponentially growing P. abyssi cells.
Apart from a few exceptions, the elevated level of
dTTP seems to reflect that obtained from other
organisms across the three domains of life [2–5].
Interestingly, it appears that dTTP N dGTP are the
most abundant dNTPs in archaeal cells [5], thus
contrasting with total cellular or nuclear dNTP pools,
where dGTP is consistently observed to be the least
abundant DNA precursor [2,3,4,56]. However, the
high level of dGTP in Archaea resembles that of
mitochondria, with dGTP predominating in many
tissues [57]. Compared with dNTPs, the relative size
of each rNTP pool also varied, with rATP the most
abundant and rCTP the lowest. These results
confirm the ubiquitous nature of the rATP molecule
in all organisms [2–5], involved not only in energy
metabolism and signaling but also in RNA synthesis.
The current report also demonstrates that P. abyssi
proliferating cells have an excess of rNTPs over
dNTPs, ranging from 9 to 35 for rUTP/dTTP and
rATP/dATP, respectively. Because rATP is the most
abundant rNTP, the rATP/dATP ratio is the highest in
all organisms. However, the rNTP/dNTP pools are not
balanced similarly [2–5]. For instance, we observed
that intracellular rNTP/dNTP ratios resemble each
other in the crenarchaeal Sulfolobus solfataricus
strain, apart from the ratio of rATP/dATP [5]. By
contrast, all rNTP/dNTP ratios are well balanced in
exponentially growing P. abyssi cells, thus reflecting
another distinction between the major subdivisions
Crenarchaea and Euryarchaea within the archaeal
domain [58].

Are ribonucleotides incorporated into DNA by
the three DNA-dependent polymerizing enzymes
in P. abyssi?

All studies to date have revealed evidence that
cellular DNA Pols incorporate rNMPs during DNA
synthesis, likely due to the high relative cellular
pools of rNTP compared with dNTP as recently
published and reviewed [2,12,14,16,59–61]. Based
on the cellular ratios of rNTPs/dNTPs in P. abyssi,
we predicted that the three DNA dependent poly-
merizing enzymes (PolD, PolB and the p41/p46
complex) [31,35] might display rNMP incorporation.
Our results indicate that rNMPs are mainly incorpo-
rated into the DNA by the family-D DNA Pol at the
physiological level of nucleotides. The estimated
frequency of rNMP incorporation determined by
alkaline treatment is approximately one rNMP every
1250 kb (Fig. 3b, lane 26; see the Cy5 panel). Thus,
~2800 rNMPs could theoretically be introduced
into the genome of P. abyssi during each round of
DNA replication, assuming that PolD simultaneously
synthesizes the leading and lagging strands at
the fork in vivo. However, this number could be
reduced to ~1400 rNMPs per round of lagging strand
replication by PolD if PolB and PolD are responsible
for the bulk of leading and lagging strand DNA
synthesis, respectively. Because PolD is the most
adept at rNMP incorporation, finding rNMPs in a
particular strand (either leading or lagging) would
suggest that PolD is responsible for the synthesis
of this particular strand. Such hypotheses now
require further investigation to clarify the role of the
DNA Pol(s) in genome replication in Euryarchaea.
Nevertheless, the current report demonstrates

that rNMP incorporation is evolutionarily conserved
among the three domains of life. Our in vitro and
in vivo measurements are clearly consistent with
rNMP accumulation in the genome of archaeal cells
as a consequence of incorporation by DNA Pols.
However, the density of rNMPs alone cannot account
for rNMP incorporation by DNA Pol, particularly by
PolD. Indeed, the frequency of embedded rNMPs
(one per approximately 700 nt) determined by
alkaline treatment in genomic DNA from RNase HII
null archaeal cells (Fig. 4b) does not correlate with
the average rNMP incorporation frequency of PolD
(one per approximately 1250 nt) (Fig. 3b, lane 26;
Cy5 panel). This suggests that embedded rNMPs
in archaeal genomes could potentially result from
other sources. Interestingly, we also observed that
Archaea evolved a significant steady-state level of
rNMPs, as deduced from the sensitivity of their
genomic DNA to alkaline hydrolysis in two wild-type
euryarchaeal cells. This is of particular importance
since their genome exhibits a substantially high
gene-coding percentage (~90%). Hence, this sug-
gests that rNMPs are regularly incorporated into the
genome of Archaea, potentially exceeding the rNMP
incorporation frequency in the genomes of Bacteria
[17] and eukaryotes [2,62]. Further work is now
required to determine the distribution, frequency,
identity and density of ribonucleotides in the archaeal
genome.
Our results also demonstrate that PolD correctly

