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Mapping the binding sites of DNA-or chromatin-interacting proteins is essential to understand many essential biological processes. Methyl Adenine Identification (MadID) is a proximity methylation-based assay that allows the visualization, quantification, and identification of binding sites from DNAinteracting proteins in eukaryotic cells. Chromatin-binding proteins of interest are fused to the newly described bacterial methyltransferase M.EcoGII. This enzyme catalyses the methylation of adenine residues with no sequence specificity. Consequently, adenines within and in the vicinity of the protein binding sites will be decorated with a methyl group (m6A), modification that can be further detected using different methods. M.EcoGII-dependent DNA methylation can be monitored in situ using immunostaining, at the genome-wide level using a combination of m6A-specific immunoprecipitation and whole-genome sequencing or locally at DNA regions of interest purified by chromatin immunoprecipitation or probe-based capture techniques. MadID is conceptually similar to DNA adenine methyltransferase identification (DamID) that relies on the methylation of GATC motifs. However, MadID provides a higher resolution, deeper coverage, and open the ways to identification of binding sites in genomic regions that were largely inaccessible such as telomeres, centromeres and repeated elements.

Introduction

During interphase, chromatin folding in the three dimensional space of eukaryotic nuclei as well as the composition of the chromatin fiber itself are key to understand genome regulation. Chromatin immunoprecipitation (ChIP) has long been the method of choice to characterize interactions between proteins and DNA allowing access to chromatin composition [START_REF] Orlando | Analysis of chromatin structure by in vivo formaldehyde crosslinking[END_REF]. However, ChIP entirely relies on the availability of ChIP-grade antibodies and is incompatible with the detection of transient interactions.

Here, we present MadID, a proximity-labelling technique that circumvents these limitations and allows the mapping of protein-DNA interactions with various experimental setups [2].

MadID is an optimized method based on DNA adenine methyltransferase identification (DamID), which has emerged as a comprehensive technique to map genome-wide occupancy of proteins of interest [3]. DamID uses the ability of the bacterial Dam methyltransferase to methylate adenine residues within GATC motifs. When fused to a chromatin binding protein in an inducible system, this enzyme targets the methylation of GATC motifs residing within and in the vicinity of the protein binding sites. DamID has been instrumental in unveiling nuclear organization of specific parts of the genome such as Lamin Associated Domains (LADs) [4][5][6] and has also been successfully applied to study genome organization on a global scale (see for example [7]). Overall, DamID is a powerful approach that allows the study of chromatin composition and its dynamics. However, it is inherently limited by its dependence on the distribution of the GATC tetrameric recognition site, which represents only 0.9% of the human genome [2]. In addition, several genomic regions are deprived or poor in the GATC motifs required for Damdependent methylation, such as AT-rich regions, telomeres, or centromeres, which are therefore blind to DamID.

To overcome these limitations, we took advantage of the newly described M.EcoGII methyltransferase from E. coli to implement MadID. Unlike site-specific methyltransferases such as Dam, M.EcoGII methylates adenine residues in any DNA sequence context with a high efficiency [8].

Consequently, GATC-null or GATC-poor regions are now fully accessible to MadID, which constitutes an unbiased strategy to map protein-DNA interactions with a deeper coverage and higher resolution [2].

Fused to a protein of interest, M.EcoGII drives adenine methylation (m6A) at the protein binding site, methylation that can be further analysed by a variety of methods. M.EcoGII was successfully targeted in human cells to telomeres, centromeres, and the nuclear envelope using fusion proteins with TRF1, Centromeric Protein C, and LaminB1, respectively [2] (plasmids available at Addgene, see materials).

However, MadID can be implemented in any model organism in which transgenesis is feasible, and for any protein of interest provided the fusion with M.EcoGII remains functional.

In this method chapter we present a detailed protocol of MadID, from the generation of cells expressing the M.EcoGII-fusion proteins using retroviral transduction, to the different readouts available to assess, quantify or map DNA methylation: i) m6A detection in situ by indirect immunostaining using a m6A antibody, including a protocol to combine this detection with DNA-FISH, ii) genome-wide m6A detection after m6A-immunoprecipitation (m6A-IP) followed by high-throughput sequencing, and iii) detection of m6A on a dotblot (m6A-dotblot) with total genomic DNA or after purification of a particular DNA regions of interest. We provide the method for telomere purification using a probe-based capture technique as an example.

