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Processing of matched and mismatched
rNMPs in DNA by archaeal
ribonucleotide excision repair

Maurane Reveil,1 Lucie Chapel,1 Blandine Vourc’h,1 Audrey Bossé,1 Léa Vialle,1 Raphaël Brizard,1 Yann Moalic,1

Mohamed Jebbar,1 and Ghislaine Henneke1,2,*
SUMMARY

Ribonucleoside monophosphates (rNMPs) are the main non-canonical nucleotides in genomic DNA, and
their incorporation can occur as mismatches or matches in vivo. To counteract the mutagenic potential
of rNMPs in DNA, all organisms evolved ribonucleotide excision repair (RER), a mechanism initiated by
type 2 RNase H. Here, we describe the in vitro reconstitution of matched and mismatched rNMP repair
using archaeal RER enzymes. Our data suggest two types of RER pathways, including the classical flap
RER and a backup RER with the order of reactions changed for Fen1 and Pols. The genomic rNMP level
in RER-deficient or PolB-deficient archaeal cells alongwith in vitro reconstitution of RER suggests an in vivo
role of PolD in RER. Our results provide insights into how matched and mismatched rNMPs may be pro-
cessed by RER.

INTRODUCTION

Ribonucleoside monophosphates (rNMPs) are the most frequent non-standard nucleotides occurring in the genome of all organisms.

Embedded rNMPs in DNA arise in vivo due to (i) incorporation by DNA polymerases (Pol) because of the much higher intracellular rNTPs

concentration compared to deoxyribonucleotide triphosphates (dNTPs),1–4 (ii) a default in Okazaki fragment maturation,5,6 or (iii) oxidation

of the sugar moiety of DNA.7 Transiently embedded rNMPs in DNA can act as positive signals for DNA transactions,8,9 but their persistence

leads to replication stress and genomic instabilities.10–14 Accumulation of genomic rNMPs caused by defective ribonucleotide excision repair

(RER) is associated with Aicardi-Goutières syndrome or systemic lupus erythematosus in human,15,16 tumorigenesis in mice,17–19 and muta-

genesis in Bacteria.4 To counteract their potentially detrimental effects, embedded rNMPs are primarily repaired by the type 2 Ribonuclease

H (RNase HII/2) error-free RER mechanism which is conserved in all domains of life.1,20,21 In the absence of functional RNase HII/2 in eukary-

otes, a backup pathway involvingDNA topoisomerase 1may serve for the removal of rNMPs inDNA, although it is viewed as highlymutagenic

processing.22–26 In eukaryotes and Bacteria, other repair pathways ensure the removal of rNMPs in the genome like base excision repair

(BER),27 nucleotide excision repair (NER),28 and mismatch repair (MMR).29

For now, RNase HII/2-initiated RER is the only evolutionary conserved pathway in all domains of life for rNMP removal.1,20,21 The

monomeric RNase HII in Archaea and Bacteria or the heterotrimeric RNase H2 in eukaryotes specifically incises the phosphodiester

bond at the 50-side of the embedded rNMP in DNA.30,31 Archaeal RNase HII, the functional eukaryotic RNase H2 counterpart,31 is

not essential, and its knockout in Thermococcales does not affect cell growth1,32,33 but induces an increase of genomic rNMPs incor-

poration.1,2 In all organisms, RNase HII/2 cleavage at the RNA-DNA junctions leaves a 50-phosphate ribonucleotide and a 30-OH group,

which is then extended by Pols. Through extension of the 30-OH end, Pold or Polε in eukaryotes or Pol I in Bacteria may perform strand

displacement of the 50-ribonucleotide-containing strand.20,21,34 Although it is believed that PolB performs strand-displacement synthe-

sis of the 50-rNMP strand in Archaea,1 a PolD-mediated RER cannot be excluded. In Bacteria, the resulting displaced rNMP-containing

strand is then degraded by the 50-30 exonuclease or 50-flap endonuclease activity of Pol I before DNA ligase (Lig) ends the repair.21,34 In

eukaryotes and Archaea, the displaced 50-rNMP strand is cut by flap endonuclease Fen1 (or the exonuclease Exo1 in yeast) before liga-

tion by Lig1.1,20

Despite recent in vitro and in vivo evidences of RNase HII/2 incision at single mispaired rNMPs,29,35 in vitro reconstitution of RER mech-

anisms are only relevant for matched rNMP-containing substrates.1,20,21 This is likely because there is no report about genomic detection of

mismatched ribonucleotides. Nonetheless, several studies support the formation ofmispaired rNMPs inDNA in different species.One of ours

showed that rA is the most incorporated rNMP in DNA as a match (�95%) or a mismatch (�13%) by archaeal PolD and that dA is the most

incorporated dNMP as a mismatch (�16%) opposite template rC base.2 Other results showed that mispaired rNMPs occur during translesion
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Figure 1. Enzymatic characterization of RER enzymes on matched or mismatched substrates

Lanes L contain oligonucleotide ladders. The structure of matched or mismatched dsDNA substrates are shown at the top of each gel, and oligonucleotide

sequences are in Table S3. Bar graphs are the means G standard deviation of cleavage products of at least three independent experiments. p values were

determined by unpaired t test and are reported: ***p value <0.0001, *p value <0.05 and non-significant (ns). The p values represented above the bars when

PabPCNA or PabRNaseHII are added to the reactions correspond to the difference observed with the condition of the same enzyme concentration without

PabPCNA or PabRNase HII.

(A) Ribonuclease activity of PabRNase HII. The indicated amounts of PabRNase HII were incubated with matched L34_rA/L34_dT (lanes 1–9), mismatched

L34_rA/L34_dC (lanes 10–18), or L34_rG/L34_dA_reverse (lanes 19–27).

(B) Strand-displacement activity of PabPolB and PabPolD. The indicated amounts of PabPolB or PabPolD were incubated with matched L30_rA:L57RC/L87 (lanes

29–34 and 45–50, respectively), mismatched L30_rA:L57RC/L87_dC (lanes 37–42, 53–58, respectively) or with PabPCNA (lanes 35, 51, 43, 59).

(C) 50-30 exonuclease and 50-flap endonuclease activities of PabFen1. The indicated amounts of PabFen1 were incubated with matched L30_rA:L57RC/L87 (lanes

60–67) or mismatched L30_rA:L57RC/L87_dC (lanes 68–75) without PabPCNA or with 0.3 mM PabPCNA (lanes 66, 74) or 0.5 mM PabRNase HII (lanes 67, 75).

(D) Ligation activity of PabLig1. The indicated amounts of PabLig1 were incubated with matched L30_rA:L57RC/L87 in the absence or presence of 0.3 mM

PabPCNA (lanes 76–77, respectively) or with mismatched rA/dC L30_rA:L57RC/L87_dC in the absence or presence of 0.3 mM PabPCNA (lanes 80–81,

respectively) and 1 mM ATP.
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synthesis of 7,8-dihydro-8-oxoguanine by bacterial DinB2 Pol.36 In eukaryotes, findings revealed the formation of mismatch-containing ribo-

nucleotides and oxidized template bases by Polb37 as well as stable formation of oxidized rGMP (guanosine monophosphate) by Polm.38

Therefore, in this study we ask whether the conserved RER pathway, known to operate onmatched rNMPs, can also be involved in the removal

of mismatched rNMPs. Using Archaeal RER enzymes, RNase HII, DNA Pols (PolD and PolB), Lig1, and Fen1 in test substrate in vitro, we show

that mispaired rNMPs can be repaired by the conserved RER. We also identify a backup RNase HII/2-mediated RER mechanism on both

matched and mismatched rNMPs in which the order of action is changed for Fen1 and DNA Pol. Finally, our in vivo analysis corroborates

in vitro results, showing that the RER pathway removes genomic rNMPs with RNase HII being the key enzyme.
RESULTS

PabRNase HII can specifically cleave a mismatched rAMP with lesser efficiency than a matched rAMP

Our previous study showed that rAMP (adenosine monophosphate) was the most incorporated rNMP as a match or a mismatch by Pab-

PolD.2 We thus first compared the cleavage activities of PabRNase HII on substrates containing a matched or mismatched rAMP

embedded in a 34-nt dsDNA (double-stranded DNA) sequence (Figure 1A). When the matched rA/dT was incubated with increasing

amounts of PabRNase HII, a major 7-nt product appeared (Figure 1A lanes 3–9) and complete hydrolysis was observed at 50 nM (Fig-

ure 1A lane 7, blue bars). These results indicate that PabRNase HII specifically cleaves at the 50-side of the matched rAMP-containing