base-paired a single rNMP opposite the template
base, a feature that can be influencedby the sequence
context but also by the nature of the nucleotide to be
incorporated. These data suggest that PolD discrim-
inates differently against rNTPs, thus awaiting the
determination of its selectivity for the four nucleotides.
In addition, we discovered that the frequency of rNMP
incorporation by PolD could be influenced not only
by the level but also by the balance of the rNTP
and dNTP pools. For instance, we observed that
normalizing the rNTP and dNTP levels to equimolar
concentrations shifted the polymerase activity ex-
clusively to DNA synthesis. In the future, it would
be of interest to determine the threshold of the
rNTP/dNTP pool balance which can dictate rNMP
incorporation by PolD. Despite a recent report on
the PolD complex structure, supporting rNMP incor-
poration because of its strong structural homology
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with the active site of RNA polymerases [63], the
molecular mechanism involved in sugar discrimina-
tion in the presence of magnesium remains unsolved
and awaits the structural resolution of the ternary
complex (PolD/DNA/nucleotide).
As mentioned above, neither PolB nor the p41/p46

complex was able to incorporate rNMPs into DNA at
physiological nucleotide levels. Characterized here
as template-dependent DNA Pols, they strongly
discriminate against NTPs, a feature that correlates
with the identification of a presumed steric gate in the
vicinity of their active site [64,65]. However, these
results do not preclude rNMP insertion by these two
enzymes in vivo. Indeed, here we showed that both
enzymes could incorporate rNMPs under particular
reaction conditions in vitro (e.g., single-nucleotide
incorporation or primer extension with only rNTPs as
nucleotide substrates). Moreover, recent findings
carried out with the closely related Thermococcus
kodakaraensis demonstrated that not only PolD but
also PolB were capable of inserting rNMPs during
DNA synthesis [14]. The cellular concentration
of rNTPs and dNTPs provided to these archaeal
DNA Pols were those of the wild-type eukaryotic
S. cerevisiae and thus relatively higher than the
physiological ones, which might explain why PolB
from T. kodakaraensis was rendered permissive to
rNMP incorporation. These observations suggest
that sugar discrimination during nucleotide sub-
strate selection is not absolute, and that both PolB
and the p41/p46 complex might display relaxed
specificity under certain growth conditions (changes
in the balance and ratio of dNTPs/rNTPs, metal ion
concentrations, etc.).
We also observed that the presence of rNTPs

stimulated DNA synthesis of longer products by PolB
when all eight nucleotides are added at low levels
(Fig. S1a). One possible explanation would be that
rNTPs function as regulatory molecules, shifting the
exo/pol balance of PolB into a more processive
elongation mode at minimal nucleotide pool sizes
in vivo. When present at higher levels, rNTPs also
affected DNA synthesis ability by PolB and the
p41/p46 complex (Fig. 3b). In this case, decreased
amounts of utilized primers and reduced DNA priming
activity by the p41/p46 complex were observed, again
demonstrating a regulatory role by rNTPs on DNA
synthesis. Hence, the molecular mechanism underly-
ing the regulatory specificities of rNTPs on DNA Pol
activity requires deeper investigation.

What are the effects of rNMP persistence in
genomic DNA on polymerization activities by the
three DNA Pols?

