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Introduction

Most R-loops form when the nascent RNA hybridizes with its DNA template through Watson-Crick interactions, thereby preventing the re-annealing of the non-template DNA strand (1). Recent data estimated that ~1000 R-loops form every hour in the human genome, each with an average half-life of ~10 minutes (2). Single-molecule footprinting has shown that the median size of R-loops is ~300 bp but that individual R-loops can extend up to several kilobases (3). R-loops are therefore an abundant class of large non-B DNA structures in the genome. However, the primary consequences of R-loop formation on the surrounding chromatin are still largely unclear and no unifying model has been proposed to date to explain the direct impact of R-loops on key DNA transactions such as transcription, DNA replication or DNA repair.

Two main types of methods currently exist to map R-loops (please refer to recent reviews for a more in-depth discussion of current strategies (1,4,5)). The first type maps R-loops ex vivo on purified genomic DNA; the second maps R-loops in situ, after formaldehyde crosslinking or on permeabilized live cells. Both families of methods use either of two main types of baits to enrich for DNA:RNA hybrids: either the S9.6 antibody that has a strong affinity for DNA:RNA hybrids in a largely sequenceindependent manner, or a catalytically-inactive form of RNase H1 (or more specifically its Hybrid-Binding Domain (HBD)), which is an enzyme that degrades the RNA moiety of DNA:RNA hybrids.

The most commonly-used strategy so far is the DNA:RNA Immuno-precipitation (DRIP) method popularized by the Chédin lab, which uses the S9.6 antibody to pull-down RNA:DNA hybrids ex vivo from sheared genomic DNA (6). An essential specificity control of the DRIP method is to treat half of the purified genomic DNA with active RNase H before immunoprecipitation with the S9.6 antibody, in order to thoroughly eliminate the RNA:DNA hybrids present in the sample.

The main difficulty of DRIP is to extract and to shear the genomic DNA in order to preserve a maximum amount of RNA:DNA hybrids and to have it free of contaminants, thereby allowing the complete removal of RNA:DNA hybrids by exogenous RNase H treatments. Although this is reasonably straightforward in human cells, this has proved harder in yeast, possibly because of the presence of thick cell walls and/or of contaminants. As a result, DRIP signals in yeast tend to be relatively low with a poor signal-to-noise ratio and a variable sensitivity to exogenous RNase H treatments.

We first used DRIP-qPCR in the fission yeast Scizosaccharomyces pombe to demonstrate the formation of R-loops at RNA Polymerase III (RNAP3)-transcribed genes (7). Our first DRIP protocol relied on the mechanical disruption of frozen fission yeast cells to extract genomic DNA and, although this protocol yielded clean RNase H-sensitive signals by qPCR, the amount of material immunoprecipitated was small and unpractical for preparing sequencing libraries. We then established an alternative protocol based on the enzymatic digest of cell walls to extract genomic DNA (8). Although this protocol allowed the genome-wide mapping of the RNA moiety of R-loops in cycling, unchallenged cells (8), it proved less satisfactory when using qPCR to quantify local enrichments as the DRIP signals had variable to poor RNase H sensitivity. Here we propose an alternative way of extracting genomic DNA from fission yeast that gave satisfactory results both in DRIP-qPCR and in strand-specific DRIPseq. The same strategy can be applied to budding yeast, which means that genomic DNA extracted from budding yeast can easily serve as spike-in calibrator for fission yeast DRIP-seq maps. The genomic DNA can be sheared using either sonication or restriction enzymes. The protocol can be used on fresh or frozen cells.

Briefly, ~10 9 cells are collected and their cell wall is digested enzymatically. The resulting spheroplasts are resuspended in a CTAB-based buffer containing Proteinase K and incubated at 55°C. Phenol/chlorofom extraction followed by Ethanol precipitation is then used to purify nucleic acids, which can then be sheared by either sonication or restriction enzymes depending on the objectives of the experiment. The purified genomic DNA (gDNA) is then accurately quantified by qPCR and incubated with a known amount of S9.6 antibody, always using the same ratio gDNA/antibody. After extensive washes, the immunoprecipitated DNA is purified and quantified by qPCR or processed for sequencing library preparation. This protocol works for both fission and budding yeasts (see Fig. 2).

