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SUMMARY:
Precise determination of protein-binding locations across the genome is important for understanding gene regulation. A genomic mapping method that treats chromatin-immunoprecipitated DNA with exonuclease digestion (ChIP-exo) followed by high-throughput sequencing is described here. This method detects protein-DNA interactions with near base-pair mapping resolution and high signal-to-noise ratio in mammalian neurons. 

ABSTRACT:
Identification of specific protein-DNA interactions on the genome is important for understanding gene regulation. Chromatin immunoprecipitation coupled with high-throughput sequencing (ChIP-seq) is widely used to identify genome-wide binding locations of DNA-binding proteins. However, the ChIP-seq method is limited by its heterogeneity in length of sonicated DNA fragments and nonspecific background DNA, resulting in low mapping resolution and uncertainty in DNA-binding sites. To overcome these limitations, the combination of ChIP with exonuclease digestion (ChIP-exo) utilizes 5’ to 3’ exonuclease digestion to trim the heterogeneously sized immunoprecipitated DNA to the protein-DNA crosslinking site. Exonuclease treatment also eliminates nonspecific background DNA. The library-prepared and exonuclease-digested DNA can be sent for high-throughput sequencing. The ChIP-exo method allows for near base-pair mapping resolution with greater detection sensitivity and reduced background signal. An optimized ChIP-exo protocol for mammalian cells and next-generation sequencing is described.

INTRODUCTION: 
The locations of protein-DNA interactions provide insight into the mechanisms of gene regulation. Chromatin immunoprecipitation coupled with high-throughput sequencing (ChIP-seq) has been used for a decade to examine genome-wide protein-DNA interactions in living cells1,2. However, the ChIP-seq method is limited by heterogeneity in DNA fragmentation and unbound DNA contamination that lead to low mapping resolution, false positives, missed calls, and nonspecific background signal. The combination of ChIP with exonuclease digestion (ChIP-exo) improves the ChIP-seq method by trimming ChIP DNA to the protein-DNA crosslinking points, providing near base-pair resolution and a low background signal3-5. The greatly improved mapping resolution and low background provided by ChIP-exo allow accurate and comprehensive protein-DNA binding locations to be determined across the genome. ChIP-exo is able to reveal functionally distinct DNA-binding motifs, cooperative interactions between transcription factors (TF), and multiple protein-DNA crosslinking sites in genomic binding locations not detectable by other genomic mapping methods3,4,6,7.

ChIP-exo was initially used in budding yeast to examine the sequence-specific DNA binding of TFs, to study the precise organization of the transcription preinitiation complex, and subnucleosomal structure of individual histones across the genome4,8,9. Since its introduction in 20114, ChIP-exo has been successfully utilized in many other organisms including bacteria, mice, and human cells7,10-17. In 2016, Rhee et al.14 used ChIP-exo in mammalian neurons for the first time to understand how neuronal gene expression was maintained after the downregulation of programming TF Lhx3, which forms a heterodimer complex with another programming TF, Isl1. The study showed that in the absence of Lhx3, Isl1 is recruited to new neuronal enhancers bound by Onecut1 TF to maintain gene expression of neuronal effector genes. In this study, ChIP-exo revealed how multiple TFs dynamically recognize cell type-specific and cell stage-specific DNA regulatory elements in a combinatorial manner at near-nucleotide mapping resolution. Other studies also used the ChIP-exo method to understand the interplay between proteins and DNA in other mammalian cell lines. Han et al. used ChIP-exo to examine genome-wide organization of GATA1 and TAL1 TFs in mouse erythroid cells using ChIP-exo7. This study found that TAL1 is directly recruited to DNA rather than indirectly through protein-protein interactions with GATA1 throughout erythroid differentiation. Recent studies also used ChIP-exo to profile the genome-wide binding locations of CTCF, RNA polymerase II, and histone marks to study epigenomic and transcriptional mechanisms in human cell lines18,19.