DNA substrate. PabRNase HII was also effective on a mismatched rA/dC, generating 7-nt products (Figure 1A lanes 14–18), but full degra-

dation required at least 500 nM (Figure 1A lane 18, orange bars). PabRNase HII is thus more efficient to cleave a matched rAMP

compared to a mismatched rAMP-containing DNA substrate (Figure 1A, blue and orange bars). However, this result seems to differ

from a previous study showing the undetectable activity of PabRNase HII or human RNase H2 on mismatched rGMP-containing DNA

substrate.31 For clarification, we thus assessed PabRNase HII activity in our experimental conditions on the same substrate as in Malfatti

et al.,31 an rGMP embedded in a 34-nt dsDNA opposite dAMP (deoxyadenosine monophosphate)(Figure 1A lanes 19–27). The mis-

matched rG/dA was cleaved by PabRNase HII at concentrations starting from 20 nM (Figure 1A lanes 24–27, gray bars) but less efficiently

than matched rA/dT and mismatched rA/dC (Figure 1 orange and blue bars compared with gray bars). Complete hydrolysis was never

obtained for the rG/dA mismatch (Figure 1A, gray bars). These results indicate that in our experimental conditions, PabRNase HII is less

effective on a mismatched rG/dA compared to a mismatched rA/dC suggesting that PabRNase HII activity seems to be influenced by the

identity of the mismatched base pair. Overall, these data demonstrate that PabRNase HII maintains its ability to process not only a

matched rNMP embedded in DNA but also a mismatched rNMP with lesser efficiency, leaving a monoribonucleotide attached to the

DNA strand.
PabPolB and PabPolD strand-displacement activities are efficient on a matched or mismatched 50-rAMP-containing DNA

template

PabPolB and PabPolD strand-displacement activity was then assessed individually on 50-matched or mismatched rAMP nicked templates,

corresponding to the intermediate generated by PabRNase HII incision in RER (Figure 1B). To obtain at least 70% of full-length products

(87-nt) by extension of the 57-nt primer and displacement of the matched or mismatched 50-rAMP downstream strand, 50 nM of PabPolB

were necessary (Figure 1B lanes 31, 39, bar graphs), whereas 800 nM and 200 nM of PabPolD were required, respectively (Figure 1B lanes

49, 55, bar graphs). The maximal strand-displacement activity on both mismatched rA/dC or matched rA/dT dsDNA templates was reached

at 250 nM of PabPolB and 1,000 nM of PabPolD (Figure 1B lanes 34, 42 for PolB and 50, 58 for PolD, bar graphs). At these concentrations,

PabPolB and PabPolD displaced more efficiently the downstream strand containing 50-rAMP mismatches than the matches (Figure 1B lanes

34, 42 for PabPolB, 50, 58 for PabPolD, orange and blue bar graphs). This displacement was not significantly affected by PabPCNA

(proliferating cell nuclear antigen), albeit slightly increasing a small fraction of unused and shorter extension primers by PabPolD (Figure 1B
iScience 26, 108479, December 15, 2023 3
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lanes 34, 42, 50, 58 compared to 35, 43, 51, 59, respectively, bar graphs). Taken together, these results show that PabPolD strand-displace-

ment activity of a matched or mismatched 50-rAMP downstream strand is less efficient than PabPolB.
PabFen1 50-30 exonuclease and 50-flap endonuclease activities are able to remove 50-matched and mismatched rNMP-

containing substrates after PabRNase HII incision

In RER, Fen1 endonuclease activity has been largely studied in cleaving flap structures.1,20,39 In contrast, there is little concern about rNMP

removal by Fen1 50-30 exonuclease activity, while this is reminiscent of RNA primer removal in Okazaki fragment processing.40–42 Thus, we

assessed 50-flap endonuclease and 50-30 exonuclease activities of PabFen1 ondifferent substrates thatmimic relevant RER intermediates. First,

PabFen1 endonuclease activity was measured on single- and double-flap substrates43,44 (Figure S1A). On single 16-nt 50-flap substrate, 16-nt

products were mainly generated and shorter fragments (14-15-nt) were faintly detectable (Figure S1A lanes 2–6). These results indicate that

PabFen1 endonuclease is active on single 50-flap substrates, cutting at the flap junction in dsDNA and less frequently 1 or 2-nt before the

junction in the flap structure. On the double-flap substrate containing a 1-nt 30-tail, known as a cellular substrate,43 PabFen1 endonucleolytic

cleavage gave exclusively 17-nt products (Figure S1A lanes 10–16), corresponding to the precise cutting at a single position one nucleotide

into the annealed region. As previously observed for eukaryotic Fen1,43,45,46 PabFen1 endonuclease activity is more specific on double-flap

than single-flap structures (Figure S1A lanes 10–16 compared to lanes 2–8).

Because 50-rNMP nicked or nicked-flap templates reflect structural intermediates generated by RNase HII cleavage in RER, we analyzed if

these substrates were stimulatory to PabFen1 50-30 exonuclease and 50-flap endonuclease activities. Two dsDNA substrates were designed

with the downstream strand annealed to the DNA template containing a 50-phosphorylated rAMP matched (rA/dT) or mismatched (rA/dC)

and dAMPmatched (dA/dT) or mismatched (dA/dC) as depicted in Figures 1C and S1B, respectively. Phosphorylation of the 50-rNMP nicked

rA/dT template was a prerequisite in order to detect 50-30 exonuclease activity as previously published.47 PabFen1 exonuclease and endo-

nuclease activities were detectable on both 50-rAMP matched (Figure 1C lanes 61–67) and mismatched substrates (Figure 1C lanes 69–75),

releasing major 29-nt products. In this case, hydrolysis occurs one nucleotide into the labeled downstream strand and cleavage efficiencies

were similar amongmatched andmismatched 50-rAMP (Figure 1C, blue and orange bars, respectively). Additional fragments, shorter than the

major products, were also found (Figure 1C lanes 61–64, 69–72). As for 50-rAMP substrates, PabFen1 displays exonuclease and endonuclease

activities on 50-dAMP matched (Figure S1B lanes 18–24) and mismatched (Figure S1B lanes 26–32) substrates. The same cleavage patterns

consisting of major 29-nt products andminor fragments were obtained (Figure S1B lanes 18–21, 26–29). Unexpectedly, PabFen1 exonuclease

and endonuclease activities were slightly more efficient on matched or mismatched 50-rAMP substrates (Figure 1C blue and orange bars,

respectively) than on a matched or mismatched 50-dAMP substrates (Figure S1B light blue and light orange bars, respectively) with or without

PabPCNA or PabRNase HII (Figure 1C lanes 65–67, 73–75 and S1B lanes 22–24, 30–32). Overall, these results show that PabFen1 50-30 exonu-
clease and 50-flap endonuclease activities are able to remove 50-matched and mismatched rNMP-containing substrates which are relevant of

PabRNase HII incision.
PabLig1 is able to ligate a 50-rNMP nicked substrate only in the presence of PabPCNA

Because the reaction intermediate obtained after RNase HII incision is a nicked template representing a potentially ligatable substrate, we

sought to assess whether PabLig1 was active on it. Ligation substrates were the same as for PabFen1 cleavage activities and are represented

in Figures 1D and S1C. As expected, PabLig1 was active on the nicked substrate containing matched dNMP ends (42%), and its end-joining

ability was not significantly affected by PabPCNA (Figure S1C lanes 1–2, light blue bars). Ligation was barely detectable on the nicked sub-

strate with the 50-dAMP mismatch, and a very faint 31-nt band appears (Figure S1C lane 5, light orange bars). This result shows that ligation

reaction is not favorable in the presence of a mismatched 50-DNA end, which is accompanied by accumulation of abortive 50-AMP products

(Figure S1C lane 5). These ligation failure products have already been observed with functional equivalents in Bacteria and eukaryotes, which

were indicative of poor substrates for DNA ligases.48–51When ligationwas examined onmatchedormismatched 50-rAMPnicked template, no

activity was clearlymeasurable (Figure 1D lanes 76, 80, respectively). Interestingly, when PabPCNAwas supplied to the reaction, ligation prod-

ucts (87-nt) corresponding to the nick sealing of a mismatched 50-dAMP or matched 50-rAMP were detectable (30%) as well as low amounts of

50-AMP intermediates (4%) (Figure S1C lane 6, light orange bars and 1D lane 77, blue bars). In the presence of the rA/dC mismatch and

PabPCNA, ligation was very weak, and higher amounts of ligation failure products (9%) were observed (Figure 1D lane 81, orange bars).

Collectively, these results show that PabPCNA enhances PabLig1 activity on rA/dT matched, rA/dC and dA/dC mismatched nicked sub-

strates. However, rA/dC mismatched templates remain poor substrates.
Both PabPolB and PabPolD can act in RNase HII-initiated RER pathway

The data presented in Figure 1 provided insights on the action of individual enzymes (RNase HII, Fen1, Lig1, Pols) when titrated on proper

substrate, allowing fine-tuning of the enzyme ratios required for optimal RER reconstitution assay. Experimental conditions are the same as

those for individual enzymes (Figures 1 and S1) and utilize our reaction buffer previously determined with the same enzymes.52 RER reactions

contain physiological concentrations of dNTPs as published before,2 and double-labeled dsDNA templates with either a matched rA/dT

(Figures 2A–2C) or a mismatched rA/dC (Figures 2D–2F) base pair. Double labeling of the top strand allows the simultaneous detection

of resulting products in a single reaction, which are depicted in each figure panels (Figures 2, S2, and S3) and further described in STAR

methods.
4 iScience 26, 108479, December 15, 2023
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Figure 2. PabPolB and PabPolD can act in RNase HII-initiated RER pathway

(A–F) (A) Reactions were performed in presence of a dual-labeled matched L87_rA/L87_dT (Table S3) (A–C) or mismatched L87_rA/L87_dC (Table S3) (D–F)

rNMP-containing dsDNA template. Reactions were performed in the presence of various combinations of PabPolB, PabPolD, PabFen1, PabPCNA,

PabRNase HII and with (B and E) or without (C and F) PabLig1 in buffer containing 1 mM ATP and physiological level of dNTPs as described in STAR

methods. Lanes L contain 50-FAM-labeled oligonucleotide ladders (57- and 87-nt) in FAM panel and 30-Cy5-labeled oligonucleotide ladders (30- and 87-nt) in

Cy5 panel.