Materials

Yeast culture

1. YES+A (for 1L): 5 g Yeast extract, 30 g Glucose, 100 mg Leucine, 100 mg Uracil, 100 mg Histidine, 100 mg Lysine, 100 mg Arginine, 150 mg Adenine.

15. AMPure XP beads or equivalent. 1. (optional): microTUBE AFA Fiber Pre-Slit Snap-Cap 6x16mm tubes.

gDNA quantification by qPCR

2. 10X cutsmart buffer (NEB) or equivalent.

3. 100X BSA (20 mg/mL).

4. 0.1M Spermidine.

5. 50% glycerol.

6. Restriction enzymes: HpaII (10U/µL), AluI (10U/µL), DdeI (10U/µL), MboI (5U/µL).

7. RNase A (10 mg/mL).

8. RNase H (5U/µL) 9. RNase III (2U/µL).

Immunoprecipitation

1. Dynabeads™ Protein A for Immunoprecipitation or equivalent.

2. Corning ® Costar ® low binding microcentrifuge tubes or equivalent.

3. Eppendorf ® LoBind microcentrifuge tubes or equivalent.

4. Chelex 100 Molecular Biology Grade Resin.

5. S9.6 antibody.

6. IP buffer: 10 mM Tris, 140 mM NaCl, 0.5% Triton.

7. IP High Salt buffer:10 mM Tris, 500 mM NaCl, 0.5% Triton.

8. IP Wash buffer: 10 mM Tris, 1 mM EDTA, 1% Igepal, 0.5% Sodium deoxycholate, 0.25M LiCl.

9. PBS-T: 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4.2H20, 1.7 mM KH2PO4, 0.02% Tween ® 20. 4. Thermomixer.

Quantification of DRIP signals by qPCR

5. Rotating wheel for 1.5 mL tubes.

6. Apparatus to run quantitative PCR (qPCR).

(optional):

Covaris S220 sonicator or equivalent.

Methods

Cell culture.

1. Once the cultures have reached the desired concentration, pellet the cells (3000 rpm, 2 min, 4°C).

2. Wash the pellets twice with 90 mL of cold distilled water.

3. After the second wash, eliminate carefully all the water. A quick, additional centrifugation might be necessary to collect all the remaining water and fully dry the pellet.

4.

Resuspend the cells at 10 9 cells/mL in Spheroplasting buffer.

5. Make 1 mL aliquots in round-bottomed 14 mL tubes. Pellet the cells again and remove all the excess liquid.

6. Proceed immediately or freeze the pellets in liquid Nitrogen (see Note 1).

7. Culture of Saccharomyces cerevisiae for calibration purposes: When the cultures reach the right concentration, proceed as above to make cell pellets containing 5.10 8 cells.

Spheroplasting.

1. Prepare a water bath at 37 °C. Prepare another water bath at 30 °C if you plan to use S. cerevisiae cells for calibration. Refrigerate a centrifuge for 14 mL tubes at 4 °C.

2. If you start from frozen Schizosaccharomyces pombe cells, thaw the aliquots of 10 9 cells on ice. Add 5 ml of spheroplasting buffer containing 2 mg/mL of zymolyase 100T to the thawed cell pellets and resuspend well by pipetting. Under the fume hood, add 5 µL of ß-mercaptoethanol and mix thoroughly.

3. Incubate for 2h 30 min at 37 °C in a water bath. Agitate regularly. Keep the spheroplasting buffer on ice for later (see Notes 2 and 3). Incubate for 30 min at 30 °C in a water bath.

5. At the end of the incubations, spin down all tubes at 5000g at 4 °C for 5 min.

6. Discard carefully the supernatant under the fume hood and wash with 5 ml of cold spheroplasting buffer. Spin down again for 5 min at 5000g. 7. Repeat steps 5 and 6. Make sure you discard the supernatant completely.