There are several versions of the ChIP-exo protocol available3,5,20. However, these ChIP-exo protocols are difficult to follow for researchers who are not familiar with next-generation sequencing library preparation. An excellent version of the ChIP-exo protocol was published with easy-to-follow instructions and a video21, but it contains many enzymatic steps that require a significant amount of time to complete. Presented here is a new version of the ChIP-exo protocol with fewer enzymatic steps and shorter incubation times, and explanations for each enzymatic step21. End repair and dA-tailing reactions are combined in a single step using end prep enzyme. The incubation times for index and universal adapter ligation steps are reduced from 2 h to 15 min using a ligation enhancer. The kinase reaction after the index adapter ligation step described in the previous ChIP-exo protocol is removed. Instead, a phosphate group is added during oligo DNA synthesis to one of the 5’ ends of the index adapter (Table 1), which is then used for the lambda exonuclease digestion step. While the previous ChIP-exo protocol uses RecJf exonuclease digestion to eliminate single-stranded DNA contaminants, this digestion step is removed here because it is not critical for the quality of the ChIP-exo library. In addition, to purify reverse-crosslinked DNA after ChIP elution, a magnetic bead purification method is used instead of the phenol:chloroform:isoamyl alcohol (PCIA) extraction method. This reduces the incubation time of DNA extraction. Importantly, it removes the majority of adapter dimers formed during index adapter ligation, which may impact the efficiency of ligation-mediated PCR.

The ChIP-exo protocol presented here is optimized for the detection of precise protein-DNA interactions in mammalian neurons differentiated from mouse embryonic stem (ES) cells. Briefly, harvested and crosslinked neuronal cells are lysed to expose chromatin to sonication, then sonicated so that appropriately sized DNA fragments are obtained (Figure 1). Antibody-coated beads are then used to selectively immunoprecipitate fragmented, soluble chromatin to the protein of interest. While the immunoprecipitated DNA is still on the beads, end-repair, ligation of sequencing adapters, a fill-in reaction, and 5’ to 3’ lambda exonuclease digestion steps are performed. The exonuclease digestion step is what gives ChIP-exo its ultrahigh resolution and high signal-to-noise ratio. Lambda exonuclease trims the immunoprecipitated DNA a few base-pairs (bp) from the crosslinking site, thus causing contaminating DNA to be degraded. The exonuclease-treated ChIP DNA is eluted from the antibody-coated beads, protein-DNA crosslinks are reversed, and proteins are degraded. DNA is extracted and denatured to single-stranded ChIP DNA, followed by primer annealing and extension to make double-stranded DNA (dsDNA). Next, a universal adapter is ligated to the exonuclease-treated ends. The resulting DNA is purified, then PCR amplified, gel purified, and subjected to next-generation sequencing. 

The ChIP-exo protocol is longer than the ChIP-seq protocol, but is not very technically challenging. Any successfully immunoprecipitated ChIP DNA can be subjected to ChIP-exo with several additional enzymatic steps. The notable advantages of ChIP-exo, such as ultrahigh mapping resolution, a reduced background signal, and decreased false positives and negative genomic binding sites, outweigh the time cost. 

PROTOCOL:

NOTE: Autoclaved distilled and deionized water (ddH2O) is recommended for making buffers and reaction master mixes. Sections 1−4 describe cell lysis and sonication, sections 5−7 describe chromatin immunoprecipitation (ChIP), sections 8−11 describe enzymatic reactions on beads, sections 12 and 13 describe ChIP elution and DNA purification, and sections 14−19 describe library preparation.

1. Harvesting and crosslinking cells

1.1. After differentiating mouse ES cells into postmitotic neurons, add 11% formaldehyde to the harvested cells to a final concentration of 1% (v/v). Rock cells on a rocking platform (a rocker, shaker, or rotator) for 15 min at room temperature (RT, 25 °C). 

NOTE: Depending on the target protein to be crosslinked, less formaldehyde crosslinking (e.g., a final concentration of 0.5%) or double crosslinking with disuccinimidyl glutarate (DSG) can be used.

1.2. Add 2.5 M glycine to a final concentration of 150 mM to stop the crosslinking reaction. Rock cells on a rocking platform at RT for 5 min.

1.3. Centrifuge the crosslinked cells for 6 min at 1,350 x g in 15 mL conical tubes at RT. Aspirate the solution, then resuspend cells in 5 mL of 1x phosphate buffered saline (PBS).

NOTE: The crosslinked cell pellets can be stored at -80 °C after flash freezing with liquid nitrogen.

2. Cell lysis

NOTE: The following steps in this protocol are for approximately 2 x 107 neuronal cells differentiated from mouse ES cells. To break the cells open, lysis buffers containing various detergents are used. Add 50 µL of 1,000x complete protease inhibitor (CPI) stock to 50 mL of buffer just prior to use.