(G) Bar graphs representing themeansG standard deviation of full-length ligation products (87-nt) obtained after RER reconstitution with PabPolB (lanes 6, 24) or

PabPolD (lanes 7, 25) or both Pols (lanes 8, 26) of at least three independent experiments. p values were determined by unpaired t test and are reported: *p value

<0.05 and non-significant (ns). The p values represented above the bars for rA/dC conditions correspond to the difference observed with the same enzyme on the

rA/dT substrate.
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As observed in Figure 1A, PabRNase HII displayed cleavage activity at the 50-side of the matched or mismatched rAMP (Figures 2B lane 2;

2E lane 20), leading to the accumulation of 57-nt products in Fam panel (red label) and 30-nt products in Cy5 panel (green label). When

PabPolB (Figures 2B lane 3 and 2E lane 21) or PabPolD (Figures 2B lane 4 and 2E lane 22) were supplied in the reaction after PabRNase

HII incision, the 30-OH of the 57-nt strand at the nick was extended to generate full-length extension products (87-nt in length) only detectable

in the Fam panel (red label), which was accompanied by the displacement of the 50-rAMP downstream 30-nt strand (green label; Cy5 panel).

Upon addition of PabFen1 and PabLig1, two products (87-nt in length) were detectable in the Fam panel, 50-end FAM-labeled full-length syn-

thesis products corresponding to the intermediates (red label) obtained by Pol strand-displacement synthesis and double-labeled (50FAM
and 30Cy5, red and green labels) products (Figures 2B lanes 6–8; 2E lanes 24–26). These 50FAM and 30Cy5 dual-labeled fragments migrating

at a higher position than the 50FAM single-labeled full-length synthesis products correspond to the final products of RER reconstitution (liga-

tion products). The efficiency of RER reconstitution is thus assessed by the quantification of double-labeled ligation products observed in Cy5

panels. As such, the total percentage of ligation products was compared between Pols or when Pols are both present, before (Figure 2) or

after RNase HII treatment (Figure S2) as described in STAR methods. Interestingly, ligation products obtained without RNase HII treatment

(Figures 2B lanes 6–8; 2E lanes 24–26; to see Fam and Cy5 panels) was 48% or 38% with PabPolB (purple bars), 21% or 53% with PabPolD

(orange bars), and 30% or 31% with both Pols (gray bars), from a matched or a mismatched rAMP-containing substrate, respectively (Fig-

ure 2G). Clearly, these double-labeled ligation products were resistant to RNase HII cleavage (Figures S2B lanes 6–8; S2D lanes 15–17)

and their amounts obtained by PabPolB and/or PabPolD-mediated RER were the same as without RNase HII treatment (Figure 2G compared

with Figure S2E), indicating that all matched or mismatched rAMP-containing dsDNA templates are efficiently removed by RER. These results

show that RER reconstitution with PabPolB or the two Pols displays similar correction efficiencies with either matched or mismatched rAMP-

containing dsDNA template, whereas the PabPolD-mediated RER is more active on mismatched than matched rAMP (Figure 2G).

Because RER efficiency slightly differs uponmatched andmismatched rAMP depending on the Pol used, we further investigated the prev-

alence of PolB and PolD in our reconstituted RER assay. Figure S3 shows the influence of one Pol to the other by varying their concentration in

the presence of matched (Figures S3A–S3C) or mismatched rAMP-containing dsDNA templates (Figures S3D–S3F), RER enzymes, and phys-

iological concentration of dNTPs. RER was reconstituted either with 250 nM of PabPolB and increasing concentrations of PabPolD

(Figures S3C lanes 15–18 and S3F lanes 39–42) or with 1,000 nM of PabPolD and increasing concentrations of PabPolB (Figures S3C lanes

20–23 and S3F lanes 44–47). Products from half of the reaction mixture were submitted to PabRNase HII incubation (Figures S3B and S3E;

to see ‘‘RNase HII treatment’’ on top of gels) whereas products from the other half of the reaction mixture were not treated (Figures S3C

and S3F; to see ‘‘control’’ on top of gels). This allowed us to ascertain complete removal of embedded rAMP from dsDNA. Double-labeled

ligation products treated with PabRNase HII (Figures S3B and S3E) were then quantified in order to evaluate RER efficiencies (Figure S3G). In

the presence of a matched or mismatched rAMP-containing dsDNA template, increasing concentrations of PabPolD or PabPolB while keep-

ing the concentration of the other Pol constant generated similar amounts of double-labeled ligation products (Figures S3C lanes 15–18, 20–

23 and S3F lanes 39–42, 44–47). Moreover, they were resistant to RNase HII treatment (Figures S3B lanes 3–6, 8–11, S3E lanes 27–30, 32–35),

indicating that they were devoid of any embedded rAMP. In these conditions, RER efficiencies were comparable on either matched rA/dT (to

compare purple/PolD influence and orange/PolB influence bar graphs in Figure S3G) or mismatched rA/dC (to compare purple/PolD influ-

ence and orange/PolB influence bar graphs in Figure S3G), suggesting that PabPolB or PabPolD had no significant effect on each other. On

the other hand, RER efficiency was slightly reduced at the highest concentrations of Pols (Figure S3G gray bars). Collectively, these results

suggest that both PolD and PolB can support the removal of rNMPs in dsDNA in Archaea.
PabFen1 50-30 exo/endonuclease activities can act before pols strand displacement in a non-canonical RER pathway

Because we previously showed that PabFen1 50-30 exonuclease and 50-flap endonuclease activities could act after PabRNase HII incision by

releasing the 50-monoribonucleotide on nicked and nicked-flap intermediates (Figure 1C), we sought to confirm that this activity might be

relevant in RER. We thus added all enzymes in the reconstitution of the RER pathway except Pols (Figures 2B lane 5 and 2E lane 23). In these

conditions, 57-nt products in Fam panel and 30-nt products in Cy5 panel corresponding to PabRNase HII cleavage appeared. In Cy5 panel

two other products were also obtained (Figures 2B lane 5 and 2E lane 23), a 29-nt product consistent with 50-rAMP removal from the 30-nt

downstream strand by PabFen1 cleavage activity as observed in Figure 1C (lanes 61–65 and 69–73) and a 31-nt product corresponding to

abortive 50-adenylate intermediate generated by PabLig1 as observed in Figure 1D (lanes 77, 81). Accumulation of ligation failure products

(31-nt) corroborates the deficiency of PabLig1 to seal a mismatched rAMP on nicked dsDNA template even in the presence of PabPCNA (Fig-

ure 2E lane 23 consistent with results in Figure 1D). However, the sealing of amatched 50-rAMP stimulated by PabPCNAobserved in Figure 1D
6 iScience 26, 108479, December 15, 2023
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is not seen when PabFen1 and PabRNase HII are present in the reaction (Figure 2B lane 5). This result might be explained by the competition

between all three proteins to bindwith PCNA. Consistently, the lack of detectable interaction between Lig1 and PCNA in cell-free extracts has

been previously assigned tomultiple PCNA interaction partners.53 It is also possible that PCNA-interacting proteins display different binding

modes on the rA/dT substrate, rendering Lig1 incompetent for nick sealing.54,55 Interestingly, the 29-nt products corresponding to the

removal of the junctional rAMP by PabFen1 were also observed when RER was reconstituted with PabPolD (Figures 2B lane 7 and 2E lane

25, Cy5 panel) but not with PabPolB or both Pols (Figures 2B lanes 6, 8 and 2E lanes 24, 26, Cy5 panel). As such, the signal intensity of the

29-nt product bands remains constant in presence of rA/dT (Figure 2B, lane 5 compared with lane 7, Cy5 panel), while it is slightly reduced

in presence of rA/dC (Figure 2E, lane 23 comparedwith lane 25, Cy5 panel), suggesting that Fen1 cleavageproducts ofmismatched rA/dC are

likely resolved by PolD gap filling, followed by DNA ligation.