Cell lysis.

1. Prepare a water bath at 55 °C. 

Nucleic acids precipitation.

1. During the centrifugation, transfer 1/10 volume of 3M sodium acetate pH 5.2 and 2.5 volumes of absolute ethanol to a clean 15 mL tube.

2. At the end of the centrifugation, transfer the supernatant without pipetting into the 15 mL containing the sodium acetate and the ethanol. Mix slowly by inverting gently the tubes to precipitate the nucleic acids. Continue until a white precipitate forms (no translucent part should remain).

3. Keep on ice for at least 15 min to make sure the precipitation is complete.

4. During that time, prepare three 2 mL tubes containing 1 mL of fresh 80% ethanol.

5. If the precipitate forms a pellet that seems easy to catch, transfer the precipitate with a p1000 tip into a clean 2 mL tube containing 1 mL of fresh 80% ethanol. In case the precipitate is not easy to catch with a p1000 tip, go to step 10.

6. Invert the tube a few times. Discard the supernatant without disturbing the pellet.

7. Repeat steps 5 and 6 at least twice (three washes in total).

8. Remove all remaining ethanol and let the pellet dry for ~20 min at room temperature. 10. In case the precipitate is not easy to catch with a p1000 tip, gently pellet the precipitate for <10 sec at 1500g. As above, wash the pellet at least three times with 80% ethanol without pipetting. Remove all the remaining ethanol, let the pellet dry for ~20 min at room temperature and resuspend the pellet in 50 µl of DNase & RNase-free 10 mM Tris pH 8.0.

11. Let the pellet resuspend fully for 30 min on ice (see Note 6).

Confirm the integrity of the gDNA.

1. Take 3 µL of gDNA to a new tube.

2. Add 1 µL of RNase A (10 mg/mL) to digest the RNAs. Incubate at 37 °C for 10-15 min.

3. Run the reaction on an agarose gel (0.8%, 70V, 40 min) (see Fig. 1A). If your genomic DNA is intact, you can proceed with shearing the gDNA (step 3.6).

Shearing the gDNA.

Several options are available to shear the gDNA. For regular DRIP-qPCR experiments, we recommend using sonication because it is quicker and most amplicons can be quantified (see below, option #1, § 3.6.1). If you need greater resolution, use restriction digests with frequent cutters instead (see Fig. 1BC and below, option #2, § 3.6.2). Note, however, that DRIP-qPCR after shearing the gDNA with frequent cutters leads to enrichments (% IP) that are roughly half those obtained after sonication (see Fig. 1DE).

Option #1: Shearing the gDNA using sonication.

This protocol has been optimized for the use of a Covaris S220 sonicator with the microTUBE AFA Fiber Pre-Slit Snap-Cap 6x16 mm tubes (see Notes 7 and 8).

1. Add 83 µL of DNase & RNase-free Tris 10 mM to your samples to reach a final volume of 130 µL.

Homogenize gently each sample by flicking the tube. (Optional) You might want to incubate your DNA at 37 °C for 30 min to improve its solubility.

2. Transfer the whole sample to a fresh microTUBE AFA Fiber Pre-Slit Snap-Cap 6x16mm tube. Use the sonicator according to the manufacturer's instructions with the following program: 75W peak power, 5% duty factor, 120 cycles/burst, 2'05".

3. Transfer the sonicated sample to a clean tube, called thereafter "S".

Check the quality of the sonication.

4. Transfer 10 µL from tube "S" to a new tube.

5. Add 1 µL of RNase A (10 mg/mL) and incubate at 37°C for 10-15 min.

6. Run the reaction on an agarose gel (1.2%, 70V, 40 min) (see Fig. 1C).

Digest the sonicated gDNA with RNases.