2.1. Prepare lysis buffers 1−3 as described in Table 2.

2.2. Thaw the crosslinked cell pellets on ice, then thoroughly resuspend the cell pellets in 3 mL of lysis buffer 1 in 15 mL conical tubes. Rock at 4 °C for 15 min on a rocking platform. Centrifuge at 1,350 x g for 5 min at 4 °C and aspirate supernatant. 

2.3. Thoroughly resuspend the pelleted cells in 3 mL of lysis buffer 2. Rock at 4 °C for 10 min on a rocking platform. Centrifuge at 1,350 x g for 5 min at 4 °C and aspirate supernatant. 

2.4. Add 1 mL of lysis buffer 3 to each pellet, then keep on ice. Immediately proceed to sonication.

3. Sonicating chromatin

NOTE: Keep samples on ice or at 4 °C during the sonication procedure to reduce crosslink reversal. 

3.1. Using a sterile spatula, add sonication beads (Table of Materials) up to the 0.2 mL graduation mark on 15 mL polystyrene tubes. Wash the sonication beads by vortexing in 600 µL of 1x PBS until no dry spots are visible. Centrifuge the tubes for 5 s at 30 x g and aspirate 1x PBS.

NOTE: Sonication in polystyrene tubes is more efficient than sonication in polypropylene tubes. If a smaller number of cells (e.g., <106 cells) is sonicated, use 1.5 mL polystyrene tubes without adding sonication beads.

3.2. Thoroughly resuspend the nuclear lysates in 1 mL of lysis buffer 3 (from step 2.4), then transfer to the 15 mL polystyrene tubes containing sonication beads. Briefly vortex the polystyrene tubes.

3.3. To fragment the crosslinked chromatin DNA, sonicate nuclear lysates at 4 °C for an optimized number of cycles, with power amplitude at 30 W, and sonication cycles set to 30 s on/30 s off. 

NOTE: Optimization of sonication for each cell type and batch will result in the best ChIP-exo yield. For 2 x 107 mouse neuronal cells, 20−30 sonication cycles at the specified settings will fragment the chromatin in the range of 100−500 bp.

3.4. After sonication is complete, transfer all the supernatant (sonicated lysates) from each sample to 1.5 mL tubes. Add 10% 2-[4-(2,4,4-trimethylpentan-2-yl)phenoxy]ethanol) to each sample to a final concentration of 1%. Mix by pipetting.

3.5. To pellet cell debris, centrifuge samples at 13,500 x g for 10 min at 4 °C. Transfer all the sonicated lysate (i.e., supernatant) from each sample to new 1.5 mL tubes. 

3.6. Take 30 µL of sonicated lysate from each sample (~3% of sonicated lysate) and add to new 1.5 mL tubes to check sonication. Store the remaining sonicated lysates at 4 °C until ready for incubation with antibody-coated beads.

4. Checking sonication

4.1. Make 20 mL of 2x proteinase K buffer by adding 2 mL of 0.5 M Tris-HCl (pH = 8.0), 2 mL of 0.5 M EDTA, 10 mL of 10% sodium dodecyl sulfate (SDS), and 6 mL of autoclaved ddH2O. Do not add CPI to this buffer. Store in a 50 mL tube at RT.

4.2. To reverse the protein-DNA crosslink and remove the proteins, take the 30 µL of sonicated chromatin from each sample from step 3.6, add 166 µL of autoclaved ddH2O, 200 µL of 2x proteinase K buffer, and 4 µL of 20 mg/mL proteinase K. Briefly vortex the samples, then incubate at 65 °C and 24 x g for 1−3 h.

NOTE: The sonicated lysates can be reverse crosslinked at 65 °C overnight.

4.3. Extract DNA using the PCIA (25:24:1) and ethanol precipitation method described as follows.

CAUTION: PCIA is toxic. Use under a fume hood with standard personal protective equipment.

4.3.1. Add 400 µL of PCIA to each sample in 1.5 mL tubes and vortex the samples for 20 min at maximum speed. Centrifuge at 18,400 x g for 6 min at RT. Two phases will be observed. Carefully transfer the upper aqueous layer (i.e., clear phase) of each sample to new 1.5 mL tubes. 