To confirm that PabFen1 is able to remove the rAMP left behind RNase HII, PabLig1 was omitted in our reconstituted RER (Figures 2C and

2F). As expected, PabFen1 cleavage resulted predominantly in the release of the matched or mismatched rAMP in the absence of PabPols to

form 29-nt products (Figures 2C lane 14 and 2F lane 32). These results, consistent with those observed in Figures 2B lane 5 and 2E lane 23,

indicate that Fen1 is able to promote either endonucleolytic cleavage of the mismatched rAMP or exonucleolytic cleavage of the fully an-

nealedmatched rAMP. The lack of detectable 31-nt products (Figures 2C lane 14 and 2F lane 32, Cy5 panel), which would arise in the presence

of PabLig1, confirmed that they were PabLig1-mediated ligation failure products (Figures 2B lane 5 and 2E lane 23, Cy5 panel). The addition of

one or the two PabPols in our reconstituted RER lacking PabLig1 resulted in distinct PabFen1 digestion profiles (Figures 2C lane 15–17 and 2F

lane 33–35, Cy5 panel). Indeed, on a matched rAMP substrate the coupled activities of PabPolB and PabFen1 generated two major cleavage

products of �27-nt and �21-nt, corresponding to flap cleavage length �3-nt and �9-nt, respectively (Figure 2C lane 15, Cy5 panel). In the

reconstituted system lacking PabLig1, the combined activities of PabPolD and PabFen1 gave rise to two main products on both the matched

andmismatched rAMP substrates (Figures 2C lane 16 and 2F lane 34, Cy5 panel). Products of 29-nt likely arise because of exonucleolytic cleav-

age of the fully annealed matched rAMP and, through endonucleolytic cleavage of the mismatched rAMP by PabFen1, as outlined above,

while 27-nt products would reflect endonucleolytic cleavage of 3-nt flaps. RER reconstitution with both Pols resulted in a range of cleaved

products that differed little from the pattern seen with individual PabPols, except for the 29-nt products that were indistinguishable

(Figures 2C lane 17 and 2F lane 35, Cy5 panel). Consistently, the pattern of Fen1 cleavage obtained in our reconstituted RER is the same

as previously described.56 Overall, these results suggest that PabFen1 50-30 exonuclease and 50-flap endonuclease activities may act in

RER pathway immediately after PabRNase HII incision, releasing terminal 50-rNMPs prior to gap filling and ligation.

Functional conservation of RER enzymes among archaeal cells

To confirm that our in vitro biochemical reconstitution of functional RER with recombinant enzymes is consistent with their in vivo RER require-

ment and to study the functional conservation of RER enzymes across species, we used or constructed Thermococcus barophilus MP (Mar-

teinsson, Birrien and Prieur sp. nov.) (Tba) mutants outlined in Table S1. RER-deficient strains have been shown to grow normally without

detectable abnormalities compared to wild-type cells.32 First, we constructed the heterologous complementation TbaDpolB::PabpolB

and TbaDrnhB::PabrhnB strains (Table S1) and confirmed that PabpolB and PabrnhB, respectively, were expressed in these strains (Figure 3A).

PabpolB and PabrnhB were overexpressed in TbaDpolB::PabpolB (33-fold) or TbaDrnhB::PabrnhB (11-fold), respectively, compared to Tba-

polB and TbarnhB expression in TbaWT (Figure 3A). These overexpressions can be explained by the insertion of �10 copies of PabpolB or

PabrhnB in the genomes of TbaDpolB::PabpolB or TbaDrnhB::PabrhnB, respectively (see sequencing data). For TbaDpolB::PabpolB the

33-fold overexpression of PabpolB may also be due to the difference of promoter strength between Pab and Tba. We also attempted to

construct the double-knockout TbaDrnhBDpolB, but this leads to synthetic lethality (Table S2). All strains studied exhibited similar growth

phenotypes on rich Thermococcales rich medium (TRM) and defined Thermococcales amino acid (TAA) medium (Figures 3B and S4A).

Drop dilution assays were performed to assess the functional conservation of PolB and RNase HII between Pab and Tba (Figure S4B). After

exposure to 20 mg/mLMMC, all strains grew normally without any striking difference but none of the strains survived to higher MMC concen-

trations (Figure S4B). TbaDpolB was more sensitive to 5 mM 4-Nitroquinoline 1-oxide (4-NQO), 0.1% and 0.2% methyl methane-sulfonate

(MMS), and H2O2 than TbaWT and TbaDTERMP_00517, and the overexpression of PabpolB restored the resistance of TbaDpolB::PabpolB

to 4-NQO, MMS, and H2O2 (Figure S4B) confirming that TbaDpolB sensitivity to 4-NQO, MMS, and H2O2 is due to the loss of PolB. PolB

from Pab and Tba share 76.39% amino acid identity, which further supports the functional conservation of PolB in DNA repair. After exposure

to MMS, TbaDrnhB and TbaDrnhB::PabrnhB grew normally in all concentrations tested. The effect of exposure of TbaDrnhB to H2O2 resulted

in reduced survival compared to TbaWT and TbaDTERMP_00517, and the overexpression of PabrnhBwas not fully restoring the resistance of

TbaDrnhB::PabrnhB to H2O2-inducedDNAdamage compared to TbaWT (Figure S4B) demonstrating a dominant-negative effect of the over-

expression of PabRNase HII in TbaDrnhB exposed to H2O2. The overexpression of PabrnhB may have an impact on known PCNA interac-

tions,53 possibly by blocking normal protein interactions in Tba. Consistently, it has been shown that PCNA partners like PolB, Fen1, or

Lig1 functionally interact in the repair of oxidative damage in Thermococcales.57 Overall, these results suggest that PabPolB and

PabRNase HII proteins can complement several characterized phenotypes in TbaDpolB and TbaDrnhB, respectively, likely indicative of func-

tional conservation of RER enzymes in archaeal species.

Increased accumulation of genomic ribonucleotides in RNase HII and PolB-null Tba cells

To study ribonucleotide presence in genomic DNA, we produced exponentially growing cultures of Tba mutants outlined in Table S1. The

level of embedded rNMPs in DNA was analyzed by alkali treatment of genomic DNA causing strand cleavage at incorporated rNMPs,
iScience 26, 108479, December 15, 2023 7



Figure 3. Functional conservation of RER enzymes in Archaea

(A) Relative quantification of polB and rnhB mRNA expression by RT-qPCR in RER mutants (Table S1) compared to TbaWT in at least three independent

experiments.

(B) Growth curves of RER mutants in TRM medium. The growth curves are the means G standard deviation of three independent experiments.

(C) Alkali sensitivity of genomic DNA from RER mutants. Separation by agarose gel of genomic DNA after alkaline (NaOH +) or control treatment with NaCl

(NaOH -) under neutral (Formamide -) or denaturing (Formamide +) conditions.

(D) Densitometry traces of NaOH conditions from (C) are shown, and sizes of the DNA markers are indicated on the left.
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resulting in an increase of electrophoretic mobility of genomic DNA. DNA mobility of TbaDrnhB was strongly increased after alkaline treat-

ment compared to TbaWT (Figure 3C lanes 15, 3), giving a substantial shift of densitometry trace (Figure 3D green and blue densitometric

continuous lines). These results demonstrate that TbaDrnhB accumulated more genomic rNMPs than TbaWT, which on average leads to �1

rNMP every 700 bp. Interestingly, DNAmobility of TbaDrnhB::PabrhnB was almost similar to that of TbaWT (Figure 3C lanes 18 and 3), giving

rise to similar densitometry traces (Figure 3D densitometric green dashed and blue continuous lines). This result was quite intriguing since it

did not reflect the overexpression of PabrhnB in TbaDrnhB (Figure 3A). This could indicate that the overexpression of PabRNase HII does not

improve the correction of genomic rNMPs in TbaDrnhB compared to basal TbaRNase HII expression in TbaWT. The slight increase of DNA

fragmentation in TbaDrnhB::PabrhnB could also be due to an increase of other DNA lesions or the presence of embedded rNMPs in inac-

cessible regions for RNase HII (e.g., secondary structures). Nonetheless, these results show that PabRNase HII can replace RER functions

of TbaRNase HII in Tba. This finding is thus consistent with the in vitro biochemical activities of PabRNase HII described in Figure 1A and

its requirement for initiating RER observed in Figure 2. The mobility of DNA fragments after alkaline treatment for TbaDpolB genomic

DNAwith respect to TbaWTwas barely increased (Figures 3C lanes 9, 3 and 3D densitometric purple and blue continuous lines) but obviously

not comparable to that of TbaDrnhB (Figure 3C lanes 9 and 15). Surprisingly, DNAmobility of TbaDpolB::PabpolBwas increased after alkaline

treatment (Figure 3C lanes 12, 11), giving a substantial densitometry peak shift with respect to TbaDpolB (Figure 3D densitometric purple

dashed and continuous lines). The estimated incorporation frequency of �1 rNMP every 800 bp in TbaDpolB::PabpolB DNA indicates a
8 iScience 26, 108479, December 15, 2023
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high level of rNMPs retention compared to TbaWT and TbaDpolB (Figure 3C, lanes 12 compared with lanes 3 and 9). This indicates that the

overexpression of PabPolB in Tba displays a higher frequency of rNMP incorporation or/and inserts more alkali-labile DNA damages

compared to TbaWT. In our previous study,2 a higher frequency of rNMP incorporation in Pab genome was detectable compare to Tba,

perhaps suggesting a higher propensity of rNMPs or alkali-labile damages incorporation by Pols. Sharing 76.39% amino acid identity,