Our data and those from Heider et al. [14] indicate
that the archaeal genome naturally contains embed-
ded ribonucleotides and a loss of type 2 RNase
H results in increased rNMP load. Our extensive
exploration of bypass capacity of a single rNMP
demonstrates that all three enzymes can replicate
across an embedded rNMP in DNA. However, a
gradual reduction of dN incorporation opposite the
rNMP-containing template appears to be governed
by both the identity of the sugar and the template
base, in which template rUMP is the highest inhibitory.
Compared with PolD and PolB, the p41/p46 complex
is the most sensitive to rNMP-containing template,
showing pausing one base ahead of rNMP residues.
Possibly, pausing near the rNMP sites of the DNA
template might serve as a relevant signal for
coordinating DNA transactions (e.g., DNA repair,
DNA Pols switching, etc.). It would thus be interesting
to analyze whether embedded rNMPs in DNA can
affect replication fork progression in Archaea. Al-
though unexpected, PolD correctly base-paired a
single ribonucleotide opposite rNMP-containing tem-
plates, but this insertion only occurred at the cytosine
and guanine template bases. This is the first time that
a DNA-dependent-DNA Pol has been shown to be
able to insert a single ribonucleotide opposite embed-
ded rNMP in the DNA template with such specific ribo-
signatures. Moreover, in addition to inserting a single
ribonucleotide opposite rNMP-containing templates,
PolD was able to polymerize multiple consecutive
ribonucleotides (up to six rN additions to the primer).
This result suggests a potential mechanism for the
generation of dsRNA segments in genomic DNA in
Archaea by the family-D DNA Pol.

What could be the physiological roles of rNMP
incorporation into the DNA of Archaea?

According to our in vivo alkali detection and genetic
evidence, archaeal cells accumulating rNMPs into
the genome of the wild-type and type 2 RNase H
mutant do not show obvious growth variations and
tolerate them well [14,15]. Moreover, the ribonucle-
otide bypass shown in this study was not mutagenic,
suggesting that Archaea evolved to replicate such
nonstandard nucleotides in DNA. Although the
abundance, identification and distribution of rNMPs
across the archaeal genomes are not yet available,
our results sustained prominent rNMP incorporation
by PolD, suggesting that rNMPs “left over” after
repairs may have particular signaling functions. As
such, archaeal cells could use rNMP as a marker for
the recognition of newly synthesized strands during
post-replicative DNA repair pathways (e.g., MMR or
Top1-RER) [22,23]. Despite the recent identification
of MMR in Archaea [66], it remains to be determined
whether these two repair systems are operational.
In addition, it cannot be excluded that additional
rNMP-induced DNA damage responses could be at
work in archaeal cells (e.g., double-strand breaks
(DSBs) repair mechanisms, RER, etc.). Finally,
because of the unique signatures of rNMP incorpo-
ration opposite a single rNMP embedded into DNA
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by PolD, spontaneous DNA hydrolysis may occur
nonrandomly in the genome. Hence, endogenous
hotspots of DSBs could be relevant to archaeal
mating, or/and to the frequent chromosomal DNA
exchange and horizontal gene transfer in Archaea
[67,68]. Whether rNMP hotspots in the generation of
DSBs participate in DNA exchange remains to be
established.
Materials and Methods

Culture conditions

P. abyssi GE5, T. barophilus MP wild-type and
T. barophilus MP RNase HII null cells were grown
in a gas-lift bioreactor under anaerobic conditions
at 90 °C and 85 °C, respectively, as previously
described [15,69,70]. Exponentially growing cells
were collected, centrifuged and stored at −80 °C
under strict anaerobia.

Determination of dNTP and rNTP pools

At densities from 2.4 × 108 to 8.75 × 109 cells/mL,
1.26 × 1012 cells were harvested by centrifugation
at 15,000g for 60 min at 4 °C. Cell pellets were
immersed in 700 μL of ice-cold TCA/MgCL2 solution
(12% w/v trichloroacetic acid and 15 mMMgCl2) and
flash frozen in liquid nitrogen. The following steps
were carried out, as recently published [71]. dNTP
and rNTP levels (pmol/cells) in Table 1 were used to
define two cellular concentrations (ratios 1 and 2).
The reference for calculating the balance with the
seven remaining nucleotides in ratio 1 was 200 μM
dTTP, resembling levels believed to normally occur
in Bacteria and Eukarya [2,3]. The rNTP reference
for calculating the balance with the seven remaining
nucleotides in ratio 2 was 200 μM rATP. The basal
references of these two ratios were used throughout
this study because they correspond to previous
working nucleotide concentrations (200 μM of either
dNTPs or rNTPs) supplied to P. abyssi DNA Pols in
extension assays [31,35].