4.3.2. Add 1 µL of 10 mg/mL RNase A. Incubate samples at 37 °C for 30 min.

4.3.3. Add 1 µL of 20 mg/mL glycogen to each sample, then precipitate with 1 mL of ice-cold 100% ethanol stored at -20 °C. Mix briefly, then incubate samples at -80 °C for 30 min to 1 h. Centrifuge samples at 18,400 x g for 10 min at 4 °C and carefully remove the 100% ethanol.

4.3.4. Wash pellets with 500 µL of ice-cold 70% ethanol stored at -20 °C. Centrifuge at 18,400 x g for 5 min at 4 °C. Carefully pour out the 70% ethanol.

4.3.5. Incubate the samples in 1.5 mL tubes at 50 °C until the remaining ethanol evaporates. Resuspend the DNA pellets in 15 µL of autoclaved ddH2O or nuclease-free ddH2O.

4.3.6. Run the extracted DNA samples, along with a DNA ladder, in a 1.5% agarose gel at 120−180 V and check the size of the sonicated DNA.

5. Antibody incubation with beads

NOTE: The following steps in this protocol are for approximately 2 x 107 neuronal cells differentiated from mouse ES cells. Do not freeze and thaw magnetic beads at any point during the ChIP-exo protocol because the beads may crack, causing contamination of the sample or compromising the antibody’s performance. 

5.1. After cell lysis and sonication, prepare protein G magnetic beads (Table of Materials) for ChIP, mix the magnetic beads until homogenous, then add 25 µL of the magnetic beads to 2 mL protein low bind tubes.

NOTE: The type of magnetic beads used will depend on the antibody species.

5.2. Wash beads with 1 mL of blocking solution (Table 2), mix well, then place on a magnetic rack for 1 min. While still on the magnetic rack, remove the supernatant once it is clear.

5.3. Add 1 mL of blocking solution to the magnetic beads. Rock tubes for 10 min at 4 °C on a rocking platform. Briefly spin, then place the tubes on a magnetic rack and remove the supernatant. 

5.4. Repeat step 5.3 2x.

5.5. Add 500 µL of blocking solution to magnetic beads. Briefly spin the antibody against Isl1 (0.04 µg/µL, Table of Materials), then add 4 µg of antibody to the corresponding 2 mL protein low bind tubes containing the magnetic beads in blocking solution.

5.6. Repeat step 5.5 with the antibody against Brg1 (0.46 µg/µL, Table of Materials) and without antibody (i.e., the no antibody control for ChIP).

NOTE: The amount of antibody to add can be determined empirically by considering the quality of the antibody and the number of cells used for ChIP.

5.7. Rock samples at 4 °C for 6−24 h on a rocking platform. 

6. Chromatin immunoprecipitation (ChIP)

6.1. Wash the antibody-coated beads from step 5.7 with 1 mL of blocking solution. Place samples on a rocking platform at 4 °C for 5 min. Remove supernatant.

6.2. Repeat step 6.1 2x.

6.3. Resuspend antibody-coated beads in 50 µL of blocking solution, then transfer to new 2 mL protein low bind tubes. For each ChIP sample, add sonicated lysates (~1.0 mL from step 3.6) to the antibody-coated beads in 2 mL protein low bind tubes. Incubate each sample on a rocking platform overnight at 4 °C. 

7. ChIP washes

NOTE: Keep samples on ice or at 4 °C to maintain protein-DNA crosslinking during ChIP washes.

7.1. Make high salt wash buffer, LiCl wash buffer, and 10 mM Tris-HCl buffer (pH = 7.4) as described in Table 3. Store in 50 mL tubes at 4 °C. Add 50 µL of 1,000x CPI stock to all buffers just prior to use.

7.2. Briefly spin samples in 2 mL protein low bind tubes to collect liquid from the caps, then place on a magnetic rack for 1 min and remove the supernatant carefully with a pipette. 

7.3. For ChIP washes, add 1 mL of lysis buffer 3 at 4 °C to each tube. Mix on a rocking platform at 4 °C for 5 min. Briefly spin the samples, then place on a magnetic rack for 1 min and remove the supernatant with a pipette. 

7.4. Add 1 mL of cold high salt wash buffer to each tube. Mix on a rocking platform at 4 °C for 5 min. Briefly spin samples, then place on a magnetic rack for 1 min and remove the supernatant with a pipette. 

7.5. Add 1 mL of cold LiCl wash buffer to each tube. Mix on a rocking platform at 4 °C for 5 min. Briefly spin samples, then place on a magnetic rack for 1 min and remove the supernatant with a pipette. 