TbaPolB and PabPolB might display different rNMP incorporation frequency, like that observed between PabPolB and PolB from Thermo-

coccus kodakarensis.1 TkoPolB seems to have a higher capacity for rNMP incorporation in DNA than PabPolB as previously outlined.2 The

overexpression of PabPolB could also counteract the activity of the physiological TbaPolB or disrupt the interactions with other RER enzymes

leading to an inefficient correction of rNMPs by RER. Taken together, these results suggest that RNase HII can initiate the repair of genomic

rNMPs and that PolB, or another Pol, like PolD, may be involved in RER. Furthermore, it appears that RNase HII-mediated rNMP removal can

only remove parts of the incorporated rNMPs in the genome, questioning about the chemical identity of the retained rNMPs and their phys-

iological consequences.
DISCUSSION

There are growing in vitro studies showing that mismatched rNMPs may be generated by Pols either by inserting incorrect rNMP opposite

template DNAbase or by incorporating incorrect dNMPopposite unrepaired template RNAbase.2,36–38 However, it is presently not known to

what extentmismatched rNMPs are repaired by RNase HII-initiated RER. Here, we demonstrate that the RER pathwaymay be involved in their

removal in vitro, usingmodel substrates and RER enzymes (RNase HII, Pol, Lig1, Fen1) from P. abyssi. Functionally homologous to the eukary-

otic counterpart,31 PabRNase HII is able to specifically cleave at the 50-side of a mismatched rAMP (rA/dC). We observed that PabRNase HII

activity was less efficient on an rG/dAmismatch comparedwith the rA/dCmismatch. Theweak incision of rG/dAmismatch by PabRNaseHII in

agreement with previous results31 suggests that PabRNase HII incision activity is likely influenced by the identity of the mismatched rNMP

base pair in DNA. To further analyze the substrate spectrum of PabRNase HII, it would be interesting to measure the differential cleavage

activity of PabRNase HII on all twelve possibilities of rNMP-mismatched base pairs in the same reaction conditions. In vivo analyses confirm

our previous findings that deleting rnhB from Tba induces the accumulation of genomic rNMPs in comparison with TbaWT.2 The overexpres-

sion of PabrnhB, sharing 63.18% amino acid identity with TbarnhB, in TbaDrnhB restores the genomic rNMP incorporation frequency to the

TbaWT level. However, overexpression of PabrnhB does not further reduce the numbers of rNMPs in DNA, highlighting a baseline of rNMP or

other DNA lesions (e.g., abasic sites) retention in the genome of exponentially growing Archaea. Retained rNMPs in the genomes might

represent DNA repair hallmarks presumably beneficial for archaeal cells.

In the RER pathway on matched rNMPs, the RNase HII/2-dependent cleavage is followed by strand-displacement synthesis by Pol.20,21,34

Consistent with the previous archaeal study on matched rNMPs,1 we demonstrate that RER is more efficient with PolB compared to PolD. How-

ever, RER with both PolB and PolD does not correct as many embedded rNMP as RER with PolB alone but instead is less efficient. The observed

difference of Pol-mediated RER efficiencies is likely relevant to the identity of rNMP base pairs (rA/dT versus rG/dC), the sequence of the down-

stream strand and dNTP concentrations (Pab cellular dNTP concentrations versus 0.1 mM dNTPs in Heider et al.1). In yeast, both Pold and Polε

can also act in RER, but RER with Pold is two times more efficient than RER with Polε.20 In E. coli, Pol I could be substituted by Pol III in RER.21

Therefore, the redundancy for Pol activities in RER on matched rNMPs seems to be conserved in all domains of life. Not yet addressed in eu-

karyotes and Bacteria, mismatched RER studies are now awaited. Here, we demonstrate that archaeal RER with PolB is as efficient to correct

a matched rNMP as it is to correct a mismatched rNMP whereas RER with PolD was more efficient to correct a mismatched than a matched

rNMP. The presence of 50-mismatched rNMPs in the downstream strand appears to enhance PolD strand-displacement activity compared to

the refractory effect of matched rNMPs. Of particular importance, the 30-proofreading exonuclease function in PolD and PolB, known to impede

strand displacement, was inactivated in order to prevent releasing of the Cy5 fluorescent label. Therefore, PolD strand-displacement activity of

the downstream rNMP-containing strand fully annealed toDNA template is relativelyweak compared toPolB,which is ingeneral agreementwith

previous results.56,58,59 The efficiency of RER with PolD in our model is thus potentially overestimated due to the inactivation of the exonuclease

function. However, the knockout of PolB in vivo displays only a slight increase of genomic rNMPs, suggesting that an alternate enzyme, likely

PolD, may compensate for PolB deficiency in RER, consistent with our in vitro RER reconstitution.

Interestingly, our in vitro RER reconstitution assay reveals that PabFen1 can also remove the 50-terminal rNMP after PabRNase HII incision

but before extension by Pol. Product intermediates corresponding to Fen1 cleavage 30 to the rAMP were only detectable in the PolD-medi-

ated RER pathway. This indicates that failure to carry out strand-displacement synthesis by PolD may promote the removal of the 50-terminal

rNMP by Fen1 as a backup pathway for RER. Generally, the results are consistent with those obtained by Fen1 nuclease activity on RNase HII-

like RER substrates. Bothmismatched andmatched rNMPs are efficiently removed by PabFen1 50-30 exo/endonuclease activity, while showing
a slightly reduction in the presence of 50-terminal dNMP. PabFen1, being a structure-dependent and evolutionary conserved nuclease,45,60,61

may utilize a less-efficient substrate recognition mode or/and bind differently the rAMP-substrate structure, perhaps by altering the specific

interaction sites of amino acids residues on the sugar of the terminal nucleotide. It has been observed that human and yeast Fen1 exonuclease

activity can excise a ribonucleotide after RNaseHII incision in the context ofOkazaki fragment processing,40,42 but only two studies5,62 suggest

that the combination of Fen1 and RNase HII rNMP cleavage could potentially act to repair single embedded rNMPs in DNA. In yeast, the

exonuclease Exo1 is thought to replace Fen1 for flap cleavage in the RER pathway although RER with Exo1 is less efficient than RER with

Fen1.20 This model seems to be consistent with previous in vivo and in vitro functional evidences of Exo1.63 More recently, it has been pro-

posed that an RNase H2- and Exo1-mediated exonucleolytic pathway is involved in RNA-DNA primer removal of Okazaki fragments in eu-

karyotic cells,41 reinforcing the possibility of single embedded rNMP removal by Fen1 in eukaryotes. In Bacteria, after RNase HII incision,
iScience 26, 108479, December 15, 2023 9



Figure 4. Proposed RER model for matched or mismatched rNMP removal in Archaea

The archaeal RER pathway is efficient to repair matched (rA/dT) or mismatched (rA/dC) rNMP-containing dsDNA. STEP 1 involves the incision at the 50-side of the

matched ormismatched embedded rNMP by RNase HII. In the canonical RER pathway, STEP 2 implies strand-displacement synthesis mainly by PolB creating the

50-terminal rNMP-containing flap subsequently cut by Fen1 endonuclease activity in STEP 3. PolDmight replace PolB in STEP 2 for strand-displacement synthesis

of mismatched 50-rNMP-containing flap. In case of defective strand-displacement activity by Pol, Fen1 50-30 exonuclease or 50-flap endonuclease activity could

release the 50-terminal rNMP after RNase HII incision (STEP 2B) but before PolB or PolD extension in STEP 3B. STEP 4 involves the sealing by Lig1 of DNA ends.

Schematic illustrations are created with Biorender (https://biorender.com).

ll
OPEN ACCESS

iScience
Article
Pol I cuts the rNMP either by 50-flap endonuclease activity or by 50-30 exonuclease activity.21 Based on this evidence, we suggest that RNase

HII/2- and Fen1-mediated exonucleolytic and endonucleolytic processing of single embedded rNMPs in DNA is relevant to Archaea and

possibly applies to eukaryotes and Bacteria.