1. Pellets can be kept at -80°C for several months.

2. The ideal here would be to generate proper protoplasts completely void of cell walls that would be very easy to lyse. As reported previously (9), Zymolyase is not the best enzyme to generate protoplasts from fission yeast cells. Although we have not been able to test Lallzyme MMX as reported in ( 9), we have tested other lysing enzymes with mixed results (variable DRIP enrichments). As these alternative lysing enzymes are only partially purified, it might be that they carry some RNase activity. We think that this step can be improved further. The production of protoplasts from budding yeast with Zymolyase offers no difficulty.

3. The cell walls of fission yeast rnh1∆rnh201∆ take longer to digest than cell wall of rnh1+rnh201+ cells.

4. We recommend that you follow the release of the genomic DNA from the ghosts of cells under the microscope using either Hoechst or DAPI.

5. We noticed previously that secondary structures within the extruded non-templated strand of Rloops were better preserved by successive chloroform extractions than by phenol/chloroform/IAA extractions, as quantified by Atomic Force Microscopy (AFM) (10). We did not however carry out a rigorous quantitative assessment of the impact of phenol/chloroform/IAA extractions on the recovery of the DNA:RNA hybrid moiety of R-loops by the S9.6 antibody. As phenol/chloroform/IAA extractions are routinely used to purify R-loops from human cells (6), we decided to carry on with this strategy.

6. We noticed that DRIP enrichments (% IP) are stronger the greater the concentration of gDNA after extraction. This is true for both fission and budding yeast. We do not have a rational explanation for this observation.

7. Nuclease S1 digest was previously proposed to help R-loops resist sonication by digesting the extruded non-template strand (11). We demonstrated previously that nuclease P1 was able to digest the extruded non-template strand of R-loops in vitro (10) and we therefore compared DRIP-qPCR with and without nuclease P1 digest prior to sonication but found no significant difference in the DRIP enrichments. We suggest that a nuclease digest could help to improve the strand-specificity 
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  2. Resuspend thoroughly but gently the spheroplasts pellets in CTAB buffer. Use 100 µL of CTAB buffer for 10 8 cells. Avoid foaming.

3. Add Triton (1% final) and 40 µg of proteinase K per 100 µL of CTAB buffer. Mix gently. Avoid foaming. 4. Incubate for 45 min at 55 °C. Agitate the tubes regularly (see Note 4).

2. Proceed with the qPCR at candidate loci using 4 µL of the above 1/5 dilutions in 10 µL reactions.

If you have used restriction enzymes to shear the gDNA, make sure that the amplicon of interest is void of restriction sites that you have used.

of the data but has no real impact on the quantitative recovery of RNA:DNA hybrids by the S9.6 antibody, at least in the sonication conditions that we have used here.

8. We have evidence that some R-loops are more sensitive to sonication than others. When looking at a particular locus of interest by DRIP-qPCR, we recommend that the best shearing method should be determined first. 9. We think that the gDNA-to-antibody ratio is very important to ensure reproducible DRIP enrichments. For spectrophotometer-based measurements of gDNA concentrations to be accurate, harsh extraction conditions unsuitable for the preservation of RNA:DNA hybrids are required. We found that qPCR measurements of gDNA concentrations against gDNA standards of known concentrations is much more accurate. When comparing different conditions side-by-side, we recommend to proceed with the experiment only if the different gDNA extractions yielded similar gDNA concentrations. Sanz and Chédin determined that the best ratio should be 4µg of human gDNA for 10 µg of S9.6 antibody. We found that 8-10 µg of fission yeast gDNA for 16 µg of S9.6 antibody gives satisfactory results. As S9.6 can also recognize dsRNA (8,[START_REF] Crossley | Catalytically inactive, purified RNase H1: A specific and sensitive probe for RNA-DNA hybrid imaging[END_REF], this ratio might need to be optimized for different mutants, unless dsRNAs are systematically removed. 10. This ratio might still need to be optimized for calibration purposes.

11. We found that this approach initially described for Chromatin IP (13) is not only quicker than the alternatives but also best to reproducibly recover immunoprecipitated DNA.