7.6. Add 1 mL of cold 10 mM Tris-HCl buffer (pH = 7.4) to each tube. Mix on a rocking platform at 4 °C for 5 min. Briefly spin samples, then place on a magnetic rack for 1 min and remove the supernatant with a pipette.

NOTE: Tris-EDTA buffer (pH = 8.0) can be used instead of Tris-HCl buffer (pH = 7.4).

7.7. Repeat steps 7.4−7.6 3x.

7.8. Transfer the sample beads with 500 µL of Tris-HCl buffer (pH = 7.4) to fresh 1.5 mL tubes. Briefly spin samples, then place on a magnetic rack for 1 min and remove the supernatant with a pipette. 

8. End repair and dA-tailing reaction on beads

NOTE: Sonication often generates non-blunt ended dsDNA. An end-repair reaction is required to make blunt-ended DNA prior to the dA-tailing reaction followed by the index adapter ligation step. For sticky end DNA ligation with index adapter DNA, dATP is added to the 3’ end of a blunt, dsDNA fragment by a dA-tailing reaction. The end prep reaction mix contains dATP.

8.1. After the ChIP washes, add 38 µL of autoclaved ddH2O to the sample beads in 1.5 mL tubes for end-repair and dA-tailing reaction.

8.2. Add 5.6 µL of end prep reaction mix and 2.4 µL of end prep enzyme mix (Table of Materials) to each sample (total reaction volume: 46 µL). Incubate samples at 20 °C for 30 min. 

8.3. Wash beads as described in previous ChIP wash steps 7.4−7.6.

9. Index adapter ligation on beads

NOTE: The index adapter has 6−10 bases of barcoded index sequences, which are specific to a given sample used for multiplexing multiple samples in high-throughput sequencing. Index adapter DNA sequences are described in Table 1.

9.1. For index adapter ligation, add 27 µL of cold 10 mM Tris-HCl buffer (pH = 7.4) to the sample beads. Add 2 µL of 15 µM index adapter, 0.5 µL of ligation enhancer, and 15 µL of ligase master mix (Table of Materials) to each sample (total reaction volume: 44.5 µL).

9.2. Incubate samples at 20 °C for 15 min. Wash beads as described in steps 7.4−7.6. 

10. Fill-in reaction on beads

NOTE: After adapter ligation, there is no phosphodiester bond between the 5’ end of the adapter and the 3’ end of the ChIP DNA. The nick can be repaired by a fill-in reaction.

10.1. Add 47 µL of cold 10 mM Tris-HCl buffer (pH = 7.4) to the sample beads.

10.2. Make the fill-in reaction mix (Table 4 and Table of Materials) on ice. 

10.3. Add 11.1 µL of fill-in mix to each sample (total reaction volume: 58.1 µL). Incubate samples at 30 °C for 20 min. Wash beads as described in steps 7.4−7.6. 

11. Lambda exonuclease digestion on beads

11.1. After the fill-in reaction on the beads, add 50 µL of cold autoclaved ddH2O to the sample beads. 

11.2. To digest the ChIP DNA in the 5’ to 3’ direction, add 6 µL of 10x lambda exonuclease buffer and 2 µL of 5 U/µL lambda exonuclease (Table of Materials, total reaction volume: 58 µL). Incubate the samples at 37 °C for 30 min. Wash the beads as described in steps 7.4−7.6. 

12. Elution and reverse crosslinking

12.1. Make ChIP elution buffer as described in Table 5. 

NOTE: Do not add CPI to ChIP elution buffer.

12.2. To elute ChIP samples from the beads, resuspend the samples in 75 µL of ChIP elution buffer and incubate at 65 °C for 15 min at 130 x g.

12.3. Add 2.5 µL of 20 mg/mL proteinase K (Table of Materials) to the samples. Briefly vortex, then incubate the samples overnight at 65 °C.

13. DNA extraction

13.1. After the overnight incubation, briefly spin samples, place on a magnetic rack for 1 min, then transfer the supernatant from each sample to new 1.5 mL tubes.

13.2. Add 1 µL of 10 mg/mL RNase A to the samples. Briefly vortex, then incubate the samples at 37 °C for 30 min. Add ~25 µL of autoclaved ddH2O to bring the volume to 100 µL.

13.3. Purify the DNA using magnetic beads (Table of Materials). Elute DNA with 16 µL of autoclaved ddH2O or nuclease-free ddH2O.