On the other hand, we demonstrate that the presence of matched rNMP intermediates is refractory to nick sealing in the absence of

PabPCNA and PabLig1 undergoes abortive ligation, similar to what happens with eukaryotic DNA ligases I and III on 50-rNMP nicked sub-

strates.5,49 Fortunately, ligation failure products that contain 50-AMP adducts are resolved by Aprataxin to ensure genome integrity in eukary-

otes.49 Despite conserved DNAmetabolisms and common protein structural homologies with eukaryotes, there is no functional equivalent in

Archaea. Nonetheless, PabPCNA triggers end-joining of 50-matched rNMP or 50-mismatched dNMP structures by PabLig1, but only slightly

for mismatched rNMPs in our experimental conditions. We suggest that the functional interaction between PCNA and Lig1 is perturbed on

mismatched rNMPs, leading to the formation of an unstable PCNA-Lig1 complex. A previous study revealed that at least two binding sites

on PabLig1 are required for efficient PCNA binding.53 Therefore, we hypothesize that these PCNA-ligase interaction strengths are disturbed

on the rA/dC mismatch possibly due to the ribose sugar and that conformational switching required for efficient ligation is not reached.53,55

Overall, our data allow us to propose a model for matched andmismatched RER pathway (Figure 4). The RERmechanism relies on the initial

RNase HII incision at the 50-side of matched or mismatched rNMP (Figure 4 step 1), followed by extension and strand-displacement synthesis by

Pol (Figure 4 step 2). The resulting flap is cut by Fen1 endonuclease activity (Figure 4 step 3), which creates a ligatable nick for DNA ligase 1. Then

Lig1 seals nicked structures to finalize repair (Figure 4 step 4). Because of robust strand-displacement DNA synthesis by PolB on 5-’rNMP nicked

templates, PolB seems to be themain Pol involved in RER. However, our in vivo and in vitro data suggest than in absence of PolB, PolD could act

in a less-efficient RER. On the other hand, we propose that defects in strand-displacement DNA synthesis by Pol (e.g., flawed mutant Pol, pres-

ence of template damage or unfavorable sequence contexts) disengage a backup RER pathway, in which Fen1 exonuclease activity removes the

50 terminal rNMP after PabRNase HII incision (Figure 4 step 2B) before 1-nt gap filling by Pol (Figure 4 step 3B).

Limitations of the study

In this study, we demonstrate that the type 2 RNaseH (RNase HII/2) RER pathway is functional in vitro to removemispaired rNMPs in DNA.We

found that RNase HII, DNA Pol, Lig1, and Fen1 from Pyrococcus abyssi can incise, excise, and process rA/dC, a mispair generated by erro-

neous insertion of the replicative family D DNA polymerase in vitro. However, RER reconstitution was restricted to rA/dC mispair. Thus, it

would be interesting to expand the study to other relevant PolD-mediatedmispair rNMP insertions. Moreover, it was not possible to correlate
10 iScience 26, 108479, December 15, 2023
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in vitro RER efficiency on mispaired rNMPs with their occurrence in genomic DNA. Finally, we show that a backup RNase HII/2 RER pathway

can process paired and mispaired rNMPs in vitro due to defective strand-displacement activity by DNA Pol. However, the interplay between

the primary and backup RER pathway remains to be fully addressed in vivo.
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Laurent, S., Bossé, A., and Henneke, G.
(2018). Differential Activities of DNA
Polymerases in Processing Ribonucleotides
during DNA Synthesis in Archaea. J. Mol.
Biol. 430, 4908–4924.
3. Nick McElhinny, S.A., Watts, B.E., Kumar, D.,
Watt, D.L., Lundström, E.B., Burgers, P.M.J.,
Johansson, E., Chabes, A., and Kunkel, T.A.
(2010). Abundant ribonucleotide
incorporation into DNA by yeast replicative
polymerases. Proc. Natl. Acad. Sci. USA 107,
4949–4954.

4. Yao, N.Y., Schroeder, J.W., Yurieva,
O., Simmons, L.A., and O’Donnell,
M.E. (2013). Cost of rNTP/dNTP pool
imbalance at the replication fork.
Proc. Natl. Acad. Sci. USA 110,
12942–12947.

5. Rumbaugh, J.A., Murante, R.S., Shi, S., and
Bambara, R.A. (1997). Creation and removal
of embedded ribonucleotides in
chromosomal DNA during mammalian
Okazaki fragment processing. J. Biol. Chem.
272, 22591–22599.

6. Zheng, L., and Shen, B. (2011). Okazaki
fragment maturation: nucleases take centre
stage. J. Mol. Cell Biol. 3, 23–30.
iScience 26, 108479, December 15, 2023 11

https://doi.org/10.1016/j.isci.2023.108479
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref1
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref1
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref1
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref1
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref1
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref2
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref2
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref2
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref2
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref2
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref2
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref3
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref3
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref3
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref3
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref3
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref3
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref3
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref4
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref4
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref4
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref4
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref4
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref4
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref5
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref5
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref5
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref5
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref5
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref5
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref6
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref6
http://refhub.elsevier.com/S2589-0042(23)02556-7/sref6


ll
OPEN ACCESS

iScience
Article
7. Randerath, K., Reddy, R., Danna, T.F.,
Watson, W.P., Crane, A.E., and Randerath, E.
(1992). Formation of ribonucleotides in DNA
modified by oxidative damage in vitro and
in vivo. Characterization by 32P-postlabeling.
Mutat. Res. 275, 355–366.

8. Vengrova, S., and Dalgaard, J.Z. (2004).
RNase-sensitive DNAmodification(s) initiates
S. pombemating-type switching. Genes Dev.
18, 794–804.

9. Vengrova, S., and Dalgaard, J.Z. (2006). The
wild-type Schizosaccharomyces pombemat1
imprint consists of two ribonucleotides.
EMBO Rep. 7, 59–65.

10. Evich, M., Spring-Connell, A.M., Storici, F.,
and Germann, M.W. (2016). Structural Impact
of Single Ribonucleotide Residues in DNA.
Chembiochem 17, 1968–1977.

11. Klein, H.L. (2017). Genome instabilities arising
from ribonucleotides in DNA. DNA Repair
56, 26–32.

12. Nick McElhinny, S.A., Kumar, D., Clark, A.B.,
Watt, D.L., Watts, B.E., Lundström, E.B.,
Johansson, E., Chabes, A., and Kunkel, T.A.
(2010). Genome instability due to
ribonucleotide incorporation into DNA. Nat.
Chem. Biol. 6, 774–781.

13. Pizzi, S., Sertic, S., Orcesi, S., Cereda, C.,
Bianchi, M., Jackson, A.P., Lazzaro, F.,
Plevani, P., and Muzi-Falconi, M. (2015).
Reduction of hRNase H2 activity in Aicardi-
Goutieres syndrome cells leads to replication
stress and genome instability. Hum. Mol.
Genet. 24, 649–658.

14. Reijns, M.A.M., Rabe, B., Rigby, R.E., Mill, P.,
Astell, K.R., Lettice, L.A., Boyle, S., Leitch, A.,
Keighren, M., Kilanowski, F., et al. (2012).
Enzymatic removal of ribonucleotides from
DNA is essential for mammalian genome
integrity and development. Cell 149,
1008–1022.

15. Crow, Y.J., Leitch, A., Hayward, B.E., Garner,
A., Parmar, R., Griffith, E., Ali, M., Semple, C.,
Aicardi, J., Babul-Hirji, R., et al. (2006).
Mutations in genes encoding ribonuclease
H2 subunits cause Aicardi-Goutieres
syndrome and mimic congenital viral brain
infection. Nat. Genet. 38, 910–916.

16. Günther, C., Kind, B., Reijns, M.A.M., Berndt,
N., Martinez-Bueno, M., Wolf, C., Tüngler, V.,
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli DH5a (4 x 500 mL) ThermoFisher Scientific 18265017

Chemicals, peptides, and recombinant proteins

Pab PolB (D215A mutation) Gouge et al., 201264

Pab PolD (H451A mutation) Palud et al., 200865

Pab PCNA Palud et al., 200865

Pab RNase HII, Fen1 and Lig1 Meslet-Cladière et al.,

200753

Trizma� Base, BioUltra for molecular

biology, R99.8%

Sigma 93362

NaCl, ReagentPlus�, R99% Sigma S9625

T4 Polynucleotide Kinase (10 U/mL) ThermoFisher Scientific EK0031

ATP Jena Bioscience NU-1010-10G

DTT Sigma D0632

MgCl2 Sigma M1028-100ML

Formamide Sigma EC-608

EDTA Sigma E4884-500G

NaOH Sigma S9888

dNTPs Jena Bioscience NU-1005

TRIzol Invitrogen 15596026

Chloroform Sigma C2432

Isopropanol Sigma 953716

TE 1X Sigma 93283-100ML

Proteinase K Invitrogen 25530031

Sarkosyl Sigma 61743

SDS Sigma 436143

RNase A Thermo Scientific 12091039

MMS Sigma 129925

MMC Sigma M4287

4-NQO Sigma N8141

H2O2 Sigma 95321

SYBR Gold Invitrogen S33102

Critical commercial assays

QIAEX II Gel Extraction kit Qiagen 20021

QIAquick Nucleotide Removal kit Qiagen 28306

RQ1 RNase-free DNase kit Promega M6101

iScriptTM Reverse Transcription Supermix Bio-Rad 1708841

SsoAdvancedTM Universal SYBR Green

Supermix kit

Bio-Rad 1725270

Deposited data

TbaDpolB::PabpolB (PAB_RS09320) strain UBO Culture collection UBOCC-M-3435

TbaDrnhB::PabrnhB (PAB_RS02765) strain UBO Culture collection UBOCC-M-3436

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TbaDpolB::PabpolB Sequencing data This paper NCBI SRA: SRR21319269 Bioproject:PRJNA875043