Detection of ribonucleotides in genomic DNA

Cell pellets (~0.5 μg) were suspended in 1.6 mL
TE [10 mM Tris–HCl (pH 8), 1 mM Na2EDTA]. To
ensure cell lysis, 100 μL proteinase K (20 mg/mL),
200 μL Sarkosyl (10%) and 200 μL SDS (10%) were
added followed by subsequent incubation at 37 °C
for 1.5 h. Isolation of total DNAs was accomplished
by adding an equal volume of buffered (pH 8.0)
Phenol/chloroform/isoamylalcohol (25:24:1). The
DNA solution was gently mixed and the aqueous
phases were collected by centrifugation at 10,000g
for 10 min at 4 °C (done twice). Then 10 μL of
RNase A (10 mg/mL) was added and the mix was
incubated at 37 °C for 1 h. DNAswere purified with an
equal volume of phenol/chloroform/isoamylalcohol
and centrifuged. The upper phase was extracted
with an equal volume of pure chloroform and
centrifuged.DNAprecipitationwas obtainedbymixing
the final aqueous phase with a 0.7 volume of 100%
isopropanol followed by incubation for 1 h at room
temperature. After a 30-min centrifugation at 15,000g
at 4 °C, the DNA pellets were washed once with
0.5 mL of 70% ice-cold ethanol. Finally, the DNA
pellets were air-dried for 45 min before suspension in
TE [10 mM Tris–HCl, 1 mM Na2EDTA (pH 8)].
For detection of ribonucleotides, genomic DNAs

isolated from wild-type and RNase HII null archaeal
cells were heated for 2 h at 55 °C with either
0.3 M NaOH or 0.3 M NaCl. Samples were ethanol
precipitated and separated on 1× TBE agarose
gel (1%) electrophoresis under neutral conditions
[5% glycerol, 1.7 mM Tris–HCl (pH 8), 0.17 mM
Na2EDTA] or after denaturation with 90% formamide
and 20 mM EDTA. Gels were then stained with
ethidium bromide. Densitometry traces were ob-
tained with Quantity One software 4.6.6 (Bio-Rad)
and plotted as follows: each lane profile was
extracted from the gel image and the background
subtracted. The quantification of DNA fragmenta-
tion pattern was calculated from densitometry
traces as follows: densitometry intensity distribution
was divided by the fragment length distribution to
quantify the proportion of molecules of a particular
fragment size.

Enzymes

All DNA Pols used in this study were cloned,
overexpressed and purified as previously described
in the following articles: PolB [51], PolD [42] and the
p41/p46 complex [72]. PCNA was produced and
purified as described in Ref. [73].

Nucleic acids

Premium quality-unlabeled dNTPs and rNTPs were
purchased from Jena Bioscience. sscM13mp18
(single-stranded circular M13mp18 DNA) were pur-
chased from New England BioLabs (NEB). Oligonu-
cleotides used in primer extension assays were
RP-HPLC purified and purchased from Eurogentec
(Seraing, Belgium) with the exception of the 87-mer
oligonucleotides, which were purified by PAGE. Their
sequences are listed in Table S1. Annealing of two
complementary oligonucleotides was performed at
equimolar concentrations in 10 mM Tris–HCl (pH 8)
and 50 mM NaCl. The mixture was heated to 95 °C
for 5 min and slowly cooled to room temperature.
Annealing of sscM13mp18 to the complementary
primers was carried out at 1:3 molar ratio in 300 mM
NaCl, 20 mM Tris–HCl (pH 8) and 1 mM EDTA, by
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heating to 75 °C for 15 min followed by cooling to
room temperature.