14. Denaturing, primer annealing, and primer extension

14.1. After ChIP elution and reverse crosslinking, transfer 16 µL of the extracted DNA samples from step 13.3 to PCR tubes.

14.2. Make denaturing and primer annealing mix (Table 6 and Table of Materials) on ice. Add 1.2 µL of denaturing and primer annealing mix to each sample (total reaction volume: 17.2 µL). Run samples using the program described in Table 6 to denature and anneal primers to the template DNA.

14.3. Make primer extension mix (Table 7 and Table of Materials) on ice. 

14.4. Once the program to denature and anneal primers is complete, add 3 µL of primer extension mix to the samples (total reaction volume: 20.2 µL). Run samples using the program for primer extension described in Table 7.

14.5. Immediately proceed to dA-tailing reaction.

15. dA-tailing reaction

NOTE: For sticky end DNA ligation with universal adapter DNA, dATP is added to the 3’ end of blunt, dsDNA by the dA-tailing reaction.

15.1. Make dA-tailing mix (Table 8 and Table of Materials) on ice. 

15.2. Add 4.1 µL of dA-tailing mix to each sample (total reaction volume: 24.3 µL). Run samples using the program for dA-tailing (Table 8). 

15.3. Immediately proceed to universal adapter ligation.

16. Universal adapter ligation

NOTE: The universal adapter includes high-throughput sequencing-specific sequences for DNA sample recognition for sequencing chemistry. The universal adapter DNA sequences are described in Table 1.

[bookmark: _Hlk32219971]16.1. After the dA-tailing reaction, make the universal adapter ligation mix (Table 9 and Table of Materials) for universal adapter ligation. 

16.2. Add 21.5 µL of universal adapter ligation mix to each sample (total reaction volume: 45.8 µL) and incubate the samples for 15 min at 20 °C.

17. DNA cleanup

17.1. Purify the DNA using magnetic beads (Table of Materials). Elute DNA with 21 µL of autoclaved ddH2O or nuclease-free ddH2O.

17.2. Store the samples at -20 °C until ready to perform ligation-mediated PCR (LM-PCR) and PCR purification.

18. Ligation-mediated PCR

NOTE: LM-PCR primer sequences are described in Table 1.

18.1. After DNA cleanup, make the LM-PCR mix (Table 10 and Table of Materials) on ice. Add 29 µL of LM-PCR mix to each sample (total reaction volume: 50 µL) and run samples using the program for LM-PCR (Table 10).

18.2. Immediately proceed to gel purification of PCR amplified DNA, followed by DNA purification for high-throughput sequencing.

19. DNA purification of LM-PCR amplified DNA

19.1. Run the LM-PCR amplified DNA samples, along with a DNA ladder, in a 1.5% agarose gel at 120−180 V and excise the 200–400 bp bands. 

19.2. Purify the DNA from the excised gel using a gel extraction kit (Table of Materials).

19.3. After DNA purification, check the concentration (Table of Materials) of each ChIP-exo library sample. Submit samples for high-throughput sequencing for single-read sequencing.

NOTE: The preferred read length for single-read sequencing is at least 35 bp, which is sufficient to uniquely align the sequencing reads to the reference genome in mouse or human cells. For most transcription factors in mouse or human cells, 10−20 x 106 reads per ChIP-exo sample are sufficient to identify their genomic binding locations. At least 30 x 106 reads per sample are required to map genomic regions enriched in histone marks in mammalian cells.

REPRESENTATIVE RESULTS: 
Figure 2A shows the sonication results after cell lysis and sonication, with various cycles, of motor neuron cells differentiated from mouse ES cells. The optimal number of sonication cycles (for example, 12 cycles in Figure 2A) generated strong DNA intensity in 100−400 bp DNA fragments. High-quality ChIP-exo libraries are based on the size and quantity of fragmented chromatin DNA. Thus, optimization of sonication is recommended for each cell type and batch of cells before starting ChIP-exo. 

Figure 2B shows the ligation-mediated PCR (LM-PCR) products of the ChIP-exo DNA samples amplified for 18−21 PCR cycles. LM-PCR amplified ChIP-exo DNA fragments ligated to DNA adapters for next-generation sequencing. PCR primer is a part of the DNA adapter sequences. The sizes of sonicated DNA fragments were around 100−400 bp (Figure 2A). After lambda exonuclease digestion, the size of the DNA fragments became the half size of the starting material (50−200 bp). Approximately 125 bp of DNA adapters ligated to the ChIP-exo DNA fragments. Thus, the expected size of LM-PCR products was 175−325 bp. The minimal number of PCR cycles sufficient to amplify the ChIP-exo library was performed to avoid overamplification of ChIP-exo DNA. 