Biosample: SAMN30594391 https://www.ncbi.nlm.

nih.gov/bioproject/PRJNA875043

TbaDrnhB::PabrnhB Sequencing data This paper NCBI SRA: SRR21319268 BioProject:PRJNA875043

Biosample: SAMN30594392 https://www.ncbi.nlm.nih.

gov/bioproject/PRJNA875043

Experimental models: Organisms/strains

Thermococcus barophilus MP UBO Culture collection UBOCC-M-3107

TbaD517 (TERMP_RS02570) UBO Culture collection UBOCC-M-3300

TbaDpolB (TERMP_RS08040) UBO Culture collection UBOCC-M-3302

TbaDrnhB (TERMP_RS03345) UBO Culture collection UBOCC-M-3303

TbaDpolB::PabpolB (PAB_RS09320) This paper UBOCC-M-3435

TbaDrnhB::PabrnhB (PAB_RS02765) This paper UBOCC-M-3436

Oligonucleotides

Oligonucleotides used for in vitro study,

see Table S3

Eurogentec

Primers used for genetic construction,

see Table S4

Eurogentec

Primers used for qPCR, see Table S5 Eurogentec

Recombinant DNA

Plasmid: pUPH vector Birien et al., 201832

Software and algorithms

ImageQuant TL 8.1 GE Healthcare

GraphPad Prism 9.1.0 GraphPad Software
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Ghislaine Henneke

(ghislaine.henneke@ifremer.fr).
Material availability

Thermococcus barophilus mutant strains generated in this study have been deposited to UBO Culture Collection (UBOCC-M-3435 and

UBOCC-M-3436).

This study did not generate new unique reagents.
Data and code availability

� Whole genome sequencing data (Novogene) of mutant strains have been deposited in the NCBI Sequence Read Archive (SRA) repos-

itory and accession numbers are listed in the key resources table. They are publicly available.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The strains used in this study are described in Table S1. The mutant strains were obtained as in.32 Briefly, primers used to complement genes

of interest are described in Table S4. The inserts obtained were cloned in pUPH plasmid.32 The resulting plasmids were produced in E. coli

DH5a cells, followed by extraction and Tba cell transformations according to.32 The mutant colonies were first selected on plates containing

Thermococcales RichMedium (TRM)66 supplemented with 2.5 mg/mL of simvastatin (Sigma) and then 100 mMof 6-Methylpurine (Sigma). After

PCR selection on Tba clones, the sequences of mutant plasmids and strains were confirmed by Illumina PE150 sequencing (Novogene).
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Growth curves were monitored in TRM66 or Thermococcales Amino Acid (TAA) medium67 supplemented with sulfur. Cell densities were

determined by direct cell counting using a Thoma cell (0.02 mm depth) under a phase contrast Olympus model BH-2 microscope.

For RNA isolation, qRT-PCR analysis and drop dilution assays, TbaWT, TbaDTERMP_00517, TbaDpolB, TbaDrnhB, TbaDpolB::PabpolB,

and TbaDrnhB::PabrnhB strains were grown in TRM medium supplemented with sulfur at 85�C for 6 hours (log phase).

For the detection of ribonucleotides in genomic DNA experiments, TbaWT, TbaDTERMP_00517, TbaDpolB, TbaDpolB::PabpolB,

TbaDrnhB and TbaDrnhB::PabrnhB strains were grown in a gas-lift bioreactor under anaerobic conditions at 85�C, pH 6.8 in SME me-

dium.68–70

METHOD DETAILS

Enzymes production and purification

The enzymes from Pyrococcus abyssi used in this study were cloned, overexpressed and purified as previously described in the following ar-

ticles: exonuclease deficient versions of PolB (D215A mutation)64 and PolD (H451A mutation),65 PCNA,71 RNase HII, Fen1 and Lig1.53 Briefly,

PolB (D215Amutation) and PolD large subunit genes were inserted in pET28 vector (Novagen), PolD small subunit (H451 mutation) gene was

inserted in pARHS vector, PCNA gene was inserted in pET26b(+) vector, RNase HII, Fen1 and Lig1 genes were inserted in pQE-80L vector

(Qiagen). The plasmids were introduced in E. coli Rosetta 2 (DE3) cells for PolB, in E. coli HMS174 (DE3) cells for PolD and PCNA or E. coli

BL21 (DE3)-CodonPlus-RIL (Stratagene) cells for RNase HII, Fen1 and Lig1. After transformation, cells were grown to an OD600 of 0.6 and

the protein expression was induced by addition of 1 mM IPTG for PolB, PolD and PCNA or 0.5 mM IPTG for RNase HII, Fen1 and Lig1. Cells

were harvested by centrifugation. Cell pellets were resuspended and lysed by sonication on ice before heat shock treatment to remove E. coli

proteins. After centrifugation, PolB or PolD proteins were purified using a nickel affinity resin (HisTrap HP 5 mL column, GE Healthcare) (linear

gradient with increasing imidazole concentration up to 500 mM), a HiTrap Heparin column (HiTrap Heparin HP 5 mL column)(linear gradient

with increasing NaCl concentration up to 1 M) and a SuperdexTM 200 10/300 GL gel filtration column (GE Healthcare). PCNA proteins were

purified successively using an anion-exchange column (HiPrepQHP 16/10 20mL column, GEHealthcare)(linear gradient with increasingNaCl

concentration up to 1M) and a hydroxyapatite column (CHT type II 5mL column, Biorad)(linear gradient with increasing potassium phosphate

concentration up to 250mM). RNaseHII, Fen1 and Lig1 proteins were purified using a nickel affinity resin (HisTrapHP 5mL column,GEHealth-

care)(linear gradient with increasing imidazole concentration up to 500mM) and a SuperdexTM 200 10/300GL gel filtration column (GEHealth-

care). Because removal of the Cy5 label at the 3’-end of DNA templates may occur by 3’-5’ exonuclease activity of DNA Pols as observed

recently,72 which would have hampered the detection of 3’Cy5 labelled products, reactions are performed with exonuclease-deficient

DNA polymerases, thus preventing any disturbance in RER reconstitution.

Oligonucleotides

Oligonucleotides used in this study (Table S3) were purchased from Eurogentec and purified by RP-HPLC with the exception of the 87 bp

oligonucleotides, which were purified by PAGE. Oligonucleotides were labelled with FAM or Cy5 fluorophores for detection. Annealing of

two or three complementary oligonucleotides was performed in 10 mM Tris-HCl (pH 8) and 50 mM NaCl at a final concentration of

500 nM. The mixture was heated to 95�C for 5 min and slowly cooled to room temperature. For Lig1 assays and Fen1 nuclease activities

the oligonucleotide substrates were phosphorylated before annealing. 300 pmol of oligonucleotides were incubated with T4 Polynucleotide

Kinase (Thermofisher), in 1X reaction buffer A (Thermofisher) and 1mMATP. Themixture was incubated at 37�C for 30min, heated at 65�C for

20 min. The resulting annealed substrates were gel-purified from excess single-stranded oligonucleotides by the QIAEX II Gel Extraction kit

(Qiagen) according to the manufacturer’s protocol.

RNase HII, PolB, PolD, Fen1 and Lig1 activity assays

Activity assays were carried out in reaction mixture (20 mL) containing 50 nM of fluorescently labelled oligonucleotide substrate (Table S3),

50 mM Tris-HCl (pH 8), 1 mM DTT, 50 mM NaCl and 5 mM MgCl2 with either 0.05 nM, 0.2 nM, 0.5 nM, 5 nM, 20 nM, 50 nM, 200 nM or

500 nM RNase HII, 12.5 nM, 25 nM, 50 nM, 100 nM, 200 nM, or 250 nM PolB, 50 nM, 100 nM, 200 nM, 400 nM, 800 nM, or 1000 nM PolD,

0.3 mM, 0.75 mM, 1.5 mM, 3 mM or 6 mM Fen1 or 0.3 mM Lig1 (substrates and additional components are mentioned in the figure legends).

Fen1 assay were performed with or without the addition of 0.3 mMPCNA or 0.5 mMRNase HII and PolB, PolD and Lig1 assay were performed

with or without the addition of 0.3 mM PCNA. RNase HII, Fen1 and Lig1 activity assays were performed at 60�C for 30 min. PolB and PolD

strand-displacement activity assays were performed at 60�C for 1 hour. Reactions were stopped on ice by adding one volume of a stop so-

lution containing 86 % formamide, 10 mM EDTA (pH 8), 10 mM NaOH and 1 mM of ‘‘oligonucleotide competitor’’ (the exact complement of

the template strand under study) followed by denaturation at 95�C for 3 min.