Primer extension reactions

Extension of the fluorescent-labeled primer
annealed to the oligodeoxynucleotide DNA template
(50 nM) was carried out in reaction mixtures (20 μL)
of 50 mM Tris–HCl (pH 8), 1 mM DTT, 0.2 mM
EDTA, 50 mM NaCl and 5 mM MgCl2, with only the
four dNTPs (200 μM or at the indicated physiological
ratio), only the four rNTPs (at 200 μM or the
indicated physiological ratio), or all eight nucleotides
at the indicated cellular concentrations. The poly-
merases used were 100 nM of PolD, 100 nM of the
p41/p46 complex and 6.25 nM of PolB, and the
incubations were made at 55 °C for 30 min. For
detection of rNMP incorporation into DNA, reactions
were quenched on ice by adding an equal volume of
20 mM EDTA. Half of the reaction mixtures (20 μL)
were then incubated at 55 °C for 2 h with either
0.25 MNaCl or 0.25 MNaOH.Themixtureswere kept
on ice and stopped by adding one volume of 98%
deionized formamide and 20 mM EDTA. For single-
nucleotide incorporation, a single nucleotide was
added at 200 μM (final concentration). Reactions
with PolD, PolB and the p41/p46 complex were
stopped on ice by adding 20 μL of stop buffer [98%
deionized formamide, 10 mM NaOH, 10 mM EDTA
(pH 8), 1 μMof “oligonucleotide competitor” (the exact
complement of the template strand under study)] and
samples were heated to 95 °C for 5 min, before being
loaded onto 18% denaturing polyacrylamide gels.
Labeled fragments were detected with Typhoon FLA
9500 (GE Healthcare) and quantified with Image
Quant TL 8.1 (GE Healthcare). The quantification
methods were as follows: extension of the primers
(%), intensity of primers as a percentage of total lane
intensity; full-length 87-nt (%), intensity of 87-nt bands
as a percentage of total lane intensity; stall (%),
intensity of identified stall band as a percentage of total
lane intensity. Densitometry traces were obtained
using Image Quant TL 8.1 software (GE Healthcare)
and plotted by extracting each lane profile from the gel
image, subtracting the background, and further
normalizing by the total lane intensity.
Extension reactions of the fluorescent-labeled

30-mer primer annealed to the sscM13mp18 tem-
plate (7 nM) were performed in 25 μL of 50 mM Tris–
HCl (pH 8), 1 mMDTT, 0.2 mMEDTA, 50 mMNaCl,
5 mMMgCl2, and either just the four dNTPs (200 μM
or at the indicated cellular concentrations) or all
eight nucleotides (at 200 μM or the indicated cellular
concentrations). For the polymerases, 1 μM of PolD,
1 μM of the p41/p46 complex, 100 nM of PolB and
PCNA (300 nM, 300 nM and 30 nM in the DNA Pols,
respectively). Primer-extension reactions were car-
ried out at 55 °C for 180 min and quenched on ice by
addition of EDTA (10 mM final concentration). Half of
each reaction mixture was incubated at 55 °C for
2 h with either 0.25 M NaCl or 0.25 M NaOH. The
mixtures were kept on ice and stopped by adding one
volume of 90% deionized formamide and 20 mM
EDTA. Samples were heated to 95 °C for 5 min
before being loaded onto 1% (w/v) alkaline agarose
gel. DNA ladders (2-Log DNA ladders, NEB) were
loaded in 45% deionized formamide and 10 mM
EDTA and run into the same gel at 4 °C for 15 h at
30 V. After electrophoresis, gels were stained with
SYBRGold (Invitrogen). Gels were first scanned with
a Mode Imager Typhoon 9500 (GE Healthcare) for
Cy5 in order to visualize the Cy5-labeled products,
and then scanned for SYBR Gold for detecting all
fragments. Densitometry traces were obtained using
Image Quant TL 8.1 software (GE Healthcare) and
plotted as follows: each lane profile was extracted
from the gel image, had its background subtracted,
and was further normalized by the total lane intensity.
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