Here, ChIP-exo for Isl1 and Brg1 was performed in mouse ES cell-derived motor neurons. Isl1 is a motor neuron programming transcription factor specifically expressed in postmitotic motor neurons. Brg1 is a subunit of the SWI/SNF chromatin remodeling complex that plays a potential role in formation of accessible chromatin in motor neuron enhancers. The results for Isl1 and Brg1 ChIP-exo showed significant amounts of 200−400 bp LM-PCR amplified ChIP-exo DNA (Figure 2B). The band around 100 bp indicates PCR artifacts from adapters and PCR primers. Running a no antibody control alongside an experimental sample was important to ensure that nonspecific, background DNA was digested by the lambda exonuclease treatment. As an example, the Isl1-bound locations in mouse ES cell-derived motor neurons using ChIP-exo and ChIP-seq were identified (Figure 3). The ChIP-exo signal was highly focused at Isl1-binding sites, detecting multiple clustered Isl1 transcription factor binding patterns. The ChIP-seq signal displayed broader signals, indicating that ChIP-exo of Isl1 had higher mapping resolution than ChIP-seq for Isl1.

FIGURE AND TABLE LEGENDS:
Figure 1: Schematic of the ChIP-exo protocol. After ChIP (steps 1−7), the end-repair and dA-tailing reactions made ChIP DNA blunt-ended by adding a phosphate group to the 5’ end of the DNA and adding dATP to the 3’ end of the DNA (step 8). Sonicated ends of ChIP DNA on the beads ligated with the index adapter (step 9). After the fill-in reaction, the adapter DNA with the 5’ overhang became blunt-ended (step 10). Lambda exonuclease digested the sonicated DNA 5’ to 3’ up to the protein (TF)-DNA crosslinking points (step 11). After elution, reverse-crosslinking and DNA extraction (steps 12 and 13), denatured single-stranded DNA was made double-stranded by index PCR primer extension (step 14), followed by dA-tailing (step 15). The universal adapter was then ligated to the exonuclease-treated end (step 16). The resulting library was cleaned up, PCR amplified, and subjected to next-generation sequencing (steps 17−19). Mapping the 5’ ends of the resulting sequencing tags to the reference genome demarcated the exonuclease barrier and thus the precise site of protein-DNA crosslinking.

Figure 2: Sonication and LM-PCR amplification of a ChIP-exo library. (A) A 1.5% agarose gel of the electrophoresed sonicated DNA. Multiple cycles of sonication (12, 18, and 24) were conducted to find the optimal number of cycles for 2 x 107 cells of mouse ES cell-derived motor neurons. Following sonication, the DNA sample was reverse crosslinked and extracted using PCIA and ethanol precipitation. Each sample contained 4 x 105 cell equivalents, which was 2% of sonicated cells. Twelve cycles of sonication produced a greater yield of sonicated DNA with the desired size (100−500 bp). (B) A 1.5% agarose gel of electrophoresed ChIP-exo libraries following 18−21 cycles of LM-PCR for no antibody control (No Ab), Isl1, and Brg1 in mouse ES cell-derived motor neurons. Each sample contained 10 x 106 cell equivalent of mouse motor neurons. The no antibody ChIP-exo result (lane 2) demonstrated that nonspecific, contaminating DNA was eliminated by lambda exonuclease. The ChIP-exo libraries for Isl1 (lane 3) and Brg1 (lane 4) showed amplified DNA libraries around 200−400 bp, indicating that the ChIP-exo libraries were successfully amplified by adapter ligation-mediated PCR. 

Figure 3: Comparison of ChIP-exo to ChIP-seq for Isl1 at specific loci. The blue and red filled plots show the distribution of sequencing tags for ChIP-seq and ChIP-exo Isl1-bound locations, respectively, proximal to Slit3 and Fgfr1 gene in nascent spinal motor neurons differentiated from mouse ES cells.

Table 1: Oligonucleotides used in this protocol.