12. Wash the beads once with wash buffer II.

13. Resuspend bead in 50 µl of elution buffer and elute telomeric DNA by incubating at 50°C for 20 minutes gently rotating the tube. Remove the beads and save the eluate.

14.

Step 13 may be repeated once (optional).

15. Measure DNA concentration using Qubit. [START_REF]Reveal the membrane using the Western ECL substrate according to the manufacture's instruction. Chemiluminescence signal obtained is analysed using the ChemiDoc Imaging System[END_REF]. Perform the dotblot as indicated in steps 3.8 (see note 18).

4

Notes.

1. M.EcoGII constructs are stably expressed in cells using retroviral transduction. Prepare one 10cm dish of Phoenix for each transduction you wish to perform.

2. Prepare one 10cm dish for each transduction you wish to perform.

3. After retroviral cell transduction, the expression cassettes will randomly integrate into the host genome for stable expression. The M.EcoGII constructs that we generated (see material section) were cloned into the pRetroX-PTuner plasmid (Clontech) that allows the regulation of the amount of the expressed protein of interest. The vector encodes a 12 kDa destabilization domain (DD) that is expressed as a N-terminal tag on all M.EcoGII constructs and causes their rapid degradation via the proteasome. The DD-tagged protein can be rapidly stabilized by addition of Shield-1, a permeable molecule that will bind the DD tag and prevent the proteasomal degradation. Although we found that 6-7 hours of induction was sufficient to induce significant methylation of genomic DNA, experiments that do not require short induction time should be carried out after 24 hours of induction to increase the signal to noise ratio. It is important to note that constitutive overexpression should be avoided as it will result in permanent m6A methylation. We strongly advise to include a condition with no Shield-1 treatment to test for background methylation and efficiency of the induction. As Shield-1 is solubilized in Ethanol, add the corresponding amount of Ethanol in the non-induced samples.

4. Fixation is a crucial step. Extended fixation may result in antigen masking therefore decreasing the primary antibody efficiency. Also, for some specific proteins the percentage of paraformaldehyde used and/or fixation time may be adapted.

5. m6A immunofluorescence when used to detect methylated DNA requires an RNase treatment. Indeed, mRNA m6A methylation is a very abundant modification in eukaryotic cells. If not removed it will automatically result in a high fluorescence background masking the localization of methylated DNA.

6. This step will allow a better accessibility of m6A by the anti-m6A antibody.

7. This step is required to fix the antibodies for subsequent PNA hybridization steps.

8. At this stage, the coverslips can be stored for a couple of days in the dark in 1X PBS at 4°C. 9. Any other cell counting apparatus can be used. The key point is to have a clear idea of the amount of cells harvested for each condition. For example, an excess of cells may impede genomic DNA extraction by cloaking the columns used. Conversely, a low starting amount of cells may result in a sub-optimal DNA yield for high throughput sequencing or a suboptimal telomere yield at the end of the Telocapture hence resulting in a poor signal on the slot-blot membrane.

10. At this stage, the cell pellets can be stored at -20°C for up to 2 months.

11. Using commercially available kits for genomic DNA extraction is a time saver. However, standard protocol can also be used.

12. At this point, genomic DNA can be stored at -20°C for a least a year.

13. We perform this step in the lab using a Bioruptor Plus apparatus from Diagenode equipped with a water cooler. Sonication was performed using the following settings: 40 cycles 30s ON, 60s OFF, low power.

14. As mentioned in note 6, the m6A specific antibody has a better affinity for m6A on denatured DNA. As Illumina adaptors need to be added to double-stranded DNA, the steps of End-repair, A-tailing and ligation need to be performed before the immunoprecipitation step.

15. The unbound fraction can be collected as well for further analysis if needed.

16. i) To load DNA on the membrane using the dot-blot apparatus, the volume of the sample should ideally be between 100 and 200 µl. We don't recommend loading less than 50 µl, as air bubbles can form in the well that may result in unequal spreading of the DNA. ii) The amount of genomic DNA to load can vary between experiments. We recommend loading several amounts to test the linearity of the m6A signal later on. 17. It is good practice to check digestion efficiency by running an aliquot of digested DNA (usually 1-2 µg) on a 2% agarose gel.

18. It is possible to assess telomere capture efficiency using a Q-PCR approach (Cawthon et al). 
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  Fig1: Migration patterns of sonicated or digested human genomic DNA. (A) 1µg of human genomic
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