In vitro RER reconstitution

RER assays were carried out in reaction mixture (30 mL) containing 50 nM of fluorescently dual-labelled oligonucleotide substrate, 50 mM Tris-

HCl (pH 8), 1 mMDTT, 50 mMNaCl, 5 mMMgCl2, 1 mMATP, and all four dNTPs at physiological concentrations (95 mMdATP, 103 mMdGTP,

200 mMdTTP and 33 mMdCTP) as determined previously in P. abyssi.2 Each enzyme activity has been individually studied on proper substrate

to determine optimal concentration required for in vitro RER reconstitution as mentioned below. Particularly, PolB and PolD concentrations

were chosen in order to obtain maximal elongation and strand displacement of the downstream strand. This was a prerequisite to further
16 iScience 26, 108479, December 15, 2023



ll
OPEN ACCESS

iScience
Article
evaluate the removal of the resulting full-length ligation products (87-nt in length) by RNase HII treatment. Shorter products were not suitable

for such an analysis. Themixtures were incubated at 60�C for 15min with 500 nMof RNaseHII. Then 300 nMof PCNAwere added, followed by

a further incubation at 60�C for 8 min. Finally, 250 nM of PolB and/or 1 mMof PolD, 300 nM of Fen1 and 300 nM of Lig1 were supplemented to

the reactionmixtures, followedby incubation at 60�C for 1 hour. Reactions were stopped on ice. The reaction products were purified using the

QIAquick Nucleotide Removal kit (Qiagen) according to the manufacturer’s protocol and eluted in 20 mL H2O. To confirm rNMP removal by

RER, half of the reactionmixture (10 mL) was incubated at 55�C for 1 hour in 50mMTris-HCl (pH 8) and 5mMMgCl2 with 500 nMPabRNaseHII,

whereas the other half of the reaction mixture (10 mL) was without PabRNase HII. Reactions were quenched on ice by adding one volume of a

stop solution containing 86 % formamide, 10 mM EDTA (pH 8), 10 mM NaOH and 1 mM of ‘‘oligonucleotide competitor’’ (the exact comple-

ment of the template strand under study), followed by denaturation at 95�C for 5 min.

RNA isolation and qRT-PCR analysis

RT-qPCR analysis were performed to assess the level of genes expression in themutant strains. TbaWT, the parent strain TbaDTERMP_00517,

TbaDpolB, TbaDrnhB and their respective heterologous complementations TbaDpolB::PabpolB, and TbaDrnhB::PabrnhB strains were grown

in TRMmedium supplemented with sulfur at 85�C for 6 hours (log phase). Cells were harvested by centrifugation for 6 min, 8000 g at 4�C and

suspended in 1 mL Trizol (Invitrogen). 200 mL of pure chloroform (Sigma) were added and samples were gently mixed 10 s and left at room

temperature for 3min. The aqueous phases were collected by centrifugation for 15min, 13000 g at 4�C. The RNAprecipitation was performed

by adding 500 mL of isopropanol (Sigma) and incubating at room temperature for 5 min. Cell pellets obtained after centrifugation for 15 min,

13000 g at 4�Cwerewashed two timeswith ethanol 70% and air-dried. DNase treatmentwas done according tomanufacturer’s protocol (RQ1

RNase-free DNase Kit, Promega). Extracted RNAwere quantified by Nanodrop 2000 (ThermoFisher) and 500 ng of RNAwere used in Reverse

Transcription reaction performed according to the manufacturer’s protocol (iScriptTM Reverse Transcription Supermix for RT-qPCR Kit, Bio-

Rad). The obtained cDNAs were used in qPCR reaction achieved according to the manufacturer’s protocol (SsoAdvancedTM Universal

SYBR� Green Supermix Kit, Bio-Rad) with the following incubation program: 30 s at 95�C, 40 cycles amplification (15 s at 95�C, 30 s at

60�C), Melting curve (65�C to 95�C with 0.5�C increments, 5 s by step). Primers used for qPCR reaction are described in Table S5.

Detection of ribonucleotides in genomic DNA

TbaWT, the parental strain TbaDTERMP_00517, TbaDpolB, TbaDpolB::PabpolB, TbaDrnhB and TbaDrnhB::PabrnhB strains (Table S1) were

grown in a gas-lift bioreactor under anaerobic conditions at 85�C, pH 6.8 in SME medium.68–70 Logarithmically growing cells were harvested

by centrifugation for 1 hour, 8000 g at 4�C. The detection of ribonucleotides in genomic DNAwas done by alkaline treatment as described in2

with somemodifications. Cell pellets (�1 g) were suspended in 3.2 mL TE 1X (Sigma). Cell lysis was performed by adding 200 mL Proteinase K

(20 mg/mL), 400 mL Sarkosyl (10 %) (Sigma) and 400 mL SDS (10 %) (Sigma) followed by incubation at 37�C for 1.5 hours. Isolation of total DNA

was achieved according to2 except RNase A treatment which was done in TE 1X (Sigma), NaCl (0.5 M). RNase A in the presence of 0.5 MNaCl

allows the selective degradation of single-stranded RNA without degrading embedded ribonucleotides in genomic DNA.22,73,74 Ribonucle-

otide detection was performed by incubation of genomic DNA for 2h at 55�Cwith either 0.3MNaCl or NaOH as described in.2 Then, samples

were ethanol precipitated before separation on 1x 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.

Drop dilution assays

Drop dilution assays protocol was adapted from.75,76 TbaWT, the parental strain TbaDTERMP_00517, TbaDpolB, TbaDrnhB and their respec-

tive heterologous complementation TbaDpolB::PabpolB and TbaDrnhB::PabrnhB strains were grown in TRMmedium at 85�C for 6 hours (log

phase). 1 mL of cells culture were harvested by centrifugation for 6 min, 8000 g at 4�C and suspended in 100 mL of TRM supplemented with

0.015 %, 0.1 % or 0.2 % Methyl Methane-Sulfonate (MMS, Sigma), 20, 30 or 100 mg/mL MitoMycin C (MMC, Sigma), 5 or 10 mM

4-NitroQuinolineN-Oxide (4-NQO, Sigma) or 30 or 400 mMhydrogen peroxide (H2O2, Sigma) and incubated at room temperature for 4 hours.

Cells are then harvested by centrifugation for 6min, 8000 g at 4�C and suspended in TRM (10 mL). Cells were diluted to 1.106, 1.105, 1.104, 1.103

and 1.102 and 2 mL of each dilution were spotted on solid TRMmedium (1 % phytagel, TRM, 0.5 g/L colloidal sulfur). After 5 days of incubation

at 85�C, the colonies on plates were transferred to polyvinylidene fluoride membranes and stained with Coomassie Blue.

QUANTIFICATION AND STATISTICAL ANALYSIS

Visualisation and quantification of fluorescently labelled products

Reaction products were resolved on 12% denaturing polyacrylamide 8 M urea gels. Labelled oligonucleotides were detected with Typhoon

FLA 9500 (GE Healthcare) and quantified with ImageQuant TL 8.1 software (GE Healthcare) as published previously.2 The different products

(obtained by RNase HII or Fen1 cleavage, extension by Pol or ligation by Lig1) were quantified as the intensity of the corresponding band as a

percentage of total lane intensity. In RER reconstitution, the starting substrate consists of double-stranded DNA containing a matched rA/dT

or mismatched rA/dC base pair. The top oligonucleotide strand (87-nt) that harbors the rAMP is dual-labelled with a Cy5 (green label) and a

6-FAMdye (red label) at the 3’ and 5’ ends, respectively. Dual-labelling allows the detection of different reaction products in each panel. In the

Cy5 panel, 87-nt, uncleaved dual-labelled rAMP-containing oligonucleotide substrates, 30-nt RNase HII incised products, 29-nt Fen1 cleav-

age products, 31-nt ligation failure products and the resulting repaired dual-labelled 87-nt ligation products are detectable. In the Fampanel,
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87-nt uncleaved dual-labelled rAMP-containing oligonucleotide substrates, 57-nt RNase HII incised products, 87-nt single-stranded exten-

sion products, and the resulting repaired dual-labelled 87-nt ligation products are detectable. Because of the presence of the two dyes at

the 3’ and 5’ ends, 87-nt dual-labeled ligation products migrate at a position higher than 5’Fam labeled 87-nt extension products which

contain only one dye. Dual-labelled ligation products obtained in RER reconstitution (Figures 2, S2, and S3) were quantified from the fluores-

cence visualization of bands in Cy5 panel gels. The mean and standard deviation of the reaction products quantification are represented as

histogram in the figures. The number of independent experiments is described in the figure legends. p-values were determined by unpaired

t-test and are reported: ***p-value < 0.0001, *p-value < 0.05 and non-significant (p-value > 0.05) (ns).
RNA isolation and qRT-PCR analysis

The relative expressions were calculated according to the 2�DDCt method using 30S as endogenous control.77 The number of independent

experiments is described in the figure legends.
Detection of ribonucleotides in genomic DNA

Products were separated on 1 x TBE neutral agarose gel. Gels were stained with SYBRGold� (Invitrogen). Densitometry traces were obtained

with ImageQuant TL 8.1 software (GE Healthcare) and plotted as follows: each lane profile was extracted from the gel image and the back-

ground subtracted.
18 iScience 26, 108479, December 15, 2023
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