Table 2: Recipes for lysis buffers 1−3 and blocking buffer. Store in 50 mL tubes at 4 °C. Add 50 µL of 1,000x CPI (complete protease inhibitor) stock to all buffers just prior to use.

[bookmark: _GoBack]Table 3: Recipes for ChIP washes: high salt wash buffer, LiCl wash buffer, and 10 mM Tris-HCl buffer (pH = 7.4). Store in 50 mL tubes at 4 °C. Add 50 µL of 1,000x CPI stock to all buffers just prior to use.

Table 4: Fill-in reaction master mix.

Table 5: Recipe for ChIP Elution buffer. Store in 50 mL tubes at RT.

Table 6: Denaturing and primer annealing reaction master mix and program.

Table 7: Primer extension reaction master mix and program. 

Table 8: dA-Tailing reaction master mix and program. 

Table 9: Universal Adapter Ligation reaction master mix.

Table 10: Ligation-mediated PCR master mix and program. 

DISCUSSION:
In this protocol, ChIP followed by exonuclease digestion is used to obtain DNA libraries for the identification of protein-DNA interactions in mammalian cells at ultrahigh mapping resolution. Many variables contribute to the quality of the ChIP-exo experiment. Critical experimental parameters include the quality of antibodies, optimization of sonication, and the number of LM-PCR cycles. These critical experimental parameters can limit ChIP-exo experiments and are discussed below. 

In any ChIP protocol, antibody quality is one of the most important considerations. The use of ChIP-grade antibodies is recommended for ChIP-exo. The antibody quality can be checked prior to conducting the ChIP-exo protocol. ChIP-seq or ChIP-qPCR can be used to validate ChIP-grade antibodies by confirming specific DNA-binding locations of the protein of interest. Subsequently, optimizing the concentration of antibodies added to the beads is ideal to ensure that protein-DNA complexes are immunoprecipitated22,23. 

The sonication of chromatin is another critical step in the ChIP-exo protocol. Sonication is critical for the nonspecific shearing of chromatin, necessary for optimal immunoprecipitation of the protein of interest24. The size and amount of sonicated DNA are dependent on the number of sonication cycles. A high concentration of fragmented DNA is important to ensure that enough DNA is immunoprecipitated to the protein of interest for a ChIP-exo DNA library to be created. Obtaining 100−500 bp fragmented DNA is ideal because the resolution of ChIP-exo is better if the sonicated chromatin fragments are smaller to begin with. Therefore, the optimization of chromatin sonication should be determined for each type and batch of cells by varying the number of sonication cycles and sonication buffers. 

The final critical parameter is obtaining the amplification of ChIP-exo library DNA with the minimal number of LM-PCR cycles to avoid overamplification of PCR artifacts. To determine the minimal number of PCR cycles to amplify ChIP-exo DNA, a small portion of ChIP-exo DNA can be used to run multiple PCR cycles (i.e., 10, 15, and 20 cycles) and compare the PCR products.

ChIP-exo has many more steps than traditional ChIP-seq and, as a result, each step should be performed carefully and precisely for the ChIP-exo protocol to work. Importantly, the correct volume of every reagent in enzymatic reactions must be added to each reaction master mix21. Thus, creating a spreadsheet to calculate the volume of each reagent required for each master mix, then printing the tables and checking each reagent after addition to the master mixes is recommended. Careful excision of the amplified DNA is also important; fragments below 200 bp often contain adapter dimers, which need to be removed before next-generation sequencing. 

Notably, most of the critical parameters and limitations of ChIP-exo are identical to those of ChIP-seq. However, unlike ChIP-seq, ChIP-exo delivers high-resolution genome mapping with low background. Thus, ChIP-exo is the ideal method for identifying precise protein-DNA interactions in a variety of systems and organisms, helping to reveal the significant roles of DNA-binding proteins in the cell. The ChIP-exo method described above can be used to examine transcription factors, histone modification marks, and chromatin regulatory proteins in living cells at higher mapping resolution than ChIP-seq25-27. In addition, ChIP-exo can detect the individual binding locations of DNA-binding proteins within a cluster, while ChIP-seq cannot due to its mapping resolution. Importantly, ChIP-exo displays a higher signal-to-noise ratio compared to ChIP-seq. These advantages of ChIP-exo allow for the identification of a comprehensive set of bound locations across the genome. This protocol will provide a foundation for researchers interested in examining the DNA-binding locations of various proteins across the genome at near base-pair resolution. 
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